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1. Introduction and Overview

1.1. Historical Background

1.1.1. Metal Ions and Their Scaffold To Promote
Reactions

Approximately one-third of the known enzymes are
metalloenzymes. The metal ions promote a variety of
reactions in these enzymes, including bond cleavage and

formation, electron transfer, atom transfer, and radical
chemistry. The reactions catalyzed are essential for DNA
synthesis, cell replication, cellular energy production, O2

generation (via photosynthesis), sensing, and transporting,
as well as O2 activation for reaction with a myriad of organic
molecules. In addition, metalloenzymes are both the source
of reactive oxygen species and a major means by which our
body protects us from these potentially devastating mol-
ecules.

There was a heated debate around the turn of the 20th
century about whether the role of the protein “scaffold” was
catalytic or structural. One of the major apparent triumphs
for the “catalytic camp” in this argument was the crystal-
lization of urease, which was concluded in 1926 to contain
only amino acids.1 It is ironic that in 1975, urease was found
to also contain catalytically active nickel.2

1.1.2. The Scaffold and the Metal: Common Scaffolds for
Uncommon Reactions

This review focuses on how metal ions and their scaffolds
promote difficult biochemical reactions. What do I mean by
a scaffold? In the context of a metalloenzyme, a scaffold
can be defined as a framework of atoms and bonds that
supports the activity of the metal ion. Thus, a scaffold
includes the primary coordination sphere of ligating atoms* To whom correspondence should be addressed. Email: sragsdale1@unl.edu.
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(usually sulfur, oxygen, and nitrogen) that are directly
attached to the metal ion. Inorganic chemists attempting to
model the reactivity of a metalloenzyme typically synthesize
complexes that closely match those identified by spectro-
scopic or X-ray crystallographic studies because of the
important role that the coordination complex plays in
controlling the reactivity of the metal ion. These coordinating
ligands often specify which metal ion can bind to the enzyme
as well as control which oxidation state and/or spin state
can be accessed. For example, in nitrile hydratase, an unusual
primary coordination sphere consisting of two peptide amide
nitrogens and three cysteinate sulfurs stabilizes iron or cobalt
in their rarely encountered low spin+3 state.3 Similarly, the
central cavities of the tetrapyrroles in corrin and hydrocorphin
are tailored for only particular metal ions and oxidation states,
for example, low spin cobalt (I, II, and III) in cobalamin,
and the larger nickel ion in the tetrahydrocorphinoid Coen-
zyme F430.4 The primary coordination sphere can fine-tune
and enhance (or dampen) the reactivity of the metal ion. In
several enzymes (nitrile hydratase, superoxide reductase, and
peptide deformylase), a cysteinate trans to the substrate
binding site appears to control reactivity of the ferric ion.3

In building construction, scaffolds are usually temporary
structures; likewise, particular ligands sometimes move as
in the carboxylate shift during the ribonucleotide reductase5,6

and methane monooxygenase reactions.7 In other cases, the
ligands release from the metal ion during the course of a
reaction; for example, tyrosine releases from the metal during
the 3,4-protocatechuate dioxygenase reaction, which allows
the substrate to bind in the reactive dianion chelate form.8

Other examples of ligand release, described by Frazee et al.,8

include Gln release when substrate binds to isopenicillin-N-
synthase,9 oxo ligand release when DMSO reductase under-
goes reduction,10 and ligand switches at both hemes of nitrite
reductase (His to Met in the c heme and Tyr to nitrite in the
d heme).11

The secondary coordination sphere, which includes atoms
that are near (but not directly attached to) the metal ion, can
be considered as part of the scaffold, since the properties of
these atoms can strongly influence the reactivity of the metal
ion. A counterion, for example, might be included in the
second coordination sphere of the metal ion. The substrates
for a metalloenzyme often are contained within the metal
ion’s second coordination sphere. Recent studies have shown
that second coordination sphere effects strongly influence
the kinetics and themodynamics of catalysis by the Fe and
Mn superoxide dismutases.12,13 Likewise, second sphere
effects are important in controlling dioxygen binding to
hemerythrin14 and myoglobin,15 and conformational flex-
ibility in lipoxygenase.16

The scaffold could also be broadly defined as the protein
that provides the overall supporting framework for the metal
ion. In this review, we will focus primarily on the catalytic
contribution of the metal ion and its first coordination sphere
in promoting catalysis of difficult reactions and, in some
cases, include key features contributed by the extended
scaffolding network of the second coordination sphere and
the protein environment itself.

The first and second coordination spheres, as well as the
extended protein scaffold, have major effects on the proper-
ties of carbonic anhydrase.17 For example, the three neutral
histidine ligands in the first coordination sphere of carbonic
anhydrase are key in lowering the pKa of Zn-bound water
from 10 to 6.8, allowing the formation of the catalytic

intermediate Zn2+-OH at physiological pH. Replacing these
residues with negatively charged residues causes a significant
increase in this pKa value and decrease the catalytic efficiency
by greater than 1000-fold.18 The tetrahedral (3 His, 1 OH)
nature of the active site also plays a key role in optimizing
the electrostatic effect of Zn in promoting its Lewis acid
activity and enhancing catalysis.19 The second sphere ligands
play a key role in carbonic anhydrase structure and function
by providing a hydrogen bonding network that correctly
positions the His residues in the first coordination sphere.
Disruption of each specific H-bond causes a 10-fold decrease
in the affinity of the enzyme for Zn. An important H-bond
is also made from a second sphere Thr residue to the Zn-
bound water, and replacement of the Thr by Ala results in a
100-fold decrease in catalytic activity and a 1 unit shift in
the pKa of the water ligand.20 The effect of the extended
scaffold on Zn binding to carbonic anhydrase has also been
examined. For example, substitution of the aromatic residues
within the hydrophobic core near the Zn site markedy affects
Zn affinity.21

1.1.3. What Are Difficult Reactions?

In the title and throughout this review, the term “difficult
reactions” describes reactions with significant kinetic and/
or thermodynamic barriers. Enzymes and their prosthetic
groups can only lower the kinetic barrier, not influence the
overall reaction thermodynamics. A particular step in a
difficult solution reaction with a tremendous activation barrier
usually occurs in several steps with significantly lowered
activation energies. This occurs because the enzyme usually
catalyzes the overall transformation by a different mechanism
than that used in solution. The enzymatic reaction involves
more steps (and often coupled steps) and employs binding
energy, acid-base catalysis, covalent catalysis, and so forth,
to facilitate the reaction. For example, I will describe a
number of reactions that take advantage of some unique
properties of metals to scale extremely high activation
barriers (for the solution reaction).

Another way to view how an enzyme deals with a difficult
reaction is to consider its transition state and how tightly
this transition state structure should bind to the enzyme. Thus,
to achieve a large-fold rate enhancement, the enzyme should
exhibit a correspondingly low dissociation constant for the
transition state structure. For example, a transition state
analogue of the orotidine 5′-phosphate decarboxylase, which
has been honored with the title of the most proficient enzyme
because it accomplishes a 1023-fold rate enhancement, has
been designed that exhibits a binding constant of 9× 10-12

M.22 The active site contains numerous H-bonding and salt-
bridge contacts that stabilize this transition state analogue.23

Often, the substrate (or transition state) for a metalloenzyme
has functionalities that resemble the coordination complexes
preferred for the active site metal ion in solution; in these
cases, the metal ion will be particularly well-suited for
binding that substrate. Similarly, the active site of the enzyme
usually contains ideal chelating groups (the primary scaffold)
to bind the metal ion tightly. Accordingly, reaction rates can
be controlled by variation of the metal ion, the scaffold, or
the redox state of a particular metal ion.

Since the overall reaction cannot occur faster than the rate
at which substrate and catalyst can collide, the ranking of
catalytic proficiency by comparing the uncatalyzed and
catalyzed reactions is somewhat misleading. One could
imagine an enzyme that promotes a tremendous rate en-
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hancement of a very slow reaction, yet the rate might still
be slower than the diffusion-controlled rate, which in aqueous
solution for enzyme-sized molecules is 108-109 M-1 s-1.
Thus, there would still be room for evolutionary improvement
of such an enzyme. Nature would be expected to select for
catalytic machinery that allow an enzyme-catalyzed reaction
to reach the diffusion-controlled rate. In this review, I will
focus on how the metal sites in enzymes can enhance the
rates of particularly difficult reactions and the principles by
which several well-studied metalloenzymes approach diffu-
sion-controlled rates. The reactions that will be described
involve the metal-catalyzed generation of potent electro-
philes, nucleophiles, and radicals.

2. Metals and Their Scaffolds: Selected
Examples

2.1. Metals To Promote Radical Reactions

Radicals are highly reactive chemical species and, thus,
are used to catalyze reactions with high activation energy
thresholds. The involvement of radicals in the enzymatic
mechanisms of ribonucleotide reductase,24 pyruvate:ferre-
doxin oxidoreductase,25 and severalS-adenosyl-methionine-
dependent26 and adenosylcobalamin-dependent27-30 enzymes
has been reviewed. A thematic review on radical enzymology
appeared in 2003.31

When an enzyme introduces a catalytic radical into the
active site of a protein, it can undergo stabilization by
abstracting a hydrogen atom from the substrate. Hence, the
high reactivity of the catalytic radical has been transferred
to the substrate, which then can undergo its subsequent
reactions with enhanced ease. For a reaction with a very high
transition state barrier, generation of the catalytic radical can
be the most difficult (slowest) step with the subsequent steps
being quite facile (fast). Several principles make this mode
of catalysis particularly efficient. By coupling the generation
of the catalytic radical to hydrogen atom abstraction from
the substrate, the energy barrier for radical generation is
significantly reduced. Thus, the primary radical is quenched,
while the radical is propagated through the catalytic cycle;
then, the catalytic radical is regenerated at the end of each
turnover. Notably, this strategy would only be effective if
the reaction is not reversible.

