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Abstract
Cellular uptake of cobalamin is facilitated by a receptor mediated endocytosis process involving
transcobalamin, a plasma protein that binds cobalamin and a cell surface receptor that specifically
binds transcobalamin saturated with cobalamin. Intracellular Cbl concentration is maintained by
modulating the expression of the receptor, which is cell cycle associated with highest expression
in actively proliferating cells and an efflux system that shunts the excess cobalamin out of the cells
for mobilization to other tissues where it is most needed. This review describes the process,
proteins involved and genes encoding these proteins.

Introduction
The essential role of vitamin B12 (cobalamin, Cbl) in recycling of folate for single carbon
exchange reactions, purine and pyrimidine synthesis and methylation of homocysteine for
the production of S-adenosylmethionine is exerted by the participation of this vitamin as
methyl Cbl in the methionine synthase reaction (1). As adenosyl Cbl, it is a cofactor for
methylmalonylmutase enzyme in a rearrangement reaction that converts methylmalonyl
CoA to succinyl CoA (2). Cbl deficiency produces interruption of folate pathways, resulting
in homocysteinemia due to inhibition of the methionine synthase pathway and
methylmalonicacidemia due to inhibition of the mutase pathway (3). The anemia and
hematologic changes in the form of megaloblastic bone marrow are due to abnormal DNA
synthesis attributed to folate deficiency as a consequence of Cbl deficiency (4). However,
the demyelination of the spinal cord and peripheral nerves seen in Cbl deficiency has not
been linked to any specific pathways involving Cbl. Among the multiple causes of Cbl
deficiency are dietary deficiency and genetic defects involving Cbl dependent pathways (5).
The absorption, blood transport and cellular uptake of Cbl are complex processes involving
multiple proteins and receptors. The gastric phase of Cbl assimilation and ileal absorption is
described by Alpers et al in this issue (6). This review will address the role of two proteins,
transcobalamin (TC) and the receptor for TC saturated with Cbl, in the absorption of Cbl in
the gut and cellular uptake.

Early observations that there is no free Cbl in serum and that all of the Cbl is bound to
proteins initiated the quest to identify these proteins and their function (7, 8). These proteins
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were subsequently characterized and identified as transcobalamin 1 (current nomenclature,
haptocorrin, HC) and transcobalamin II (current nomenclature, transcobalamin, TC) (9, 10).

