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Abstract

This review deals with results from crystallographic studies on proteins that interact with the essential micronutrient cobalamin (vita-
min B12). Both B12-dependent enzymes and B12-transport proteins are described with an emphasis on structural aspects of cobalamin

and its protein environment.
Published by Elsevier B.V.
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1. Introduction

Pernicious anaemia (PA), first observed in 1824, was a
fatal disease until the 1920s, when it was discovered that
raw liver contained a substance, the antiPA factor, which
reverses this anaemia in dogs and humans [1]. In mam-
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mals, deficiency of this factor also provokes severe neuro-
logical diseases, particularly in the elderly population.
The ‘liver factor’, later named vitamin B;,, was extracted
and crystallized in 1948 [2,3]. Since then, crystallography
has played a fundamental role in the development of
knowledge of the chemistry and biochemistry of vitamin
By, (Table 1). This role started with the landmark crystal
structure of vitamin B, or cyanocobalamin (CNCblI) [4,5],
which allowed the upsurge of vitamin B, chemistry, up to
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Table 1
Historical outline of the impact of crystallography in vitamin B, research

1199

Early medicinal age

1824
1926
1934

Vitamin B;, crystallographical age

1948
1956-7
1961
1964
1972
1985

Protein crystallographical age

1994
1996
1999
1999
2001
2002
2002
2003
2004
2004
2006

New medicinal age

First observation of pernicious anaemia
Treatment of pernicious anaemia with liver (Minot and Murphy)
Nobel prize in medicine to Whipple, Minot and Murphy

Isolation and crystallization of vitamin B,

X-ray structure of vitamin By,, cyanocobalamin (CNCbI)

X-ray structure of the By, coenzyme, adenosylcobalamin (AdoCbl)
Nobel Prize in chemistry to Dorothy Hodgkin

Total synthesis of vitamin B,

X-ray structure of methylcobalamin (MeCbl)

X-ray structure of MeCbl-binding domains of methionine synthase (MetH)
X-ray structure of methylmalonyl-coenzyme A mutase (MMCM)
X-ray structure of diol dehydratase (DD)

X-ray structure of glutamate mutase (GLM)

X-ray structure of ATP:co(I)rrinoid Adenosyltransferase (CobA)
X-ray structure of glycerol dehydratase (GD)

X-ray structure of ribonucleotide triphosphate reductase (RTPR)
X-ray structure of BtuB

X-ray structure of substrate-binding domains of methionine synthase
X-ray structure of lysine 5,6-aminomutase (5,6-LAM)

X-ray structure of transcobalamin (TC)

B, conjugates as potential anti-tumoural and imaging drugs

the recent crystal structure of several Bj,-dependent
enzymes, which has provoked an enormous increase in
work on vitamin By, enzymology [6,7]. Finally, the recent
X-ray structure of transcobalamin (TC) [8] has furnished
the structural basis for designing appropriate Cbl-based
bioconjugates for imaging of tumours as well as targeted
and selected delivery of anti-tumour agents to malignant
cells [9,10]. CNCbl belongs to a group of strictly related
compounds called cobalamins (Fig. 1). Cobalamins are
octahedral Co(III) complexes, equatorially coordinated
by a corrin ligand which bears seven amide side chains
a—g. Chain f is connected through an amide bond to a
nucleotide, whose dimethylbenzimidazole may coordinate
Co at one axial position on the o side or lower side
(base-on form) or, upon protonation, may be displaced
by an exogenous ligand (base-off form). The various
cobalamins differ in the axial ligand X on the B side or
upper side (Fig. 1).

CNCbl is not biologically active in mammals, whereas
MeCbl is involved in methionine biosynthesis and AdoCbl
(Fig. 1) in the reversible isomerisation of L-methylmalonyl
into a succinyl residue catalyzed by the L-methylmalonyl-
CoA mutase (MMCM) [11,12]. They are the only cofactors
so far known containing a metal-carbon bond involved in
the enzymatic processes. Mammals are not able to synthe-
size cobalamins, which thus must be supplied with the diet.
Consequently, they have developed a complex pathway for
absorption, blood transportation and cellular uptake of
dietary Cbl (Fig. 2, left side). The delivery from food to tis-

sues involves three successive transport proteins, which
form a tight complex with Cbl, and cell surface receptors
for these protein—Cbl complexes [13,14]. After release of
Cbl from its complex with TC in lysosomes, cobalamin is
transformed to the MeCbl and AdoCbl coenzymes
(Fig. 2, right side) in the cytosol and in the mitochondrion,
respectively [15].

MeCbl-based methyltransferases catalyze the transfer of
methyl groups. The most studied is methionine synthase
(MetH), which catalyzes the methyl transfer from N-meth-
yltetrahydrofolate (MeHyFolate) to Cob(I)alamin for
onward transmission from the formed MeCbl to homocys-
teine to produce methionine. The enzymatic mechanistic
scheme requires a series of nucleophilic displacements of
a methyl group, which can be considered as a formal het-
erolytic Co-Me bond formation and cleavage [16]. MeCbl
is also a cofactor in the carbon dioxide fixing pathway in
anaerobic acetogenic bacteria [17] and methanogenic
archaea [18]. Cobalamins are also found to be coenzymes
in the reductive dehalogenases, enzymes of anaerobic bac-
teria, which are able to reductively dechlorinate aliphatic
and aromatic chloro-hydrocarbons [7,12].

AdoCbl (coenzyme Bj,) is the cofactor in several
enzymes, including MMCM, which catalyzes the intramo-
lecular 1,2 shift of a H atom and an electronegative group.
The rearrangement is a stepwise process initiated by the
homolytic cleavage of the Co-C bond, to give the
Cob(IT)alamin and adenosyl radicals, and terminates with
the reformation of this bond.
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Fig. 1. Vitamin B, or cyanocobalamin (CNCbl) and biologically active cobalamins (in bold characters). S denotes a substituent, e.g. an imidazole
nitrogen from a histidine residue of a protein.
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Fig. 2. Absorption, cellular uptake and enzymatic processes involving cobalamins (Cbl) in mammals. The intracellular trafficking to the two mammalian
Cbl-dependent enzymes has been reviewed recently [15].

A complete survey on the chemistry and enzymology of 1999 up to 2004. The crystallography of cobalamins has
vitamin B, has recently been given by Kenneth Brown in  also been recently reviewed up to 2005 [19]. This review
his exhaustive review [7] covering all the work done from  focuses on the crystallography of B;, proteins, including
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the first X-ray structure of a mammalian Bi,-transporting
protein, transcobalamin, in complex with cobalamin (TC—
Cbl) [8]. The accurate geometry of the axial fragment of
the isolated CN-, Me- and AdoCbl is given in Table 2,
together with other properties of the Co—C bond.

