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The cobalt-coordinating 5,6-dimethylbenzimidazole
(DMB) nucleotide is a structural feature of coenzyme B12
and of methylcobalamin[1,2] that controls the reactivity of
these organometallic cofactors.[3,4] The DMB nucleotide and
the functionalized corrin ring are both important for tight and
selective binding to B12 apoenzymes. Several coenzyme B12
dependent enzymes were recently shown to bind the B12 co-
factor in an unanticipated ™base-off/His-on∫ form,[5±7] in
which the DMB nucleotide is displaced from the cobalt
center by a histidine residue from the protein. In contrast, diol
dehydratase binds coenzyme B12 ™base-on∫, as described in a
crystal structure at the end of the 1990s.[8] Here we report on a
monoclonal antibody raised against coenzyme B12, which
binds the ™base-on∫ form of natural coenzyme B12 analogues
that prefer to be ™base-off∫ in solution. This B12 antibody thus
causes an unprecedented ™reverse∫ coordinative ™base-off∫ to
™base-on∫ reconstitution, which also results in a significant
change in the reactivity of the bound B12 coenzyme.
Over the last 15 years, antibodies have proved useful as

catalysts for a set of remarkable chemical reactions and as
receptors for probing ligand-binding mechanisms.[9±14] Versa-
tile cofactors such as coenzyme B12 have considerable poten-
tial to extend the chemistry of these systems. To investigate
the ability of antibodies to recognize and modulate the
chemical reactivity of corrinoid coenzymes, we have raised
monoclonal antibodies against coenzyme B12 (1). Although
other antibodies that recognize B12 derivatives are known,[15]

their binding properties were never scrutinized spectroscopi-
cally.
For immunization, coenzyme B12 (1) was coupled to the

carrier protein thyroglobulin (TG) with a succinic acid

linker[16] (48 haptens/TG). An immune response was elicited
against the TG±hapten conjugate, and a panel of monoclonal
antibodies with good antigen recognition was prepared and
purified by conventional means.[17] After initially screening
20 antigen binders by competition ELISA (enzyme-linked
immunosorbent assay),[18] antibody 2C2 was selected for
detailed characterization because it recognized both the
DMB nucleotide and the corrin ring.
Antibody 2C2 binds 1 with an estimated dissociation

constant (Kd) of 9.8� 2.6 mm. As summarized in Table 1,
vitamin B12 (2 ; Scheme 1) and several B12 derivatives compete

effectively with the antigen. Dicyanocobinamide (3), an
analogue of 1 and 2 lacking the nucleotide function, is the
weakest corrinoid ligand tested, and neither benzimidazole
nor 2-amino-isopropylribazole phosphate[19] alone compete
with the antigen. These results suggest that the complete
cobalt-coordinating nucleotide loop is required for formation
of the B12±antibody complex. To test this hypothesis, pseudo-
coenzyme B12 (4)[20,21] and Cob-5’-deoxyadenosyl factor A
(5)[21,22] were also investigated as competitive inhibitors.
These natural coenzyme B12 analogues differ from 1 by the
replacement of the DMB base by adenine and 2-methylade-
nine, respectively (Scheme 1). In aqueous solution, 4 and 5
exist mainly in the base-off form, as deduced from UV/Vis,
CD, and 1H NMR spectroscopy.[20,21] As expected, these base-
off adenosylcobamides bind 3 to 7 times weaker than 1.
Clearly, the constitution of the nucleotide base and its
intramolecular interaction with the cobalt center play impor-
tant roles in the recognition of corrinoids by antibody 2C2.
The recognition properties of 2C2 were further examined

spectroscopically. Vitamin B12 derivatives show diagnostic
absorbances at wavelengths longer than 300 nm,[21,22] which
are easily monitored in the presence of the colorless antibody.
Addition of 2C2 to coenzyme B12 (1) caused a small shift in
the visible part of the UV/Vis spectrum (from 524 to 536 nm)
with an 8% decrease of the extinction coefficient. Similar
changes have been observed for other B12±protein com-
plexes[23] and indicate that binding of 1 to the antibody does
not significantly alter the coordination pattern of the CoIII±
corrin. In contrast, dramatic changes were detected upon
binding of 4 and 5 to the antibody. In these cases, addition of
2C2 caused a marked decrease in the absorbance at 463 nm
and an increase at 529 nm (Figure 1a). The spectra of 4 and 5
bound to 2C2 match that of (base-on) coenzyme B12 (1)
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Table 1. Apparent ligand dissociation constants with antibody 2C2.[a]