Radicals in enzymes include the adenosyl radical, gener-
ated by cofactor-derived radicals, including adenosylcobal-
amin, adenosylhomocysteine, heme, flavin, and tetrahydro-
biopterin. A number of enzymes contain protein-derived
radicals including cysteinyl (thiyl, found in Type I, II, and
III ribonucleotide reductases), glycyl (pyruvate formate-lyase,
Type III anaerobic ribonucleotide reductase, and benzylsuc-
cinate synthase), tyrosyl (many including prostaglandin
synthase, galactose oxidase, ribonucleotide reductase), and
tryptophanyl (cytochromec peroxidase) radicals. The first
protein radical identified was the tyrosyl radical in ribo-
nucleotide reductase.32 Others contain substrate-derived
radicals that are stabilized by cofactors such as the hydroxy-
ethylthiamine pyrophosphate radical or the series of radicals
bound to pyridoxal phosphate in the lysine-2,3-aminomutase
reaction. The metal centers (binuclear Fe, FeS clusters,
mononuclear Cu, Co) in metalloenzymes are involved in
most, if not all, of these reactions either at the initiation state
or in stabilization of the catalytic radical.

2.1.1. Metals and Adenosyl Radicals: Rich Man-Poor
Man SagasSAM and Adenosylcobalamin

2.1.1.1. The Organometallic Chemistry Of Adenosyl-
cobalamin in Promoting Radical Reactions.The principles
just described are illustrated in the simplified scheme for a
rearrangement reaction catalyzed by an adenosylcobalamin-
dependent isomerase (Figure 1). In these reactions, the metal
(cobalt) is key in stabilizing a reactive and transient radical
that forms during the catalytic cycle. Adenosylcobalamin
undergoes homolytic cleavage to form Co(II) and a carbon-
centered adenosyl radical (Step 1). This process is rather like
that of a zymogen, which is latent until a bond cleavage
occurs to unmask the active catalyst; however, in this case,
the latent radical is unleashed when the organometallic bond
is cleaved. The bond dissociation energy of the Co-C bond
is approximately 142 kJ/mol,33,34and the rate of Co-C bond
cleavage is enhanced by 1 trillion-fold relative to the
noncatalyzed reaction.33 There is an inherent protective
mechanism in this schemeswhen the Co-C bond is cleaved
in the absence of substrate, radical recombination can occur
to regenerate the adenosylcobalamin. In Step 2, the radical
reaction propagates when the adenosyl radical abstracts a
hydrogen atom from the substrate to generate a substrate
radical and adenosine. There is evidence that the steps of
Co-C bond cleavage and H-atom abstraction are coupled
in several Ado-Cbl-dependent isomerases based on the
significant effect of substrate deuteration on the rate of Co-C
bond cleavage.35-37 In addition, very large kinetic isotope
effects were observed, indicating that kinetic coupling as well
as H-atom tunneling control the trajectory of these radical
reactions. In glutamate mutase, the isotope effects (of 28)
and the effect of substrate deuteration on Co-C bond
cleavage38 have been recently reinterpreted, and H-atom
tunneling or kinetic coupling are no longer necessary to
explain the results.39 Following H-atom abstraction, the
substrate radical then rearranges to form a product radical
(Step 3) that reabstracts the hydrogen atom from adenosine
to yield the product and reform the adenosyl radical (Step
4), which can undergo another round of H-atom abstraction
from the substrate or recombine with cobalt to regenerate
adenosylcobalamin (Step 5). In these reactions, the metal
ion (Co) is thought to play a role in maintaining a reservoir
of the latent adenosyl radical; however, it is not involved
directly in the chemistry of the rearrangement reaction. Thus,
the metal ion has been termed a “bystander” in these
reactions. Perhaps the most remarkable adenosylcobalamin-
dependent rearrangement reaction is catalyzed by glutamate
mutase, where a saturated carbon (a glycyl moiety) migrates
from C-3 to C-4 of glutamate to form methylaspartate (Figure
2). There is relatively strong evidence that this reaction may
not occur by a simple migration, but that glutamate may
undergo a fragmentation into acrylate and a glycyl radical
followed by reassociation.40

The adenosyl radical generated from adenosylcobalamin
is used by isomerases that catalyze carbon skeleton rear-
rangements (methylmalonyl-CoA mutase, glutamate mutase,

Figure 1. Simplified mechanism of an adenosylcobalamin-de-
pendent isomerase reaction.
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methyleneglutarate mutase, and isobutyryl-CoA mutase),41

isomerases that catalyze heteroatom (OH, NH2) migrations
(diol dehydratase, glycerol dehydratase, ethanolamine am-
monia lyase),27 and Class II ribonucleotide reductase.42 In
all these cases, the adenosyl radical functions in hydrogen
atom abstraction. For the isomerases, the hydrogen atom is
abstracted from the substrate, while for ribonucleotide
reductase, it abstracts the hydrogen atom from an active site
cysteine residue generating a thiyl radical, which then
abstracts the hydrogen from the ribonucleotide (Figure 3).
All three classes of ribonucleotide reductase generate a thiyl
radical and bind their substrates in a 10-strandedRâ barrel
fold.43 Thus, in the ribonucleotide reductases, it appears that
different metal-dependent radical generation modules inter-
face with a common and evolutionarily ancient thiyl radical/
substrate binding domain.

2.1.1.2. Metals in Promoting the Reactions of Radical
SAM Enzymes.Metals are also involved in generating the
adenosyl radical in a class ofS-adenosylmethionine-depend-
ent enzymes, the so-called “radical SAM enzymes.” Several
reviews of radical SAM proteins have recently appeared,26,44-46

including a recent one focused on spectroscopic methods that
have been used to characterize this class of proteins.47 SAM
acts as a methyl donor in methyltransferases, but its role is
similar to that of adenosylcobalamin in the radical SAM
enzymes (Figure 4). In this case, the metal, a [4Fe-4S]2+/1+

cluster, serves as a one-electron donor. The Class III
ribonucleotide reductase is a radical SAM enzyme. Replace-
ment of reaction 1 in Figure 3 with SAM plus a reduced
[4Fe-4S]1+ cluster generates the oxidized (2+) state of the
cluster and the Ado radical, which will then directly abstract
a hydrogen atom from an active site cysteine leading to the
formation of a thiyl radical exactly as in the adenosylcobal-
amin-dependent ribonucleotide reductase.43

On the basis of a bioinformatics approach, there appear
to be at least 600 radical SAM enzymes in archaea, bacteria,
plants, and animals, which share a distinct iron-sulfur motif,
CXXXCXXC, and a glycine-rich region.48 The Cys-rich
region and the Gly-rich (GxIxGxxE) region are located
within an (Râ)6 TIM barrel-like domain.49 The radical SAM
enzyme family includes lysine 2,3-aminomutase, which is
unusual in the generation of a substrate-derived radical adduct
with pyridoxal phosphate; biotin synthase and lipoic acid
synthase, which insert sulfur into these vitamins; and the
activating proteins for pyruvate formate-lyase and the Type
III ribonucleotide reductase activating protein, which generate
a glycyl radical. The bioinformatics search also identified
proteins involved in pathways for the biosynthesis of
antibiotics, herbicides, thiamin, heme, chlorophyll, molyb-
dopterin, the nitrogenase MoFe cofactor, and pyrroloquino-
line quinone.48

Spectroscopic and crystallographic studies demonstrate that
SAM binds directly to the FeS cluster as shown in Figure 4,
with the amino and carboxylate groups of methionine
chelating one of the iron atoms in the cluster. In pyruvate
formate lyase activating protein, there is evidence that the
thioether sulfur of methionine bound to one of the inorganic
sulfur atoms of the cluster, indicating that the radical is
stabilized by interactions with the metal center.48,50 This
interaction between the sulfide in the cluster and the sulfur
atom of SAM has been speculated to help trigger the
reductive cleavage of the C-S bond to generate the adenosyl
radical.50

Figure 2. Rearrangement catalyzed by glutamate mutase.

Figure 3. Adenosyl radical generation of a thiyl radical.

Figure 4. Adenosyl radical generation in the adenosylcobalamin and radical SAM enzymes (left panel). Coordination of SAM to the FeS
cluster in SAM radical enzymes (right panel) based on the structure of lysine-2,3-aminomutase.48 Drawn from PDB no. 2A5H.
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Pyruvate formate lyase (PFL, EC 2.3.1.54) is a radical
enzyme that utilizes a glycyl and a thiyl radical during
catalysis.51 The freely reversible conversion of pyruvate and
CoA to formate and acetyl-CoA in the PFL reaction cycle
occurs with a turnover number of 770 s-1 andkcat/Km(pyruvate)

of 3.3 × 105 M-1 s-1 at 30°C (Km(pyruvate), 2 mM; Km CoA,
0.0068 mM).52 Formation of the glycyl radical is catalyzed
by the SAM radical enzyme, PFL activating enzyme. The
glycyl radical is relatively stable and has been characterized
in detail.53 The overall activation and catalytic cycle are
outlined in Figure 5, which highlights the eight radicals
formed during the reaction (shown in red boldface type).
The adenosyl radical, which is generated on PFL-activating
enzyme by reductive cleavage of the C-S bond as described
above (Step 1), directly abstracts a hydrogen atom from an
active site glycine residue of PFL to generate the glycyl
radical (Step 2). In Step 3, the glycyl radical abstracts a
hydrogen atom from a nearby cysteine residue (Cys419) to
form a thiyl radical. The radical is then transferred to the
vicinal cysteine (Cys418) (Step 4), which undergoes acetyl-
ation by reacting with pyruvate to form a lactoyl radical
intermediate (Step 5). In Step 6, carbon-carbon bond
homolysis yields a carboylate anion radical and an acetylated
Cys418. A carboxylate radical is very reactive and is
proposed to react with the free Cys419 to regenerate a thiyl
radical, which can either re-enter the catalytic cycle or react
with glycine to regenerate the glycyl radical, which would
subsequently regenerate the thiyl radical.

