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Importance of the field: Vitamin B4, (B,>) is a rare and vital micronutrient for
which mammals have developed a complex and highly efficient dietary
uptake system. This uptake pathway consists of a series of proteins and
receptors, and has been utilized to deliver several bioactive and/or imaging
molecules from *™Tc to insulin.

Areas covered in this review: The current field of Bj,-based drug delivery is
reviewed, including recent highlights surrounding the very pathway itself.
What the reader will gain: Despite over 30 years of work, no Bq,-based drug
delivery conjugate has reached the market-place, hampered by issues such
as limited uptake capacity, gastrointestinal degradation of the conjugate or
high background uptake by healthy tissues. Variability in dose response
among individuals, especially across ageing populations and slow oral uptake
(several hours), has also slowed development and interest.

Take home message: This review is intended to stress again the great poten-
tial, as yet not fully realized, for Bq>-based therapeutics, tumor imaging and
oral drug delivery. This review discusses recent reports that demonstrate
that the issues noted above can be overcome and need not be seen as
negating the great potential of B4, in the drug delivery field.
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1. Introduction

The consumption of vitamin B, (B;,; cobalamin) is essential for the survival of all
living cells. B1, is produced naturally by bacteria and all other species must acquire
the vitamin through their diet. There are two major biologically active forms of B1,:
methylocobalamin and adenosylcobalamin. Methionine synthase uses methylocoba-
lamin to produce the amino acid methionine from homocysteine, and
methylmalonyl-CoA mutase uses adenosylcobalamin as a cofactor to produce succi-
nyl CoA, an important molecule in the TCA cycle 1]. Mammals have developed a
complex uptake pathway for B}, involving a series of transport proteins [1-3]. For the
purposes of this review, the uptake pathway is discussed only superficially. For a
more in-depth discussion of the transport proteins, the reader is referred to recent
reviews by Banerjee ez a/. [1] and Randaccio ez al. 14].

B, is a water-soluble vitamin (molar mass 1355.38 g/mol as cyanocobalamin)
with a highly complex structure, comprising a midplanar corrin ring composed of
four pyrroline elements linked to a central cobalt(in) atom (see Figure 2 later).
The corrin ring is similar to the more commonly known porphyrin structure but
with key differences. Corrin rings have a greater degree of saturation compared
with porphyrins and the increased number of sp® carbons confers greater flexibility
to the corrin. In addition, there is greater asymmetry to the corrin ring, the latter the
result of a 15-carbon ring over the porphyrin 16-carbon structure [1].
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Article highlights.

* An overview is provided of By, structure, chemistry, and
uptake proteins and receptors.

* An overview is given of the use of the By, dietary
pathway in drug delivery.

» Methods and highlights in the use of B;, conjugates to
utilize/target specific By, proteins and
associated receptors.

* In the section on general uses of By, in drug delivery,
oral delivery is discussed, especially of proteins and
peptides, and general small molecule delivery by oral
and invasive means is discussed.

This box summarizes key points contained in the article.

Several functional groups are readily available for modifica-
tion on By,. Only a few modification sites, however, maintain
the recognition needed to utilize the full By, uptake pathway
necessary for oral delivery (see Figure 1). Other modifications
can be used to target specific proteins while reducing
affinity for others, a fact recently exploited to target hapto-
corrin (HC)-positive tumors [5]. An in-depth discussion of
modification sites can be found in Section 2.

By, is initially released from food by the action of peptic
enzymes and the acidic environment of the gastrointestinal
system [6]. It is then bound and transported by two glycopro-
teins, HC and intrinsic factor (IF) [2). Haptocorrin is secreted
by salivary glands and released also by the gastric mucosa.
Haptocorrin has a high affinity for By, under acidic condi-
tions (pH < 3) and so protects By, from acid hydrolysis.
The HC:B, complex travels from the stomach to the duode-
num, where the increased pH (> 5) decreases the affinity of
HC for By, 71. Haptocorrin is also enzymatically digested
here. On release from HC, By, binds to the second of the
two gastric transport glycoproteins, IF.