2. Methyltransferases
2.1. Structure and function of methionine synthase ( MetH )

An important role for cobalamin lies in some methyl
transfer reactions, among which the best studied is the meth-
yltransferase MetH [16], present in mammals and in many
bacteria. This enzyme catalyzes the transfer of a methyl
group from N°-methyl-tetrahydrofolate (CH;—H4Folate)
to homocysteine to form methionine. Cbl, as cob(I)alamin,
accepts the methyl from CHs;-HyFolate (Fig. 3, reaction 1)
and then transfers it, as MeCbl, to homocysteine (reaction
2), so that the cofactor cycles between MeCbl and Cob(I)a-
lamin during the catalytic turnover. Occasionally Cob(I)ala-
min becomes oxidized and thereby converted to inactive
Cob(IT)alamin. The latter species is then returned to the cat-
alytic cycle by reductive methylation to MeCbl with a

Table 2

flavodoxin-reducing agent and S-adenosylmethionine alkyl-
ating agent, AdoMet (reaction 3). All these reactions are
performed, as sketched in Fig. 3, by the modular MetH
enzymes from Homo sapiens and Escherichia coli (with a
molar mass of about 136 kDa), which consists of the four
functional modules shown in Fig. 4.

The structure of full-length MetH is not available, but a
“divide-and-conquer” strategy involving expression and/or
isolation of the modular fragments furnished structural
insight and allowed to delineate not only the structural
organization, but also several functional aspects of MetH,
which could not have been obtained from the knowledge of
the three-dimensional structure of complete MetH alone.
The two N-terminal domains constitute the homocysteine
(Hcy)-binding domain and CH;-HyFolate-binding domain
(Fol), respectively. The N-terminal fragment of MetH,
comprising these two domains, has been expressed and
both the form with and without substrate were crystallo-
graphically characterized [20]. Both domains show the
typical (B/a)s TIM barrel that is generally found for
substrate-binding domains of B, enzymes (Fig. 5) and that
resembles the analogous domain found in triosephosphate-
isomerase (TIM). The two domains are firmly associated

Some physico-chemical properties and distances in the axial fragment of CN-, Me- and AdoCbl (E;, for Co(Ill) — Co(II), BDE = Co-C bond

dissociation energy in kJ/mol)

R Co-C (A) Co-NB3 (A) Co-C-C (°) Veo.c (cm™h? Eyp (V)° BDE®
CNCbI? 1.886(4) 2.041(3) 180.0(1) - - -
MeCbl 1.979(4)¢ 2.162(4)¢ - 506 —1.60 155+ 12
AdoCbl 2.030(3)° 2.237(3)° 123.4(2) 430 —-1.35 125+ 8
2 Ref. [78].
° Ref. [79].
© Ref. [80].
4 Ref. [81].
© Ref. [82].
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Fig. 3. The catalytic cycle and coenzyme re-activation reaction in methionine synthase.
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Hcy domain Fol domain
(B/o)gTIM barrels (71 kDa)

Cap-Cob domain
(28 kDa)

AdoMet domain
(38 kDa)

Fig. 4. Overview of the modular architecture of methionine synthase. The two N-terminal modules are (B/a)g TIM barrels (PDB accession code 1Q8 J);
the Cap-Cob module (PDB code 1BMT) shows a o/f Rossmann fold in the Cob (B,,-binding) domain. The C-terminal module (PDB code 1K7Y) is the

AdoMet domain involved in the re-activation reaction 3 (see Fig. 3).

and resist proteolysis even in the presence of 3% trypsin.
The barrel axes are oriented perpendicularly to each other.
The domain interface is relatively hydrophobic and incor-
porates a large part of the connecting linker, forming about
20 H-bonds in addition to van der Waals interactions. The
Hcy binding domain contains a zinc ion as essential cofac-
tor. When homocysteine enters the active site, it coordi-
nates, likely as thiolate [21], the zinc ion. Three Cys
residues complete the distorted tetrahedral geometry
around the zinc ion (Fig. 5B).

The third module, comprising the Cap and Cob
domains, can be obtained by digestion of the protein with
trypsin and represents the binding site of cobalamin. The

Fig. 5. (A) Hcy domain (in cyan) and Fol domain (in green) of methionine
synthase (MetH, PDB code 1Q8 J). (B) Enlarged view to the homocysteine
ligand which, together with three cysteine residues of the enzyme,
coordinates a metal ion (in grey). Sulphur atoms are shown as yellow
spheres. (C) Enlarged view to the methyl-H Folate in the Fol domain,
evidencing the methyl group to be transferred.

X-ray crystal structure of this fragment, the first ever deter-
mined for a Cbl-dependent protein, led to the discovery of
the base-off/His-on binding mode (see below) [22] (Fig. 6A).
It consists of two domains and comprises a four-helix

Fig. 6. Different conformations of the Cap-Cob module in methionine
synthase. (A) The Cap domain (in yellow) and the Cob domain (in red)
(PDB code 1BMT) and (B) superposition of the Cob domains reveals the
movement of the Cap domain relative to the Cob domain as indicated by
the arrow. The Cap domain in yellow corresponds to the structure of the
isolated Cap-Cob module and the one in pink corresponds to the structure
of the Cap-Cob module in the re-activation conformation (PDB code
1K7Y). In the latter conformation, His 759 is assumed to dissociate from
the Co since a loop from the AdoMet domain wedges cobalamin away
from the Cob domain towards the AdoMet domain [24].
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bundle (Cap) and an o/B Rossmann motif (Cob), which
sandwiches the cobalamin in the base-off form. Cobalamin
is covered on its B side by the Cap domain and its nucleo-
tide chain is embedded in the Cob domain. The dimethyl-
benzimidazole moiety is displaced by an imidazole of the
histidine residue 759, which coordinates to cobalt on the
o side. The fourth module, AdoMet, contains the S-adeno-
syl-L-methionine (AdoMet) binding site and represents the
activation domain of MetH. An X-ray structure has shown
that the activation domain adopts an unusual helmet-
shaped conformation, with AdoMet located on its inner
surface [23]. Expression and X-ray structure determination
of the two C-terminal modules [24], Cap-Cob and AdoMet,
demonstrated that large conformational changes occur in
the former module, when it binds the latter. The Cap
domain moves 26 A and rotates by 63°, with respect to
its position in the isolated Cob-Cap module, thereby
uncovering the B face of cobalamin and enabling Co to
approach the AdoMet substrate in the activation domain

Conformation 2
Reaction 1

AdoMet

(Fig. 6B). A fragment of MetH, deprived of the AdoMet
module, initially catalyzes the overall reaction as the full-
length enzyme, but slowly loses activity and cannot be reac-
tivated by exogenous AdoMet and the reductant.

According to the scheme in Fig. 3, the Cap-Cob module
must approach the Fol domain when the methyl is trans-
ferred from CHz;—HyFolate to Cob(I)alamin (reaction 1)
and the Hcy domain when the methyl is transferred from
MeCbl to homocysteine (reaction 2). Accidentally pro-
duced inactive Cob(II)alamin can be recovered as active
MeCbl in the activation cycle by reductive methylation
(reaction 3). Thus, the enzyme function involves the chem-
istry of cobalamin in three different oxidation and coordi-
nation states.

