
Introduction

In this article the processes which are involved in the con-
version of vitamin B12 (cobalamin) and folate to their ac-
tive co-enyzmes, and the clinical and biochemical conse-
quences of genetic disturbances of these processes are re-
viewed. Many, but not all of these disorders cause homo-
cystinuria to a varying degree.

The conversion of a vitamin to its active co-enzyme
and subsequent binding to an apo-enzyme producing ac-

tive holo-enzyme are fundamental biochemical processes.
Therefore deficient activity of an enzyme can result not
only from a defect of the enzyme protein itself, which
may involve interaction of a co-enzyme with an apo-en-
zyme, but also from a defect in the conversion of the vit-
amin to a co-enzyme.

Conversion of dietary vitamin to intracellular active
co-enyzme can be complex and may depend on many
physiological and biochemical processes. These processes
include stomach release of bound vitamin, intestinal up-
take and transport, blood transport, cellular uptake, intra-
cellular release and intracellular compartmentalisation
and metabolism.

Cobalamin co-enzymes are needed for just two reac-
tions in man, those catalysed by mitochondrial methyl-
malonyl CoA mutase and cytosolic methionine synthase.
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Abstract Deficient activity of an enzyme can result from a defect in the conversion of the
vitamin to a co-enzyme as well from an abnormal apo-enzyme or disturbed binding of co-
enzyme to enzyme. Conversion of dietary vitamin to intracellular active co-enzyme can be
complex and require many physiological and biochemical processes including stomach re-
lease of bound vitamin, intestinal uptake, carriers/transport, blood transport, cellular uptake,
intracellular release and intracellular compartmentalisation. Disorders of malabsorption
(food cobalamin malabsorption, intrinsic factor deficiency and abnormal enterocyte cobal-
amin processing) and transport proteins (transcobalamin II deficiency, R-binder deficiency)
mostly lead to disturbed function of the two cobalamin requiring enzymes, methylmalonyl
CoA mutase and methionine synthase. 

Defects of early steps of intracellular cobalamin (cblF, cbl C/D) result in marked defi-
ciencies of both cobalamin co-enzymes and homocystinuria combined with methylmalonic
aciduria. Defective synthesis of adenosyl cobalamin in the cbl A/B defects leads to methyl-
malonyl CoA mutase. Isolated methionine synthase deficiency is also classified as a cobal-
amin disorder due to its associated deficient formation of methylcobalamin. Folate disorders
include methylene-tetrahydrofolate reductase deficiency and glutamate formimino-trans-
ferase deficiency. In addition a hereditary disorder of intestinal folate transport has been de-
scribed. Less well established are disorders of dihydrofolate reductase, methenyl-tetrahy-
drofolate cyclohydrolase, and defects of cellular folate uptake.
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Although vital reactions, their deficiency seems to be life-
compatible and many of the potential disorders of cobal-
amin processing are known.

In contrast, folate co-enzymes play a multiple role in
metabolism and a markedly deficient early step in pro-
cessing is probably incompatible with life. Thus relatively
few of the potentially many disorders are known.

Cobalamin defects

Absorption, transport and cellular uptake of cobalamin

Vitamin B12 (cobalamin) is a complex compound with a
molecular weight of 1355 (cyano-form). It contains a cor-
rin ring which binds a cobalt atom at its centre. Different
groups can be bound to the cobalt atom and the nature of
these groups determine its co-enzyme activity [11].

The processing of vitamin B12 depends on a number of
protein classes; (1) intrinsic factors; (2) R-binders; (3)
transcobalamins; (4) membrane receptors, and (5) intra-
cellular binders which in fact mainly comprise the two
cobalamin-requiring enzymes.

