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Abstract: Coenzyme B, initiates radical chemistry in two
types of enzymatic reactions, the irreversible eliminases
(e.g., diol dehydratases) and the reversible mutases (e.g.,
methylmalonyl-CoA mutase). Whereas eliminases that use
radical generators other than coenzyme B,, are known, no
alternative coenzyme B, independent mutases have been
detected for substrates in which a methyl group is revers-
ibly converted to a methylene radical. We predict that such
mutases do not exist. However, coenzyme B, independent
pathways have been detected that circumvent the need for
glutamate, B-lysine or methylmalonyl-CoA mutases by pro-
ceeding via different intermediates. In humans the methyl-
citrate cycle, which is ostensibly an alternative to the coen-
zyme B, dependent methylmalonyl-CoA pathway for pro-
pionate oxidation, is not used because it would interfere
with the Krebs cycle and thereby compromise the high-

N

energy requirement of the nervous system. In the diol de-
hydratases the 5'-deoxyadenosyl radical generated by ho-
molysis of the carbon—cobalt bond of coenzyme B, moves
about 10 A away from the cobalt atom in cob(m)alamin.
The substrate and product radicals are generated at a simi-
lar distance from cob(1)alamin, which acts solely as specta-
tor of the catalysis. In glutamate and methylmalonyl-CoA
mutases the 5'-deoxyadenosyl radical remains within 3-4 A
of the cobalt atom, with the substrate and product radicals
approximately 3 A further away. It is suggested that
cob(malamin acts as a conductor by stabilising both the 5'-
deoxyadenosyl radical and the product-related methylene
radicals.
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Introduction

Coenzyme B,,, also called adenosylcobalamin (Figure 1a), is
the most complex cofactor for enzymatic reactions.? The
special feature of this organometallic coenzyme is its weak
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cobalt-carbon o bond with a dissociation energy of
~130 kI mol .’ When the coenzyme is bound to an enzyme
partner, the Co—C bond can be homolytically cleaved giving
cob(malamin and the 5'-deoxyadenosyl radical. This highly
reactive primary organic radical participates in the enzymat-
ic catalysis of carbon skeleton rearrangements and 1,2-shifts
of amino groups, as well as the elimination of water or am-
monia from substrates such as glycerol or ethanolamine, re-
spectively. Recently however, an alternative to the long-
known coenzyme B, dependent enzyme glycerol dehydra-
tase, which catalyses the conversion of glycerol to 3-hydroxy-
propanal, was found in the anaerobic bacterium Clostridium
butyricum (Schemes 1 and 2). This dehydratase contains a
glycyl radical at the active site, which is formed by the
action of the 5'-deoxyadenosyl radical on a specific glycine
residue of the protein. The 5'-deoxyadenosyl radical is gen-
erated not from coenzyme B;,, but by one-electron reduc-
tion of the much simpler molecule S-adenosylmethionine
(SAM; Figure 1b),**! which Horace A. Barker called a
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Figure 1. a) Coenzyme B;, or adenosylcobalamin in the base-on form.

b) S-Adenosylmethionine (SAM).
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Scheme 1. The family of eliminases. B=nucleobase. The coenzyme B,
dependent ribonucleotide reductase takes ribonucleoside triphosphates
as substrates.

“poor man’s adenosylcobalamin”, cited in reference [6]. The
discovery of the SAM-dependent glycerol dehydratase
raises the question as to why nature uses the complex coen-
zyme B, at all. This article provides an answer to this ques-
tion. We propose that coenzyme B, is only replaceable in
the family of enzymes called eliminases (Scheme 1), whereas
it is a chemical necessity in the mutase family because a
methyl group has to be reversibly converted to a methylene
radical (Scheme 3).
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Scheme 2. Reactions catalyzed by coenzyme B,, dependent glycerol de-
hydratase and glutamate mutase. The migrating hydrogen atom is shown
in red and the migrating group in blue. The SAM-dependent glycerol de-

hydratase catalyses an exchange of the red hydrogen atom with the sol-
vent.

There are four enzyme families, which require derivatives
of vitamin B;, as cofactors: methyltransferases, dehalogen-
ases, eliminases and mutases.!! Here we only consider the
latter two families, which are dependent on the adenosylco-
balamin form of vitamin B,,. The eliminase family comprises
ribonucleotide reductase and ethanolamine ammonia lyase,
as well as diol (e.g. propane-1,2-diol) and glycerol dehydra-
tases (Scheme 1). The mutase family can be divided into the
carbon skeleton mutase and aminomutase sub-families. The
carbon skeleton mutase sub-family consists of glutamate
mutase, methylmalonyl-CoA mutase, 2-methyleneglutarate
mutase and isobutyryl-CoA mutase, whereas [-lysine-5,6-
aminomutase and D-ornithine-4,5-aminomutase are the only
known members of the aminomutase sub-family
(Scheme 3).1" In addition to coenzyme B, both aminomu-
tases contain pyridoxal-5'-phosphate, which assists through
imine formation the migration of the amino group to the ad-
jacent carbon.’! Note that the name mutase is used for
enzymes catalysing various isomerisations, for example,
phosphoglucomutase,” but, unless otherwise indicated, in
this paper we regard mutases only as coenzyme B, depen-
dent.