Due to its modular nature, the enzyme must undergo
conformational changes in order to allow the binding
domains of the different substrates to access the cobala-
min-binding domain in the three methyl transfer reactions
(Fig. 3). The effect of substrate or product concentration on

Conformation 1
Unknown

AdoMet

AdoMet

Conformation 3
Reaction 2

Conformation 4
Reaction 3

Fig. 7. Scheme of four possible conformations in methionine synthase (MetH) and their corresponding function [25].
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the distribution of MetH conformations was analyzed in an
impressive work on the full length MetH, its expressed
fragments and their mutants [25]. The differences in the
UV/visible spectra of methylcobalamin in the different
states (base-on/base-off) were exploited to relate the ligand
environment of enzyme-bound cobalamin to the enzyme
conformation. Thanks also to the available structural
information, the results of this work suggest that MetH
can be described in solution as an ensemble of at least four
conformational states (Fig. 7) and that the distribution of
the conformers is strongly influenced by differential binding
of the substrates/products, according to the particular
reaction to be catalyzed. Thus, at any instant only one of
the substrate-binding domains may interact with the Cap-
Cob domain. For example, during the catalytic cycle the
Cap-Cob domain must travel back and forth between the
Fol and Hcy domains, separated by about 50 A, and MetH
passes from the conformational state 2 to the conforma-
tional state 3 and vice versa, since it is likely that the Fol
and Hcy domains do not easily dissociate (see above and
Fig. 7) [20].

The importance of the Zn ion in the methyl transfer
from MeCbl to homocysteine has been addressed by a
DFT study [26] which modelled the reaction using a simple
model, CH;Co(corrin)Im™ as MeCbl, and CH;S™ as the
substrate. The corrin ligand is shown in Fig. 8 A and derives
from Cbl by substituting all side chains by H atoms. Calcu-
lations suggested that the reaction (Fig. 8B) is strongly exo-
thermic in vacuum, but much less in water. More
importantly, the free activation energy was calculated at
25°C to be 104 kJ/mol in aqueous solution, which is in
excellent agreement with the experimental value of
100 kJ/mol in water, whereas in the enzyme the barrier is
61 kJ/mol. If the protonated substrate CH3;SH is used,
the value of the barrier is calculated to be 197 kJ/mol.
Thus, deprotonation of homocysteine appears to be neces-
sary to favour the reaction, in agreement with Kinetic
experiments in solution [27]. However, the calculations
may underestimate the height of the barrier in the enzyme

since a free thiolate is probably less nucleophilic when
coordinated to a zinc ion.

2.2. Methanol-cobalamin methyltransferase

In the energy metabolism of methanogenic archaea,
methanol can be reduced to methane or oxidized to CO,
with methyl-CoM as intermediate. The methanol:CoM
methyltransferase MtaABC catalyzes the formation of this
intermediate and is built of three subunits. MtaC binds the
cofactor cob(I)amide and presents it to MtaB for transfer
of the methanol-derived methyl. MtaA then transfers the
methyl from MtaC-bound methyl-cob(IIT)amide to CoM.

The structure of the substrate-free complex MtaBC
from Methanosarcina barkeri shows the zinc-containing
MtaB with a TIM barrel fold and MtaC with bound 5-
hydroxybenzimidazolylcobamide at 2.5 A resolution ([28],
PDB code 212X). MtaC is similar to the Cap-Cob module
of MetH with which it shares 35% sequence identity. The
orientation of the small a-helical domain with respect to
the Rossmann domain resembles that in the re-activation
conformation of MetH rather than the ‘““as-isolated” con-
formation (Fig. 6B). In MtaC, contacts of cobamide are
present to its MtaB partner and to a symmetry-related
MtaB in the tetrameric (MtaBC), organisation. The struc-
ture reveals a Co ion coordinated by His 136 which dis-
placed the 5-hydroxybenzimidazole base as ligand on the
lower axial side. An upper axial ligand is not observed,
i.e. the Co ion is pentacoordinate. This points to the Co(II)
oxidation state as a result of X-ray-induced reduction dur-
ing data collection of the initial cob(IlT)amide in MtaC
(prepared under aerobic conditions).

The Zn(II) is found almost in line with the Co centre and
the coordinating Ne of His 136 and is located at a distance
to Co (7.7 A) which leaves space for the substrate methanol
to be tentatively modelled into the structure. In this sce-
nario, the hydroxyl of methanol may fill the empty fourth
coordination site of the electrophile Zn(II) and may be acti-
vated for the subsequent nucleophilic attack on the methyl

A B [HsC._ 13
$
1
R HsC
= H-C 1 H
\I . *UNg©  Exp. AG*=100 kd/mol — e
- = Co i
+C Calc. AG* = 104 kJ/imol | / : ;
s [ H,C
i ;\ ile / , ’
: N
¢ [T
: \i b : /
N HN

2\
<

-

Fig. 8. (A) The simple corrin model R-Co(corrin)Im™ used for DFT studies. R is Ado or CHs. (B) The energy barrier in the methyl transfer from MeCbl

to homocysteine in aqueous solutions at 25 °C.
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group by the base-off Co(I) to generate methyl-Cob(I1I)a-
mide in base-on form.

3. Structural aspects of AdoCbl enzymes

Although the catalyzed reactions are quite different, all
the AdoCbl-dependent enzymes, except for ribonucleotide
reductase, share a common feature. They catalyze the
intramolecular 1,2 shift of a H atom with a generally elec-
tronegative group, accomplishing isomerisation reactions
that are difficult to achieve by typical reactions in organic
chemistry [29,30]. According to Toraya [31] they are
grouped in three classes as shown in Table 3, on the basis
of the specifics of the migrating group and the receiving
carbon as well as of other cofactors in addition to Cbl, such
as potassium ions in Class II and pyridoxal-5'-phosphate in
Class III. Class I enzymes are mutases, which act revers-
ibly; Class II enzymes include lyases (such as dehydratases
and deaminases) and the ribonucleotide reductase. These
enzymes are sometimes denominated eliminases since they
catalyze the 1,2 shift of the H atom with an OH or NH,

Table 3

group with subsequent elimination of water or ammonia
and the irreversible formation of the corresponding alde-
hyde. Class III enzymes are aminomutases.

From a structural point of view these three classes can
be grouped into two categories, depending on the AdoCbl
coenzyme form. The Class I mutases and Class III ami-
nomutases bind AdoCbl in base-off form, with the o axial
position occupied by the imidazole of a histidine residue,
known as “base-off/His-on” binding. They all contain the
consensus sequence, Asp-x-His-x-x-Gly, which includes
the axial His residue, as it was first discovered for MeCbl
in the Cbl-binding domain of methionine synthase, shown
in Fig. 6 [22]. All Class II enzymes bind AdoCbl in base-on
form with the benzimidazole group coordinated to Co in
the o axial position. Several X-ray structures of Class I
and Class II enzymes have been reported, and recently
one of a Class III aminomutase.