2.1.2. Thiamine Pyrophosphate-Dependent Radical
Reactions: Pyruvate Ferredoxin Oxidoreductase and
Pyruvate Oxidase

Pyruvate:ferredoxin oxidoreductase (PFOR) catalyzes a
reaction that is similar in many respects to PFL: the thiamine
pyrophosphate (TPP)-dependent oxidative decarboxylation
of pyruvate to form acetyl-CoA and CO2.25 Similarities
include the substrates (pyruvate, CoA) and one of the
products (acetyl-CoA) and the involvement of [4Fe-4S]
clusters and radicals in the mechanism. However, instead of
SAM, PFOR uses TPP as a coenzyme in a reaction that could
be described as a mechanistic convergence of an electrophilic
TPP reaction module characteristic of transketolase and
pyruvate dehydrogenase with a rapid electron-transfer module
characteristic of many iron-sulfur proteins. Like many of
the radical systems described in this section, the metal center
is involved in generating and stabilizing the radical center,
but in a manner that does not involve kinetic coupling to a
hydrogen abstraction step as in the adenosyl radical systems.
PFOR is related to variousR-ketoacid oxidoreductases

The mechanism of the PFOR-catalyzed reaction (Figure
6) begins, without the involvement of redox-active metals,
like the mechanistically similar early steps in the reactions
of pyruvate dehydrogenase, pyruvate oxidase, and pyruvate
decarboxylase. There is a remarkable acid-base reaction
(Step 1) in which, as Ron Breslow discovered in 1962,
carbon 2 of the thiazolium ring (with a pKa of 17-19!54) of

Figure 5. PFL activation and mechanism. Radicals are shown in red.

Figure 6. Proposed mechanism of PFOR. Radical reactions are shown in blue, and the reactive C-2 of TPP and the HE-TPP radical
intermediate are shown in red.
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TPP undergoes deprotonation55,56to generate an ylide, which
is a highly reactive thiazolium anion that is resonance-
stabilized by charge delocalization among the various atoms
in the aromatic thiazole ring. However, it is the thiazolium
anion shown in Figure 6 that catalyzes a nucleophilic attack
on the C2 atom of pyruvate, generating a lactoyl-TPP adduct
(Step 2). This adduct then undergoes decarboxylation (Step
3) to generate the 2R-hydroxyethylidene-TPP (HE-TPP)
intermediate.

The HE-TPP intermediate is a highly reactiveR-carbanion
(“active aldehyde”) and will exist in this charged state when
the hydroxy and methyl groups are arranged perpendicular
to the plane of the thiazolium ring.57 The zwitterionic form
is in equilibrium with the neutral resonance-stabilized
enamine; thus, the transition state corresponding to this
intermediate would likely have a structure between the
enamine (to stabilize the high-energy state) and theR-car-
banion (to maximize reactivity) form. All the TPP enzymes
generate this intermediate, and beyond this step, the reactions
of transketolase, pyruvate dehydrogenase, pyruvate decar-
boxylase, and PFOR/pyruvate oxidase diverge.

In pyruvate decarboxylase, the intermediate is protonated
to produce acetaldehyde, while in transketolase, it reacts with
a second ketose. As shown in Step 4, in PFOR, HE-TPP
transfers one electron to a [4Fe-4S] cluster, presumably
Cluster A, which is closest, transforming it from the 2+ to
the 1+ state and generating the HE-TPP radical intermediate
(shown in red). It is the presence of an electron sink (a “redox
wire”) near the negative charge of HE-TPP in PFOR and
pyruvate oxidase that poises the reaction for radical chemistry
(Figure 7). In PFOR, the wire consists of three [4Fe-4S]
clusters,58,59while in pyruvate oxidase, it is a flavin center.60

Recent studies indicate that he electron is further transferred
from Cluster A to Cluster B, which reoxidizes Cluster A
and prepares it for the next one-electron-transfer reaction.61

Cluster C is near the surface of the enzyme, where it can
transfer electrons to external mediators, like ferredoxin. Thus,
one role of the metal cluster is to oxidize the HE-TPP inter-
mediate, thus, initiating the radical reaction. This electron
transfer-driven process is fundamentally different from the
hydrogen atom abstractions normally encountered in radical
reactions.

The structure of the HE-TPP radical has been under recent
scrutiny. On the basis of X-ray crystallographic studies of
PFOR partly in its radical state, the structure of the HE-
TPP radical was proposed to be aσ-type radical (Figure 8).62

Unusual characteristics of this radical include ketonization
of the hydroxy group at position C2R to form an acetyl
radical, a long C2-C2R bond, sp3 hybridization at thiazolium
atoms N3 and C5, and tautomerization of the C4-C5 double
bond to give an exocyclic double bond. This was a surprising
proposal, since it had been described previously as aπ-type
radical benefiting from stabilization among at least seven
different resonance forms (though only one is shown in the

figure).64 One major difference between the two models is
where the electron spin lies. Theσ radical would have highly
localized spin at the C-2 carbon of the HE group, while in
a π radical, the spin would be delocalized among the atoms
of the HE group and the thiazole ring. Recent spectroscopic
results clearly demonstrate a spin-delocalized model, casting
doubt on theσ-radical formulation and providing evidence
supporting aπ-type radical.63

2.1.3. Metals, Radicals, and Herculean Acid−Base Tasks
A last radical reaction will be examined in this section:

the 2-hydroxyglutaryl-CoA dehydratase catalyzed dehydra-
tion of (R)-2-hydroxyglutaryl-CoA to form (E)-glutaconyl-
CoA (Figure 9). Study of this reaction is instructive when
considering when Nature uses radical chemistry, especially
when compared with the reaction of 3-methylglutaconyl-CoA
hydratase.65,66 These enzymes catalyze what appear to be
similar hydration/dehydrations reactions; however, one of
these (2-hydroxyglutaryl-CoA dehydratase) utilizes radical
chemistry, while the other catalyzes a rather routine hydra-
tion/dehydration reaction.

The 2-hydroxyglutaryl-CoA dehydratase catalyzed radical
reaction is difficult because the hydrogen at carbon 3 of
2-hydroxyglutaryl-CoA, which must be removed as a proton,
is unactivated and has a pKa value near 40.67,68The enzyme
appears to overcome this hurdle by generation of an enoyl
radical (Figure 10), which decreases the pKa of the C3 proton
to approximately 14.68 Therefore, initiation of this radical
chemistry results in a 1026-fold lowering of the kinetic barrier
to deprotonation.

Radical chemistry is not envisioned for the “easy” reaction
catalyzed by 3-hydroxyglutaryl-CoA dehydratase (3-meth-
ylglutaconyl-CoA hydratase). This reaction involves polar-
ization of the double bond of glutaconyl-CoA, then addition
of a hydroxyl group to a positively chargedR-carbon and a
proton to the negatively chargedâ-carbon to generate
3-hydroxyglutaryl-CoA. Thus, the hydration/dehydration of
3-hydroxyglutaryl-CoA probably occurs through standard
acid-base chemistry in the active site.

Figure 7. Redox centers in PFOR based on the crystal structure
(1KEK)62 and showing the spin density on the radical (spin density
is proportional to the size of the balloon-like orbital) based on recent
spectroscopic and computational studies.63 Drawn using Chimera.

Figure 8. Differences between theσ andπ radicals.

Figure 9. Comparison of two reactions that form glutaconyl-CoA.
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2.2. Metals and Their Scaffolds To Catalyze
Reactions Involving O 2

A variety of mechanisms and metals are utilized to catalyze
reactions involving oxygen. This section describes several
classes of such enzymes. A recent review is available
describing how iron activates oxygen.69

2.2.1. Metalloenzymes Containing a 2-His-1-Carboxylate
Facial Triad Motif

There is a large class of metalloenzymes that contain a
2-His-1-carboxylate facial triad motif.70 All of these enzymes
contain a single metal ion that is octahedrally coordinated
by two His and one Asp or Glu residues and includes a large
number of enzymes that are involved in diverse oxygenation
reactions including the 2-oxoacid-dependent enzymes, pterin-
dependent hydroxylases, catechol dioxygenases (Fe and Mn),
Rieske dioxygenases, isopenicillin-N-synthase, and the eth-
ylene-forming enzyme 1-aminocyclopropane-1-carboxylic
acid oxidase.70,71 These are complex and difficult reactions
involving the oxygenolytic cleavage of catechols, the hy-
droxylation and dihydroxylation of aromatics, the synthesis
of ethylene from aminocyclopropane-1-carboxylic acid, and
a complex transformation leading to the synthesis of penicil-
lin (Figures 11 and 12).

Among the iron-containing proteins of this class, there is
substantial divergence in reaction mechanism, especially
related to the redox chemistry involved in catalysis. For
example, ring cleaving dioxygenases such as protocatechuate
3,4 dioxygenase apparently remain in the Fe3+ state through-
out the catalytic cycle,8 while naphthalene dioxygenase
appears to utilize an Fe(V)dO species, although there is some

evidence from computational studies of naphthalene dioxy-
genase for reaction of the Fe-peroxy species on the sub-
strate.72 On the other hand, in taurine dioxygenase (TauD)
and other R-ketoglutarate-dependent enzymes, there is
significant evidence supporting O-O bond cleavage, which
leads to a reactive Fe(IV)dO species that reacts with the
substrate.71,72

TauD is anR-ketoglutarate-dependent enzyme that cata-
lyzes the hydroxylation of taurine (2-amino-1-ethane-
sulfonate) to form 1-hydroxytaurine (2-amino-1-hydroxy-1-
ethanesulfonate). This reaction is instructive because it
involves the metal, two different substrate complexes, and a
recognized high valent intermediate. As shown in Figure 13,
substrate (taurine andR-ketoglutarate) and then molecular
oxygen bind to the 5-coordinate (2-His-1-carboxylate facial
triad) Fe2+ center in the enzyme. Binding of taurine increases
the affinity forR-ketoglutarate by 15-fold.73 Figure 12 shows
the likely orientation of substrate and dioxygen in the oxy-
Fe2+ complex, based on the X-ray crystal structure of
isopenicillin-N-synthase with NO and substrate bound.9 In
the TauD mechanism, the next step is an internal redox
reaction that leads to the formation of first an iron-peroxo
(not shown) complex that attacksR-ketoglutarate leading to
decarboxylation and generation of an oxoferryl (Fe(IV)d
O) species with bound succinate. The high spin Fe(IV)dO
species has been trapped and characterized by Mo¨ssbauer
spectroscopy.74 The high-valent iron species then abstracts
a hydrogen atom from taurine, which would generate a

Figure 10. Proposed radical mechanism of 2-hydroxyglutaryl-CoA dehydratase based on Buckel et al..68

Figure 11. Reaction catalyzed by isopenicillin-N-synthase.