Transcobalamin
TC in Blood, Apo and holo TC—While total Cbl in serum has been used as an indicator
of Cbl status, Its utility as a sensitive marker of Cbl deficiency has been questioned
primarily because most of the circulating Cbl is bound to HC and this fraction is not
available for cellular uptake in tissues other than the liver (11, 12). About 70 – 80% of the
Cbl in serum is bound to HC and only 20 – 30% is bound to TC; however it is this latter
fraction that is available for uptake into cells and constitutes newly absorbed Cbl (13, 14,
15). Orally administered Cbl appears to peak around 8 to 10 hours post ingestion (16). This
represents transit time from the stomach to the distal ileum followed by absorption and
release of Cbl into the circulation. Traditionally Cbl malabsorption has been diagnosed using
the Shilling test, which involves the administration of radioactive B12 and collecting 24 hour
urine sample (17). This test is no longer available. Some success has been achieved by
monitoring the appearance of Cbl in blood following a dose of 57CoB12 (18, 19). However,
radioactive Cbl for this use is no longer available. What is feasible with current technology
is an accurate estimate of holo TC in serum (20, 21, 22). In theory, Cbl malabsorption could
be monitored by measuring the amount of holo TC before and after an oral dose of Cbl. The
available assay appears to be sufficiently sensitive to discern a change in holo TC status at
peak time following a 5-10ug oral dose. Cbl on TC in the blood, appears to reach peak level
in about 8 hours and is rapidly distributed to tissues (15, 18, 19). Plasma clearance of
radiolabeled TC protein in the rabbit, has shown rapid clearance of the protein with a half
life of ~90min (23). Therefore, following oral ingestion of dietary Cbl, the holo TC would
reach a steady state and overnight fasting serum holo TC is likely to provide an accurate
measure of Cbl status and decrease in holo TC may indicate chronic and sustained Cbl
depletion. It is this characteristic of holo TC that may provide a more sensitive and precise
indication of physiologic Cbl status. Herzlick and Herbert (24) were the first to identify the
utility of measuring holo TC but the method lacked the precision and sensitivity demanded
of the assay to quantify the changes in the smaller TC bound fraction of the total serum Cbl.
Methodological improvements have provided a simple assay in kit form for the routine
measurement of holo TC in a diagnostic laboratory setting (21, 22). Recent studies
comparing serum total Cbl versus holo TC have shown that holo TC correlates better with
elevated HCY and MMA as a measure of low Cbl status (25, 26). While it is generally
accepted that TC-bound Cbl is taken up by all cell types, Cbl does not appear to accumulate
in most tissues, rather, is recycled by an active transport mechanism (27). The ATP
dependent ABCC-1 transporter involved in the translocation of Cbl absorbed in the intestine
(vide infra) appears to have a role in the export of Cbl from tissue cells (28) (Figure 1). This
process is at opposite poles to what happens in the liver and kidney where Cbl accumulates
disproportionately. The Cbl accumulation in the kidney may be attributed to binding of TC-
Cbl to the highly expressed megalin, involved in the reabsorption of a number of proteins
including TC-Cbl (29, 30). Megalin expression is very low in the liver and therefore, could
not account for the TC-Cbl sequestration. In the human liver, HC-bound Cbl uptake by the
asialoglycoprotein receptor has been purported to be the likely mechanism for Cbl
accumulation (11). This could not account for the Cbl accumulation in the mouse liver since
mouse has no HC like protein in the blood and all of the Cbl is carried on TC (31). The Cbl
binding proteins such as HC and TC cannot retain Cbl in tissues such as the liver and kidney
since they are destroyed and the Cbl released during uptake into cells. The only known
proteins likely to retain Cbl in cells are the two enzymes MS and MMU (27, 32). The
saturation state of these enzymes and total enzyme activity in liver and kidney can account
for only a fraction of the Cbl in liver and kidney. Therefore, a second look at Cbl
accumulation in these tissues is warranted.
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Source of TC in blood
Having identified the function of TC in the cellular uptake of Cbl, the search was on to
locate the source of this protein. Early studies suggested the liver as the source because liver
perfusate contained TC and this was affected by liver damage (33, 34). This notion was soon
dismissed when studies showed that total hepatectomy did not affect TC level in blood (35).
TC synthesis in vitro by primary and established cell lines in culture suggested that most cell
types could contribute to TC in circulation (36). We were the first to conduct a detailed
study of TC synthesis in human umbilical vein endothelial cells (HUVEC) in culture and
show that copious amounts of TC is secreted by these cells in culture. We could also show
that the intact umbilical vein in the umbilical cord could synthesize and secrete TC (37). The
rate of TC synthesis and the substantial endothelial surface could produce sufficient TC to
maintain the concentration in blood. The relatively short half-life of holo TC in circulation
of 60- 90 min and the proximity of the vascular endothelium to the circulating TC, seemed
ideally suited to maintaining the concentration of this protein in circulation (37).

Role of TC in intestinal absorption of Cbl—With the identification of cubilin as the
IF receptor (38) and amnionless as the membrane protein involved in internalizing cubilin
and its cargo proteins, the process of apical docking of IF-Cbl in the intestinal lumen and
uptake into the ileal enterocyte is well defined (39, 40). It is well accepted that dissociation
of IF and release of Cbl occurs in the enterocyte but the subsequent steps in the translocation
of Cbl into circulation had not been clearly defined. However, it was generally accepted that
translocation of the Cbl cargo from IF to TC occurred in the villi of the intestine based on
the following observations. Orally administered Cbl appeared in the blood bound to newly
synthesized TC (13); in the isolated guinea pig ileum, IF mediated absorbed Cbl appeared in
the medium bound to TC (14). The early studies that identified TC bound Cbl in the
intestinal lumen, suggested this tissue as a potential source of TC. The distribution of TC
mRNA throughout the villous contributed by the endothelium of the microvasculature would
support in situ synthesis of TC that would be readily available to bind the newly absorbed
Cbl (15). The direction of TC secretion in the ileum appears to be towards the serosal side
and would favor the binding of free Cbl by the nascent TC in the villous (15). This process
requires an active transport system for efflux of free Cbl and such a system was recently
identified as the ATP-binding cassette (ABCC1/MRP1) transporter expressed in the
basolateral surface of the intestinal epithelial cell (41). An active transport system for exit of
free Cbl from cells was previously shown in mouse L-1210 cells in culture (27). This efflux
of free Cbl, is also facilitated by the ABCC1 cassette (28). Inhibiting this transporter leads to
accumulation of Cbl in the intestinal lumen and decreases systemic Cbl levels (41). The role
of TC in carrying the Cbl from its site of absorption into circulation is also evident from the
decreased absorption of Cbl reported in children with congenital TC deficiency (42, 43).
This process has been studied in some detail using in vitro cultures of Caco2 and HT29
colon adenocarcinoma cell lines (44-46). Even though these can serve as models for IF-Cbl
uptake and transcytosis of Cbl, it should be noted that these cells are not of ileal origin
where absorption of Cbl takes place and as transformed cells, may have acquired unique
properties such as uptake and secretion of TC via the apical surface following weeks in
culture (45, 46). There is no evidence for TCblR expression on the apical surface of these
polarized cells and therefore, TC-Cbl uptake likely represents uptake via megalin.