The nomenclature of these transport proteins is confus-
ing since several names for the same component have
been used [9]. Hansen [16] has reviewed the cobalamin
transport proteins identifying the three main classes as: in-
trinsic factor (also known as S-binder); transcobalamin,
(previously named as transcobalamin II (TC II), small
molecular size binder, β-globulin binder); haptocorrin
(also known as, for example, cobalophilin, R-binder,
transcobalamin I, large molecular size binder, leucocyte
binder, salivary binder). Intrinsic factor is a glycoprotein
secreted by the gastric parietal cell. A human cDNA has
been cloned which maps to chromosome 11, contains
1595 nucleotides and codes for a protein of 417 amino
acid residues with six potential glycosylation sites [17].
Hapotocorrin (cobalophilin) exists in many physiological
fluids and tissues and is heavily glycosylated, the carbo-
hydrate content and nature varying considerably depend-
ing on its source. Its exact function remains unclear al-
though in plasma it binds about 60% of the circulating
cobalamin, albeit with a slow turnover, and a functional
role in the protection of methylcobalamin from photolytic
degradation has been recently proposed [12]. The glyco-
protein TCII occurs in many tissues and fluids. In plasma
it has a rapid turnover of 0.5 days and its gene has been
cloned [32].

Membrane receptors include an ileal enterocyte recep-
tor for the intrinsic-factor-cobalamin complex [25] and re-
ceptors for the TCII-cobalamin complex which have been
characterised from pig kidney [43] and human placenta
[30].

These proteins and receptors all play important roles in
the absorption, transport and cellular uptake of cobalamin
which is summarised in Fig.1. Protein-bound vitamin B12
from the diet is released in the stomach by the denatura-
tion of protein due to increased acidity and by the action
of peptidases.

Free cobalamin binds to haptocorrin (R-binder) in saliva
and the stomach and is released by proteolytic hydrolysis
in the small intestine where it binds to intrinsic factor.

Absorption of B12 is effected by binding of the intrin-
sic factor- B12 complex to ileal receptors followed by en-
docytosis then lysosomal digestion of the complex, re-
leasing B12 which attaches to TCII and is released in
bound form from the cell into the portal bloodstream [34].
It should be noted, however, that large oral doses of 100
µg or more result in absorption of some B12 without the
involvement of gastric intrinsic factor [6]. All extracellu-
lar cobalamin is bound to TCII or to one of the closely re-
lated glycoprotein haptocorrin binders. Cobalamin bound
to TCII enters cells by receptor mediated pinocytosis, is
taken up by lysosomes and released from the complex by
proteolytic digestion of TCII. When released cobalamin
leaves the lysosomes and is converted to its active co-
enyzme forms.

Disorders of absorption, 
transport and cellular uptake of cobalamin

The localisation of the known disorders of cobalamin up-
take and transport [31] is indicated in Fig. 1.
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Fig.1 Summary of the processes involved in absorption, transport
and cellular uptake of cobalamin. The numbers refer to the sites of
defects as follows: 1 food cobalamin malabsorption; 2 intrinsic
factor deficiency; 3 enterocyte cobalamin malabsorption; 4
transcobalamin I (R-Binder) deficiency; 5 TC II deficiency. (Cbl
cobalamin, IF intrinsic factor, TC transcobalamin)



1. A specific malabsorption of cobalamin due to its de-
fective release from protein has been postulated as a
cause of low plasma cobalamin although the aetiology
remains unclear [4].

2. Intrinsic factor deficiency has been known for a long
time in the elderly but can also exist in childhood [44].

3. Disordered cobalamin processing in enterocytes (Imer-
slund/Gräsbeck syndrome) is a further cause of func-
tional cobalamin deficiency in childhood. Some cases
have a deficiency of the intrinsic factor-cobalamin re-
ceptor which has been demonstrated in ileal biopsy
specimens [14]. Many features of this disorder are il-
lustrated by the dog model described by Fyfe et al.
[13].

4. Deficiency of TCII, a cause of functional cobalamin
deficiency in the early months of life, is paradoxically
characterised by normal plasma cobalamin levels due
to the presence of haptocorrin [19]. Neurological ab-
normalities are rarely present on initial presentation
but may result from inadequate treatment [15]. Re-
cently two mutant alleles associated with this defi-
ciency have been identified in one family [21].

5. Deficiency of haptocorrin (TC1, R-Binder deficiency)
is thought not to be associated with disease or func-
tional cobalamin deficiency in spite of low serum lev-
els of the vitamin [3].