Ligand Kd [mm]

coenzyme B12 (1) 10
vitamin B12 (2) 65
dicyanocobinamide (3) 740
pseudocoenzyme B12 (4) 68
adenosyl factor A (5) 29

[a] Determined by competition ELISA.[18] Coenzyme B12 conjugated to
bovine serum albumin was immobilized to a microtiter plate and bound
antibody was detected using glucose oxidase conjugated goat antimouse
IgG antibody in the presence and absence of various ligands. Absorbance at
405 nm was determined after developing the plates with 2,2’-azino-di(3-
ethylbenzothiazoline-6-sulfonate) (ABTS).



remarkably well (Figure 1b). In contrast, the presence of 2C2
had no effect on the spectrum of 5’-deoxyadenosylcobinamide
(6), nor did bovine serum albumin alter the spectra of 4 and 5.
Binding of coenzyme B12 analogues 4 and 5 to 2C2 is thus

accompanied by coordination of an N-ligand to cobalt.
However, the UV/Vis spectra cannot differentiate clearly
between coordination of an internal nucleotide base or an
external histidine molecule. Indeed, the insensitivity of these
methods to the identity of the axial N-ligand in adenosylco-
bamides impeded the discovery of the now well-known base-
off/His-on form of protein-bound 1 in enzymes such as
methylmalonyl CoA mutase[6] and glutamate mutase.[7,24]

On the assumption that 2C2 recognizes the more stable
™base-on∫ form of coenzyme B12 (1), it seemed possible that
the antibody might force the adenine group of pseudocoen-
zyme B12 (4) and 2-methyladenine in adenosyl factor A (5) to
coordinate to the cobalt center. The base-on form of these
coenzyme B12 analogues, 4b and 5b, has not been previously
observed, but is known for the corresponding cyano-CoIII-
corrins pseudovitamin B12 and factor A.[25] Utilization of
binding energy to counterbalance an equilibrium that favors
the base-off form of 4 and 5 in solution would help explain
their lower affinities for 2C2, compared to 1.
Transfer NOE experiments with 5 and 2C2 were performed

to establish how the corrinoid binds at the antibody active site.
Cross-relaxation measurements on protein±ligand complexes
deliver information concerning spin-transfer between two
protons of a bound ligand and the free state by fast chemical
exchange.[26,27] The NOESY spectrum of 5 in the presence of
2C2 shows an overall increase in NOE intensities and specific
increases in the cross-peaks between the heteroaromatic
proton H(8N) of the 2-methyladenine base and the corrin e
and f side chains of 5 (Figure 2). The latter protons are not
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Scheme 1. Structural formulae of vitamin B12 derivatives. Left: ™Complete corrrinoids∫ in their base-on form with a DMB base and varying ligand R. Center:
The dominant base-off form of the complete corrinoids with an adeninyl base. Right: Cobinamides as ™incomplete corrinoids∫ (Ado¼ 5’-deoxy-5’-adenosyl).

Figure 1. a) UV/Vis spectra of pseudocoenzyme B12 (4) and of 5’-deoxy-
adenosyl factor A (5) in aqueous buffer (10 mm phosphate, 160 mm NaCl,
pH 7.4; blue and green curves, respectively) and in the presence of
approximately 20 mm antibody 2C2 (black and red curves, respectively).
b) UV/Vis spectra of aqueous solutions of coenzyme B12 (1) at pH 8 (base-
on form of 1; red curve) and at pH 1 (base-protonated base-off form of 1;
blue curve).



proximal to one another in the base-off form of 5 in
free solution, but are apparently juxtaposed in antibody-
bound 5, as expected if the corrinoid adopts a base-on mode
(Figure 2).
All of the experimental data thus support the conclusion

that the B12 antibody 2C2 preferentially binds adenosylcorri-
noids in a base-on form, as programmed by the hapten.
Binding pseudocoenzyme B12 (4) and its homologue 5 in this
way requires formation of a cobalt±nitrogen bond and
(presumably[3,4]) replacement of a cobalt-bound water mole-
cule. The base-off to base-on restructuring observed here is
opposite to that required for binding of coenzyme B12 in a
base-off/His-on form in the carbon skeleton mutases.[6,7,24]