Both the eliminases and mutases appear to act by similar
overall mechanisms. These can be described as the exchange
between two adjacent carbon atoms of a group X (OH,
NH,™* or a carbon-containing residue) and a hydrogen atom
(Scheme 2). Initial homolysis of the cobalt-carbon bond of
enzyme-bound coenzyme B, generates cob(i)alamin and
the 5’-deoxyadenosyl radical, which abstracts a specific hy-
drogen atom from a substrate molecule to form 5-deoxy-
adenosine and a substrate-derived radical. Rearrangement
of the substrate-derived radical yields the product-related
radical, which reclaims a hydrogen atom from the 5-methyl
group of deoxyadenosine to regenerate the 5'-deoxyadenosyl
radical and afford the product. In this way the migrating hy-
drogen atom always remains bound to carbon atom and
therefore does not exchange with the solvent. In this gener-
ally accepted mechanism the initially generated cob(m)ala-
min has no function during the rearrangement and therefore
is considered as a mere spectator until it recombines with
the 5'-deoxyadenosyl radical.'!
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Scheme 3. The family of coenzyme B, dependent mutases. Note that in each reaction a methylene group is re-
versibly converted into a methyl group via a methylene radical, which according to our proposal is stabilised
by cob(i)alamin. The absolute configuration of (3S,55)-3,5-diaminohexanoate has been tentatively assigned.’*"!

The name eliminase!”! stems from the fact that the product
of the rearrangement catalysed by enzymes of this sub-
family, that is, a 1,1-diol or carbinolamine (geminal aminoal-
cohol), eliminates water or ammonia, respectively, to form
an aldehyde (Scheme 2). Although ribonucleotide reductase
does not fit completely into this generalisation, it shares
with the other eliminases the homolysis of the cobalt—
carbon bond of the coenzyme, the hydrogen abstraction
from substrate and the elimination of the OH group from
the carbon atom adjacent to the initially formed radical.

The classification into eliminases and mutases correlates
with the mode of attachment of the coenzyme at the apo-
enzyme. In the eliminase family the axial base 5,6-dimethyl-
benzimidazole remains coordinated to the cobalt atom,! 4
a mode of attachment that has been called “base-on” (Fig-
ure 1a). In the mutase family the histidine residue in the
conserved DXHXXG motif of the protein!™ replaces the
5,6-dimethylbenzimidazole base; this base exchange has
been named “base-off” or more precisely “base-off, his-
on”.2 Tt is unclear whether the “base-off, his-on” mode
affects the participation of cob(malamin. Since the methyl-
transferases also use the conserved histidine residue as axial
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base,? this mode appears to be
a hint for a common evolution-
ary origin rather than a func-
tional necessity. Furthermore,
site-directed mutagenesis of the
histidine residue indicates a role
in the binding of the coenzyme
to methylmalonyl-CoA mutase
rather than in catalysis.*?

The eliminases, including ri-
bonucleotide reductase, catalyse
irreversible reactions, for exam-
ple, the elimination of ammonia
from ethanolamine [Eq. (1)]**
or water from ethane-1,2-diol
[Eq. (2)]. Based on thermody-
namic considerations two steps
can describe these eliminations.
Firstly, ethanolamine and
ethane-1,2-diol are reversibly
converted to vinyl alcohol, a re-
action analogous to the reversi-
ble dehydration of malate to fu-
marate catalysed by fumarase.
Secondly, vinyl alcohol irrever-
sibly tautomerises to acetalde-
hyde. As shown below, howev-
er, the actual mechanism of the
eliminases is different. On the
other hand, the mutases cata-
lyse reversible rearrangements,
in which neither the substrate
nor the product undergoes a
subsequent elimination mediat-
ed by the same enzyme, for ex-

ample, the rearrangement of (S)-glutamate to (25,3S5)-3-
methylaspartate [Eq. (3); Schemes 2 and 3].

HOCH,CH,NH,* — CH,CH(OH)NH,"* —

CH,CHO + NH,*

AG” =

—32 kImol™!

HOCH,CH,OH — CH,CH(OH)OH —

CH,CHO + H,0 AG® = —47kJmol™

(S)-glutamate = (25,35)-3-methylaspartate

AG® = +63kJImol™!