Transplacental transport and polymorphisms of TC—Fetal Cbl requirement has to
be met by the maternal transport systems that provide all nutrients across the placental
barrier. Very early studies had identified preferential and rapid delivery of newly absorbed
Cbl to the fetus in animal models (47, 48). In humans, there appears to be a delay in the
translocation of Cbl from the placenta to the fetus (49). The increased Cbl requirement in the
developing fetus has to be met by maternal TC-Cbl and this is reflected in higher total Cbl,
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holo HC and holo TC in the cord blood (50). Congenital TC deficiency is not lethal to the
fetus. These fetuses develop normally and are carried to term but develop metabolic and
clinical picture of Cbl deficiency within months after birth (42, 51). An alternate system
must fulfill the function of TC in the fetus. Even though direct proof is lacking, megalin is
highly expressed in embryonic tissue and is a likely candidate receptor for TC-Cbl during
fetal development. While there is no clear consensus on the association of maternal low Cbl
status and birth defects, most studies have shown some albeit, weak correlation with low Cbl
status and elevated matabolites such as HCY and MMA (52-55). A stronger correlation was
observed with a decrease in the level of maternal holo TC with increased risk for birth
defects. The TC259P to R polymorphism of the TC gene has been associated with decreased
holo TC and increased HCY and MMA, however its link with birth defects remains weak
(56, 57). Differences have been reported in the expression of TC259P and R polymorphisms
with higher expression of TC259P associated with elevated apo TC and elevated HCY in
TC259P/R heterozygotes (58). No correlation of HCY or MMA with TC genotype was
observed in an elderly population (59) whereas higher holo TC and lower MMA were
associated with TC259P genotype in another study (60). In an elderly latino population with
higher prevalence of TC259R, the risk of Cbl deficiency appeared to be higher (61). The TC
genotype may influence Cbl availability and cellular uptake, but direct experimental proof is
lacking. Even though TC genotype by itself may not pose a major risk factor for fetal and
adult Cbl disorders, in combination with polymorphisms of other Cbl and folate pathway
proteins, it is likely to have adverse metabolic consequences (62, 63).

