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Radical Shuttling in a Protein: Ribose
Pseudorotation Controls Alkyl-Radical
Transfer in the Coenzyme B12 Dependent
Enzyme Glutamate Mutase**
Karl Gruber,* Riikka Reitzer, and Christoph Kratky

Enzymatic reactions involving organic-radical intermedi-
ates are relatively rare, and occur when alternative (hetero-
lytic) pathways would lead across prohibitively high activation
barriers, for example, reactions at unactivated carbon cen-
ters.[1] Because of their substantial and unspecific reactivity,
organic-radical intermediates have to be scrupulously con-
trolled by the enzyme to prevent side reactions that may result
in enzyme inactivation or damage, unwanted products, or the
release of toxic radicals. Once a radical is generated, the major
problem for the enzyme is to guide the ªhotº intermediate
along the desired reaction path, and not the enhancement the
rate of subsequent steps. This constitutes ReÂtey�s concept of
ªnegative catalysisº.[2]

In coenzyme B12 dependent enzymes[3] (Scheme 1 a) a
catalytically relevant 5'-desoxyadenosyl (Ado) radical has
long been known to be one of the products of substrate-
induced homolytic cleavage of the cobalt ± carbon bond of the
cofactor.[4] This class of enzymes can therefore be regarded as
a prime example of enzymatic utilization of an organic radical.

The Ado radical, formed by homolytic cleavage of the
CoÿC bond, abstracts a hydrogen atom from the substrate in
the next reaction step. While this hydrogen abstraction
involves, in some cases, the intermediate formation of a
protein-bound thiyl radical (e.g. in ribonucleotide reductas-
es),[5] direct interaction between the Ado radical and the
substrate has been implicated for the majority of coenzy-
me B12 dependent enzymes. Whereas the first steps are
conceptually similar in all coenzyme B12 dependent enzymes,
the subsequent transformation of the substrate-derived rad-
ical to yield a product-related radical differs, although there
are some mechanistic similarities.[6]

A long-standing question concerns the way in which the
enzyme couples cleavage of the cobalt ± carbon bond with
substrate binding. In the case of methylmalonyl-CoA mu-
tase[7, 8] this coupling has been attributed to a crystallograph-
ically detected substrate-induced conformational change.
Equally important for the catalytic mechanism is the safe
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Scheme 1. a) Structural formula of some B12 derivatives: 5'-desoxyadeno-
sylcobalamin (coenzyme B12, R� 5'-desoxyadenosylÿ), methylcobalamin
(R�CH3

ÿ), cyanocobalamin (vitamin B12, R�CNÿ), and cob(ii)alamin
(B12r, R� eÿ). Note that the structural formula given correspond to the
cofactor in solution. Upon binding to glutamate mutase, the dimethylbenz-
imidazole base is replaced by a protein-derived imidazole ring. b) Reaction
catalyzed by glutamate mutase.

transfer of the ªhotº C5'-methylene radical from the cobalt to
the substrate (Scheme 2). Structural[7, 9, 10] and EPR spectros-
copy data[11±13] indicate that the reaction partner for this
radical is 6 ± 8 � away from the cobalt center and kinetic data
further suggest that the Ado radical is only present as an
extremely short-lived intermediate.[14, 15]

The coenzyme B12 dependent glutamate mutase (Glm)
catalyzes the interconversion of (S)-glutamate to (2S,3S)-3-
methylaspartate (Scheme 1 b). We recently determined the
three-dimensional structure of the enzyme from Clostridium
cochlearium by using inactive enzyme reconstituted with
cyanocobalamin (vitamin B12) and methylcobalamin[9] (Sche-
me 1 a). Here, we report the crystal structure analysis at 1.9 �
resolution of active Glm with 5'-desoxyadenosylcobalamin
(coenzyme B12, Scheme 1) as cofactor in the presence of the
substrate glutamate.

Residual electron density is clearly observed above the
ªupperº b-face of the corrin ring (Figure 1 a) and can be
attributed to the adenosyl group. However, to model the
ribose portion of this density, a superposition of two species
has to be invoked: species A with the ribose in a C2'-endo and
species B in a C3'-endo conformation. In addition, the two
conformers are shifted slightly with respect to each other and
have an approximately 258 difference in the torsion angle
about the glycosidic bond, which leads to a distance of 1.7 �
between the 5'-carbon atoms of the two conformers. In the
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crystal investigated, conformations A and B
occur in a 40:60 ratio, but different relative
occupancies were found in other crystal speci-
mens. Although the enzyme was crystallized in
the presence of glutamate, the experimental
density clearly shows that most of the gluta-
mate has been converted into methylaspartate
(Figure 1 b).