Proposal

Here we postulate that eliminases, exemplified by the diol
dehydratases, but not mutases, can use radical initiators

[**] AG® of the reactions were calculated from AGY values (AG® of for-
mation from the elements).'”? Since the AG? value of 2-ethanol-
amine was not available, it was estimated from that of L-serine as
—188 kJ mol ! assuming AG®' = —23 kJmol™! for the decarboxylation
(calculated from oxaloacetate + H* =CO,+ pyruvate).
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other than coenzyme B,,. The reason is that the mutases re-
quire assistance from cob(i)alamin, the “conductor” rather
than a “spectator”,'” by stabilising intermediate radicals
and lowering transition states that interconvert these radi-
cals.

Alternatives to Coenzyme B,, Dependent
Eliminases

The best studied case of alternative radical enzymes among
the eliminases are the ribonucleotide reductases, for which
three different generators are known: dioxygen and SAM,
both of which require additional cofactors, and coenzyme
B,,.?" The radicals derived from these species are formed in
unrelated subunits or domains and are submitted to the
active site located in a subunit, which is related among all
three types of ribonucleotide reductase. At the active site a
conserved cysteine residue is converted to a thiyl radical,
which initiates catalysis by hydrogen atom abstraction from
C-3 of the ribose moiety of a ribonucleotide.? !

In addition to the glycerol dehydratase from C. butyri-
cum!** mentioned in the introduction, there is a glycol de-
hydratase from Clostridium glycolicum that appears not to
require coenzyme B,,?? although this result needs to be
confirmed by purification of the membrane-bound enzyme.
The dehydration of meso-butane-2,3-diol to butan-2-ol
mediated by Lactobacillus brevii may also be coenzyme B,
independent, because exchange of the migrating hydrogen
atom occurs with the solvent.’” Such an exchange is also
observed in the SAM-dependent glycyl radical enzyme C.
butyricum glycerol dehydratase,** but not in the coenzyme
B,, dependent diol/glycerol dehydratases.’” The C. butyri-
cum glycerol dehydratase uses a thiyl radical to abstract a
hydrogen atom from substrate glycerol. The thiyl radical is
derived by the action of the glycyl radical in the enzyme
from a cysteine thiol, which can exchange with solvent. This
glycyl radical is formed by hydrogen atom abstraction from
a conserved glycine within the enzyme by the 5'-deoxyaden-
osyl radical generated by one-electron transfer to SAM. A
coenzyme-independent eliminase was recently found in the
biosynthesis of TDP-p-desosamine (TDP=thymidine di-
phosphate). In this pathway the hydroxyl group at C-4 of
TDP-6-deoxy-D-glucose was converted to an amino group
by oxidation and amino transfer from glutamate. The amino
group is then eliminated to yield TDP-4,6-dideoxy-3-0x0-D-
glucose catalysed by DeslI. This enzyme contains a [4Fe-4S]
cluster and requires S-adenosylmethionine as cofactor.*!]
Hence the elimination can be described as a SAM-depen-
dent ethanolamine ammonia lyase-related reaction.

There is a coenzyme B,, independent carbon-skeleton
mutase, littorine mutase, found in the alkaloid producing
plant Datura stramonium (Solanaceae). In the rearrange-
ment of littorine to hyoscyamine an ester group migrates
from a carbon bearing a hydroxyl group to the adjacent ben-
zylic carbon. Hence both intermediate radicals are stabilised
and therefore coenzyme B,, is unnecessary. The reaction

356 —— www.chemeurj.org

mediated by hairy root extracts is stimulated up to 30-fold
by SAM, suggesting a participation of this coenzyme as radi-
cal generator.’? This important discovery agrees well with
the absence of cobalamins from plants and with our propos-
al on the function of coenzyme B, in carbon-skeleton muta-
ses.

Alternative Coenzyme B, Independent Pathways

No carbon-skeleton mutase devoid of coenzyme B, has yet
been discovered that catalyses a reaction via an intermedi-
ate methylene radical. We predict that such enzymes do not
exist. Several organisms lacking coenzyme B,, are forced to
use alternative pathways for the assimilation of propionate
or fermentation of glutamate. They do not use a coenzyme
B, independent mutase analogous to the coenzyme B,, in-
dependent eliminases. A well-known example is the reversi-
ble interconversion of pyruvate with propionate (Scheme 4),
which in animals and in many anaerobic bacteria proceeds
through the coenzyme B,, dependent rearrangement of (R)-
methylmalonyl-CoA to succinyl-CoA.”*! However, in a few
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Scheme 4. Three pathways of propionate/pyruvate metabolism. Double
half arrows indicate reversible reactions, full arrows irreversible reactions.
Separate enzymes catalyse the irreversible carboxylation/decarboxylation
reactions between propionyl-CoA/(S)-methylmalonyl-CoA and (S5)-
malate/pyruvate.
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other anaerobes, such as Clostridium propionicum, pyruvate
is reduced to lactate, which is activated to (R)-lactyl-CoA.
Reversible dehydration to acryloyl-CoA ensues, followed by
an irreversible NADH-dependent reduction to propionyl-
CoA.P Notably the removal of a hydrogen atom from the
methyl group of lactyl-CoA (pK>40), during the dehydra-
tion to acryloyl-CoA, also requires radical chemistry. It has
been proposed that the reaction proceeds via resonance-sta-
bilised ketyl radicals (i.e., radical anions) rather than a
much less stable methylene radical.?>!