Intrinsic factor is a 43.4 kDa glycosylated protein that is
secreted from the gastric mucosa and the pancreas (2. The
IF protein facilitates transport across the intestinal enterocyte,
which occurs by receptor-mediated endocytosis at the apically
expressed IF-Bj, receptor (cubilin) (8. Cubilin works to
transport By, in concert with an anchoring protein amnion-
less (Am) [6]. Following transcytosis, and between 2.5 and
4 h after initial ingestion, B}, appears in blood plasma bound
to the third trafficking protein, transcobalamin II (TCII) (3).
The holo-TCII is cellularly internalized by the TCII receptor
(TCII-R). By, is released by the degradation of TCII by lyso-
zyme. Another receptor, megalin (MG), can reabsorb filtered
holo-TCII from primary urine. The TCII-R and megalin
receptors then ensure widespread delivery and maximal use
of By, 11].

Knowledge of the binding between Bj, and its various
transport proteins is critical if the system is to be successfully
translated from bench to bedside. In the last 5 years there has
been an explosion of critical structural data related to the By,

uptake pathway, with the publication of the IF (9], TCII [10]
and cubilins_g)-IF-B;, (8] structures. One missing piece in
the By, puzzle is the crystal structure of HC. Indeed, a real
understanding of the functions of HC remains elusive, with
suggestions it may play a bacteriostatic role in the mouth
and bloodstream [11]. What is true now is that researchers
have a better understanding of how B, interacts with its
transport proteins, and how these transport proteins interact
with their receptors. The implications this can have on drug
delivery and sites of potential conjugation can then be better
detailed, rationalized and hence optimized.

Along with the wealth of knowledge from the experimental
field is the recent use of modern theoretical approaches to
Bi,-based drug design. The foundational work for B;, molec-
ular modeling studies has all but been completed with the
publication of several recent papers providing both force field
parameters and charge density information at levels of theory
comparable to, or exceeding, the quality of the force fields
within which the parameters have been used [12-17]. With
very little modification, a family of Bj, structures can be
turned into topologies for force field parameter assignments.
This has opened the door to a wider range of By, molecular
modeling studies, including studies of the periplasmic binding
protein BtuF [16] and the TonB-dependent transporter
BeuB (17). Computational approaches have shown themselves
to be a powerful interpretive tool for explaining the various
structures involved in Bi, transport and providing a useful
tool for rational drug design.

Based on the results of recent years, it is clear there is great
hope for a Bj,-based bioconjugate to reach the market-
place sooner rather than later. This review details and expands
on the points made in this introduction and discusses the

future of the field.

2. Review of the B,; dietary pathway in drug
delivery

2.1 Modifiable points - solvent-accessible pocket
The solvent-accessible surface of By, is critical when consider-
ing Bjy-based bioconjugates. The key point to be made
upfront is that there s solvent accessibility. For TCII this sol-
vent exposure is ~ 6.5% (~ 80 Az). For IF this exposure is
twice as high at ~ 13% (~ 163 /0\2), with HC the least accessi-
ble at 3.2% (~ 40 A2) (18]. This exposure allows for select sites
to be utilized when designing a B, conjugate, for general
pathway acceptance or for selecting specific parts thereof.
Bi, and the molecule of interest can be: i) coupled directly
together; ii) held apart by ‘spacer’ units to produce distance
between the B, and drug; or iii) carriers can be conjugated
to By, with the desired drug contained, unconjugated, within
this carrier. Several functional groups are readily available for
modification on Bi,, including propionamides, acetamides,
hydroxyl groups, the cobalt(i) ion and the phosphate moiety.
Only a few modifications are capable of maintaining the
recognition of all three transport proteins needed to utilize
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Figure 1. Uptake pathway for B4, from oral consumption to cellular entry. Although B, has been cited as a potential carrier
of drugs for several years, there are several limitations, including uptake capacity (~ 2.5 pg/day for an adult human [45]), that

have limited its use in drug delivery so far.