Binding properties and structure of TC—Among the Cbl binding proteins, HC has
the highest affinity for Cbl followed by TC and IF. This contrasts with the specificity, with
IF having the highest specificity and HC, the least (64). Thus TC appears to have greater
specificity for Cbl than HC. This discrimination is more pronounced in recombinant human
TC produced in insect cells (Quadros EV, unpublished data) suggesting that the folding of
the protein and tertiary structure may influence the specificity for Cbl. Their two domain
structure, the conserved cysteine residues and most of the amino acids involved in Cbl
binding are all conserved among these proteins and therefore, slight differences in the
folding of the proteins to encase the Cbl molecule, and the manner of interaction with the
nucleotide portion of the Cbl molecule is likely to dictate the specificity for Cbl and binding
studies support this conclusion (64). TC is expressed in all mammalian species and its
expression can be traced down to worms and fish (Figure 2). The amino acids and regions
highly conserved across species appear to be involved in binding Cbl and to the receptor.
Based on the primary sequence, amino acids involved in Cbl binding and the cysteine
residues involved in disulfide bonds (Cys 3 - 249; 98 - 291; 147- 187) are highly conserved
across species. Evidence in support of this is now available from the crystallographic data of
bovine and human TC (65). Specifically, six amino acids each in the alpha and beta domains
directly interact by hydrogen bonding and all other side chains of the corrin ring interact by
solvent mediated hydrogen bonding. In addition the beta domain hydrogen bonds with
oxygen and nitrogen molecules of the nucleotide portion. Additionally, hydrophobic
interactions take place at Met 270 to ring A, Gly 390 to ring B, Phe 376 and Try 409 to ring
C, Try 137 to ring D. His 173 can coordinate with the upper axial position of cobalt if this
position is occupied by H2O. This interaction results in folding of the protein into an amino
terminal major domain and a carboxy terminal minor domain to form a pocket in which the
Cbl molecule is enclosed (65). The amide side chains on the corrin ring, especially at the b,
c and d position are critical for tight binding. The amide side chain at the e position is
amenable to modification for attaching other ligands without a substantial loss in affinity
(66). The two positions on the Cbl molecule that are ideal for coupling drugs and toxins for
delivery via the TC/TCblR pathway are the upper axial position on the central cobalt and the
ribose moiety of the lower nucleotide position. Attaching ligands at these positions does not
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affect the function of TC (66). Coupling to the central cobalt would result in cleavage and
release of the ligand within the cell and coupling to the ribose would provide a non-
cleavable linkage. The folded conformation of TC saturated with Cbl also presents the
epitopes for high affinity interaction of the TC-Cbl complex with TCblR. Mapping the
functional domains of TC with monoclonal antibodies that block the binding of TC-Cbl with
TCblR has identified peptide regions involving amino acids 103 to 159 and the positively
charged heparin binding residues 207 to 227 as regions most likely to interact with the
receptor (67) (Figure 1). Crystallographic data identifies these domains within the solvent
exposed structure of the holo protein involving Tyr 54 – leu 67 (alpha helix 3), Asn 97 –His
133 (a 5), His 149 – 166 (a 7), Lys 189- Thr 207 (end of a helix 8 to 9).

TC gene and genetic abnormalities—The isolation of highly purified and intact TC
from cohn fraction III of human plasma (68) enabled us to identify the N-terminal protein
sequence and generate monoclonal antibodies against this protein (69). These tools
ultimately enabled us to clone the cDNA encoding human TC from a HUVEC cDNA library
(70, 71). The 1866 base pair cDNA codes for a 409 amino acids (AA) secreted protein and
an 18 AA signal peptide. The cDNA also contained 37 nucleotides (nt) in the 5’ and 548nt
in the 3’ untranslated regions with a polyadenylation signal located 510nt downstream of the
stop codon (71). The cloning of the gene for TC has identified the transcription start site at
158nt upstream of the ATG start codon, thus providing a size of 1987nt for the full length
mRNA (72). Additional cDNA clones isolated by other investigators identified cDNA
clones that differed in codon sequences at positions 198, 219, 259 and 376 (73). These
authors concluded that the multiple protein bands observed by isoelectric focusing may
represent polymorphisms due to these substitutions. This observation and the previously
reported polymorphisms of the TC protein (74) took on a different twist, when we for the
first time, showed that recombinant human TC expressed from a single cDNA clone in SF9
insect cells, separated as two proteins by isoelectric focusing (75). The identical two bands
were obtained when purified human TC and serum from different subjects was analyzed by
isoelectric focusing. An explanation for the apparent two bands was evident when the amino
terminal sequence of recombinant protein yielded two sequences, one missing the first two,
methionine and glutamic acid residues. This phenomenon was attributed to alternative
splicing of the leader sequence (66). Therefore, earlier reports of multiple isoproteins of TC
may well be due to TC interaction with plasma proteins and artifact of the methods used.
The human TC gene is located on chromosome 22 between 22q11 and 22q13.1 (76). The
gene spans 18kb and contains 9 coding exons and 8 introns (72, 77). The farthest
transcription site identified is located 157nt upstream of the ATG start site (78). The TC
gene is remarkably similar in structure to the other two Cbl binding proteins namely HC (79)
and IF (80) in the number and size of each exon pointing their origin to a common ancestral
gene, likely on chromosome 11 where HC and IF are located. TC appears to be
constitutively secreted by the endothelial cells, however, some evidence points to inducible
expression (81). The lack of consensus TATA and CCAAT boxes in the promotor region, a
characteristic of house keeping genes, favors the constitutive expression of TC. However,
upregulation of TC secretion in inflammation and certain cancers would suggest induction
of TC synthesis in response to specific stimuli (82, 83). The 5’ region of TC gene spanning
1000bp upstream of the ATG codon, contains a number of positive and negative regulatory
elements that function in concert to regulate TC expression (84). Specific elements within
the promoter region such as the GC box at −568, the GC/GT box at −179 that interact with
SP1 and SP3 and an E box at -589 to −559 may be involved in tissue specific expression of
TC (85). In addition, the C and G tetramers that are motifs for ets transcription factors, the
GC rich sequence, and the CACGTG sequence for c-myc oncogene product, all point to
potential up regulation of TC synthesis in cancers and inflammatory disorders (86).
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TC deficiency presents as the clinical phenotype of Cbl deficiency with megaloblastic bone
marrow, homocysteinuria and methylmalonicaciduria (87-89). These abnormalities have
ranged from complete absence of TC protein to a non-functional protein. To date more than
30 cases have been identified and the gene defects have ranged from frame-shift mutations
to deletions and splicing defects (Table 1). Early diagnosis and frequent injections of B12
may be beneficial in treating these patients.