The generally accepted enzymatic mechanism for meth-
ylmalonyl-CoA mutase is sketched in Fig. 9. After binding
of the substrate, the reaction starts with the Co—C bond
homolysis and formation of the Ado- and Cob(II)alamin

Reactions catalyzed by the AdoCbl enzymes (with EC numbers given in parenthesis)

Class I enzymes

H X X H
} SaH > } SaH
R\\“ <+ R\u-

H H H H
Glutamate mutase (5.4.99.1) X = CH(NH3)COO~ R =CO;
Methylmalonyl-CoA mutase (5.4.99.2) X = COSCoA R =CO;
2-Methyleneglutamate mutase (5.4.99.4) X = C(=CH,)COO~ R =CO;
Isobutyryl-CoA mutase (5.4.99.13) X = COSCoA R=H \
Class I enzymes

Diol dehydratase (4.2.1.28) X =O0H
Glycerol dehydratase (4.2.1.30) X =O0H
Ethanolamine ammonia-lyase (4.3.1.7) X =NHj

Ribonucleotide reductase (1.17.4.2) X = OH(left), H(right)

Class 111 enzymes

H
A (R — R L HX
o H

R=H R’=CHj, H,
CH,OH
R=H R’ = CH,0OH,
CH;, H
R=H R’ =H, CH;
R = C-4’ of ribonucleotide R’ =C-1' of
ribonucleotide

H  NHs HN' H
\  SuH — } = aH
R“‘} { — Rv
H H H H

L-B-lysine [D-lysine] 5,6-aminomutase (5.4.3.3)

D-Ornithine 4,5-aminomutase (5.4.3.5)

R = CH,CH(NH; )CH,COO",
(CH,),CH(NHZ)CH,COO~
R = CH,CH(NH})COO~

All reactions occur in bacteria, and the methylmalonyl-CoA-mutase reaction occurs also in mammals.
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radicals. The Ado-radical abstracts a H atom from the sub-
strate to produce a substrate radical and 5’-deoxyadeno-
sine. The substrate radical next rearranges into a product
radical which then abstracts a H atom from 5’-deoxyaden-
osine to form the product, which is released, and the so
formed Ado- radical restores the Co—Ado bond. The means
by which these enzymes catalyze the simple dissociation of

HO o N )Yk
Gl e
; i N .

A N :
CH, N é

Xe Xe
H :___COSCOA L H COSCOA
/C: —CH, N ¢H,
\
HOOC H HoOC
| |
XH XH
H COSCoA H COSCoA
\ __«f- ° ;“' )
/C—CH2 C—CH,
HOOC HOOC

Fig. 9. The catalytic cycle in MMCM.

the Co—C bond of AdoCbl about 10'? times faster than the
free coenzyme is unknown and remains the topic of intense
research, as it has been in the past already [7,19].

3.1. Class I and III enzymes (isomerases)

The first X-ray structure of an Ado-based enzyme was
that of methylmalonyl-CoA mutase (MMCM) from P.
shermanii in complex with AdoCbl and the partial sub-
strate desulpho-CoA at 2.0 A resolution [32]. Desulpho-
CoA lacks the succinyl group and with respect to the ‘true’
substrate, the terminal thiol group is substituted by a H
atom. This enzyme, which catalyzes the interconversion
sketched in Fig. 9, is an o heterodimer of 149 kDa, where
the o and B chains have similar fold. However, desulpho-
CoA and AdoCbl bind only the o chain (Fig. 10). In con-
trast, the human MMCM is an o, homodimer of 150 kDa,
each subunit having one substrate-binding site and one
Cob domain [33]. The cobalamin-binding site is very simi-
lar to the Cob domain found in MetH (Fig. 6), where the
cobalamin binds to the protein in the base-off/His-on
mode. The substrate binding domain, as usually found in
B, enzymes, is a (B/o)s TIM barrel, similar to those shown
in Fig. 5. However, no electron density for the adenosyl
group was detected, suggesting that the coenzyme is pres-
ent in the reduced Cob(IT)alamin form, after having lost
the adenosyl radical during crystallization or X-ray data
collection. On the contrary, the substrate-free holoenzyme
structure at 2.7 A resolution clearly showed the intact Ado-
Cbl, where the adenine moiety stacks with the side chain of
the Tyr A89 residue close to the substrate binding site [34].
The comparison of the latter structure to that with desul-
pho-CoA substrate also indicates that large conforma-
tional changes occur when the substrate binds the
protein. Particularly, the TIM barrel domain is split apart
and the active site is accessible to solvent in the substrate-
free structure. When the substrate binds, the barrel encloses
the substrate and the active site is completely buried.
Finally, the structure of MMCM with a methylmalonyl-
CoA/succinylCoA mixture (50%) in the active site was
reported together with those with two inhibitors (all at
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Fig. 10. The MMCM structure (PDB code 1REQ). (A) Shown here is the a-subunit in the heterodimeric enzyme. It contains a (B/a)s TIM barrel coloured
in green and a C-terminal domain (in yellow) with the topology of the Cob domain of MetH. (B) Enlarged view to the TIM barrel with the desulpho-
coenzyme A (CoA, in magenta) and the base-off cobalamin (in orange). (C) The C-terminal domain provides the His residue which coordinates to the Co
from the lower axial side. This histidine is stabilized by a H-bond network involving an aspartate and a lysine.
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2.2 A resolution) [35], which showed electron density for
partial occupancy of a 5’-deoxyadenosine not coordinated
to cobalt and with its 5’-carbon atom near the substrate.
This structural result supports the previous suggestion
[36,37] that the entrance of the substrate significantly con-
tributes to the enhancement of the Co—C bond homolysis
of more than 12 orders of magnitude in the enzyme with
respect to the free coenzyme. In fact, the binding of the
substrate induces severe conformational changes in the
protein [32,34], with the closing up of the TIM barrel about
the substrate, which provokes a further activation of the
Co-C bond, in addition to that resulting from the binding
of AdoCbl to the protein scaffold.

Glutamate mutase (GLM) catalyzes the reversible con-
version of S-glutamate to 2S,3S-methylaspartate (Table 3)
according to the following reaction:

~0,C(NH;)-CH-CH,CO; 2 ~0,C(NH{)-CH-CH(CH;)CO;

The X-ray structures of a recombinant GLM (136 kDa)
from Clostridium cochlearium reconstituted with CNCbI
and MeCbl at 88 K (1.6 and 2.0 A resolution, respectively)
have been reported [38]. The enzyme is a heterotetramer
£,05, in which each heterodimer contains a full cobalamin
molecule and a tartrate ion from the crystallization buffer
located in the presumed active site (Fig. 11). The o chain
(MutS) has the usual o/p fold of the base-off/His-on Cbl-
binding domain, with the nucleotide moiety embedded in
the five B strands, which are surrounded by six o helices
as found in MetH and MMCM (Fig. 6). The ¢ subunit is
a (B/a)s TIM barrel packing against the B face of cobala-
min, which approaches the tartrate ion inside the TIM bar-
rel cavity (Fig. 11B).

The NMR solution structures [39,40] of the AdoCbl-
binding subunits MutS in the apo- and holoform were
shown to have secondary and tertiary structures quite sim-
ilar to each other and to those of the X-ray structure.