Am: Amnionless; CB: Cubilin receptor; HC: Haptocorrin; IF: Intrinsic factor; MG:

the full By, uptake pathway effectively in an oral manner. This
limitation is a result of the manner by which the B, is bound
by the transport proteins and a strong indicator even in the
absence of structural information on the similar solvent accessi-
bility of By, positions on binding in all cases. The size of the
drug is important when considering the location for conjuga-
tion, as are the transport proteins being utilized, because the
three transport proteins are not created equally. Conjugation
of drugs resulting in the recognition of all three transport
proteins has been successful with By, at four major sites: i) to
the peripheral corrin ring e-propionamide [193; ii) through the
5-hydroxy group of the ribose unit of the o-‘tail’ [20];
iii) through the 2’-hydroxy group of the ribose unit of the
o-‘tail’ [217; and iv) to the cobalt cation (see Figure 2) [22].
Examination of the recently published crystal structures of
B, bound with TCII [10] and IF [9) provides a better under-
standing of why such positions are available for conjugation
without complete loss of recognition. TCII was the first trans-
port protein crystallized [10]. The structure revealed several
important details about points of modification on By,
including the presence of hydrogen bond formation between
various residues in TCII and Bi,’s phosphate moiety and

Megalin; TCII: Transcobalamin II; TCII-R: Transcobalamin Il receptor.

the side chains of the corrin ring. The further stability found
to occur with the replacement of the Co’s axial ligand with a
histidine residue from TCII [10] was also rationalized. How-
ever, this latter substitution is not necessary for the binding
of TCII and will not occur if a stable Co-C bond has been
formed, such as the Co-CN in cyanocobalamin. The crystal
structure [10] and molecular dynamics studies (14] have also
shown that TCII does not completely encompass By, on
binding, and leaves an exposed section of the vitamin accessi-
ble to solvent. The 1.4 nm solvent-accessible pocket of By,
bound to TCII shows that the phosphate and ribose hydroxyl
groups are left protruding into the solvent, but only the ribose
5’-hydroxyl tail is open to the environment enough such that
it can easily accommodate the conjugation of large molecules
(see Figure 3). Depending on the size of the conjugate, the
three other sites have been shown to accommodate molecules
without interference with TCII binding. It has been estab-
lished that recognition and uptake of the vitamin still occur
on modification of the P-axial position of the Biy’s
cobalt, the 0-axial ribose tail and several exterior carboxylic
acid groups (produced by hydrolysis of side-chain
propionamides) [10,19,22].
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Figure 2. Structure of vitamin B;,. Molecular structure of XCbls: the central cobalt(lll) atom is six-coordinated, with the

roa

equatorial positions filled by the nitrogen atoms of the corrin macrocycle. The (conventionally) ‘lower’, ‘o’-axial site is

occupied by an imidazole nitrogen atom from a 5’,6’-dimethylbenzimidazole base whereas the ‘upper’, ‘f’-axial site can be
occupied by various X groups (e.g., CN°, CH3", Ado’, NO,, SCN’, SeCN", SO3™ and thiourea). The corrin ring incorporates seven
amide side chains, three acetamides (a, ¢, g) and four propionamides (b, d, e, f). The four pyrrole rings are usually indicated
as A, B, Cand D, as shown. Areas lightly shaded in pink have been commonly used for conjugates that maintain HC, IF and TClII
binding. The area shaded in yellow, namely the b-propionamide, has been used, on conversion to the carboxylic acid, for HC-
specific targeting. This HC-specific targeting is important where background TCII-R uptake prevents selectivity of cancerous

tissue over healthy tissue.

Haptocorrin; IF: Intrinsic factor; TCIl: Transcobalamin II; TCII-R: Transcobalamin Il receptor.

The crystal structure of IF was published in 2007 (1.
This ~ 60 kDa protein is highly glycosylated and proved dif-
ficult to crystallize. The IF-B;, complex has several similari-
ties to the previously discussed TCII-B;, complex, including
several of the same hydrogen bond formations between the
protein and the vitamin. The IF-B;, complex does not incor-
porate a histidine residue in the B-axial position, however,
and ~ 13% of the Bj, is solvent-accessible compared with
only 6.5% of the By, in the TCII-B;, complex [18]. The
crystal structure revealed a possible mechanism, involving
pH, for the transfer of By, from IF to TCII, allowing
researchers a better understanding of the last few steps of the
B, pathway [91.