6. The receptor for transcobalamin- bound cobalamin
Cellular uptake of cobalamin—While it is generally accepted that bulk of the Cbl in the
body is stored in the liver and kidney, the mechanism for uptake in the liver is thought to
occur via the asialoglycoprotein receptor (11, 12) and in the kidney via megalin (30). In all
tissue cells, the uptake occurs via a cell surface receptor that specifically recognizes TC-
bound Cbl. This process has been studied in isolated cells in culture (90). The cellular
uptake appeared to be a biphasic process and involved initial binding of TC-Cbl to the cell
surface that could occur at 4°C followed internalization of the TC-Cbl complex which
required metabolic energy and occurred best at 37°C. The process also required divalent
cation Ca++ as indicated by the inhibition of uptake by EDTA or EGTA. The lysosomal
accumulation of the TC-Cbl suggested receptor mediated endocytosis as the likely
mechanism (91). The receptors appear to be segregated in discrete microvilli and appear to
be directed to clathrin coated pits during endocytosis (92, 93). The expression of TCblR
appears to be cell cycle associated with most receptor expression during log phase of growth
in actively proliferating cells and drastically down-regulated in resting cells (94-96). The
existence of this membrane attached receptor was known for more that half a century but the
purification and structural characterization of this protein proved to be difficult due to the
low amounts of the receptor and the ligand specific affinity chromatography required to
purify the protein. Numerous attempts were made to study the properties of this receptor and
obtain pure protein. The first effort using TC-Cbl affinity matrix yielded substantial
enrichment based on TC-Cbl binding of the detergent soluble receptor from human placenta
but was not pure (97). A series of publications by another group claimed to have purified the
receptor for TC-Cbl (98-100). In light of our current knowledge of this receptor, it is highly
unlikely that the protein they had purified, was the receptor. Our own attempts to purify this
receptor from human placenta identified a number of methodological problems that had to
be addressed if we were to succeed in purifying this protein. Therefore, a detailed
characterization of the functional activity of the membrane bound as well as soluble receptor
from human placenta was attempted. The binding kinetics of membrane bound receptor
showed saturation kinetics with an association constant of 0.26 – 1.1 nM−1. The soluble
receptor bound TC-Cbl with a similar affinity but the fraction of membrane bound receptor
that could be rendered soluble and recovered as functional protein, was low. However
receptor-ligand crosslinking and deglycosylation studies provided information on the size of
the receptor protein and carbohydrate content. Based on these studies we assigned a
molecular weight of 58 kDa for the soluble receptor and 41 kDa to the core peptide. The
carbohydrate content accounted for approximately 29% of the molecular weight and
consisted primarily of sialic acid (47%) and the remainder consists of N and O linked sugars
in the form of N-acetylglucosamine and terminal X-linked mannose, galactose and N-
acetylgalactosamine (101, 102). These estimates are likely to be an approximation due to
incomplete deglycosylation or aberrant migration of the protein in SDS-PAGE since the
cDNA encodes a 282aa peptide and a 252aa membrane attached receptor (103).