The pathway via acryloyl-CoA has three drawbacks: it is
irreversible in the direction of propionate formation,¥
acryloyl-CoA is toxicl®”! and lactyl-CoA dehydratase is an
extremely oxygen-sensitive enzyme.*! Hence, aerobic bacte-
ria such as enterobacteria and pseudomonads, as well as in
fungi and probably plants, all of which lack coenzyme B,,
are forced to oxidise propionate by a different pathway.
They utilise the methylcitrate cycle, which is also irreversible
but in the opposite direction.*” In this nonradical pathway
the irreversible condensation of propionyl-CoA with the oxi-
dising agent oxaloacetate to give (25,3S)-methylcitrate re-
sults in an “Umpolung” of the a-carbon of propionate.
After elimination of water from the methylcitrate to afford
(Z)-2-methylaconitate, water returns but with the opposite
regiochemistry to yield (2R,3S)-2-methylisocitrate.*>*!! In
this way the propionate moiety of methylcitrate is oxidised
to the pyruvate moiety of 2-methylisocitrate. The subse-
quent irreversible cleavage of this tricarboxylate leads to
succinate and pyruvate. Finally succinate is oxidised via in-
termediates of the Krebs cycle to oxaloacetate.*”!

The reversible coenzyme B,, dependent pathway via
methylmalonyl-CoA is employed for propionate formation
as well as for its oxidation. Whereas propionibacteria use
this pathway in order to dispose of reducing equivalents in
glucose or glycerol fermentations, many aerobic organisms
including animals and humans oxidise propionate to provide
energy and to remove propionyl-CoA, an inhibitor of pyru-
vate dehydrogenase.””) Why did humans acquire the methyl-
malonyl-CoA pathway rather than the methylcitrate cycle?
We propose that the nervous system, with its high energy
demand, could not have been developed in the presence of
the methylcitrate cycle, because this would interfere with
the Krebs cycle and diminish its rate of ATP synthesis or
energy flow."”! Notably both cycles share one enzyme, aconi-
tase. In the Krebs cycle aconitase catalyses the dehydration
of citrate, as well as the hydration of (Z)-aconitate to
(2R 38)-isocitrate. In the methylcitrate cycle this enzyme
only mediates the hydration of (Z)-2-methylaconitate to
(2R,35)-2-methylisocitrate, whereas a different enzyme is re-
quired for the dehydration of (25,3S)-methylcitrate.***!! Fur-
thermore, (2R,3S)-2-methylisocitrate from the methylcitrate
cycle is a potent inhibitor of the NADP-dependent isocitrate
dehydrogenase of the Krebs cycle.*!

Other examples of pathways alternative to those utilising
coenzyme B, occur in the fermentation of glutamate to am-
monia, CO,, acetate and butyrate by several anaerobic bac-
teria, all of which belong to the orders Clostridiales and Fu-
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sobacteriales (Scheme 5).P°! Like the dehydration of lactyl-
CoA, a hypothetical B-elimination of ammonia from gluta-
mate would require the removal of a proton from a nonaci-
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Scheme 5. Three pathways of glutamate fermentation to acetate and bu-
tyrate.

dic (C-3) methylene group. In Clostridium tetani, C. tetano-
morphum and C. cochlearium, this problem is elegantly
solved by using a coenzyme B;, dependent glutamate
mutase, which catalyses the rearrangement of (S)-glutamate
to (25,35)-3-methylaspartate. Now the f-elimination pro-
ceeds smoothly, because the hydrogen atom to be removed
from 3-methylaspartate is adjacent to a carboxylate group.
The resulting mesaconate (methylfumarate) is easily con-
verted to acetate and pyruvate, which is oxidised to CO,
and acetyl-CoA. In order to balance the reducing equiva-
lents, some hydrogen is released, but most of the acetyl-
CoA is reduced to butyrate.*! In the alternative coenzyme
B, independent pathway occurring, inter alia, in Acidami-
nococcus fermentans (order Clostridiales) and Fusobacteri-
um nucleatum, glutamate is oxidised to 2-oxoglutarate and
reduced to (R)-2-hydroxyglutarate. Activation affords (R)-2-
hydroxyglutaryl-CoA, which is dehydrated to (E)-glutacon-
yl-CoA in a similar manner to the conversion of (R)-lactyl-
CoA to acryloyl-CoA. Hence, these reversible dehydratases
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can be regarded as the mechanistic alternatives to the coen-
zyme B, dependent carbon-skeleton mutases.*® The further
fate of (E)-glutaconyl-CoA involves a sodium-ion-depen-
dent, energy-conserving, irreversible decarboxylation to cro-
tonyl-CoA [**"l which disproportionates to acetate, butyrate
and hydrogen.