While attention has concentrated on maintaining the bind-
ing between the transport proteins and B;, bioconjugates, lit-
tle is known about what impact, if any, modifications to the
Bi,-transport protein complex might have on subsequent
receptor binding. Until recently the structure of a holoprotein
complex bound to a Bj, receptor was unknown. In 2010,
Andersen et al. published the structure of cubilings_g)-IF-B,
(see Figure 4) [8]. This publication provided an outline of
how the holo-complex interacts with the receptor, allowing

researchers a new tool to determine the implications of
conjugation on receptor binding.

2.2 Targeting specific transport proteins
On delivery to the bloodstream, a B}, conjugate typically will
be acquired by the TCII protein. In cancer therapy/imaging,
the hypothesis in B;,-based targeted delivery has historically
been that increased TCII-R expression (as much as 3- to
26-fold in certain patients [6]) in a variety of cancers such as
testis, breast, ovarian, thyroid, uterine, and brain cancer
would provide sufficient selectivity over healthy tissue. This
characteristic of By, led to the production of both small mol-
ecule organic and inorganic B, bioconjugates with various
applications in medicinal chemistry. Although the bioconju-
gates are discussed in more detail in the next section, it should
be noted here that the major problem associated with these
bioconjugates has been background uptake by healthy tissue.
In an attempt to overcome background uptake, HC has
been targeted more recently. Cytoplasmic or membrane-
associated HC has been suggested to be de novo expressed (5]
or overexpressed [23] in certain cancer lines. To target HC
over TCII, Waibel ¢t al. disrupted the interactions between
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Cobalt (Ill) inaccessibility in the TCII-B12 crystal structure

Figure 3. The solvent-accessible pocket of TCll bound to vitamin B,,. The left pair of images show the 5’ ribose and phosphate
positions (cyan) accessible through a 1.4 nm gap in the solvent-accessible surface of TCll (red = o-domain, blue = $-domain,
green = o/p linkage). The images on the right show the inaccessibility of the cobalt(lll) coordination position in the crystal
structure (a position at which functionalization has been shown to occur without a deleterious change to binding affinity in a
few instances, indicating a TClII structural change at this position must occur to accommodate the steric bulk of a ligand. See

text and [10]).

B, and TCII by utilizing the 6-propionamide site after mod-
ification to the 4-monocarboxylic acid (the yellow shading
seen in Figure 2) [5]. This method negates the possibility of
oral uptake but demonstrated greater tumor targeting by
reducing prevalent TCII-based uptake of the conjugates into
healthy cells. This is a considerable breakthrough for Bi,-
based cancer therapeutics because it demonstrates that one
of the oft-stated problems of using B, systems, namely non-
specific cell uptake, can be addressed, at least towards cancer
cell lines with de novo HC expression. Images obtained with
single-photon-emission computed tomography (SPECT)
agents targeting HC and TCII are shown in Figure 5.

2.3 General uses of By, in drug delivery

2.3.1 Increased solubility

The solubility behavior of a drug is one of the key physico-
chemical properties that can determine clinical efficacy and
is often the cause of the failure of a drug to reach the mar-
ket [24]. For orally administered drugs, the compound needs
to be highly soluble or become immersed in the intestinal
fluid to allow for absorption (assuming enterocyte passage is
also feasible). For intravenously administered agents, suffi-
ciently high solubility in the plasma is vital to diminish unde-
sirable precipitation in the systematic circulation. In its native
form, By, is a highly soluble vitamin [10.2 mg/ml] that can be
used to increase the solubility of compounds that would
otherwise have little ability to be used as a drug.

2.3.2 Oral delivery

Few peptide/protein-based drugs have the ability to survive
the gastrointestinal tract and/or cross the intestinal wall to
make it to the bloodstream. Therefore, delivery of a pharma-
ceutically viable amount of peptide/protein is unachievable
through simple oral dosing. At present, administration of

these compounds is done through subcutaneous injections.
This approach is time-consuming, painful, inconvenient,
and can lead to allergic reactions near the sight of injection,
as well as lower patient compliance. The improved ease of
administration associated with the oral-enteric pathway pro-
vides an attractive means for the delivery of many pharmaceu-
tical drugs because higher patient compliance is likely [25,26].
As a highly soluble, non-toxic vitamin with an extremely
effective uptake pathway, B, makes for an attractive vehicle
for the oral delivery of drugs [26]. Although great strides have
been taken in the field, the use of the uptake pathway is not
without disadvantages, including a limited oral uptake
capacity (1 - 2 pg of By, per day [27)) and the inability to
protect peptides/proteins from proteolytic degradation [2s].
However, recent results, both experimental and theoretical,
offer new strategies to overcome these issues, and these are
discussed below.