The B12 levels in serum and the main clinical and
biochemical features in disorders of cobalamin pro-
cessing are summarised in Table 1. While markedly el-
evated levels of plasma total or free homocyst(e)ine
and urinary methylmalonic acid have been reported in
the intracellular defects, direct evidence of increases of
these levels in the absorption and transport defects, us-
ing current sensitive methods, is scarce. However, such
abnormalities seem likely on the basis of findings in
nutritional cobalamin deficiency as well as in elderly
subjects with pernicious anaemia [37].

The intracellular processing of cobalamins

The intracellular processing of cobalamins is summarised
in Fig.2. Following lysosomal digestion of the TCII-car-
rier protein complex, cobalamin is released into the cyto-
plasm. In this form of cobalamin the cobalt atom is
trivalent (cob[III]) and must be reduced before it can bind
to the respective enzymes [34]. Although it remains un-
clear in which form (cob[II]) or cob[III]), cobalamin 

enters mitochondria [34] there is much evidence for the
existence of reductive reactions which are necessary for
the formation of both co-enzymes of cobalamin. Pezacka
[28] recently identified and characterised two enyzmes in-
volved in intracellular cobalamin metabolism. Cyanoco-
balamin β-ligand transferase is a cytosolic flavine adenine
dinucleotide and NADPH-requiring enzyme which catal-
yses the formation of glutathionyl cobalamin, a naturally
occurring intracellular cobalamin. A microsomal, NADH-
linked cob(III)alamin reductase produces cob(II)alamin as
does a similar but mitochondrial associated enzyme. Thus
the proposed early steps of a β-ligand removal reaction
followed by reduction of the cobalt atom from the 3 to 2
valence state could be the site of the defect in the com-
bined deficiency. In this model the microsomal cob(III)al-
amin reductase would participate in methylcobalamin for-
mation while the inner mitochondrial membrane reductase
would participate in the adenosylcobalamin synthesis path-
way. The role of cytochrome b5 and cytochrome c (P-450)
reductases [36] which may be able to reduce cob(III)al-
amin as a secondary substrate is unclear.
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Table 1 Main features of genetic defects of processing of cobalamins in man (MMA methylmalonic acid, tHcy total homocysteine, Neu-
rol neurological abnormalities)

Defect Serum B12 Clinical/Biochemical

Food cobalamin malabsorption Low Neurol. ± Anaemia / mild ↑ MMA/tHcy
Intrinsic factor deficiency Low Anaemia, delayed development / mild ↑ MMA/tHcy
Enterocyte cbl malabsorption (Imerslund-Gräsbeck) Low Anaemia, proteinuria delayed development / mild ↑ MMA/tHcy
Transcobalamin I (R-Binder) deficiency Low No abnormality / No ↑ MMA/tHcy
Transcobalamin II deficiency Normal Neurol. ± Anaemia failure to thrive / mild ↑ MMA/tHcy
Intracellular defects of cbl co-enzyme synthesis Normal Severe disease / ↑ MMA/tHcy

Fig.2 Summary of the intracellular processing of cobalamins.
The pathway includes all reactions described in the text, some of
which are not definitely proven to occur in man and possible un-
known steps remain to be discovered. The probable sites of genetic
defects are indicated as follows: 1 cblF; 2 cblC/D (exact site not
proven); 3 cblE/G; 4 cblA; 5 cblB. (Cbl cobalamin, MMCoA
methylmalonyl CoA mutase)



Adenosylcobalamin is formed from hydroxocobalamin
intramitochondrially by successive reductions of the
cobalt atom catalysed by flavoprotein NADH requiring
reductases followed by adenosyl group transfer in an
ATP-requiring reaction catalysed by an adenosyl trans-
ferase (EC 2.5.1.7) [8]. Methylcobalamin is formed from
hydroxocob(II)alamin in the cytoplasm in a complex reac-
tion which is an integral part of the catalytic action of me-
thionine synthase, involving several substrates and cofac-
tors.