Determination of functional receptor activity—Functional receptor activity in whole
cells can be readily determined by incubating cells with 57CoB12 labeled TC. In a typical
assay, 1×106 cells are suspended in 1ml buffer or culture medium containing 10,000 to
20,000 CPM of radiolabeled TC for 1hr at 4°C, or 37°C. An identical tube containing 10mM
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EGTA or EDTA is included to show blocking of the uptake. After 1 hour incubation, cells
are pelleted by centrifugation at 2000g for 5 min. washed once with buffer and counted for
radioactivity (Figure 3). To discriminate between cell surface bound and internalized TC-
Cbl, cells may be incubated with 0.25M trypsin / 2mM EGTA for 5 min at 37°C and the
trypsin releasable and cell associated TC-Cbl determined. Typically uptake at 4°C represents
TC-Cbl binding to cell surface receptors and uptake at 37°C represents binding and
internalization of the TC-Cbl. In reality some internalization does occur at 4°C and uptake at
37°C is considerably higher due to new receptors appearing on the cell surface. In practical
terms, trypsin/EDTA releasable radioactivity represents TC-Cbl bound to the cell surface
receptor and radioactivity in the cell pellet represents TC-Cbl internalized. This simple assay
using live cells provides a reliable measure of receptors expressed in different cell types.

TC-Cbl binding to membrane preparations can be measured using protocols described for
the preparation and assay of placental membranes (97, 101). Soluble receptor activity can be
monitored by size exclusion chromatography on Sephacryl S-200 or similar matrix
following incubating soluble receptor with radio-labeled TC-Cbl. The receptor –TC-Cbl
complex and free TC-Cbl separate as distinct peaks and the receptor binding of TC-Cbl can
be quantified by determining the radioactivity associated with the higher molecular weight
peak (101). In purified fractions of the soluble receptor, functional activity can be monitored
using a lectin-agarose matrix to separate receptor-bound TC-Cbl from free TC-Cbl. Both
Concavalin A and Wheat germ agglutinin are suitable lectins for this assay (102, 103).

Structural and genetic aspects of the TCblR/CD320 receptor—The abundant
availability of human placentas provided the raw material to solubilize and purify the
receptor protein by conventional purification techniques. Methodological refinements and
multiple affinity purification steps were needed to obtain the protein in pure form. The
protein and the gene encoding this protein was finally identified from the peptide sequences
of the pure protein. The cDNA encodes a 282aa peptide that includes a 30aa signal peptide.
The 252aa membrane attached receptor consists of a 32aa cytoplasmic domain, a 21aa
transmembrane domain and a 199aa extracellular domain with two LDLR type A domains
separated by a cysteine rich epidermal growth factor (EGF) sequence found in other LDL
receptor family of proteins (104) (Figure 1). SDS-PAGE analysis of the proein indicates a
size of 58kDa, far in excess of the peptide size. This suggests extensive glycosylation with
N-glycosylation sites at residues 126, 195, and 213 and the numerous serine/threonine sites
that could serve for O-glycosylations. The 282aa full-length protein binds ot wheat germ
agglutinin (WGA) as well as concalavin A (ConA), whereas, the extracellular domains does
not bind ConA suggesting gamma linked mannose residues in the cytoplasmic domain and
terminal N-acetyl glucosamine in the extracellular domain. Based on what is known about
the LDLR-A domains and their specicity for Ca++ binding, the two LDLR-A domains likely
play a crucial role in the binding of TC-Cbl (103, 105). The cDNA encoding this protein
was isolated earlier by another group and was named 8D6 antigen. They had suggested a
potential role for this protein as a signaling molecule involved in maturation of B-cells
(106). This observation was based on the blocking of B cell maturation by a monoclonal
antibody to the protein. Whether this effect was due to blocking of Cbl uptake, needs to be
determined.

We have generated monoclonal antibodies to the extracellular domain of TCblR and have
mapped their epitope specificity using recombinant fragments expressed in HEK 293 cells
(105). The amino terminal region of the second LDLR-A appears to highly antigenic in that
many of the antibodies isolated bound to this region. A single antibody that bound to the
carboxy end of the second LDLR-A domain was identified as blocking Ab, due to its ability
to block TC-Cbl uptake into cells (105). All of the antibodies including the blocking Ab,
irrespective of their epitope recognition site, are effectively internalized by the receptor.
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These antibodies could have therapeutic utility in delivering drugs and toxins to cancer cells
and other target cells. The cell cycle associated expression of TCblR with sustained or
increased expression in certain cancers, could provide the increased targeting needed to
reduce systemic toxicity. Preliminary studies using Saporin-conjugated secondary antibody
have shown internalization of the Saporin conjugate and inhibition of proliferation in many
cancer cell lines with minimal effect on normal primary cell lines (107). Our previous
studies have shown that targeting TC to block Cbl uptake or to deliver drugs would also be
effective (108). Other studies have shown that drugs or fluorescent compounds conjugated
to B12 could accumulate in tumors for targeting and imaging (109, 110). A summary of the
interactions of TC and TCblR in Cbl uptake is shown in figure 1.