2.3.3 Delivery of small molecules

For years, B, has been utilized for the delivery of imaging
agents and therapeutic drugs for the treatment and diagnosis
of rapidly proliferating cells owing to the increased need for
By, in such cells (see Table 1). Early investigators demon-
strated that cobalt radionuclides (*’Co, **Co, ®°Co) could
be used to label By, for imaging [29-31]. The half-life of the
radionuclides, however, required the dosage for humans to
be too small for successful external images and the radioactive
compounds were shown to accumulate in the liver, pancreas
and kidneys, leading to organ damage [32]. In an attempt to
overcome these issues, some extra radionuclides, including
""n (2.8 days; 0.245 MeV-y) 1321, "*'I (8 h; 364 keV-y,
606 keV-B) 331 and *”™Tc (6.02 h; 140 keV-y) (34], have
been conjugated to B, for labeling purposes since these
early days. Unfortunately, these experiments still resulted in
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Figure 4. Cubilini_g)-IF-B1> structure. This structure, pub-
lished in 2010 (see Protein Data Bank accession code 3KQ4),
shows for the first time the interaction between holo-
IF (pink and green) and CUBs_g domains (blue with calcium
as red spheres). The structure provides a road map to study
B, conjugates bound to IF to explore the implications of B4,
modification on IF binding and subsequent receptor inter-
actions. The structure also offers up potential mutagenesis
sites on IF for use of IF as a delivery agent itself. Neither of
these two latter points has been studied extensively so far.
Image modified with permission from [8].

IF: Intrinsic factor.

undesired organ accumulation, limiting the amount of
drug delivered to cancerous cells and demonstrating high
background uptake in healthy cells [31-34].

In 2009, Siega et al. determined it was possible to deliver
Gd>* to cancer cells by conjugation to B;,. By using the metal
chelating agent DTPA, a B,»-Gd** conjugate was con-
structed. The Gd®* moiety conjugated to the 5" ribose of the
B, did not affect the binding of the By, transport proteins.
Viability tests on human myelogenous leukemia K562 cells
incubated with the conjugate showed a significant decrease
in cell viability compared with those incubated with the B,
parent compound and/or the Gd** ion alone (35]. Given that
this system utilized conjugation at the 5’-ribose position,
allowing TCII recognition, it can be postulated that this
system, if tested 77 vivo, will give poor tumor specificity.

Nitric oxide (NO) has been demonstrated as a potential
candidate for antitumor therapy owing to its ability to cause
both necrosis and apoptosis [36]. In 2002, Bauer ez al. set
out to demonstrate that conjugation of NO to B;, would
result in a greater anticellular effect against malignant cells
compared with normal cells. Nitrosylcobalamin (NO-By,)
is a By, derivative with NO as the B-axial ligand. Once the
conjugate was in the cell NO was detached from B;,, causing
inhibition of cellular metabolism and directly damaging

DNA, leading to apoptosis. The antiproliferative efficacy of
the conjugate was determined in 22 human tumor cell lines
and two non-cancer cell lines. It was determined that tumor
cell lines were more sensitive to the conjugate than the normal
cell lines. The conjugate was determined to inhibit tumor
growth 77 vitro and in vivo by activation of the extrinsic
apoptotic pathway [36].