The question of the Co axial distances was also
addressed thanks to the relatively high resolution of the
two CNCDbI- and MeCbl-reconstituted GLM structures
[38]. In fact, an anomalously long Co-N axial bond of
2.5A as compared to those found in free alkylcobalamins
(<2.2A [19]) was found in previous structures of B,
enzymes. The geometry of the axial fragment in the
GLMs and in free imidazolylcobamides are compared
in Fig. 12. The axial Co-N distances are 228 A in the
cyano cofactor and 2.34 A in the methyl cofactor bound
in the base-off/his-on mode [39,40], and should be com-
pared to the corresponding distances in the Me- (2.09 A
[41]) and the CN- (1.968(9) A [42]) imidazolylcobamides.
Since the protein crystals contain the cofactor to 50%
in hexacoordinated and to 50% in pentacoordinated
form, the values of 228 A and 2.34 A in the CN and
methyl cofactors were interpreted as the average of the
very long distance (assumed to be 2.5 A) of the pentaco-
ordinated Co(II) species and the shorter distance of the
hexacoordinated Co(III) species. Hence, they concluded

Fig. 11. The glutamate mutase structure, here the one reconstituted with
CNCbl (PDB code 1CCW). (A) The ¢ domain is represented as cyan
ribbons, the o domain as pink ribbons, the tartrate as yellow sticks and
the By, as orange sticks. (B) An enlarged view to the two ligands
emphasising the many H-bond interactions of the tartrate (in yellow) with
residues of the ¢ domain.

that “the protein-bound Bj, cofactor in the Co(III) state
has an axial Co—N bond not much longer (if at all) than
that deduced from crystallography of cobalamins™ [38].
Comparison of the values of corresponding Co-N axial
distances in imidazolylcobamides and cobalamins shows
that they increase by about 0.07 A in the latter
(Fig. 12). Furthermore, the axial Co-N distance in the
pentacoordinate Co(Il)alamin of 2.13 A [43] is very far
from the value of 2.5 A. It is shorter than that in MeCbl
and it is longer than those in the Me and CN imidazol-
ylcobamides as shown in Fig. 12, which also shows the
dramatic distortion of the N coordination angles in the
enzymes with respect to the N coordination in the iso-
lated imidazolylcobamides. These two observations sug-
gest that a lengthening of the Co-N bond should occur
in the enzyme and that the value of 2.5 A is unrealisti-
cally high (see Section 3.2) for the pentacoordinate Co(II)
species in the enzymes. The lengthening in the enzyme
may be evaluated on the basis of the EXAFS studies of
the MeCbl-GLM, which yielded a longer Co-N distance
of 2.18 A [44], compared to that of 2.09 A in the free
methylimidazolylcobamide [41].
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Fig. 12. Structures of the R—Co-N axial fragment in imidazolylcobamide
(Cba-Im) and in the enzyme. The Co-N axial distances for some types of
upper axial ligands of Cbl and Cba-Im are compiled.

Kratky and co-workers [45] reported the crystal struc-
ture of GLM at 1.9 A resolution, reconstituted with Ado-
Cbl and glutamate. The axial Co-N distance is 2.22 A.
The electron density was interpreted as the superposition
of two conformations of the ribose moiety of 5’-deoxyade-
nosyl, one with the ribose in a C,-endo conformation A
(40%) and the other in a Cz-endo conformation B (60%).
These are shifted so that the C5’ carbons are 1.7 A apart
and at a distance of 3.2 A above the Co and 4.5 A from
Co, respectively. In the latter case, the C5’ carbon atom
is displaced towards the substrate. The interpretation of
this finding was that the C,-endo conformation corre-
sponds to the activated coenzyme, with a highly strained
Co-C bond, and the Cs-endo conformation represents that
of 5'-deoxyadenosine after the transfer of the H atom from
the substrate.

The structural finding on AdoCbl-GLM was exploited
in a study of the Co—C bond cleavage in GLM that
combined the methods of quantum mechanics and molec-
ular mechanics [46]. The quantum mechanics calcula-
tion was based on a restricted AdoCo(corrin)Im™ model
(Fig. 8A) while molecular dynamics used the full AdoCbl,
including amino acid residues within 10 A of any atom of
the quantum system. This study showed that the protein
in the closed substrate-bound form [34] strongly destabi-
lizes the Co-C bond, whose bond dissociation energy
(BDE) is reduced by 135 kJ/mol with respect to the vac-
uum. Theoretical analysis indicated that this catalytic
effect can be divided in four components. The main con-

tributions derive from the distortions induced by the pro-
tein in AdoCo(corrin)Im™ (61 kJ/mol), particularly in the
ribosyl moiety (in the Co—CH,-C angle opening up to
138°) and from the differential stabilization of the Co(II)
state (42 kJ/mol). The decrease in the BDE of 20 kJ/mol
derives from the stabilization of the Ado radical bound
at 3.2-3.4 A from Co (cage effect) and 11 kJ/mol from
stabilization of the surrounding protein in the Co(Il)
state. Thus, this study suggests that the Co-C cleavage
is enhanced by the enzyme binding to Cob(II)alamin more
favourably than to AdoCbl. Since no variation on the
corrin ring geometry is observed on the basis of these cal-
culations, the previously suggested mechanochemical trig-
ger mechanism [47] is ruled out as well as the electronic
influence of the axial Co-N lengthening induced by the
protein [32,48] since this effect destabilizes the complex
by less than 4 kJ/mol. These calculations point towards
the previous suggestion [34,43,49,50] that catalysis comes
from the stabilization of the homolysis products as a
result of protein binding.

The structure of the Class III enzyme lysine 5,6-ami-
nomutase (5,6-LAM) from C. sticklandii shows a dimer
of aff units, each of 80.8 kDa [51]. The larger o unit con-
tains a TIM barrel as do MMCM, DD and GM. The
unit contains two domains one of which is a Rossmann-
like domain. The structure was determined to 2.8 A in
the absence of the substrate. It shows the off unit in a
conformation in which AdoCbl is located at the edge of
the interface between the two units (Fig. 13). The distance
between AdoCbl and the other cofactor, pyridoxal-5'-
phosphate located in the putative active site, is ~25 A
and thus, this substrate-free conformation corresponds
to a precatalytic state suggesting large unit rearrange-
ments upon substrate-binding to bring AdoCbl in contact
with the active site. AdoCbl is present in base-off/His-on
form with the nucleotide arm reaching into the Rossmann
domain as in MetH, and Class I AdoCbl-dependent
enzymes. The corrin side chains d and e interact with
the Rossmann domain by several H-bonds while the
Ado moiety forms H-bonds to the o unit. Thus, AdoCbl
stabilizes the contact of the two protein units. The relative
orientation of the TIM barrel and the Rossmann domain
is different from the enzymes discussed above, a fact that
is assumed to be linked to the precatalytic character of the
observed conformation in which AdoCbl has to be kept
outside the substrate-free active site to prevent undesired
radical generation.