The distance between the 5'-carbon atom
and the cobalt atom differs dramatically be-
tween the two conformers (3.1 ± 3.2 � for A
and about 4.5 � for B). While C5' is positioned
above the metal center in A (Figure 2 a), it is
displaced towards the substrate binding site in
B (Figure 2 b), where it is within van der Waals
distance from the substrate and would thus be
ideally positioned for hydrogen atom exchange
with the substrate.

The interaction between the Ado group and
the protein is very similar for the two con-
formers and involves hydrogen bonds from the
adenine to main-chain carbonyl atoms, to the
c-acetamide side chain of the cofactor, and to
two water molecules (Figure 2). The ribose
hydroxyl groups form hydrogen bonds to
Glu 330, Lys 326, and one water molecule. The
latter hydrogen-bonding pattern differs some-
what between the two conformers (Figure 2).

The two crystallographically observed Ado
species can be interpreted to correspond to
intermediates along the Glm-catalyzed reac-
tion path. If this interpretation is correct,
species A is an activated cofactor molecule
with a highly strained (3.2 � long) CoÿC bond
(Scheme 2 b) and species B is a 5'-desoxyade-
nosine resulting from H-atom abstraction by
the Ado radical from the substrate (Sche-
me 2 c).[16]

Scheme 2. The first steps along the reaction sequence catalyzed by glutamate mutase: a) the B12 cofactor without substrate; b) substrate binding
induces CoÿC homolysis through steric strain; c) following homolysis, the 5'-end of the Ado radical is transferred to the substrate; d) abstraction
of a hydrogen atom from the substrate by the Ado radical leads to the formation of a 4-glutamyl radical and a protein-associated 5'-desoxyadenosine
molecule.

Figure 1. a) Difference electron density for the Ado ligand with the refined model of
conformer A represented in orange, and conformer B in magenta. The mean B value for the
ligand of 12 �2 is comparable to the 8 �2 observed for the surrounding protein and solvent
atoms (within a maximum distance of 6 �). The largest positional differences between the two
conformers are observed for O2' (1.7 �), O3' (2.9 �), C3' (1.3 �), and C5' (1.7 �). The
differences for the remaining atoms of the Ado group are around 0.6 � or less. b) Difference
electron density in the substrate binding site with glutamate shown in magenta and
methylaspartate in orange. The relative occupancies after refinement were 30% for glutamate
and 70% for methylaspartate with a mean B value of 7 �2. The density in (a) and (b) was
calculated after the initial refinement without the Ado ligand and the substrate. Figure 1 and 2
were generated with the programs Molscript[23] and Raster3D.[24]
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These two observed species suggest how glutamate mutase
affords a safe and energetically facile transport of the C5'-
radical atom from the cobalt center to the substrate: Ribose
pseudorotation between the two minimum-energy conforma-
tions C2'-endo and C3'-endo involves a very low energy
barrier,[17] yet it rigidly constrains the trajectory of the C5'-
atom with well defined endpoints. The overall position
and orientation of the ribose ring is restrained by
hydrogen bonds to the side chains of residues Glu 330 and
Lys 326 (Figure 2). We believe that this discovery constitutes a
perfect example for the concept of ªnegative catalysisº:
enzymes have to exert tight control on high-energy inter-
mediates to prevent them from entering into deactivating side
reactions.[2]

The radical-shuttling mechanism proposed here almost
certainly also applies to the coenzyme B12 dependent meth-
ylmalonyl-CoA mutase, for which the concept of ªnegative
catalysisº[2] was originally suggested. The structure of the
active site (including the conserved glutamate) and the
relative arrangement of cofactor and substrate[7, 18] are strik-
ingly similar to those of Glm. It remains to be seen which
other coenzyme B12 dependent enzymes have solved the
radical-transfer problem in a similar fashion.[19]

Experimental Section

Recombinant glutamate mutase from Clos-
tridium cochlearium was overproduced, re-
constituted with 5'-desoxyadenosylcobal-
amin, and purified as described previously.[9]

Crystals of up to 0.2� 0.2� 0.05 mm were
obtained by using the sitting-drop method.
Drops of 4 mL containing protein
(3.5 mgmLÿ1), coenzyme B12 (0.5 mg mLÿ1),
and CdCl2 (2 mm) were mixed with reservoir
solution (4 mL containing 6 % (w/v) PEG-
4000 in 0.1m Na-S-glutamate, pH 4.5) and
equilibriated. Purification and crystallization
were performed under red light to prevent
photolytic degradation of the cofactor. This
precaution was somewhat relaxed once the
crystals were frozen.