Figure 12. Structure of isopenicillin-N-synthase with bound NO
and ACV.9 Generated from PDB no. 1BLZ using Chimera.
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substrate radical and hydroxy-Fe3+, in a step that exhibits a
deuterium isotope effect (kH/kD) of 35.75 The next step is
hydroxylation of the substrate radical likely through a radical
rebound reaction to yield the product, hydroxytaurine.
Release of succinate and hydroxytaurine return the enzyme
to its active state for another round of catalysis. Given the
complexity of the chemical steps, it seems surprising that
the rate-limiting step is product release, as shown by solvent
viscosity effects.76

2.2.2. Methane Monooxygenase (MMO):
Carboxylate-Bridged, Diiron-Catalyzed Alkane
Functionalization

A member of the bacterial multicomponent monooxyge-
nase (BMM) family, MMO is a three-component system
consisting of a hydroxylase that catalyzes oxidation of the
substrate, a reductase that transfers electrons to the hydroxy-
lase, and an auxiliary protein that enhances the activity and
specificity of the hydroxylase. The metal scaffold plays a
strategic role in the MMO-catalyzed oxidation of methane
to methanol by offering a ligand environment that stabilizes
a cluster of two irons in their high-valent states. This is
important because it allows the generation of a stabilized
high-valent oxo species in a different way than cytochrome
P450. In MMO, the two electrons required to stabilize the
oxygen atom are supplied by the oxidation of 2 Fe(III) ions
to 2 Fe(IV)s, while in P450, the first electron comes from
oxidation of the heme Fe(III) to Fe(IV), and the second
electron comes from oxidation of the porphyrin.

The role of the metal centers in catalyzing methane
oxidation by methane monooxygenase (MMO) is interesting
because this involves the cleavage of the C-H bond of
methane with a 440 kJ/mol bond dissociation energy.
Although such an uphill energy landscape would imply
radical chemistry, there is active discussion about different
proposed mechanisms, including whether the MMO-cata-
lyzed oxygenation reaction proceeds through a cationic or
radical pathway and whether different substrates operate
through the same or discrete mechanisms, whether the
hydrogen atom abstraction step is stepwise or concerted with
substrate oxygenation, and whether the mechanism includes
an iron-carbon bond. C-H bond activation in Nature is

often catalyzed by metallocenters in monooxygenases.
Although cleavage of the C-H bond is energetically difficult,
the overall oxygenic conversion of methane to CO2 (eq 1),
is highly favorable. Because of its high energy density of
43.9 kJ/mol‚g, methane is a widely used fuel. Methane
oxidation supports the growth of methanotrophic bacteria,
which can use methane as their only energy and carbon
source.

The BMM family includes other methane, alkane (pro-
pane), toluene, phenol, and ammonia monooxygenases. These
enzymes catalyze the first steps in pathways that allow
microbes to utilize alkanes, alkenes, aromatics, and ammonia
as sources of energy and carbon or nitrogen for growth. There
are two types of MMO, and structures are available for
each: a soluble enzyme containing an oxygen-bridged diiron
cluster77,78and a Cu-containing membrane bound enzyme.79,80

The latter enzyme is expressed in all methanotrophs at
elevated copper concentrations. Much less is known about
the mechanism of the copper enzyme, so this review will
focus on the diiron MMO.

As mentioned above, aspects of the MMO reaction cycle
remain controversial. Figure 14 depicts some of these
divergent views. There is evidence for an initial complex of
MMOHred with O2 (intermediate O),81 two peroxy intermedi-
ates differing in protonation state (intermediates P* and
P),82,225 a reactive high-valent species (intermediate Q), a
bound radical (intermediate R), and an enzyme-product
complex (intermediate T).83 These intermediates have been
identified by elegant transient kinetics methods coupled to
various forms of spectroscopy. Excellent reviews are avail-
able describing the overall mechanism77,84,85and the part of
the cycle involving the reaction with the substrate.84 The first
part of the catalytic cycle, which involves generation of the
active oxygenating state of the diiron catalytic center,
includes intermediates Hox, Hred, P*, P, and Q. This review
will concentrate mainly on the steps involving intermediates

Figure 13. TauD reaction mechanism. The positions of the oxygen atoms from O2 are shown in red. Redrawn from Price et al.75

CH4 + 2O2 f CO2 + 2H2O ∆G ) -809.6 kJ/mol
(1)

CH4 + NADH + H+ + O2 f CH3OH + NAD+ + H2O
(2)
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Q and R, because the focus of this review is on the role of
the metal in promoting catalysis.

The soluble diiron MMO has a wide substrate specificity,
including various alkanes, halogenated alkane (trichloro-
ethylene, chloroform, dichloromethane, dichloroethane, trichlo-
roethane) and aromatic compounds, and heterocyclic organ-
ics; thus, there is industrial interest in the use of MMO to
catalyze oxygen incorporation into fine chemicals that are
difficult to oxidize and in cleanup of halogenated xenobiotics.
The soluble MMO contains three components: the MMO
hydroxylase (MMOH), a 245 kDa hexameric protein with
anR2â2γ2 structure, which binds and oxidizes the substrate;
MMOR, a 38 kDa NADH-dependent reductase that reduces
MMOH; and MMOB, a 16 kDa auxiliary protein that
enhances the activity and specificity of MMOH. The
structures of MMOH, MMOB,86,87 and of two domains of
MMOR88,89are known. MMOH contains an active site diiron
center, which in the resting oxidized state is a carboxylate-
bridged diferric center located within a four-helix bundle
(Figure 15A). Also shown is the structure of a product-like
complex in which one of the ligands is bromoethanol (Figure
15B), which was soaked into the crystal.

The key intermediate in the MMO reaction is intermediate
Q, which has a diamond core structure consisting of two
symmetric high-valent Fe(IV) ions bridged by the two
oxygen atoms derived from O2.93 Intermediate Q incorporates
1 mol of oxygen from the diamond core center into methane

to generate methanol. An important question is how methane
functionalization occurs. One possibility is that it occurs by
a radical rebound mechanism,77,94 analogous to that first
proposed by Groves for cytochrome P450,95 in which H-atom
abstraction by an activated Fe-oxo complex generates a
methyl radical and a cluster-bound hydroxy radical that
recombine (rebound) to form methanol. Another possibility
is direct oxygen insertion into a C-H bond. Measurement
of deuterium kinetic isotope effects for the overall MMO
reaction of between 23 and 50 that are well above the
classical limits of 7.0 provide support for rate-limiting
hydrogen atom abstraction in a radical mechanism involving
hydrogen tunneling.96,97Also, MMO-catalyzed oxidation of
chiral 1-[2H,3H]-ethane was shown to result in extensive
racemization, consistent with an intermediate likely to be a
radical.98,226 The activation energy for substrate hydroxyla-
tion, which reflects predominantly the rate-limiting H-atom
abstraction from methane by intermediate Q, was calculated
to be 77.7 kJ/mol.99 Analyses of the reaction of intermediate
Q with various substrates demonstrated that, with a few
(methane, acetonitrile) substrates, H-atom abstraction is rate-
limiting, while for most (ethane, methanol), the rate-limiting
step is substrate binding.100 The above analyses strongly
support hydrogen atom abstraction to generate a methyl
radical as an intermediate. Radical spin trap experiments have
also been interpreted to demonstrate radical intermediates
in the MMO mechanism.101,102

Figure 14. Reaction cycle of MMO. Left panel: modified from ref 90. Right panel: modified from Baik et al.84 The positions of the
oxygens from O2 are shown in red.

Figure 15. (A) Diferric MMOH (MMOH ox), from 1.7 Å structure, PDB no. 1MTY.91 (B) Diferric MMOH (MMOHox) with bound
bromoethanol, from 1.96 Å structure, PDB no. 1XVG.92
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A review of experiments using mechanistic probes, so-
called radical clock substrate probes, to address the involve-
ment of radical or cationic intermediates is available.84 These
probes rearrange in a manner that would imply the type of
intermediate, and measurements of the rates of the rear-
rangement reaction provide lifetimes for the intermediate.
Regarding the evidence for cationic intermediates, Baik et
al. state that it is indisputable that cationic rearrangement
products are obtained in MMO hydroxylations (for example,
generation of homocubanol from methylcubane); however,
because small amounts of these products are observed and
because often both cationic and radical rearrangement
products are observed, “there is not a consensus as to the
mechanistic interpretation of these results”.84 On the other
hand, on the basis of radical clock experiments with a series
of methylcyclopropanes with different lifetimes in solution,
it was concluded that whether an intermediate rearranges
depends on steric effects.103 It was proposed that intermedi-
ates with little bulk near the site of hydrogen atom abstraction
are quenched or react with the diiron center before they can
rearrange (even for “fast probes”), while intermediates with
bulky substituents near the C-H bond yield reasonable
amounts of rearrangement products.103

Consistent with the results described above, computational
methods also suggest a radical mechanism involving H-atom
abstraction (Figure 16).84 Beginning at the step at which
intermediate Q reacts with substrate, the reaction is proposed
to involve nucleophilic attack of methane on one of the
bridging oxo groups in “Q” followed by proton-coupled
electron transfer from the bridging oxo group to one of the
Fe(IV) atoms. This process would form a methyl radical,
which has been suggested to be a “bound radical”.84 Electron
transfer to the Fe4+ site would lead to a hydroxy radical that

would recombine with the methyl radical to generate
methanol.