3.2. Class II enzymes

Both diol dehydratase (DD) and glycerol dehydratase
(GD) catalyze the conversion of 1,2-propanediol, 1,2-
ethanediol, and glycerol to propionaldehyde, acetaldehyde,
and B-hydroxypropionaldehyde and water, respectively.
Ethanolamine ammonia-lyase (EAL) catalyzes the conver-
sion of ethanolamine to acetaldehyde and ammonia (Table
3). DD and GD are considered isoenzymes, even if their
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Fig. 13. Structure of lysine 5,6-aminomutase (5,6-LAM). The long
distance of 2.6 A between Co and the C5' carbon atom of Ado’s ribose
group (dashed line) points to (partial) X-ray-induced reduction of this
labile bond during data collection for which reason AdoCbl was modelled
as Cbl and AdoH [51]. His 133 displaced dimethylbenzimidazole on the
lower axial side of Co. The distance of Cbl to the other cofactor pyridoxal-
5'-phosphate (PLP, in yellow) in the active site is ~25 A in this substrate-
free structure (PDB code 1XRS).

specificity (as the enzyme names insinuate) is higher for 1,2-
propanediol or glycerol, respectively. The X-ray structures
of DD and GD have been reported, but that of EAL is not
yet available even if there are several spectroscopic evi-
dences that cobalamin is bound in the base-on form [7].
The X-ray structure of DD from Klebsiella oxytoca
(220 kDa), reconstituted with CNCbl and 1,2-propane-
diol, was determined at 277 K to 2.2 A resolution and
represented the first reported X-ray structure of an Ado-
Cbl-dependent enzyme, in which the coenzyme is bound
to the protein in the base-on form, i.e. the 5,6-dimethyl-
benzimidazole of the nucleotide loop is coordinated to
cobalt in the lower axial position [52]. The enzyme is a
dimer of heterotrimers, (ofy),. In each trimer
(Fig. 14A), the cobalamin is bound between the o and
B subunits and five of its amide side chains form H-
bonds with amino acids of the two subunits. The o sub-
unit contains the (Ba)g barrel, where the 1,2-propanediol
substrate and the essential cofactor, a K ion, are deeply
buried (Fig. 14B). The two hydroxyl groups of the sub-
strate coordinate the potassium ion, which completes
the hepta-coordination sphere with O atoms from some
amino acid residues. The TIM barrel has an architecture
similar to that where the substrate is located in Class 11
AdoCbl enzymes and in MetH. Although the cobalamin
is bound in a quite different manner (see below) from the
base-off/his-on mode found in MetH, the (Ba)g barrel
may be considered a common feature for Bj, enzymes,
if the ribonucleotide reductase is excluded. The central
part of the B subunit consists of a Rossmann fold, simi-
lar to that found for the Cbl-binding site in the other B,
based enzymes so far crystallographically characterized.
This domain is in contact through several H-bonds with
the lower part of the cobalamin in base-on form, with a
Co-N axial bond length of 2.5 A. No electron density

Fig. 14. Structure of diol dehydratase (DD). Panel (A) refers to the
structure from data collected at 100 K (PDB code 1IEGM) and shows one
subunit of the dimeric enzyme. Each subunit consists of a trimer. The
larger o-domain, a TIM barrel of 61 kDa, is shown in blue, the smaller -
domain (22 kDa), with o/f Rossmann fold, is shown in green and the
smallest domain y (16 kDa) in orange. (B) The propanediol and five amino
acid residues from the inner part of the TIM barrel coordinate a potassium
ion (shown in yellow). This structure refers to that of DD reconstituted
with adeninylpentylCbl shown here in orange.

was detected on the CN axial group, suggesting that
the cobalt atom is present as Co(Il). However, when
X-ray data were collected at 100 K (at 1.9 A resolution)
[53] the CN group was partially observable and the trans
Co-N axial distance was found to be 2.18 A, longer than
that of 2.04 A found in the free CNCbl [19]. This paper
reported also the X-ray structure of DD reconstituted
with the substrate and adeninylpentylcobalamin (Ade-
Cbl), an inhibitor of DD, with data to 1.7 A resolution
collected at 100 K in the dark. The (afy), structure is
similar to that found for CNCbl. AdeCbl was clearly
identified and located between the o and B subunits, with
its adenine ring parallel to the corrin over the C pyrrole
ring (Fig. 14B). All the adenine N atoms, except the one
bound to the pentyl group, form several H-bonds with
amino acids of the o subunit. This strong binding of
the upper axial ligand, in addition to the H-bonds
formed by the amide side chains with the protein amino
acids explains why AdeCbl is bound more tightly than
AdoCbl by DD [54]. The axial fragment has Co—C and
Co-N distances of 2.07 and 2.22 A, respectively. These
should be compared to the corresponding values of
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1.96 and 2.21 A found in the free AdeCbl [19]. When the
data collection was performed at 100 K (1.8 A resolu-
tion), after repeated illumination of the crystal with visi-
ble light, the electron density map clearly showed the
adenine moiety still held close to the protein by H-bonds,
whereas the electron density of the pentyl moiety disap-
peared [55]. This result suggested that the visible light
cleaved the Co-C bond, with formation of the Cob(Il)a-
lamin with an axial Co-N distance of 2.16 A and the
adenine well fixed to the protein scaffold by H-bonds.
Finally, the X-ray structure of the substrate-free form
of DD reconstituted with CNCbl and K" at 100K
(1.9 A resolution) [56] did not show that dramatic con-
formational changes in the protein occur upon binding
of the substrate, if a tilt of about 3° of the B subunit
is excluded. The K" ion is still heptacoordinate, two
water molecules substituting the substrate hydroxyls in
its coordination sphere. The Co-N axial distance is
2.25 A, close to that of 2.18 A found in the substrate-
bound form. More generally, the binding of the substrate
induces rather small distortion in the cobalamin. A mod-
elling study led to the suggestion [56] that the Co-C
bond becomes largely activated (labilized) by the binding
of cobalamin to the apoenzyme, even in the absence of
the substrate. This is in contrast to what occurs in B,
isomerases (Section 3.1) where the entrance of substrate
significantly contributes to the activation of the Co-C
bond homolysis [32,34,36,37]. The essential role of K
in the catalysis performed by DD was addressed in a
DFT study [57] that supported the direct participation
of K in the 1,2 rearrangement of the substrate.

The X-ray structure at 100 K and 2.0 A resolution of the
recombinant GD from Klebsiella pneumoniae, isoenzyme of
DD, in complex with CNCbl, 1,2-propanediol, and the
essential K ion, was reported [58]. It shows no large struc-
tural difference from that of DD. The electron density of
the CN group was not detected and this, together with
the very long Co-N axial bond of 2.5 A, was interpreted
as reduction of CNCbl to Cob(II)alamin. The correspond-
ing substrate-free GD structure in complex with CNCbl
and K" was also reported [59] (at 100 K, 2.5 A resolution)
and showed that the potassium ion is now hexacoordinate
with a water molecule coordinating in place of the two OH
groups of the diol. Again, the CN group was not detected
and the axial Co-N distances in the two homotrimers are
2.5 and 2.6 A, respectively.