Disorders of intracellular cobalamin metabolism

The localisation of defects of intracellular cobalamin me-
tabolism [31] is shown in Fig. 2. The various defects have
been classified, on the basis of complementation analysis
and other biochemical findings and fibroblast assays, as
cobalamin disorders [8]. So far seven different comple-
mentation classes, cblA to cblG, have been described. De-
fects in the early steps of this pathway result in deficient
activity of both cobalamin requiring enzymes, methyl-
malonyl CoA mutase and methionine synthase and are
characterised by homocystinuria combined with methyl-
malonic aciduria. Defective lysosomal release of cobal-
amin, the cblF defect, has so far been described only in
five cases. The more common cblC/D defect is also due to
disturbance of a step common to both co-enzymes but the
exact mechanism remains unproved. The recently re-
ported cyanocobalamin β-ligand transferase or microso-
mal, NADH linked cob(III)alamin reductase are candi-
dates for the abnormality in this defect. However the find-
ing that both of these activities in fibroblasts were low in
cblC mutant fibroblasts and the use of the non-physiolog-
ical cyanocobalamin in the assay of the β-ligand trans-
ferase indicate that deficiency of these enzymes may not
represent the primary defect [28]. The isolated deficiency
of methionine synthase is also classified as a cobalamin
disorder due to its association with low levels of methyl-
cobalamin both in vivo and in cell culture. Megaloblastic
changes and growth retardation, psychomotor retardation,
neurological abnormalities together with hyperhomocys-
teinaemia and hypomethioninaemia are associated with de-
ficient methionine synthase activity in the cblC/D, cblF,
cblE, cblG defects. The clinical and biochemical features
of the cblE and cblG defects have been reviewed [33]. For
details of combined homocystinuria and methylmalonic
aciduria (cblC/D) see Ogier de Baulny [26].

Deficient formation of adenosylcobalamin can be
caused by one of two distinct enzyme deficiencies, either
cobalamin (II) reductase or cobalamin (I): adenosyltrans-
ferase, both leading to a deficiency of methylmalonyl CoA
mutase. In common with other forms of methylmalonic
aciduria the cblA and cblB defects are characterised clin-
ically by vomiting, severe metabolic decompensation, poor
growth and with inadequate treatment, psychomotor retar-
dation. Excretion of methylmalonic acid is markedly in-
creased and response to high dose, intramuscular hydrox-
ocobalamin treatment has been reported in most patients,
particularly those with the cblA defect [8].

Folate defects

Absorption, transport and cellular uptake of folate

Folic acid is a complex molecule comprising pteroic acid
and between one and nine glutamic acid residues linked
by amide bonds [33]. A number of different 1-carbon
units related to its co-enzyme function are linked to the ni-
trogen atoms at position 5 and/or 10. Dietary folates exist
mainly in the polyglutamate forms which probably do not
cross cell membranes [11] and must be hydrolysed by
folylpolyglutamate conjugase to the monoglutamyl form
in the intestine before absorption can occur. The conju-
gases are widely distributed and the human enzyme has
been isolated from jejunal mucosa and clears both termi-
nal and internal glutamate linkages [41] and is located in
lysosomes.

Intestinal uptake of folylpolyglutamate is effected by
specific transport systems, located in basolateral and
brush border membranes principally in the duodenum and
jejunum. Transport can be passive or active, the latter be-
ing highly pH dependent with an optimum of pH 5.8. Ac-
tive transport exhibits uptake against a concentration gra-
dient, inhibiton by folate analogues, sodium and glucose
dependence and is temperature dependent [33].

Recently the functional expression and mRNA distrib-
ution of a cDNA involved in folate transport has been de-
scribed [35]. Following intestinal uptake folates are car-
ried to the liver by the hepato-portal circulation, methy-
lated and then enter the bloodstream. Cellular uptake is
mediated by specific transport systems. Two have been
characterized from various sources including liver [11]
and L1210 mouse leukaemia cells. One has a high capac-
ity and low affinity and is driven by anion gradients, the
other exhibits high affinity for folate but has low capacity.

Specific folate receptors, which have been described in
three iso-forms and are expressed variably in different tis-
sues, participate in cellular uptake. Two forms are widely
distributed while one seems to be specifically associated
with placenta and is likely to be important in maternal-fe-
tal transfer of folate [29, 38]. Once transported into cells,
monoglutamyl folate is converted to its polyglutamyl
forms by folylpoly-γ-glutamate synthetase. The polyglu-
tamyl forms of folate are better retained in cells and can
be more effective as co-enyzmes than the monoglutamate
forms [27].

Folate metabolism

Folic acid in its various forms is the cofactor in 1-carbon
unit metabolism. One-carbon unit metabolism plays a role
in many processes including the synthesis of purines and
pyrimidines, methionine, glycine and serine metabolism,
and in the breakdown of histidine [33].