2.2.3. Heme Oxygenase

This section will discuss the use of heme both as a
substrate and a catalyst to catalyze a reaction that is both
sterically and chemically difficult: the conversion of heme
to biliverdin, CO, and iron (Figure 17). Several recent
reviews on the physiology104,105 and mechanism106-109 of
heme oxygenase (HO) are available. This enzyme plays an
important role in heme and iron homeostasis and is present
in nearly all classes of eukaryotes and bacteria. In cyano-
bacteria, algae, and plants, HO is involved in generating the
chromophores for photosynthesis.110,111There are two forms
of mammalian HO (HO1 and HO2), which share similar
physical and kinetic properties but exhibit different physi-
ological roles and organ locations. The HO oxygenation
reaction is coupled to two other enzymes: cytochrome P450

reductase, which provides the required reducing equivalents,
and biliverdin reductase, which converts the unstable green
product biliverdin to yellow bilirubin.

The reaction catalyzed by HO occurs with absolute
regiospecificitysthe mammalian HO1 or HO2 cleaves heme
to excise only theR-meso carbon (bold lines in Figure 17),
while some bacterial HOs cleave the tetrapyrrole ring at the
â position.112 The oxygenation catalyst is the hydroperoxy-
heme,113 instead of compoundI (an oxyferryl coupled to a
radical), which is an intermediate in P450 and other oxyge-
nases. Stabilizing the hydroperoxy ferric intermediate and
directing the reactive oxygen specifically to only one of the
four electronically equivalent meso carbon atoms requires
exquisite tuning of the electronic and steric environment by
the active site scaffold of HO. This scaffold includes the
porphyrin ring and its various appendages as well as
important active site residues that control the orientation of
the heme at the active site and control the reaction trajectory.

The substrates and products of the HO reaction have
important regulatory and metabolic roles. Heme is the
prosthetic group of many electron-transfer proteins and redox
enzymes. Heme also regulates the expression of genes
involved in oxygen utilization in prokaryotes114 and in higher
eukaryotes.115,116Iron is present in heme and many non-heme
metalloenzymes and serves as an effector for transcriptional
regulatory proteins.117,118Bilirubin is an antioxidant,119 and
biliverdin reductase has been shown to have multiple roles
in gene regulation and in metabolic signaling.105 Finally, CO
serves as a signaling molecule that activates guanylate

Figure 16. Radical rebound in the MMO mechanism. Based on
Baik et al.84

Figure 17. The HO reaction coupled to P450 reductase and biliverdin reductase.

3326 Chemical Reviews, 2006, Vol. 106, No. 8 Ragsdale



cyclase.120 CO also appears to be involved in regulating
circulating blood oxygen levels.121

Like cytochrome P450 or MMO, HO catalyzes substrate
hydroxylation, but through quite a different mechanism that
utilizes a different hydroxylating agent (Figure 18). The HO-
catalyzed reaction108 requires seven electrons that are trans-
ferred in several cycles of NADPH-dependent reduction with
NADPH:cytochrome P450 reductase and three successive O2-
dependent oxygenation steps (Figure 19A), and HO must
coordinate all these reactions without misfiring. The first
oxygenation (Figure 19B) leads to hydroxylation of the
porphyrinR-meso carbon to yield theR-meso-hydroxyheme.
The second converts the hydroxyheme to verdoheme (Figure
19C), while the third oxygenation reaction converts ver-
doheme to ferric biliverdin (not shown in detail), which upon
one-electron reduction releases iron in the ferrous state to
form biliverdin.

In the first oxygenation reaction, NADPH:cytochrome P450

reductase transfers one reducing equivalent to convert the
ferric heme to the ferrous state (species1, Figure 19A),
enabling O2 binding. Transfer of a proton and a second
electron generates an Fe3+-hydroperoxo species, which
chemical and resonance Raman studies have shown is the
active oxygenation agent in HO.106,122,123This hydroperoxy
ferric oxygenation agent is distinct from compoundI (an
oxy ferryl porphyrin coupled to a protein or porphyrin
radical) of cytochrome P450 (see Figure 18). CompoundI
has been ruled out as in intermediate in heme metabolism
based on the inability of alkyl peroxides and peracids to
replace oxygen and electrons in formation of the hydroxy-
heme.124 Furthermore, it was recently shown that compound
I , when generated in HO, is unable to hydroxylate the
heme.125 There have been a number of investigations aimed
at understanding how HO stabilizes the hydroxyperoxy heme
and prevents formation of compoundI . In P450, the heme
iron contains a cysteine residue as a proximal ligand. This
provides a strong electronic “push effect” of the thiolate
ligand to help activate the Fe(II)-O2. In HO, the proximal
heme ligand is histidine, which is a much weaker electron
donor than cysteine, providing a lesser degree of “push” (see
Fujii et al.126 for details). Another difference between the
HO and P450 systems relates to their hydrogen relay systems,
which play key roles in their hydroxylation mechanisms.
Cytochromes P450 contain a highly conserved proton relay
system (Thr and Asp) on the distal side of the heme, which
provides protons to activate Fe(II)-bound O2, to facilitate
protonation of the hydroperoxo iron at the distal oxygen
leading to formation of the reactive high-valent compound

I . On the other hand, for HO, instead of facilitating O-O
bond cleavage and elimination of hydroxide or water, there
is a H-bond network near theR-meso edge of the heme that
consists of a water molecule (depicted in Figure 19B)
H-bonded to a conserved essential Asp (D140, not shown)
that is proposed to stabilize the bound hydroperoxide and to
facilitate oxidization of theR-meso carbon by the terminal
oxygen of the bound hydroperoxide (Figure 19B).127,128Thus,
apparently, in HO, delivery of the second proton to the
terminal oxygen of the Fe-OOH is disfavored, such that
only a hydrogen bond is formed. Disruption of this network
by mutation of any of the involved residues leading to
formation of the oxyferryl species and to the unleashing of
peroxidase activity is one of several results that support the
importance of this network in the HO mechanism.109,129 In
HO, a helix is located in the distal pocket of the heme (Figure
20), and two glycine residues, located near the heme pocket
(one of these is shown in Figure 19B), would be unable to
facilitate O-O bond cleavage as the proton relay system does
in P450. In summary, there are subtle changes in hydrogen
bonding and proton transfer that lead to heme oxygenation
in HO versus compoundI formation in P450.

Since there are four meso carbons, how does HO catalyze
the selective oxidation at theR-meso position? One issue is
stereochemistry. In the recent 1.9-Å structure of HO with
azide (an O2 analogue) coordinated to the iron of heme, the
azide stretches across the heme plane with its terminal N
directed toward and only 3.4 Å from theR-meso carbon
(Figure 20).130 Most of the heme atoms are covered by a
helix (the distal F helix); however, theR-meso carbon is
relatively exposed. These results suggest the mechanism
shown in Figure 19B, where a combination of steric
constraints and H-bonding interactions orient the terminal
oxygen atom of the hydroperoxo heme intermediate near the
R-meso carbon. Then, as shown in Figure 19, the meso
hydroxylation appears to involve electrophilic addition of
the terminal oxygen of the Fe-OOH group to the double
bond of the porphyrin to give a cationic intermediate,
followed by loss of a proton to rearomatize the porphyrin
ring.

The next two reactions are much less understood. The
second is reaction of the hydroxy-heme with another mole
of O2 to generate verdoheme (species3) and CO (Figure
19C). This subreaction is coupled to the uptake of one
electron and appears to occur through an Fe2+ peroxy radical
intermediate as shown.106 O-O bond cleavage is proposed
to lead to an oxy radical and a ferryl species that rearranges

Figure 18. Oxygenating species in the oxidases. Cytochromes P450 and heme oxygenase use O2 as their natural substrate, while peroxidases
uses H2O2, though H2O2 can supplant the requirement for O2/electrons via a peroxide shunt.
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to a carbonyl radical, which eliminates as CO.106 CO release
would generate a porphyrin radical that could undergo
protonation and one-electron uptake to form verdoheme.
According to this mechanism, although there are a number
of proposed radical interconversions, this last step is the only
one that involves electron uptake.

The oxygenation of verdoheme to ferric biliverdin involves
uptake of four electrons and O2 to generate Fe2+, which is
released, and biliverdin. These reactions have been exten-
sively discussed, and alternative mechanisms have been
proposed by Matsi et al.131 and Colas and Ortiz de Montel-
lano.106

Surprisingly, given all the complex redox and oxygenation
chemistry, the rate-limiting step in the HO mechanism is
release of biliverdin.132 However, biliverdin reductase mark-
edly stimulates biliverdin release so that in vivo the slow
step appears to be conversion of verdoheme (species3) to

Figure 19. Proposed mechanism of HO. (A) Formation ofR-meso hydroxyheme. Reprinted with permission from ref 109. Copyright
2003, Academic Press, Elsevier. The three oxygenation steps in the HO-catalyzed reaction. Reprinted with permission from ref 131. Copyright
2005 American Society for Biochemistry and Molecular Biology. (B) The initial steps in the HO mechanism leading to OH-heme formation.
Redrawn from refs 106 and 133. Orientation of the O2 above theR-meso carbon of the tetrapyrrole based on the structure of the azide
adduct.130 (C) Conversion of hydroxyheme to verdoheme.

Figure 20. Structure of the heme-azide adduct of HO1. Drawn
from PDB no. 1IVJ using Chimera.
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ferric biliverdin (species4).132 Biliverdin reductase couples
to the HO reaction to reduce the C10γ bridge of biliverdin
to generate bilirubin.

2.3. Low-Valent Metal Sites in Enzymes To
Catalyze Difficult Reactions

While methane oxidation using O2 as an electron acceptor
is highly exergonic (∆G ) -809.6 kJ/mol, section 2.2.2.),
many microbes live much nearer the thermodynamic equil-
brium by coupling the oxidation of H2 to the reduction of
CO2 to methane (eq 3) or acetic acid (eq 4). Although
anaerobes also can make use of more thermodynamically
favorable oxidants such as sulfate or nitrate, it is this more
difficult chemical equilibrium expressed in eqs 3 and 4 that
will be the focus of the remainder of this review. Although
methanogenesis and acetogenesis are much less energetically
favorable, these anaerobic processes are key components of
the global carbon cycle. The lifestyle of a class of archaea
called methanogens is responsible for the generation of 560
million metric tons of methane every year. Despite the
difference in energetics, sufficient methanogenesis occurs to
leave a slight surplus of methane in our atmosphere (1.7
ppm), whose rising concentration has been a source of
concern, since methane is a potent greenhouse gas.