3.3. By, ribonucleotide reductase

Ribonucleoside triphosphate reductase (RTPR) cata-
lyzes the reduction of ribonucleoside triphosphates to
2'-deoxyribonucleoside triphosphates. It is the only Ado-
Cbl-dependent enzyme that does not catalyze a rearrange-
ment. As in all ribonucleotide reductases (RNR), which are
subdivided in three classes upon the kind of metallofactor,
the latter serves to generate an active thiyl radical. In the
case of RTPR, the activation process involves Co—C bond

homolysis followed by transfer of a hydrogen atom from a
Cys residue to the Ado radical to form 5’-deoxyadenosine
and the thiyl radical. The other two classes use a diiron-
tyrosyl and glycyl radical (generated by an FeS cluster
and AdoMet), respectively, to produce the thiyl radical
S- [60]. The thiyl radical initiates interaction with the sub-
strate by abstracting a hydrogen atom from the 3’ carbon

Base
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Fig. 15. The ribonucleoside triphosphate reductase structure and func-
tion. (A) A simplified scheme of the reaction in which the thiyl radical
abstracts a hydrogen atom from the 3’ carbon of the substrate ribose
moiety. (B) The structure of RTPR from Lactobacillus leichmannii (PDB
code ILIL). The cartoon representation highlights the protein core
consisting of two B-sheets. Both sheets (one in cyan, one in blue) are built
of five parallel strands and run antiparallel to each other. The essential Cys
residue in the centre of the barrel is shown in yellow ball-and-stick
representation.
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of the substrate ribose moiety [61], according to the simpli-
fied scheme shown in Fig. 15A.

The X-ray crystal structure of RTPR from Lactobacillus
leichmannii (80 kDa) both as the apoenzyme and in com-
plex with AdeninylpentylCbl (AdeCbl), has been deter-
mined to 1.8 and 2.0 A resolution, respectively [62]. The
structure shows a core of a (o/B);o barrel with two parallel
five-stranded B sheets oriented antiparallel to each other. It
differs significantly from the TIM barrel found in the B,
enzymes, in which the eight p-strands are parallel
(Fig. 15B). However, it is more similar to that found in
the di-ferric RNR [63]. The centre of the barrel contains
the catalytic site, a finger-loop with the essential Cys resi-
due which provides the thiyl radical. The coenzyme-bind-
ing domain, where Cbl is bound in the base-on form,
shows no structural similarity to other Bj,-binding
domains, not even to that of Class II AdoCbl enzymes,
which also bind the B, coenzyme in the base-on form.
The pentamethylene portion of AdeCbl is clearly attached
to Co, whereas the electron density in the adenine region is
ambiguous. Comparison of the structure of the AdeCbl-
complexed protein with the apoenzyme indicates a slightly
more closed conformation in the former.

4. Adenosyltransferase

We briefly mention an example of enzymes where cobal-
amin does not play the role of a cofactor but that of a sub-
strate. Mammals have to convert dietary cobalamins to
AdoCbl in the mitochondrion to obtain the coenzyme for
MMCM. In the de novo biosynthesis pathway of AdoCbl
in anaerobic bacteria, the Co—C bond formation is cata-
lyzed by the ATP:co(I)rrinoid adenosyltransferase (CobA)
which transfers the adenosyl group from MgATP to a
variety of co(I)rrinoid substrates. The structure of this
enzyme from Salmonella typhimurium in complex with
MgATP and hydroxocobalamin (OH-Cbl) was determined
at 2.1 A resolution [64]. In the structure of the ternary com-
plex, cobalamin interacts with the protein mainly by hydro-
phobic contacts and only few H-bonds of its polar side
chains, consistent with the low substrate specificity of the
enzyme. Cobalamin is bound with dimethylbenzimidazole
as lower axial ligand but without an upper axial ligand,
i.e. the initial hydroxyl group is lost and a pentacoordinate
Co(II) is likely present (Fig. 16).

In the proposed mechanism, the initial Co(III) is
reduced to Co(I) by two separate one-electron transfer
steps, the first of which being performed externally to
CobA. Co(I) is then able to conduct a nucleophilic attack
on the adenosyl group of ATP to produce the final ade-
nosylated Co(III). The way in which the protein activates
the Co(II) for reduction to Co(I) has been the subject of
intense studies since the redox potential for this transition
is very low in free cobalamin. The current explanation
implies a small rise of this potential upon binding of
cob(I)alamin to the MgATP-CobA complex, involving
the formation of a four-coordinate Co(II) intermediate
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Fig. 16. Structure of CobA from Salmonella typhimurium (PDB code
1G64). Cobalamin bound to one subunit (in yellow) of the homodimeric
enzyme is covered on its lower axial side by the flexible N-terminal helix of
the other subunit (in blue) and shows few H-bond interactions with the
protein. No upper axial ligand of Co is observed in the electron density
map; a water molecule is present at a distance of 4.3 A and the C5' atom of
the ribosyl moiety of ATP at 6.1 A.

[65]. Subsequent binding of the electron transporter flavo-
doxin A will then result in the reduction of bound cob(II)a-
lamin [66].

5. Vitamin By, transport proteins

The transport of cobalamin from food to cells (Fig. 2)
is accomplished by three successive proteins in mammals,
haptocorrin (HC), gastric intrinsic factor (IF) and tran-
scobalamin (TC) [11-13]. Upon initial uptake of Cbl from
food, Cbl becomes bound in the stomach to salivary HC.
After proteolysis of HC in the duodenum, Cbl is passed
on to IF. Mucosal cells in the ileum absorb the IF-Cbl
complex via endocytosis mediated by a specific receptor.
In the enterocyte, the IF-Cbl complex is degraded and
Cbl is transferred to TC which delivers Cbl to cells via
the blood. Only the fraction of Cbl bound to TC (about
30%) is taken up via endocytosis by a specific receptor
on most cell types. These cells, with the exception of
hepatocytes, do not possess a receptor for HC that is also
present in the blood. Hence, HC cannot facilitate cellular
uptake of Cbl and may rather function as scavenger of
harmful Cbl analogues in the body [12]. TC-Cbl is
degraded in lysosomes to release Cbl for further conver-
sion into its relevant coenzyme forms [15]. All three pro-
teins carry a single Cbl molecule and show high affinity to
the ligand [67], as shown by the Ky values for each pro-
tein given in Fig. 2. However, they differ in specificity
for Cbl-analogues which are also produced by microor-
ganisms [68]: specificity increases in the order
HC <« TC <TF [12]. The structures of human and bovine
TC in complex with Cbl have recently been solved by
X-ray crystallography [8]. They represent the prototype
for the family of mammalian Cbl-transporters since struc-
tures have not been reported yet for IF or HC.
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TC shows a two-domain architecture in which a larger
N-terminal domain (“a-domain’), composed of 12 a-heli-
ces in an oo barrel and a short 3/10 helix, is connected
by a flexible linker region to a smaller C-terminal domain
(“B-domain”) consisting mainly of two [-sheets
(Fig. 17A). Cbl is bound in its base-on form and is almost
completely buried between the two domains with the
plane of the corrin ring approximately perpendicular to
the domain interface. The mode of Cbl-binding to the
transporter TC is distinct from that of binding to the
aforementioned enzymes. A coordination bond between
Co and the imidazole side chain of a histidine residue
from the o-domain is observed (Fig. 17B), apart from
numerous H-bond interactions between TC and the polar
groups of Cbl and fewer hydrophobic interactions [8]. The
histidine displaced the H,O at the B side of H,O-Cbl
which was used in the preparation of the TC-Cbl com-
plex. Contrary to the base-off/His-on mode described
above for two classes of AdoCbl-dependent enzymes,
TC exhibits the His-on feature on the axial side opposite
the dimethylbenzimidazole base, thus leaving the o side of
Cbl in the base-on form.