A second coenzyme B,, independent pathway of gluta-
mate degradation is initiated by its decarboxylation to 4-
aminobutyrate (GABA) followed by the fermentation of
this y-amino acid to ammonia, acetate and butyrate by Clos-
tridium aminobutyricum. Again oxidation and reduction ex-
changes the amino group with a hydroxyl group. The result-
ing 4-hydroxybutyrate is activated to 4-hydroxybutyryl-CoA
and dehydrated to crotonyl-CoA, which disproportionates
to acetate and butyrate.**! Similar to the dehydrations of
(R)-2-hydroxyacyl-CoAs, the B-Si-hydrogen atom (pK >40)
of 4-hydroxybutyryl-CoA has to be activated by radical
anion chemistry.**> The coenzyme B,, independent fer-
mentation of 4-aminobutyrate can also be regarded as an al-
ternative to the coenzyme B;, dependent fermentation of
lysine in Clostridium subterminale (Scheme 6). In this path-
way the coenzyme B, dependent (3-lysine-5,6-aminomutase,
also called D-lysine-5,6-aminomutase,’"* is responsible for
the downstream formation of 3-aminobutyryl-CoA, which is
readily deaminated to crotonyl-CoA."3 The absence of this
mutase would result in the conversion of 3-lysine to 4-ami-
nobutyryl-CoA, which could also be processed to crotonyl-
CoA through the dehydration of 4-hydroxybutyryl-CoA.

A direct alternative to the coenzyme B,, dependent f3-
lysine-5,6-aminomutase appears to be the SAM-dependent
a-lysine-2,3-aminomutase,®**>! which is also present in C.
subterminale (Scheme 6). In both reversible reactions start-
ing from B-lysine or a-lysine, substrate-derived methine rad-
icals are formed by hydrogen-atom abstraction mediated by
the 5'-deoxyadenosyl radical.”® The distinguishing feature
of these two mutase reactions is the different stabilities of

+ et
HaN. o~~~ L00

o N

the product-related radicals obtained after the migration of
the amino group, which is bound to pyridoxal-5-phosphate
(PLP) as a Schiff’s base. Both reactions probably occur via
an aza-cyclopropylmethine radical that is resonance stabi-
lised by the adjacent pyridoxalimine moiety. The product
radical in the coenzyme B, dependent reaction is a methyl-
ene radical, whereas the SAM-dependent reaction leads to a
stabilised a-carboxyl radical, which can be detected by EPR
spectroscopy.®® We propose that the reversible generation
of the methylene radical from the substrate-derived radical
requires coenzyme B, to stabilise it and to lower the transi-
tion-state energy leading to this radical. Like p-lysine-5,6-
aminomutase the coenzyme B;, dependent ornithine-4,5-
aminomutase reaction®’! also involves an intermediate
methylene radical. Furthermore, all four coenzyme B, de-
pendent carbon-skeleton mutases proceed via reversibly
formed methylene radicals.

Mechanisms of Ethanolamine Ammonia Lyase and
Diol Dehydratase

The reactions mediated by ethanolamine ammonia lyase
and diol dehydratase (with ethane-1,2-diol as substrate) also
involve methylene radicals as precursors of the methyl
group of the common product acetaldehyde [Egs. (1) and
(2)].5® In both cases the methylene radicals are formed by
rearrangement of the substrate-derived radicals and are irre-
versibly trapped by hydrogen-atom transfer from 5'-deoxy-
adenosine or a thiol group (the latter only in SAM-depen-
dent glycerol dehydratase). Considering the detailed reac-
tion pathways of the diol dehydratases and the mutases
leads us to suggest that the intermediate methylene radicals
of the mutases are stabilised by cob(i)alamin.
The eliminases catalyse the irreversible replacement of a
leaving group X (OH or NH;*) by hydrogen in substrates
with a primary or secondary hy-
droxyl group on the adjacent
carbon atom. Initially a thiyl or

. 0 5’-deoxyadenosyl radical ab-

Plpen % HaC _ stracts the hydrogen atom on
SAM[F‘LF‘ : Butyryl-CoA this carbon atom leading to a

. '?H; oo T o A?;tZte carbon-centred radical, which
s i il ,\)\ lowers the pK of the attached
(Brh-lene st s T hydroxyl group by about 5 units
Coenzyme B, ]lPLP RO and thus facilitates its deproto-
|’* 0 nation.'"” This is relevant to the