Colchicine is a highly toxic compound that has been used
as a therapeutic agent for a wide variety of diseases since the
sixteenth century [37]. In recent years, it has been investigated
as a potential anticancer drug. It has a similar mode of action
as taxanes but is far more water-soluble, making it more
accessible to biological applications. Unfortunately, colchi-
cine does not have the ability to distinguish healthy from
cancerous cells and colchicine chemotherapy results in over-
whelming systematic toxicity [37]. In 2004, Grissom and
co-workers used B, to deliver colchicine to cancerous cells.
To make the By, conjugate, the colchicine analogue 2
(2-(4-acetylphenoxy)-/N-acetophenocolchicine) was synthe-
sized. To make the By, conjugate, the colchicine analogue
2(2-(4-acetylphenoxy)-N-acetophenocolchicine) was synthe-
sized. Compared with the unmodified colchicine, the ana-
logue retained activity with only a minimal loss of toxicity.
Using an acid labile hydrazone linker, the analogue was
then attached to the B-axial ligand of By,. The linker allowed
for a pH-dependent release of colchicine in acidic condi-
tions. Once taken into the cell by means of the B, receptors,
colchicine was released to interact with microtubules but
showed a 10-fold decrease in toxicity (38]. As noted before,
this system 7z vivo would again be predicted to suffer from
TCIl-based non-selective uptake/accumulation.

A progression of papers has recently appeared in the use of
By, to deliver Pt drugs, focusing on cisplatin and analogues
thereof. In this instance it was shown that B;, can act as a
ligand for cisplatin by the formation of a cyanide-
bridged species between the B-axial ligand of By, and Pt [39).
Alberto and co-workers showed that the B;,—cisplatin conju-
gate retains a labile chloride ligand that can be exchanged
with ligands such as guanine, allowing the conjugate to
behave in a similar way to cisplatin [40. In 2008, Alberto
and co-workers continued their initial work with the cisplatin
derivatives and synthesized several prodrugs around the
{B,,-CN-Pt-R} moiety (see Figure 6) [22].

Using an in vitro adenosylation assay from Salmonella
enteric, the group was able to show that Co 111 was reduced
to Co 11 and the Pt 11 complex was released [22]. As the Pe 11
complexes were shown to be released, B;,-mediated delivery
of Pt complexes showed promise. In 2010, the in vitro
cytotoxicity of the {B;,-CN-Pt-R} conjugates was pub-
lished (411. The preliminary results suggested a lower
activity (ICsy between 8 and 88 pM) than for cisplatin
alone. It is hypothesized that the limited B;, uptake capac-
ity, discussed earlier, is most probably to blame. Studies
on the effects of the uptake capacity on concentration are
underway [41].
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Figure 5. SPECT/CT scans of mice 24 h after intravenous injection of B;,-°™Tc conjugates designed to be non-binders to TClI
(HC binder) and binders to TCII. A, C. HC targeting compound. B, D. TCll binding compound. Note increased tumor specificity

obtained with HC targeting. Color scale relates activity.
Reproduced with permission from [5].
HC: Haptocorrin; IF: TCII: Transcobalamin II.

2.3.4 Delivery of peptides/proteins

Table 2 lists the peptide/protein By, conjugates reported so
far. A comprehensive review of this area has been reported
recently and the reader is referred there [42]. Instead, herein
is discussed the use of molecular dynamics in the development
and understanding of By,-based drug delivery systems using a
Bi,-insulin conjugate system (see Table 2) as an example of
the power of this approach.

3. Molecular modeling considerations

Molecular modeling serves invaluably in both predictive and
interpretive capacities in modern drug design. The field is lim-
ited in application only by either the availability of proper the-
oretical descriptions of biologically relevant molecules (largely
in the form of molecular force field parameters and topologies,
limitations addressable by parameter generation and validation)
or the absence of experimental data on which to base proper
analyses. For molecular dynamics studies, the limitation is
largely in the form of absent crystallographic or solution-
phase structural information against which to identify struc-
tural candidates and test new designs. As applied to the study
of bioconjugates, the atom-level description of molecular
phenomena afforded synthetic chemists by even modest

computational efforts reveals a great deal about the binding
environment of a molecule. The potential difficulties of designs
based on the placements of steric bulk (that prohibit binding of
the native molecule) or physical inaccessibility of targeted func-
tionalization (that changes the binding of the native molecule)
can be visualized. Insights into possible molecular designs not
readily obvious from either crystallography or macroscale
sample characterization without synthetic efforts that survey
possible candidate positions can also be highlighted.