In bovine TC, continuous electron density is observed
between His 175 Ne and the Co ion. The bond length
averaged 2.13 A over the five crystallographically inde-
pendent molecules of two crystal forms of bovine TC.
In the structure of human TC, His 173 is in a position
to form the analogous coordination bond. However, the
clear discontinuity in the electron density map (at 3.2 A
resolution) and the greater distance (2.8 A) between the
Ne nitrogen atom of His 173 and the Co ion, suggest
the presence of a mix of forms with and without His-
Co coordination. Reduction of hexacoordinate Co(III)
to pentacoordinate Co(II) may have been induced by
X-rays during data collection, as observed in a similar
case of AdoCbl-dependent glutamate mutase [69], and
may have led to the loss of His coordination in the case
of TC. It is hypothesized that only human TC was
affected because the loop preceding His 173 in human

TC is three residues shorter than that in bovine TC and
may generate a stress that facilitates detachment of the
imidazole side chain.

The physiological function of the displacement of the
axial ligand on the B-side of cobalamin by a protein res-
idue is unknown. No experimental evidence exists so far
for a role regarding the protection of Cbl against a dam-
aging effect exerted by solvent molecules. It should be
noted that the affinity of Co(IIl) to ligands increases in
the order H,O < imidazole < N; < CN™ [1] and thus,
only a weak ligand like H,O is displaced by the histidine
residue but not stronger ligands, such as CN~. Even after
substitution of the original axial ligand, high flexibility of
the histidine-hosting loop remains. Consequently, no sub-
stantial structural difference is expected between the
His-off form, e.g. TC-(CN-Cbl), and the His-on form
TC—(His—Cbl).

In view of the application of Cbl-based bioconjugates
as imaging or therapeutic drugs, it is helpful to inspect
the environment of Cbl in complex with human TC.
The structure indicates that only the 5’-hydroxyl group
on the ribose of Cbl’s nucleotide moiety offers space for
the attachment of larger molecules without disturbing
the interactions between TC and Cbl (Fig. 17C). The
attachment at the corrin side chains or the phosphate
group will inevitably lead to impaired interactions [70].
The upper axial ligand position of the Co ion can accom-
modate ligands as well despite the resulting loss of the His
coordination [70].

Modelling the primary sequence of IF and HC on the
three-dimensional structure of TC suggested that their
amino acid sequences are consistent with a Cbl-binding
mode similar to that observed for TC [71]. A comparison
of the crystallographic model of TC with the two theoreti-
cal models of IF and HC points to some key residues
responsible for the observed differences in affinity of the
three transporters to Cbl analogues that show modifica-
tions on the nucleotide moiety of genuine Cbl. The elevated
specificity of IF and TC for Cbl is thought to provide

Fig. 17. The structure of transcobalamin, the protein that transports cobalamin through the blood. (A) The two-domain structure of TC. (B) Cobalamin
in base-on form bound to bovine TC (PDB code 2BB6) is shown in orange sticks and reveals the unusual Co-coordination of a histidine residue from the
upper axial side of the corrin ring. (C) The surface of human TC (PDB code 2BBS) which is accessible to a spherical solvent molecule of 1.4 A radius. The
surface possesses a slightly negative electrostatic potential and allows easy access to cobalamin at its ribose moiety.
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protection against those analogues which might harmfully
block the active site of the above mentioned enzymes if
they were transported to cells with the same efficiency as
genuine Cbl.

The Bj, transport in mammals occurs as sketched in
Fig. 2, whereas in E. coli (and other Gram-negative
bacteria) the By, transmembrane import is carried out
by the B-twelve-uptake (Btu) system consisting of an outer
membrane transporter BtuB and an ATP-binding cassette
(ABC) transporter BtuCDF located in the inner
membrane. The crystal structure of BtuB was reported
to 3.1 A resolution [72] and recently solved to 2.1 A
resolution in complex with the C-terminal domain of the
inner membrane protein TonB [73]. The protein consists
of a 22-stranded B-barrel spanning the outer membrane

Fig. 18. Transmembrane import of cobalamin into Escherichia coli.
(A) The outer membrane transporter BtuB (PDB code 2GSK). The
transmembrane 3 barrel surrounds the luminal domain (in blue). Binding
of CNCbl on the extracellular entrance (top) is facilitated by two calcium
ions (green spheres). The C-terminal domain of TonB on the periplasmic
side is shown in pink. (B) The structure of the periplasmic cobalamin-
binding protein BtuF (PDB codes IN4A, 1N2Z). CNCbl is bound
between the N-terminal domain (in blue) and the C-terminal domain (in
green) connected by a long a-helix (in red).

and enclosing a globular luminal domain (Fig. 18A). A
mechanical pulling model is suggested for cobalamin
transport through the barrel uppon binding of the TonB
domain to the N-terminal B-strand (‘“Ton-box’’) of BtuB.
The ABC transporters are membrane proteins which cou-
ple ATP hydrolysis to translocation of divers substrates
across the cell membrane. In most bacteria, a periplasmic
substrate-binding protein is employed to deliver the sub-
strate to the transmembrane domains. In the BtuC,D,F
transporter, two BtuC domains are membrane-spanning
subunits, each with one BtuD domain attached on the
cytoplasmic side [74], while BtuF is the cognate periplas-
mic protein. The crystal structure of BtuF of E. coli has
been reported in complex with CNCbl at 2.0 A resolution
[75,76]. The structure of BtuF consists of two similar o/
sandwich domains linked by an a-helix (Fig. 18B). CNCbl
is bound in base-on form within a large cleft in the
domain interface with its upper axial side facing the
C-terminal domain. This domain, built of a parallel
four-stranded [-sheet and five a-helices, is structurally
homologous to the By,-binding domain in all By, enzymes
but RTPR. In these enzymes, however, the homologous
domain faces the lower axial side of Cbl.

6. Conclusions

This short review has outlined the enormous impact of
crystallography on the development of Bj, biochemistry
and enzymology. The usefulness of crystallography is also
evident in the design of Bj,-based conjugates as imaging
agents or cytotoxic drugs in medical applications [77] as
the molecular basis for the transport of B, in the body
are coming to light.

A lot of experimental and theoretical work has already
been done to assess the influence of cobalamin’s axial
ligands and the protein environment on the organometallic
chemistry of cobalt and its stability in a given oxidation
state, as reviewed here. Based on the structures available
to date, it appears that regarding transport proteins, Cbl
prefers to bind in its base-on form. Instead, the dominating
form when bound to enzymes is the base-off form. The rea-
son behind this difference and in particular the function of
the histidine substitution for dimethylbenzimidazole in
some structures with Cbl in base-off form is still a matter
of investigation.

Furthermore, the way by which AdoCbl enzymes cata-
lyze the Co—C bond homolysis 10'? times faster than the
free coenzymes is still unclear. Analogously, the intracellu-
lar processes leading from endocytosed TC-Cbl to the
formation of AdoCbl in mitochondria as well as of MeCbl
in the cytosol are not yet fully understood. More contribu-
tions from crystallography are certainly expected in eluci-
dating the role of By, in the mechanism of carbon
dioxide fixation in anaerobic acetogenic bacteria and meth-
anogenic archaea as well as in the reductive dehalogenation
of chlorinated hydrocarbons.
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