The enzymes that will be covered (methyl-CoM reductase,
CO dehydrogenase/acetyl-CoA synthase, and cobalamin-
dependent methyltransferases) are interesting not only be-
cause they make the “life at the edge” scenario feasible, but
also because the enzymes are amazing examples of unusual
metallobiochemistry to catalyze difficult reactions.

2.3.1. Methyl-Coenzyme M Reductase (MCR): A
Low-Valent Nickel Tetrapyrrole for Methane Synthesis and
Anaerobic Methane Oxidation

All biologically produced methane is formed as a result
of the methyl-coenzyme M reductase (MCR)-catalyzed
conversion of methyl-coenzyme M (methyl-SCoM) andN-7-
mercaptoheptanoylthreonine phosphate (CoBSH) to methane
and the CoB-S-S-CoM heterodisulfide (eq 5).134 CoBSH
serves as the electron donor135 and has been proposed to also
be the proton donor136 for this reaction. At the heart of MCR
is a nickel hydrocorphin called Coenzyme F430 (Figure
21),137-139 which is located at the base of a narrow hydro-
phobic well that accommodates the two substrates and shields
the reaction from solvent.140 Unlike heme, which is fully
conjugated, F430 only contains five double bonds and is the
most reduced tetrapyrrole in Nature.

The active state of MCR is called MCRred1, which contains
low-valent Ni(I).136,143,144The X-ray crystal structures of the
inactive nickel(II) enzyme in complex with CoM and CoB
(MCRox1-silent) and in complex with the heterodisulfide CoM-
S-S-CoB product (MCRsilent) have been resolved at 1.16 and
1.8 Å resolution, respectively.145 MCR contains three non-
identical subunits in an (Râγ)2 structure that is predominantly
composed of helices and forms an overall ellipsoidal shape

of about 120× 85 × 80 Å. Because of the low redox
potential of the Ni(II)/(I) couple, great care must be taken
to isolate the enzyme in the Ni(I) oxidation state; otherwise,
it contains inactive Ni(II) and is bright yellow. The Ni(I)
state of the cofactor is green and paramagnetic, exhibiting
the fairly typical EPR spectra of a d9 system withg| (2.2-
2.3) > gperp (2.05) > ge (2.0),146 where the “parallel” and
“perpendicular” subscripts designate the symmetry of the
EPR signals (the subscript “e” is the free electrong-value).
On the basis of the61Ni and 14N hyperfine coupling values
obtained by ENDOR and EPR studies,147 it is estimated that
approximately 80-90% of the unpaired spin density is on
nickel in the MCRred1 state. The many spectroscopic studies
of MCR that have been performed, including EPR, ENDOR,
X-ray absorption, and resonance Raman, have been sum-
marized.144,148MCD149,150and advanced EPR151 studies not
included in those reviews have been recently described.

Methane formation by MCR occurs with a turnover
number of over 100 s-1 and with a relatively high value of
kcat/Km (methyl-SCoM) of ∼1 × 105 M-1s-1.152,153 Two
general types of mechanisms have been considered for the
MCR-catalyzed reaction: one involving an organometallic
methyl-Ni intermediate (Figure 22A) and another that
involves a methyl radical and hydrogen abstraction from
CoBSH (Figure 22B). In mechanism I, MCR binds both
substrates (Step 1) and catalyzes an SN2-type displacement
of the methyl group of methyl-CoM to form a methyl-Ni-
(III) intermediate (Step 2). Methyl-Ni(III) is a highly
oxidizing species and, in Step 3, accepts an electron from
CoB-S- to generate a thiyl radical on CoM and methyl-Ni-
(II). In Step 4, protonolysis of the methyl-Ni species
generates methane and Ni(II), while a bond between CoB
and the CoM radical forms a highly reducing disulfide radical
anion. Electron transfer from the radical anion to Ni(II) yields
the CoM-S-S-CoB heterodisulfide and regenerates the active
Ni(I) form of MCR (Step 5).

The experimental support for this mechanism includes
model studies of the reaction between the Ni(I) form of the
pentamethyl ester of F430 and activated methyl donors (e.g.,
methyl sulfonium ions and methyl iodide) to yield methane
through protonation of a methylnickel intermediate.155-157

Furthermore, reaction of the Ni(I) state of F430 and a thiyl
radical with a methyl thioether yields methane and the
corresponding disulfide.158

Figure 22B describes a proposed mechanism, based on
computational studies, that avoids the methyl-Ni species.159

Step 1involves cleavage of the C-S bond of methyl-CoM
to generate a methyl radical and a thiyl radical on CoM.
The Ni(I), in this case, is proposed to donate an electron to

H+ + HCO3
- + 4H2 f CH4 + 3H2O

∆G°′ ) -135.6 kJ/mol (3)

2HCO3
- + 4H2 f CH3COO- + 4H2O

∆G°′ ) -104.6 kcal/mol (4)

Methyl-SCoM+ CoBSHf CH4 + CoB-S-S-CoM (5)

Figure 21. Structure of the nickel tetrahydrocorphinoiod Coenzyme
F430 based on X-ray and NMR methods.141,142
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the incipient thiyl radical, generating the CoM-S- anion,
which would gain stabilization by coordination to Ni(II).
Hydrogen bonding interactions from two active site tyrosine
residues are proposed to neutralize and stabilize the negative
charge on the CoM thiolate once the methyl radical is
formed. In this mechanism, the major role of the Ni is to
facilitate C-S bond cleavage by a redox process and to
stabilize the product of C-S homolytic bond cleavage by
forming a coordination complex with the sulfur of CoM. In
Step 2, the methyl radical is proposed to abstract a H-atom
from CoBSH to form methane and a thiyl radical on CoB.
Step 3involves formation of a disulfide anion radical between
CoBS‚ and CoMS-. Finally, reduction of Ni(II) by the anion
radical regenerates the active Ni(I) state, and products are
released.

Distinction between the two mechanisms will require
characterization of the intermediates in the MCR reaction,
which so far have not yielded to spectroscopic identification.
Future studies aimed at observing these intermediates would
likely need to take advantage of substrate analogues and/or
variant forms of MCR that exhibit altered rates for catalyzing
intermediate steps in the reaction cycle. Another important
area of future study is determination of the crystal structure
of the highly labile active Ni(I) or perhaps an alkyl-Ni
intermediate.

2.3.2. CO Dehydrogenase/Acetyl-CoA Synthase

CO dehydrogenase/acetyl-CoA synthase (CODH/ACS)
enables acetogenic microbes to grow using H2 as an electron
donor and CO2 as an electron acceptor and source of carbon
(reaction 4). It also allows microbes to use carbon monoxide
as their sole source of carbon and energy. Microbial CO
metabolism is globally important, since 108 tons of CO are
removed from the lower atmosphere of the earth by bacterial

oxidation every year,160 helping to maintain ambient CO
below toxic levels. There are three varieties of CODH: the
monofunctional molybdopterin copper iron-sulfur CODH,
the monofunctional nickel iron-sulfur CODH, and the
bifunctional CODH/ACS (containing three discrete Ni sites).
Although the monofunctional CODH and the CODH associ-
ated with the CODH/ACS complex have the same catalytic
centers and similar overall structures, they are separate gene
products, are regulated differently, and differ in their catalytic
bias (Figure 23). The monofunctional CODHs function to
bind CO with high affinity and oxidize it rapidly to CO2,
while the role of the CODHs associated with the CODH/
ACS complex is to reduce CO2 to CO and channel this CO
to the ACS active site. A review describing CO metabolism
and the properties of these enzymes is available.161

CODH is a redox-chemical transformer that generates
high-energy electrons as it catalyzes CO oxidation to CO2

(eq 6). The CO2 is then fixed into cellular carbon by one of
the reductive CO2 fixation pathways, like the Calvin-
Benson-Bassham Cycle, the reverse TCA cycle, the 3-hy-
droxypropionate cycle, or the Wood-Ljungdahl pathway.

Figure 22. (A) MCR mechanism I involving a methyl-Ni and disulfide anion radical. (B) MCR mechanism involving a methyl radical and
H-atom abstraction from CoB. Redrawn based on Siegbahn.154

Figure 23. Cartoon of the monofunctional CODH and the
bifunctional CODH/ACS.
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The turnover number for CO oxidation to CO2 by one of
the CODHs reaches 40 000 s-1 with a catalytic efficiency
reaching the diffusion-controlled range of 2× 109 M-1 s-1.162

As a reductant, CO is approximately 1000-times more potent
than NADH.

Coupling CODH to ACS forms a machine that catalyzes
formation of acetyl-CoA from CO2, a methyl group, and
CoA. In this case, CODH facilitates the scaling of a
formidable free energy barrier in catalyzing the reverse
reaction - reduction of CO2 to CO (eq 6). Then, ACS
catalyzes the formation of a C-C and a C-S bond by the
ligation of CO to a methyl group and to the thiol group of
Coenzyme A to form acetyl-CoA (eq 7). The methyl group
is donated by an organometallic methylcobamide (a vitamin
B12 derivative) species on a protein called the corrinoid iron-
sulfur protein (CFeSP), which is described in more detail in
the following section. Formation of acetyl-CoA is a prodi-
gious reaction from a bioenergetic perspective (∆G°′ ) -32
kJ/mol) because cells couple cleavage of the thioester bond
to ATP formation. From the viewpoint of cellular economy,
the acetyl-CoA can serve as a metabolic building block that
is an entry point into many biochemical pathways.