The gene encoding human CD320 contains 5 coding exons and 4 introns, spans 6.224kb and
is located on the short arm of chromosome 19 at p13.2. This location is also shared in
primates but not many other species. The mouse ortholog of CD320 spans a length of 6.792
kb and is located on chromosome 17B1. Most of the gene structure and the flanking DNA
appear to be highly conserved among species(Figure 4). The 1000bp region immediate 5’ of
the ATG start site contains all of the promotor activity to regulate TCblR expression.
Specifically, the region −668 to −455 is involved in up regulation of TCblR expression. Two
transcription factors, myeloid zinc finger 1 (MZF1) and the Ras responsive element binding
protein 1 (RREB1) are involved in upregulation of TCblR expression (111). The former is
involved in growth, proliferation, differentiation and apoptosis and the latter may exert its
effect via the Ras/Raf pathway. In concert with the above, transcription factors C/EBP
enhancer binding protein, HNF-3B hepatocyte nuclear factor 3 and AP-1 activator protein 1
appear to suppress TCblR expression. These proteins together may modulate cell cycle
associated expression and sustained up regulation of TCblR in certain cancers.

Functional defects or congenital abnormalities of TCblR were not identified previously.
However, when a recent newborn presented with elevated C3 acylcarnitine along with
moderate methylmalonic academia and methylcitrate, the infant was investigated for inborn
errors of Cbl metabolism. Complementation analysis failed to identify any of the previously
known defects in the Cbl metabolic pathways. The only defect identified was a decreased
uptake of TC-Cbl by the patient's fibroblasts in culture. Based on this observation, the
patient was further investigated for a potential defect in the CD320 gene. A single codon
deletion (c.262_264GAG) in the Ca++ binding motif of the first LDLR-A domain was
identified that accounted for a 50% decrease in Cbl uptake into cells (Figure 5). A search of
the fibroblast repository at the Department of Human Genetics, McGill University,
identified 5 additional cases that had elevated MMA that had the identical gene defect in
CD320 (112). This gene defect appears to have been missed until now because the gene
encoding TCblR was not identified.

Numerous single nucleotide polymorphisms of CD320 have been identified. In investigating
the association of these SNPs with neural tube defect pregnancy in an Irish population, no
difference in the frequency of most of these SNPs was observed among controls, NTD
mothers and NTD children. However, about 4% of this population was heterozygous and 1%
was homozygous for the E88 deletion. In light of our finding of elevated MMA in newborns
homozygous for this deletion, undetected and untreated, this deletion could contribute to
lifelong elevated MMA and its pathological consequences. Two linked variants, rs2336573
(G220R) and rs8426 were identified as associated with a 6 fold increase in NTD risk (113).

A century of clinical and basic science research started with the identification of the cause
and treatment of pernicious anemia (114, 115), the isolation of vitamin B12 (116, 117) and
elucidation of the structure of cobalamin (118). The advances in biology have led to the
identification of pathways, proteins and genes involved (119). The structural and functional
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characterization of proteins involved and the metabolic consequences of gene defects have
provided a better understanding of clinical disorders of Cbl metabolism (120) to implement
strategies to manage these disorders.
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• This review provides a comprehensive account of the process of cellular uptake
of vitamin B12 and the proteins involved.

• Provides information on transcobalamin, the plasma transporter of cobalamin

• Provides information on the structure and function of the receptor for
transcobalamin-bound cobalamin.