TH; “;-IH; ] N3H3 I J\ “push—pull” mechanism for diol
Hsc/\/,\/coo HsC CoA e o dehydratase, which emerged
(5.5)-3,5-Diaminohexanoate (SrS-AmincbLtyryECoA 2 Acety-CoA from advanced ab initio molec-
1[ / Butyryl-CoA Butyrate ! ular  orbital calc.ulations.[sl"vﬁol

NHg © Acety-CoA . & B The substrate-derived radical

HaC

(5)-3-Oxo-5-aminohexanoate Acetoacetate

Scheme 6. Fermentation of lysine to butyrate and acetate by Clostridium subterminale and Fusobacterium nu-

cleatum; PLP = pyridoxal-5'-phosphate.
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(e.g., 1,2-dihydroxyethyl), held
at the active site by coordina-
tion to a potassium ion and by
interactions with four protein
residues including glutamate

Acetoacetyl-CoA
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(Glua170) and histidine (Hisa143), is partially deprotonated
at the nonmigrating hydroxyl group by the glutamate and si-
multaneously partially protonated at the migrating hydroxyl
group by the histidine imidazole. This arrangement provides
a low-energy reaction pathway via a bridged transition state
that lies only 7.5 kJmol™ above the substrate radical and
2.7kJmol™" above the product radical (e.g., 2,2-dihydroxy-
ethyl, according to calculations performed with the model
acid-base pair of ammonium and ammonia).’” In the diol
dehydratases and ethanolamine ammonia lyase it is impor-
tant that the product radical is a methylene radical, because
this is able to remove a hydrogen atom from the transiently
formed 5'-deoxyadenosine, whereby the starting 5'-deoxy-
adenosyl radical is regenerated. In a variant of this mecha-
nism,'*"! applied to ribonucleotide reductases, formation of a
radical at C-3 leads to a ketyl radical anion by deprotona-
tion of the C-3 hydroxyl group. This could act as a nucleo-
phile initiating the elimination of the adjacent C-2 hydroxyl
group. Two-electron reduction of the enoxy radical thus
formed leads to a product-related ketyl radical anion, to
which the initially abstracted proton and hydrogen atom are
returned.

To generate substrate-derived radicals in the eliminase
diol dehydratase, the carbon—cobalt bond of coenzyme B,
homolyses, the ribose moiety of the 5'-deoxyadenosyl radical
flips over by rotation around the N-glycosidic bond and
moves towards the substrate diol bound approximately 10 A
from the cobalt atom of cob(m)alamin.*” The 5'-deoxyaden-
osyl radical can now abstract a hydrogen atom from the sub-
strate. Any significant interaction of Co™ with the substrate-
derived or product-related radicals is thus impossible and in
any case is not necessary to drive the rearrangement. The
function of cob(malamin is that of a mere spectator. There
is no reason why the 5'-deoxyadenosyl radical cannot be de-
rived from another source, like SAM, or be replaced by
other radicals, such as the thiyl radical found in ribonucleo-
tide reductase and the glycyl radical enzymes.

Mechanism of the Coenzyme B;, Dependent
Mutases

All six known mutases have in common that a hydrogen
atom has to be reversibly abstracted from an unactivated
methyl group to yield a methylene radical, which is not sta-
bilised by any adjacent group. In the case of glutamate
mutase both partners of the interconversion, (S)-glutamate
and (25,35)-3-methylaspartate, are held in the active site by
three arginine residues and one glutamate, approximately
6A apart from the cobalt atom;["® this arrangement has
been termed the “arginine claw”.[l Abstraction of a hydro-
gen atom from the 4-Si position of glutamate by the 5'-deoxy-
adenosyl radical yields the 4-glutamyl radical, which frag-
ments to acrylate and a glycyl radical still fixed in the argi-
nine claw.**%! A hand-over of the acrylate bound at one ar-
ginine to another™® brings the two partners into a configura-
tion favouring recombination to the 3-methyleneaspartate
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radical, which finally re-abstracts a hydrogen atom from the
methyl group of 5'-deoxyadenosine to afford 3-methylaspa-
rate. Considering the substrate-derived and product-related
radicals in this mechanism, only the 4-glutamyl radical can
be stabilised by the neighbouring carboxylate and is ob-
served by EPR spectroscopy.*”-

There are several model reactions for coenzyme B,, de-
pendent mutases, which demonstrate the intrinsic ability of
free methylene radicals to rearrange to methine radicals in
the absence of the coenzyme. As a model for methylmalon-
yl-CoA mutase the photochemically generated 3-ethoxy-2-
(ethoxycarbonyl)-3-oxopropyl radical rearranged to the cor-
responding succinyl derivative. Performing the reaction in
the presence of zeolite mimicked the active cavity of an
enzyme and dramatically increased the yield from 2.2 to
8.1%.1! This important result apparently contradicts our
postulate for the requirement of coenzyme B,, for the rear-
rangement of methylene radicals. This model reaction, how-
ever, is a completely irreversible process and therefore
cannot be compared with the reversible enzyme-catalysed
formation and rearrangement of a methylene radical.