2.3.2.1. CO Dehydrogenase: A Catalytic Nickel Iron
Sulfur Cluster and a Redox Wire. The molybdopterin Cu
CODH consists of an (Râγ)2 structure with a molecular mass
of ∼250 kDa,164 and its structure has been determined.165,166

The active site contains a Cu linked to a Mo-pterin,
molybdopterin cytosine dinucleotide (MCD), and CO is
proposed to bind the Cu (Figure 24).165 These CODHs also
contain 2 mol of FAD and 8 Fe and 8 acid-labile sulfide,
which are present as [2Fe-2S] centers167 and are involved
in electron transfer to the catalytic Cu-Mo-pterin center.168

The Ni CODH is a fairly well-studied enzyme. On the
basis of the X-ray crystal structures of two monofunctional
CODHs (encoded by thecooSgene) and one CODH from
the CODH/ACS structure, the enzyme is a mushroom-shaped
homodimer containing five metal clusters (clusters B, C, and
D).169-172 The C-cluster is a [3Fe-4S] cluster bridged to a
heterobinuclear NiFe cluster and is the catalytic site for CO
oxidation (Figure 25). Clusters B and D are [4Fe-4S]2+/1+

clusters that transfer electrons between the C-cluster and
external redox proteins.

The CODH reaction requires the delivery of CO and water
to the active site. Two channels converge just above the Ni
site: a hydrophobic channel that is proposed to deliver CO
to the active site and a solvent channel that is proposed to
deliver the other substrate, water. This is a ping-pong
reaction: CODH is reduced by CO in the “Ping” step (Steps
1-4, Figure 26) and the reduced enzyme transfers electrons

to an external redox mediator like ferredoxin in the “Pong”
step (Step 5).

Step 1 of the reaction involves binding of CO and water
to cluster C (Figure 26). The proposal that an open
coordination site above Ni in the C-cluster is the site of CO
binding169,171is supported by Fourier transfer infrared (FTIR)
studies of CO binding to theMoorella thermoaceticaCODH,
which revealed several IR bands that were attributed to a
Ni-CO complex in the C-cluster.173 17O-ENDOR studies
indicate that hydroxide binds to the Fe site (called Ferrous
component II) that is bridged to Ni.174 Binding of water to
iron would be expected to lower its pKa, which would
facilitate formation of an active hydroxide, as in carbonic
anhydrase.175 Furthermore, there are several basic residues
(“Base” in the figure) Lys563, His113) near the C-cluster
that have been proposed to participate in these acid-base
reactions.169,171 Accordingly, mutagenesis of Lys587 and
His113(M. thermoaceticanumbering) abolishes catalysis.176

In Step 2, the active metal-hydroxide is proposed to attack
the M-CO complex to form a Ni-carboxyl complex. There
is tentative IR evidence for a metal carboxylate intermedi-
ate.173

In Step 3, CO2 is generated and released, a proton is
eliminated, and cluster C undergoes two-electron reduction.
The catalytic bases suggested to be involved in Step 1 could
also participate in this reaction. The two-electron reduction
should generate a transient Ni0 state of the cluster as proposed
by Lindahl;177 however, with so many redox-active metal
centers near the Ni, it seems unlikely that Ni0 would exist
for long. Figure 26 shows cluster Cred2 resonating among
several redox forms. Freeze-quench EPR studies show that
when CODH in its resting Cred1 state is reacted with CO, it
converts rapidly (2× 108 M-1 s-1) to the Cred2 state, before
electrons are transferred to the chain of redox centers (clusters
B and D).178,179

In Step 4, electrons are transferred from cluster C into
the redox chain, which would return cluster C to its resting
form and leave clusters B and D in a reduced state. The three
clusters are approximately 10 Å apart, which is an ideal
distance for rapid electron transfer.180 Rapid kinetic studies
have followed this internal electron-transfer reaction and
shown that, at high CO concentrations, electron transfer can
become rate-limiting.179

Step 5 constitutes the Pong step in which electrons are
transferred from the reduced [4Fe-4S] clusters on CODH
to the external mediators, for example, ferredoxin or other
carriers. At high CO concentrations, Step 5 becomes rate-
limiting.178,179

This reaction sequence shares similarity to the water-
gas shift reaction (Figure 27), especially in the role of the
metal centers to form coordination complexes with the
various substrates and products of the reaction. Common

Figure 24. Cu-Mo center in the molybdopterin CODH.

2 electrons+ 2H+ + CO2 T CO + H2O

∆E°′ ) -558 mV163 (6)

CO + CH3-CFeSP+ CoA f acetyl-CoA+ CFeSP+

H+ (7)

Figure 25. Cluster C of CODH. From PDB no. 1OAO.

Metals/Their Scaffolds To Promote Enzymatic Reactions Chemical Reviews, 2006, Vol. 106, No. 8 3331



intermediates in the two reactions include a metal-bound
carbonyl, a metal-bound hydroxide ion, and a metal car-
boxylate formed by attack of the M-OH on M-CO. A
possible difference is that, in the water-gas reaction,
elimination of CO2 leaves a metal-hydride, whereas, in
CODH, the metal center accommodates the two-electrons
and a proton is released. However, it is perhaps premature
to rule out metal-hydride intermediates, since CODHs have
a weak CO-dependent hydrogen evolution.181-183 On the
other hand, it is clear that, unlike the water-gas shift
reaction, H2 is a minor product in the CODH-catalyzed
reaction where very rapid electron transfer out of the active
site is predominant. The proximity of a redox wire to rapidly
oxidize the catalytic center is reminiscent of PFOR (section
2.1.2.). This strategy allows flexibility so that CODH is able
to transfer electrons to various acceptors, and when the cell
requires H2, CODH can couple through a ferredoxin to a
devoted hydrogenase.

2.3.2.2. Acetyl-CoA Synthase.Acetyl-CoA Synthase
(ACS), encoded by theacsBgene, is part of the catalytic
machine that converts CO2, CoA, and a methyl group to
acetyl-CoA. The other component of this machine is CODH,
which is encoded by theacsAgene and is highly homologous
to the monofunctional CODH (CooS) just described. Thus,
as described in the cartoon in Figure 23, the substrate for
ACS is produced by the adjacent CODH subunit, which
reduces CO2 to CO by a reversal of the mechanism shown
in Figure 26. While a hydrophobic channel in the mono-
functional CODHs aids in diffusion of CO from solution to

the catalytic cluster C, for those CODHs that are part of the
CODH/ACS machine, this channel appears to be absent.
Instead, both CODH and ACS contain internal channels that
interlink to form a 70 Å channel, which functions to sequester
CO and facilitate its movement to the ACS active site.184

This channel has been identified biochemically185,186and by
X-ray crystallography.170,172

Like CODH, the catalytic strategy of ACS is to use a Ni
active site to form organometallic intermediates. The active
site of ACS, the A-cluster, was the first published example
of a NiFeS cluster.187 It consists of a [4Fe-4S] cluster
bridged to a Ni site (Nip) that is thiolate-bridged to another
Ni ion in a thiolato- and carboxamido-type N2S2 coordination
environment (Figure 28).170,172,188Thus, one can describe the
A-cluster as a binuclear NiNi center bridged by a cysteine
residue (Cys509) to a [4Fe-4S] cluster. This arrangement
is similar to the Fe-only hydrogenases in which a [4Fe-4S]
cluster and a binuclear Fe site are bridged by a Cys
residue.189,190

A proposed mechanism for ACS is described in Figure
29. Several reviews that focus on the structure, function, and
mechanism of ACS are available.191-194 An alternative
mechanism involving a Ni(0) state and all diamagnetic
intermediates has been proposed and is described fully in a
recent review.191 The difference between the two mechanisms
is primarily in the assignment of the electronic structure of

Figure 26. CODH mechanism.

Figure 27. Water-Gas shift reaction.

Figure 28. Structure of cluster A of ACS.
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the intermediates, so for the current review, I will describe
the series of steps in only what has become called the
“paramagnetic mechanism”, so-called because the proposed
key intermediate (the NiFeC species) is paramagnetic and
EPR active. Another point of discussion is whether CO or
the methyl group is first to bind to the Ni center. In this
review, I will describe only the following binding se-
quence: CO, then methyl, then CoA.

Preceding the first step are two “priming” reactions. The
first is CO migration through the channel from cluster C to
concentrate near cluster A, and the second priming step is
the reductive activation of ACS. Then, in the first step in
the ACS mechanism, the Carbonylation Step, cluster A reacts
with CO to form an organometallic complex, called the
NiFeC species (Figure 29). The NiFeC species is character-
ized by an EPR signal that forms (when treated with CO)
and decays (upon reaction with the methyl group donor) at
a rate consistent with its involvement as a catalytic inter-
mediate in acetyl-CoA synthesis.195,196 On the basis of
computational studies, the electronic structure of the A-cluster
in this paramagnetic state is best described as a [4Fe-4S]2+

cluster linked to a Ni1+ center at the proximal metal (Mp)
site. In turn, Nip is bridged to another Ni2+ (Nid) that is distal
to the FeS cluster.197 The unpaired spin density in this
complex resides predominantly on Nip, with some delocal-
ization into the terminal carbonyl group, based on the
observation of13CO hyperfine splittings in the EPR sig-
nal.187,198Thus, one role of the low-valent Ni center in ACSs
to bind COsis reminiscent of CO binding to a low-valent
ferrous site in heme proteins.

The next step in the ACS mechanism is methylation of
the A-cluster. This reaction involves the corrinoid iron-
sulfur protein (CFeSP), which will be described in the next
section on cobalamin-dependent methyltransferases. The
recent crystal structures reveal ACS in open and closed states,
and in the closed state, the A-cluster is inaccessible for
binding another protein, implying that a major conformational
change occurs during the catalytic cycle. There is evidence
that the methyl group binds to the labile Ni site of the
A-cluster199,200 that, based on XAS studies, appears to be
Nip.201

The transmethylation reaction could occur by transfer of
a methyl radical or an SN2-type nucleophilic mechanism
involving a methyl cation. Model studies of the reaction

between methyl-Co3+ (CH3-Co3+ dimethylglyoximate) and
a Ni1+ macrocycle indicate that transfer of a methyl radical
is favored.202,203 A radical methyl transfer would require
homolysis of the CH3-Co bond of the methylated CFeSP,
which Finke et al. suggested could not occur because
reduction of CH3-Co3+ requires redox potentials (<-1 V)
that are too low for physiological electron donors.204 Rapid
kinetic studies and stereochemical studies using a chiral
methyl donor also indicate that the transmethylation reaction
involves an SN2-type nucleophilic attack of Nip on the methyl
group of the methylated CFeSP (CH3-Co3+) to generate
methyl-Ni and Co1+.205-207 However, methyl-Ni is diamag-
netic, suggesting a methyl-Ni2+ state,195,200and indicating that
the SN2 “methyl cation” transfer precedes (or is linked to) a
one-electron transfer (Figure 29) (since methyl-Ni3+ would
be EPR active). Thus, linking the SN2 reaction to an electron-
transfer step would be equivalent to a radical methyl transfer.
Since it is clear that the ACS reaction does not require net
input of electrons,208 Figure 29 proposes that the electron
that is donated during the methylation step is returned at a
latter step in the reaction (after CoA binds).