Asa complement to many of the experimental studies of func-
tionalization positions (43,44], molecular modeling studies reveal
the extent to which the modification potential of the By, frame-
work itself is greatly limited for new bioconjugate designs by the
nature of its binding within its transport proteins. Using the
binding of By, to TCII (the complex for which the best struc-
tural information is available [1,3,10]) as a basis for all subsequent
bioconjugate design work (as a disruption at any step in the
transport pathway for By, is probably deleterious for any biocon-
jugate design), several design considerations were revealed.
These molecular modeling studies provide both a reinforcement
of previous experimental work and insights into approaches for
potential new By,-based delivery designs based on functionaliza-
tion positions deemed accessible, themselves based on the
geometry of the B;,~TCII binding interaction.
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Figure 6. X-ray crystal structures of Pt conjugates of B;,. Images were generated from deposited CIF files CCDC-261001 and
CCDC-261002. Both structures display the Co-C-N-Pt ‘core’. Both compounds display micromolar activity but both were less
effective than cisplatin directly, the result, it is hypothesized, of limited B, uptake [41].

Any design of B;, bioconjugates must ultimately consider
all of the steps in the By, transport pathway. In these consid-
erations, it is known that By, binding to its transport proteins
(HC, IF and TCII) must be conserved. The availability of
partial or complete molecular geometries for TCII [10] and
IF (9 reveals that these two proteins are largely similar in
geometry and binding mode, and indicates that HC is likely
to bind By, in a similar manner. As the initial computational
study of B,-insulin [44] bioconjugate began with preliminary
experimental results that indicated successful transport (as
determined by cellular glucose uptake), the molecular model-
ing study focused on TCIL. As part of any subsequent design
based on Bj, delivery, the characterization of the binding
mode of By, and the flexibility of the 0/ domain ‘clamshell’
mechanism of binding by TCII (see Figure 7) produce an ele-
gant picture of one set of readily accessible ‘best-
practice’ approaches for bioconjugate design. This is a very
straightforward model of how adhering to this set of
approaches is likely to produce viable candidates for a wide
variety of delivery targets.

In the previously reported molecular dynamics studies of
TCII with By, (151, Byy-insulin [44] and a B;, bioconjugate
modified with a short peptide tether [14], the simulations
revealed the extent to which the By, is itself the hydrogen-
bonding glue that binds the TCII into the encapsulation
structure observed in diffraction studies (Figure 7). This
work indicated that the interaction between side chains at
the surface-surface interface between the o~ and -domains
is not a major contributor to the stability of the complex. It
also indicated that TCII in the absence of B, probably con-
sists of two, poorly interacting fragments linked by a short
tether (obviously the design best suited to binding and pro-
tecting a large biomolecule that cannot easily migrate into
the binding pocket of a less flexible or more inherently

structured protein). As a tool for directing design, the result
of the molecular dynamics simulation showed that modifica-
tions to the By, are best performed for the generation of
new bioconjugates at positions on the By, molecule at the
0/B domain interface. Appropriate modifications at this inter-
facial region are not expected to interfere with the individual
Bi,-0 domain and Bj,- domain interactions that produce
the encapsulated complex and, further, are made viable
because the ‘clamshell’ design of this complex results in a
o/B breathing motion in the MD simulations that makes
this interfacial region accessible under ambient conditions
and amenable to accommodating small tethering fragments
to couple B, to some arbitrary molecular beyond the
solvent-accessible surface of TCII (see Figure 8).

The MD simulations provided atom-level explanations for
all of the bioconjugate design work on B;, performed so far.
This study specifically shows why certain chemical modifica-
tions produce viable candidates and some modifications
produce Bj, bioconjugates that, by their disruption of the
Bi,-transport protein binding interaction, do not. Modifica-
tion at the cobalt (Co) is shown to be a reasonable approach
for bioconjugate design because the Co coordination site lies
at the 0/ interface and small changes to side chains on the
o-domain reduce steric congestion for coordinated ligands.
This is obvious for small molecules, given the known binding
of B1,-CN and B,-CHj3. Whereas the cobalt is more embed-
ded than the ribose 5’-hydroxyl position used as the point of
conjugation in the Bj,-insulin bioconjugate, the use of a
small, flexible tether that is linked to one molecule and is
Co-coordinated should serve as a reasonable mechanism
for new Co-tether designs, a result supported by previous
experimental work [44].