Diffraction data were collected from a flash-
cooled crystal (cryoprotected with 30%
glycerol) at EMBL-beamline BW7B (l�
0.8439 �) at DESY in Hamburg, Germany,
and were processed and scaled using DEN-
ZO and SCALEPACK.[20] A starting model
was obtained by using the coordinates of the
cyanocobalamin reconstituted glutamate
mutase (PDB-entry 1CCW)[9] after removal
of solvent, cofactor, and substrate atoms.
After rigid-body refinement strong residual
density was observed for the cofactor (in-
cluding the Ado ligand) as well as the
substrate. The completed model was refined
with SHELXL-97[21] as described previous-
ly.[9] Details of the structure determination
are listed in Table 1. Coordinates have been
deposited with the Protein Data Bank with
accession code 1I9C.
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Table 1. Data collection and refinement statistics.

space group P21

unit cell dimensions a� 64.3 �
b� 113.1 �
c� 108.4 �
b� 96.08

temperature ÿ 170 8C
resolution 30 ± 1.9 �
observed reflections[a] 555 148 (30 037)
unique reflections[a] 121 680 (8102)
completeness[a] (theoretically possible
reflections actually collected)

99.9 % (100 %)

mean I/s(I)[a] 18.4 (5.0)
Rsym

[a] 0.073 (0.281)
I> 2s(I)[a] 92.1 % (91.4 %)
number of protein atoms 9738
number of solvent molecules (H2O) 1258
number of B12 cofactor and substrate atoms 294
Rcryst

[b] 0.168 (0.157)
Rfree

[b,c] 0.221 (0.201)

average B values
protein 12 �2

solvent 24 �2

B12 cofactor, substrate 9 �2

[a] Values for the highest resolution shell (1.94 ± 1.90 �) are given in
parentheses. [b] Numbers in parentheses correspond to observations with
I> 2s(I). [c] Using a randomly chosen set of 5 % of the reflections.[22]

Figure 2. Stereoscopic views of the cofactor and substrate binding site and the interactions of
conformers A (a) and B (b) of the adenosyl ligand. The coloring scheme for carbon atoms is as follows:
protein main chain: white; side chain: light gray; Ado group: orange and magenta; corrin ring: yellow;
substrate (glutamate): cyan. Nitrogen and oxygen atoms are colored blue and red, respectively. Lines of
small green spheres denote hydrogen bonding interactions, lines of orange and magenta spheres
indicate interactions of the ribose-C5' with the cofactor (a) and the substrate (b), respectively, lines of
small blue spheres indicate the interaction of the cobalt atom with the imidazole of His16. Residues
Glu 330 and Lys326 are marked with asterisks.
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ªCarving on the Nanoscaleº: Polymers
for the Site-Specific Dissolution of
Calcium Phosphate**
Anna Peytcheva and Markus Antonietti*

In biologically mineralized systems the constructive inter-
action of the inorganic crystal phase with the organic matrix
material results in composite materials that are exceptional in
their outward appearance and material properties.[1, 2] Of the
60 minerals known to be ªprocessedº by living organisms, the
most frequently used are calcium carbonate, calcium phos-
phate, and hydrous silica. They are used for the formation of
scales, prickles, shells, or endoskeletons. The mineral is usually
crystallized within a protein or polysaccharide matrix which
has a number of functions: it shapes and aligns the single-
crystalline building blocks, and it serves as a ductile compo-
nent for mechanical stress dissipation.[3, 4] The resulting nano-
scale composite structures make biominerals such as bone or
teeth superior to most artificial ceramics.

One of the reoccurring motives in biomineralization is that
the polymer controls the crystal structure or the biomineral
shape, in that the crystal surface is stabilized by an opposite,
complementary form of the polymer, which results in an
overall structure of minimal energy.[5, 6] This method can be
described by ideas that originate from solid-state physics
(ªfinding epitaxial relationsº), but that do not consider
polymer flexibility or adaptability. For simplicity, this class
of models is called ªenergeticalº models.

On the other hand, it is well known in biomedicine and
colloid chemistry that crystals in equilibrium with a support-
ing aqueous phase are not static objects but are continuously
reconstructed. Thus the crystal shape is the result of dynamic
processes, that is, the crystal geometries which are built up
fastest and dissolved slowest are those that survive. A model
based upon interfacial energies and kinetics was introduced
and improved over the years by Nancollas and Wu[7] with a
special emphasis on calcium phosphates. Here, the influence
of a polymer or the biomatrix is purely kinetic, the structure-
controlling molecules are not necessarily bound to the surface,
but act by lowering the averaged surface energy, and an
epitaxial fit of polymer and crystal is not required. We call this
mode of operation the ªkineticº mode.

Although important for biomedicine and for controlled
nanoparticle synthesis, there is still some controversy about
the validity of both mechanisms. The development of scan-
ning force microscopy (SFM) allowed the visualization of
dissolution and growth processes in water in a time-resolved
fashion.[8, 9] First experiments focused on the influence of low
molecular weight components such as aspartic acid[10] or
magnesium ions[11] on the growth of calcium carbonate. Also
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