The next step in the ACS mechanism involves carbon-
carbon bond formation, which occurs by condensation of the
methyl and carbonyl groups to form an acetyl-metal species.
Then, the final steps in the catalytic cycle involve binding
of CoA and thiolysis of the acetyl-metal bond. There is
evidence that the sulfur of CoA binds to the proximal metal
site in the A-cluster, by EXAFS studies of the binding of
seleno-CoA to CODH/ACS.209

In summary, the ACS catalytic cycle appears to involve
metal-centered catalysis involving bioorganometallic inter-
mediates that resemble the Monsanto process for industrial
acetate production. Both reactions appear to occur through
methyl-metal, metal-CO, and acetyl-metal intermediates. The
use of a low-valent metal center as a nucleophile is rare in
biochemistry and is reminiscent of the reactions of cobal-
amin-dependent methyltransferases such as methionine syn-
thase.29,210 In fact, kinetic studies indicate that the Ni1+ site
on ACS appears to be about as effective as Co1+-CFeSP as
a methyl group acceptor.211

Figure 29. Proposed mechanism for ACS.
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2.3.3. Cobalt as a Supernucleophile in
Cobalamin-Dependent Methyltransferases

The preceding section described the methylation of ACS
by the methylated CFeSP, which involves the use of low-
valent nickel as a nucleophile. There is another well-
characterized biological system that uses the cobalt ion at
the center of vitamin B12 (cobalamin) as a nucleophile: the
cobalamin-dependent methyltransferase. Adenosylcobalamin
was introduced earlier (Figure 4); however, this form of
cobalamin appears to be used only in radical reactions.
Cobalamin also is found in Nature in the cyano-, hydroxy-,
and methylcobalamin forms in Vitamin B12, hydroxycobal-
amin, and methylcobalamin; however, the natural occurrence
of cyanocobalamin is debated. The methyltransferases use a
low-valent Co1+ state (in which both the upper and lower
axial positions are vacant) as the nucleophile and generate
methylcobalamin (methyl-Co3+). This class of methyltrans-
ferases has been recently reviewed.29

Cobalamin-dependent methyltransferases catalyze the trans-
fer of a methyl group from a methyl donor to a methyl group
acceptor (Figure 30), where X and Y are the leaving group
and the nucleophile, respectively. Cobalamin cycles between
the Co1+ and methyl-Co3+ states, undergoing a cycle of
methylation by the methyl donor followed by demethylation
as it transfers its methyl group to a methyl group acceptor.
Among the various methyltransferases, CH3X can designate
methanol, methylated amines, methylated thiols, methoxy-
lated aromatics, methylated heavy metals, methyltetrahy-
drofolate (CH3-H4folate), or the methanogenic analogue,
methyltetrahydromethanopterin (CH3-H4MPT). The known
methyl acceptors (Y) consist of homocysteine, Coenzyme
M, or as described in the previous section, the Ni1+ site on
the A-cluster of ACS.

Methionine synthase (MetH) is the most extensively
studied cobalamin-dependent methyltransferase. This enzyme
catalyzes the transfer of the methyl group from CH3-H4folate
to homocysteine to form methionine and H4folate with an
enzyme enhancement factor of 35 million.210,212In many of
the methyltransferases, the domains for binding X, Y, and
cobalamin (Figure 30) are found on different proteins;
however, all of these domains, plus a separate activation
domain that bindsS-adenosylmethionine, are located in a
modular fashion on methionine synthase. Since the cobalamin
domain is the central player in the methyl transfer reactions,
this Co center in its different oxidation states must undergo
a series of molecular juggling acts during each catalytic cycle
to accomplish the following interactions: the Co(I) form with
the CH3-H4folate binding domain, the Co(II) form with the
AdoMet binding domain, and the CH3-Co(III) form with the
homocysteine binding domain. Given the complexity of these
large-scale movements, it is perhaps not surprising that the
various conformational changes required during catalysis are
rate-limiting during steady-state turnover.210

The independent “modules” of methionine synthase retain
most of their functional activity and have been individually
expressed and characterized.213 Crystallization of the cobal-
amin binding domain led to the first structure of a protein-
bound cobalamin, in which the lower axial benzimidazole
ligand shown in Figure 4 is replaced by a histidine residue
from the protein.214 This arrangement is called the “His-on”
conformation and is found in many methyltransferases (as
well as in many adenosylcobalamin-dependent enzymes).
Furthermore, the histidine ligand is part of a triad of residues
(H759, D757, and S810) that control the coordination state
of cobalt, that is, “His-on” or “His-off”, by modulating the
protonation state of the histidine. The N-terminal CH3-H4-
folate and homocysteine215 and the C-terminal SAM binding
domains216 also have been crystallized.

The CH3-H4folate binding domain of methionine synthase
is homologous to the cobalamin-dependent methyltransferase
(MeTr) that methylates the CFeSP, which donates the methyl
group to ACS (described in the previous section on ACS).
In this system, the MeTr is an independent protein that, like
the CH3-H4folate binding domain of methionine synthase and
other methyl donor binding domains, assumes an (Râ)8 TIM
barrel fold.217 The CFeSP contains an iron-sulfur cluster
that functions in reductive activation of the cobalt center from
the Co2+ to the Co1+ state.205,206This is important because,
about once in every 100 turnovers, the cobalt center
undergoes oxidation to the inactive Co2+ state.

The methyl groups in the various methyl donors shown
in Figure 29 are not sufficiently electrophilic to undergo
nucleophilic attack, even by a potent supernucleophile
(Co1+). In the case of CH3-H4folate, it appears that electro-
philic activation of the leaving group (H4folate) occurs by
protonation of the N5 group to which the methyl group is
bound (Figure 31).218-220

For the methyl thiolates and methanol (Figure 31),
electrophilic activation appears to occur by coordination of
the heteroatom of the methyl donor substrate to a Lewis acid.
This activation mechanism, which has been best studied in
methionine synthase, involves coordination of the thiol group
of homocysteine to Zn in a (Cys)3Zn2+ cluster within the
N-terminal homocysteine binding domain.221The Zn complex
acts as a Lewis acid to deprotonate the thiol group, and as
a thiolate reservoir from which homocysteinate can dissociate
and react with methyl-Co3+ in a nucleophilic addition
reaction to generate methionine. The activation of thiols to
catalyze nucleophilic additions has also been proposed in
other proteins including the Ada methyltransferase222 and
farnesyltransferase.223 All of the methyltransferases that
catalyze methylation of thiol substrates appear to contain Zn,
suggesting a similar mode of substrate activation.

Figure 30. Cobalamin-dependent methyltransferases.

Figure 31. Activation of the substrate in cobalamin-dependent
methyltransferases. HCy) homocysteine.
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3. Conclusions and Outlook

Metal ions catalyze a diverse array of reactions, many of
which take advantage of the ability of transition metals to
switch among various redox and coordination states. This
review has covered some of the major strategies used by
metalloenzymes to accomplish difficult transformations. The
mononuclear iron, diiron, and heme-containing oxygenases
catalyze the generation of high-valent metal-oxo intermedi-
ates that perform hydrogen atom abstraction and oxygenation
reactions. On the other hand, enzymes that contain adeno-
sylcobalamin and adenosylmethionine promote Co-C and
C-S bond homolysis, leading to the formation of a catalytic
adenosyl radical that promotes H-atom abstraction from a
substrate or amino acid residue. The role of the metal is
different in these two classes of reactions. In the adenosyl-
cobalamin-dependent enzymes, the metal center serves as a
reservoir for the latent adenosyl radical, while a [4Fe-4S]
cluster donates an electron to initiate C-S bond cleavage in
the radical SAM enzymes. In several enzymes, low-valent
metal ions act as nucleophiles, forming organometallic
intermediates and undergoing transformations that are remi-
niscent of some well-studied and industrially important
inorganic reactions such as the Monsanto Process and the
Water-Gas Shift Reaction. In many of the reactions
described in this review, the primary scaffold (the first
coordination sphere) undergoes mechanistically significant
movements. Furthermore, the extended scaffold (the protein)
often undergoes large conformational changes, which move
the metal center over large distances during the reaction
cycle. This coordinated molecular acrobatics can place the
metal center in contact with a redox activation module at
one reaction step and in juxtaposition with domains respon-
sible for binding different substrates at other stages of the
catalytic cycle.

Another component of the extended scaffold is to provide
a molecular “wire” near the catalytic center. In the specific
examples of CODH and PFOR, the electron-transfer chain
has a major impact on the nature of the reaction. In both
cases, the wires consist of FeS clusters each separated by
9-12 Å, which is a suitable distance for extremely rapid
(>1000 s-1) electron-transfer reaction.180,224In the absence
of a redox wire near the HE-TPP intermediate, PFOR would
likely become a pyruvate decarboxylase, generating acetal-
dehyde instead of acetyl-CoA and two electrons. This would
be detrimental to the cell, since the two reducing equivalents
that are produced allow the PFOR reaction to drive the
reduction of ferredoxin and other low-potential electron
carriers involved in microbial energy generation. Similarly,
in the absence of the wire, the CODH mechanism would
probably more closely resemble that of the water-gas shift
reaction, converting CO to CO2 to produce H2, instead of
reduced ferredoxin.
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