The MD simulation work also predicts that, owing to the
mechanism of encapsulation and the solvent accessibility of
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o-Domain B-Domain

o/B Linkage CN-B12

Figure 7. The binding of B4, within TCII. Substructures (domains) are differentiated by color. The a- and f-domains at the B,
binding position interact only through hydrogen bonding (and by way of a 10-residue covalent linkage), while numerous
interactions between both domains and the By, have been characterized experimentally and through previous molecular

dynamics simulations. TCIl structure based on [10].
TCII: Transcobalamin II.

Cobalt accessible

B, encapsulation

Ribose 5’-hydroxy accessible

Figure 8. The time-averaged structure of B4,-TCll from a 50 ns MD simulation. The accessibility of the B;, for chemical
functionalization but potentially limited B4, binding inhibition is shown by way of solvent-accessible surface representations

at both the cobalt (left) and ribose (right) positions.

several regions of By,, the cobalt and ribose 5’-hydroxyl posi-
tions need not be mutually exclusive as targets for bioconju-
gate design. Instead, with the accessibility of both positions
attributed to the breathing motion of the 0/} groups con-
strained largely by their strong binding to the By, molecule,
the possibility exists for three-component bioconjugates.
This result was hinted at, but was not obvious from, the static
model of the B;,~TCII binding interaction in the crystallo-
graphic study. The success of such designs is dependent on
the modes of delivery and the differences in where and
when the degradation of the combined product occurs. This

route does offer a promising path for new work in By, delivery
approaches that are strongly supported from the synergy of
experimental precedent and supportive computational work.

With the availability of force field parameters and the
reported success of Bj; MD simulations in several instances,
one of the few issues in By, bioconjugate design hampering
continued and more thorough progress is the lack of
structures for proteins within the By, transport pathway.
Although the success of the Bj,-insulin bioconjugate
indicates that, even in the presence of a large tethered
molecule, the solvent-accessible binding positions on the
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B, are conserved in the members of the transport protein
family, greater subtlety in the modes of chemical modifica-
tion and targeted B, design will come most easily through
MD simulations that follow a B;, bioconjugate design
through each step in the pathway, for which a modeling
protocol is only as complete as the experimental characteri-
zation of all components. Within even the narrow selection
of Bj, modification positions hinted at by the solvent-
accessible crystal structure maps and MD simulations of
the native TCII-B;, complex, a wealth of bioconjugate
design can be envisioned. Completeness in all-computa-
tional approaches to By, bioconjugate design simply awaits
adequate models of HC and IF, the members of the trans-
port pathway either partially characterized (IF) or still
unavailable (HC).

4. Expert opinion

By, and the By, uptake pathway play a fundamental role in
biology and have been explored extensively from a structural
and mechanistic viewpoint. The unique structure of By, and
the exquisite relationship with its binding proteins have
driven researchers for several decades and continue to this
day to offer up exciting new questions and new avenues of
research. One of these avenues is the use of By, in drug
delivery, from small molecule iz vivo imaging agents to the
oral delivery of large proteins. Inherent restrictions of the
By, pathway, namely dose limitations and the demand
across cells, healthy or otherwise, for the vitamin, have so

far prevented the realization of a By, bioconjugate pharma-
ceutical reaching the market. Despite this, several groups are
working to address the challenges of the field, with recent suc-
cesses including HC-specific targeting overcoming TCII
background and the use of polymeric carriers attached to
By, to increase drug payload.

The future of the field then lies in expanding on these suc-
cesses. The authors envisage building B, bioconjugates with
multiple payloads, using multiple sites on the B;, molecule
simultaneously. The use of By, to deliver protein vaccine
components also has great potential. By targeting the immune
response, potentially low doses need be delivered that require
concentrations within the boundaries of the By, uptake path-
way capacity. The use of the B, uptake proteins themselves
has also not been explored. Coating a viral particle that
requires an enteric IgA response with HC, for example, may
offer gastrointestinal protection and ultimately provide for
an oral vaccine for such a virus. The very investigation of
the role of HC in blood serum and its structure will also be
a highlight of the coming years in the Bj, field. The take
home message of this review is that this is an exciting time
for By,-based drug development, with many of the barriers
thought to be road blocks to successful clinical trials
being overcome.
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