The main features of folate metabolism are sum-
marised in Fig.3. The reactions involved in the synthesis
of the different 1-carbon units are central to these path-
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ways. N10-formyl-tetrahydrofolate (THF) is formed from
THF and formate, by 10-formyl-THF synthetase (EC
6.3.4.3) then converted to N5 N10-methenyl-THF by 5,10-
methenyl-THF cyclohydrolase (EC 3.5.4.9). N5, N10-
methenyl-THF is converted to N5, N10-methylene-THF by
5, 10-methylene-THF dehydrogenase (EC 1.5.1.5). These
three enzymes constitute the multi-enzyme complex, C1-
THF synthetase. THF can be regenerated from N5, N10-
methylene-THF by serine hydroxymethyltransferase (EC
2.1.2.1) which converts glycine to serine thereby complet-
ing the conversion of formate to serine [39]. N5N10-meth-
ylene-THF can also be reduced to 5-methyl-THF by 5,
10-methylene-THF reductase (EC 1.1.1.68). Once form-
ed, 5-methyl-THF must be converted to THF by transfer-
ring its methyl group to homocysteine in the methionine
synthase catalysed reaction which links folate metabolism
intricately to homocysteine. This 1-carbon unit cycle is
linked to (1) pyrimidine nucleotide synthesis through the
participation of 5,10-methylene-THF in the formation of
thymidylate and (2) purine synthesis by the role of 10-
formyl-THF in the reactions catalysed by 10-formyl-THF:
5 aminoimidazole-4-carboxamide ribonucleotide formyl-
transferase (EC 2.1.2.3) and 10-formyl-THF: glycinamide
ribonucleotide formyltransferase (EC 2.1.2.2). Histidine
catabolism involves two folate enzymes, glutamate for-
mimino transferase (EC 2.1.2.5) and N5 formimino-THF

cyclodeaminase (EC 4.3.1.4) which exist as an octameric
enzyme complex.

Glycine-serine interconversion involving serine hy-
droxymethyl transferase (above) and the glycine cleavage
system are central to folate metabolism. The importance
of the number of glutamate residues of folate co-enzymes
is illustrated by the variation of affinity of formyl-THF
synthetase for substrates with 1–6 glutamate residues. The
Michaelis constant for the monoglutamyl form of formyl-
THF is 150 times higher than that for the substrate with
five glutamate residues [39]. The possible role of folyl-
polyglutamate synthetase in the regulation of folate me-
tabolism and the relationship of glutamate content of the
different folate co-enzymes to enzyme activity has been
reviewed in detail [20, 22, 23, 27].

Disorders of absorption, 
transport and cellular uptake of folate

Hereditary folate malabsorption

This condition has been described in only 13 cases and is
characterised by megaloblastic changes, diarrhoea, failure
to thrive and neurological signs in the first few months of
life. Folate is deficient in serum and CSF and responds
poorly to oral folates. Increased formiminoglutamic acid
excretion following histidine loading may occur [7]. 

Large dose oral folate treatment (up to 100 mg/d) may
improve serum levels and the anaemia but complete cor-
rection of CSF folate deficiency may require parenteral,
intravenous or even intrathecal administration of the vita-
min. Information on the exact molecular mechanism is
scarce but the recent discovery of the cDNA for a folate
receptor may help to resolve this question [35].

Other disorders of folate transport

Branda et al. [2] described a possible defect of uptake of
5-methyl-THF into bone marrow cells in a kindred of four
generations with 34 similarly symptomatic subjects. Re-
duced 5-methyl-THF uptake into erythrocytes was de-
scribed in one patient with dyserythropoiesis [18].

A defect of a folate binding protein of the choroid
plexus has been proposed as the cause of low folate levels
in one adult with progressive neurological symptoms in-
cluding sensorineural hearing loss, dysarthria, dysgraphia
and gait ataxia [42].