In contrast to the diol dehydratases, the problem faced by
glutamate mutase is how to surmount the two relatively
high transition-state energy barriers (calculated as AH=
+59.9 and +66.5kImol™') connecting the 4-glutamyl
radical via acrylate and a glycyl radical (see above) to the 3-
methylene-aspartate radical, which is significantly less stable
than the resonance-stabilised 4-glutamyl radical (AH=
+20.3 kImol '™, Similarly, with 2-methyleneglutarate
mutase”!! and methylmalonyl-CoA mutase,’” the radicals
are interconnected via relatively high-energy transition
states and the methylene radicals are much less stable than
the methine radicals adjacent to the carboxylates.

From high-resolution X-ray crystallography it can be de-
duced that the formation of the radicals in glutamate
mutase follows three steps.”” Binding of the coenzyme to
the enzyme is achieved by base-exchange “base-off, his-on”
without affecting the cobalt-carbon bond length of
2.0 A*71 Addition of the substrate (S)-glutamate or
(25,35)-methylaspartate leads to the opening of a cavity into
which the adenosyl moiety of the coenzyme fits very well.
The attraction of the adenosyl moiety into the cavity elon-
gates the cobalt—carbon bond to 3.2 A (Figure 2, left). Pseu-
dorotation of the ribose moiety of the 5'-deoxyadenosyl rad-
ical shifts the 5-carbon atom towards the substrate with a
further elongation of the Co—C o bond to 4.2 A (Figure 2,
right). Hence, there seems at this point to be no complete
homolysis of the Co—C o bond in contrast to the situation
with the eliminase diol dehydratase (see above). Probably, it
is now that hydrogen abstraction occurs from C-4 of glut-
amate (H-Si) to yield the 4-glutamyl radical or from the
methyl group of 3-methylaspartate leading to the 3-methyl-
eneaspartate radical as shown in Figure 3. A critical ques-
tion is the extent to which there is an interaction between
the cobalt atom, the 5'-carbon of the adenosyl residue and
the developing radical at C-4 of glutamate or at the methyl
group of 3-methylasparatate. A possible interaction is shown
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Figure 2. Crystal structure of glutamate mutase in action showing only
the coenzyme Bj, in the base-off form and (25,35)-3-methylaspartate.
The carbon atoms of cobalamin are green, those of the 5'-deoxyadeno-
sine radical are in grey and those of 3-methylaspartate are in light blue;
all nitrogen atoms are in dark blue; oxygen atoms are in red; the phos-
phorus and the cobalt atoms are in magenta. Left: By substrate-induced
conformational change a pocket of the protein is opened, into which the
adenine moiety of the 5'-deoxyadenosine residue is moved thus causing
the elongation of the carbon—cobalt bond from 2.0 to 3.2 A. Right: Pseu-
dorotation of the ribose ring brings the 5'-carbon atom closer to the
methyl group of 3-methylaspartate, but still in orbital overlap with the
cobalt. Note that the adenine moiety retains its position in the pocket.

qualitatively in Figure 3. It is
also necessary to consider how
the intermediate state of the
glycyl radical and acrylate could
i be stabilised. The contribution
EY ..

iH of cob(m)alamin is probably not
: restricted to the cobalt ion
alone, but could involve the
corrin m-system. It is notable
that the X-ray structure of
methylmalonyl-CoA mutase!"”’
indicates a very similar pattern
to that described for glutamate
mutase.

Figure 3. Schematic represen-
tation of the hydrogen abstrac-
tion step from 3-methylaspar-
tate performed by the 5'-deox-
yadenosyl radical (for simplici-
ty only the cobalt ion of
cob(m)alamin is shown). A
similar  arrangement  with
methylmalonyl-CoA mutase is
depicted as structure 57 in a

oo Reversible Formation and
recent review.