The antibody-induced base-off/base-
on switch changes the chemical reactiv-
ity of the corrinoids. The rate of the
conversion of adenosylcobamides (such
as 1, 4, and 5) into dicyanocobamides, for
example, depends upon the coordination
of the nucleotide base.[22] In the presence
of a 2.5-fold excess of antibody, the
reaction with cyanide was inhibited by
over 90% relative to the reaction in the
absence of protein (conditions: 15 mm
2C2, 6 mm B12, 4 mm KCN in phosphate
buffer, pH 7.5; T¼ 25 8C; spectrophoto-
metric monitoring at 368 nm: relative
rates: k4þ2C2/k4-2C2¼ 0.096; k5þ2C2/k5-2C2¼
0.040). The base-off/base-on switch of
these B12 derivatives reduces the tenden-
cy of the metal centers to react with the
cyanide nucleophile. This observation is
in line with the known ™trans effect∫ of
the nucleotide coordination on the orga-
nometallic reactivity of ™complete∫ cor-
rins.[3,4,22]

The crystal structure of an aptamer[28]

for vitamin B12 revealed that the RNA
moiety binds (only) the corrin ring of the
cobalamin.[29] Herein, coenzyme B12 (1)
was used to induce the formation of an
antibody that selectively recognizes the
base-on form of 1 and of other B12 coen-
zymes. The nucleotide loop, which is a
unique structural motif of the base-on
forms of complete cobamides, steers the
reactivity of the cobalt corrins[3,4] and
also serves as a still poorly understood
recognition element for selective inter-
actions with B12-binding proteins.[8] Anti-
body 2C2 recognizes the intact DMB
nucleotide loop and reconstitutes the
base-on form of coenzyme B12 ana-
logues,whose solution structures are
mainly base-off. Antibody C2C may
represent a functional model for natural
B12-binding proteins, such as (human)
intrinsic factor and transcobalamin.[23]

These important B12 receptors preferen-
tially bind cobamides with a DMB nucleotide[23,30] and are
selective for structurally related B12 derivatives that also
prefer a base-on conformation in solution.
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Figure 2. Top: NOE correlations of the signal arising from the H(8N) (at d¼ 7.86 and 7.88 ppm) from
500 MHz 1H NMR spectra of 5’-deoxyadenosyl factor A (5) in the presence (left, NOESY spectrum)
and in the absence (right, ROESY spectrum) of antibody 2C2. The spectra were recorded in 50 mm

potassium phosphate buffer, 100 mm NaCl at pH 7.5 and 26 8C; [5]¼ 1.5 mm and [2C2]¼ 50 mm. The
NOESY spectrum of 5 without 2C2 shows only very weak signals because of the similar magnitude of
the correlation times of the B12 derivative and the critical correlation time at 500 MHz. The H(8N) of
the cobalt-coordinated DMB base in 1 is < 3.5 ä (through space) from the protons at 1A, 131(Hre and
Hsi), 172(Hsi), of the corrin ring, and at 4R, of the ribose segment. (Note: the signal at d¼ 1.5 ppm is an
artefact). Bottom: The base-off/base-on constitutional switch of complete cobamides by (de)-
coordination of their nucleotide base at the corrin-bound cobalt center.
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Mutations in the genes coding for Ras proteins are found in
approximately 30% of all human tumors.[1,2] The proper
function of Ras is critically dependent on posttranslational
lipidation. Oncogenic Ras only serves as a molecular switch
for the transduction of growth signals if the Ras is S-
farnesylated at the C-terminus and if located at the plasma
membrane. Thus, inhibitors of the enzyme protein farnesyl-
transferase (PFT) are of particular interest as new antitumor
therapeutic agents[1,2] However, some of the most important
and fundamental aspects of this application of the signal
transduction therapy[3] remain unclear. The crucial substrate
of PFT, the farnesylation of which is suppressed by these
compounds, is still unknown.[2] In this context, inhibitors
which induce apoptosis (that is, programmed cell death), and
which are bisubstrate inhibitors of the PFT, are of particular
interest.[2,4]

To investigate these biological questions in a focussed but
flexible manner, a class of potential PFT inhibitors are
required, the structure of which can be varied rapidly and
efficiently by combinatorial solid-phase synthesis. This ap-
proach should furnish inhibitors which are competitive to the
protein substrate, to the farnesylpyrophosphate (FPP), or
even to both substrates, as well as substances which induce
apoptosis in Ras-transformed cells but not in the untrans-
formed wild-type cells. Pepticinnamin E[5] (1; Scheme 1) is a
naturally occurring bisubstrate inhibitor of PFT (IC50¼
42 mm). Based on the total synthesis of this modularly built
natural product,[6] we have developed a solid-phase synthesis
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