• Identifies gene defects of transcobalamin and its receptor.
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Figure 1.
The structure of proteins involved in cobalamin transport. The white circles on the TC
molecule represent the Cbl binding region and the orange circles represent the receptor
binding region as determined by epitope specific monoclonal antibodies that block these
functions; the blue region represents the heparin-binding region likely involved in receptor
binding. The TCblR molecule, with a partial theoretical 3-dimensional shape (Swiss Model)
is shown oriented in the plasma membrane along with the transmembrane and cytoplasmic
domains. The structure of the two LDLR-type A domains of TCblR is derived from the
known structure of the LDL receptor. The two LDLR-A domains with regions involved in
calcium binding are necessary for binding to holo-TC. The ABCC1 transporter involved in
efflux of cobalamin is depicted in blue with its numerous transmembrane domains and
nucleotide binding domains (NBD1 and NBD2).
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Figure 2.
Amino acid sequence homology of TC from various species analyzed using the CLUSTAL
2.0.5 alignment. The cysteines forming disulfide bridges are indicated in yellow; known
hydrophobic interactions with cobalamin are indicated in green and hydrogen bonding with
cobalamin is indicated in purple; the putative receptor binding regions are indicated in red.
The amino acids that bind cobalamin and the highly conserved regions in all species are
likely to be involved in interaction with the receptor.
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Figure 3.
TC-Cbl uptake in human umbilical vein endothelial cells established in culture. Cells are
seeded at 0.2-0.5 × 106 cells/2 ml in six-well plates overnight. For uptake of Cbl,
[57Co]cyanocobalamin-TC is added in 1ml DMEM and incubated at 4°C or 37°C. Following
removal of the medium and washing, cells are detached by incubating with 0.5 ml 0.05%
trypsin/EDTA at 37°C for 5 min. The radioactivity in the trypsin/EDTA solution and the
cells is determined as a measure of TCblR-mediated binding and uptake of TC-Cbl.
Suspension cultures may be used at a density of 0.5 -1 × 106 / ml for uptake studies. Specific
uptake may be blocked by including 10 mM EGTA or EDTA in the incubation medium.
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Figure 4.
Comparision of human TCblR gene structure with the receptor from other mammalian
species. The intron-exon boundaries and genomic organization of the TCblR gene was
compiled from sequence information available from gene data banks (Reproduced from
reference 94)
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Figure 5.
The nucleotide sequence of the region corresponding to the codon deletion in the first LDLR
type A domain in the patient. B: The organization of the protein and the gene encoding
TCblR. C: Normalization of holo-TC uptake in cells transfected with patient's cDNA that
has the missing codon (GAG) inserted by site directed mutagenesis. The cDNA in
pcDNA3.1 plasmid (4 μg) was transfected into HEK 293 cells seeded at a density of 0.6 °—
106/well in six-well plates. Binding and uptake of holo-TC was determined 48 hr after
transfection for 1 hr at 37°C as described for figure 3. (Reproduced from reference 103)
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Table 1

Mutations identified in human TC and TCblR genes

TC Mutations

Gene mutation Effect Reference

r.31C>G p.Leu11Val Qian et al, 2002 (130)

r.62G>A p.Cys21Tyr Qian et al, 2002

r.79G>A p.Asp27Asn Qian et al, 2002

c.110insC frameshift Ratschmann et al, 2009 (121)

r.145C>T p.His49Tyr Qian et al, 2002

c.173delC frameshift Li et al, 1994b (123)

r.254T>A p.Leu85Gln Qian et al, 2002

r.257G>A p.Gly86Glu Qian et al, 2002

c.387delA frameshift Li et al, 1994b (123)

r.472G>T p.Gly158Cys Qian et al, 2002

c.497_498del frameshift Schiff et al, 2010(124)

c.501_503del frameshift Schiff et al, 2010

c.580+1G>C splice (loss of exon 4) Namour et al, 2003 (125); Schiff et al, 2010

c.580+624A>T insertion Häberle et al, 2009 (126)

c.927_930delTCTG frameshift Li et al, 1994a (122)

c.940+303_1106+746del21252 insCTGG Häberle et al, 2009

c.1106+1G>A P.M315fsX326 Nissen et al, 2010 (127)

c.1110T>G p.Tyr370X Li et al, 1994b

c. (Exon 8 deletion) p.E371fsX372 Nissen et al, 2010

c.1115_1116del frameshift Schiff et al, 2010

c.1139dupA frameshift Schiff et al, 2010

c.1195C>T p.R399X Prasad et al, 2008

c.1236_1237del frameshift Schiff et al, 2010

c.IVS3T>G splice Namour et al, 2003

TCblR (CD320) Mutations

Gene mutation Effect Reference

c.262_264delGAG p.E88del Quadros et al, 2010 (112)

Karth et al, 2012 (129)

c.297delA p.Q99HfsX33 Anastasio et al, 2009 (128)
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