Glutamate formiminotransferase/
formimino-THF-cyclodeaminase deficiency

This has been described in about 20 subjects so far, some
of whom were clinically affected with neurological abnor-
malities including three patients with associated malig-
nancy [40]. Some have been asymptomatic and it remains
to be established whether this biochemical entity has di-
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Fig.3 Summary of the major reactions of folate. See text for de-
scription. (dUMP deoxy-uridine phosphate, dTMP deoxy-thymi-
dine phosphate, DHF dihydrofolate)



rect clinical consequences. Increased excretion of formi-
minoglutamic acid has been found but only after histidine
loading in some patients. This has improved on high dose
folate treatment in some but not all patients. The enzymatic
basis remains to be fully explained which is hindered by
the need for liver biopsy specimens. In 5 patients liver en-
zyme activities ranged from 14%–54% of control values
[33].

Methylene-THF reductase deficiency

This is a well established inherited disorder of metabolism
constituting the second most common homozygous en-
zyme deficiency which causes severe hyperhomocys-
teinaemia. For biochemical and diagnostic aspects of the
disorder see Fowler and Jakobs [10]. The molecular basis
is covered in Matthews et al. [24] and the association of
the common thermolabile variant of methylene THF re-
ductase (C677T mutation) with moderate hyperhomocys-
teinaemia and vascular disease in adulthood and an in-
creased incidence of neural tube defects is covered by
Blom [1].

The defect is characterised by deficient formation of
methyl-THF leading to reduced remethylation of homo-
cysteine to methionine [33]. The condition can present se-
verely in early childhood as early as 23 days or much
more mildly as late as 16 years. The clinical features of
methylene-THF reductase deficiency are illustrated by
two cases known to the author, one presenting in early life
the other much later. The first, a male infant was born by
normal delivery to first cousin parents. At 12 days of age
poor feeding with vomiting was observed. By 6 weeks of
age gross hypotonia and hypothermia were evident but
there was no anaemia. Poor development continued with
poor head control, nystagmus, inability to focus, and ab-
sent MORO and ASTVR reflexes. Several therapeutic ap-
proaches were tried including betaine, pyridoxine and fo-
late but these were unsuccessful and the child died at 9
months of age due to bronchopneumonia. The presenta-
tion in the second patient was much different. This male
infant was born at full-term by normal delivery to unre-
lated parents. There were no problems during the neonatal
period. The developmental history was unremarkable,
with walking by 15 months of age but poor speech, clum-
siness and dysarthria, became apparent. There were no vi-
sual problems and no joint stiffness. When seen at 13
years of age the patient showed mental delay with an IQ
of about 60, there was a definite Marfanoid appearance
but with normal eyes and evidence of generalised osteo-
porosis on X-ray. This patient showed a marked response
of sulphur amino acid levels to treatment with large doses
of folate (30 mg/d) leading to a clear clinical improve-
ment indicated by increased mobility due to improved
tonicity, increased power of concentration and better over-
all performance at school. The response of methionine
synthesis from labelled formate (see Fowler and Jakobs
[10]) to supplementation of the culture medium with 100
mg/L folate in cultured fibroblast of this patient provides

an in vitro explanation of the in vivo folic acid respon-
siveness.

In fact most cases of this deficiency do not respond to
high dose vitamin treatment although a few cases which
responded to folic acid have been reported [33] and one
riboflavin-responsive case is known (Fowler, unpublished
data). In the non-responsive cases, treatment with betaine
or methionine together with unspecific reduction of ho-
mocysteine with pyridoxine, folic acid and cobalamin can
improve the abnormal amino acid levels to some degree
although the long-term prognosis is poor. 

An animal model 
for 10 formyl-THF dehydrogenase deficiency [5]

A mouse model was discovered for this enzyme defi-
ciency following irradiation of male mice with fission-
spectrum neutrons which caused deficient expression of a
number of liver proteins due to gene deletions. One deleted
protein proved to be 10-formyl-THF dehydrogenase and
breeding of such mice led to establishment of animals ho-
mozygous for this enzyme deficiency. In such mice with
undetectable liver activity of the enzyme, the total folate
pool and THF level was decreased in liver. The affected
mice appeared completely healthy questioning an impor-
tant physiological role for this enzyme in the light of other
THF generating reactions. One effect of the deletion how-
ever was an unusual breeding pattern whereby greatly ex-
tended breeding times were observed in mating pairs of
mice homozygous for this enzyme deficiency.
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