Stabilisation of Methylene
Radicals

In the arrangement shown in Figure 3, a hydrogen atom
moves between two carbon atoms still interacting with the d
orbitals of Co" and the m system of the corrin. Thus,
cob(i)alamin could stabilise a transition state in which a hy-
drogen atom bridges the 5-deoxyadenosyl moiety and the
substrate, intermediate or product radicals. This will be es-
pecially beneficial for the 3-methyleneaspartate radical,
which is about 0.5 A closer to the cobalt than the 4-glutamyl
radical. An interaction of the substrate-derived radical with
cob(tm)alamin is clearly seen in the EPR spectrum of an in-
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cubation of glutamate mutase, coenzyme B;, and (§)-gluta-
mate or (25,35)-3-methylaspartate stopped by freezing with
liquid nitrogen during steady state. The main signal of
cob(m)alamin at g=2.3 and of the organic radical at g=2.0
merge to a new signal at g=2.1. Similar observations
have been made with methylmalonyl-CoA mutasel™ and 2-
methyleneglutarate mutase.’”! The organic radical partner in
these spectra is always the most stable glutamate 4-yl radical
and succinyl-CoA 3-yl or possibly 2-methyleneglutarate 4-yl
radicals, respectively, whereas the corresponding methylene
radicals cannot be seen, certainly due to their low steady-
state concentrations. Probably ultra fast quenching techni-
ques are required to detect these radicals.”™ That none of
these radicals are “free” is also demonstrated by the rela-
tively low oxygen sensitivity of the reactions catalysed by all
three mutases.

The enthalpy of hydrogen abstraction by the 5'-deoxyaden-
osyl radical from the methyl group of 3-methylaspartate has
been calculated as AH=0kJmol " The barrier for this
conversion was estimated as about 63 kImol™' from the
large isotope effect observed for the hydrogen transfer from
5’-deoxyadenosine to the product methylene radical in etha-
nolamine ammonia lyase.”* With glutamate mutase, the
overall primary deuterium isotope effects measured with [4-
’H,]glutamate and 3-[methyl-*H;Jmethylaspartate were the
same in both directions (°V=741),*1 whereas hydrogen
abstraction from an isolated methyl group should be more
difficult than from a methylene group adjacent to a carbox-
ylate moiety. This observation is consistent with the pro-
posed stabilisation of the 3-methyleneaspartate radical by
cob(i)alamin and may result in an activation energy signifi-
cantly less than 63 kJmol™'. Recent experiments indicated
that the primary isotope effect for the first deuterium trans-
fer from [4-*H,]glutamate to yield 5'-deoxy[5'->H,]adenosine
was much smaller (°V=2.4+0.4), whereas the higher over-
all isotope effect (°V=741) was mainly attributed to a
large secondary equilibrium isotope effect resulting from
the labelling of the 5'-carbon atom of deoxyadenosine with
deuterium during turnover.® This new finding supports our
idea that not only hydrogen abstraction from the substrate
but also homolysis of the cobalt-carbon-bond contributes to
the rate-limiting step (Figure 3).

Thus, it is proposed that cob(i)alamin functions as a con-
ductor in the mutases, an idea that has often been consid-
ered in By, research,’™ although cob(m)alamin is now gener-
ally downgraded to mere spectator.'""'! The proposals in
this paper regarding hydrogen-atom bridging and cob(i)ala-
min are presented in order to stimulate further theoretical
and experimental studies. In summary, other radical genera-
tors can substitute coenzyme B,, in ribonucleotide reduc-
tase, diol dehydratases and ethanolamine ammonia lyase.
This is impossible for the coenzyme B,, dependent mutases
and so alternative pathways exist leading to the same prod-
ucts as those with the mutases. Since the alternative path-
ways use the much simpler primordial cofactors, such as fla-
vins and iron-sulfur clusters, they could have evolved before
the more elaborate mutases, which manage to catalyse the
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most difficult of all enzymatic reactions. The absence of
coenzyme B, in the biosynthetic pathways of all other co-
factors—a possible exception could be the cobalamin-depen-
dent isocyclic ring formation in anaerobic chlorophyll bio-
synthesis®™—supports the idea of its more recent emergence
during the origin of life (but see reference [85]). The biosyn-
theses of biotin and lipoic acid, which are both sulfur-con-
taining cofactors, involve hydrogen-atom abstraction from
unactivated methyl groups by 5’-deoxyadenosyl radicals de-
rived from SAM. The reactions, however, lead to irreversi-
ble formation of stoichiometric amounts of 5'-deoxyadeno-
sine and the resulting methylene radicals are trapped by in-
sertion of sulfur from an iron-sulfur cluster of the pro-
tein.®**"1 Therefore, according to our hypothesis, stabilisa-
tion of the methylene radicals by interaction with
cob(i)alamin is not required.

Despite all the ways for circumventing coenzyme B, it
seems that human life without B,, is impossible because
methylmalonyl-CoA mutase, a carbon-skeleton mutase, re-
quires assistance from cob(ir)alamin. Although the methylci-
trate cycle provides a route, in principle, to circumvent
coenzyme B, dependent methylmalonyl-CoA mutase, this
would have interfered with the Krebs cycle and probably re-
sulted in a lower rate of energy production. Hence, cells
using the methylcitrate cycle for propionate oxidation might
have been unable to develop into high-energy-demanding
neurons. These considerations highlight the bacterial coen-
zyme B, as a prerequisite for human evolution.
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