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ABSTRACT
High-valent non-heme iron–oxo intermediates have been proposed
for decades as the key intermediates in numerous biological
oxidation reactions. In the past three years, the first direct
characterization of such intermediates has been provided by studies
of several RKG-dependent oxygenases that catalyze either hydroxyl-
ation or halogenation of their substrates. In each case, the
Fe(IV)–oxo intermediate is implicated in cleavage of the aliphatic
C–H bond to initiate hydroxylation or halogenation. The observa-
tion of non-heme Fe(IV)–oxo intermediates and Fe(II)-containing
product(s) complexes with almost identical spectroscopic param-
eters in the reactions of two distantly related RKG-dependent
hydroxylases suggests that members of this subfamily follow a
conserved mechanism for substrate hydroxylation. In contrast, for
the RKG-dependent non-heme iron halogenase, CytC3, two distinct
Fe(IV) complexes form and decay together, suggesting that they
are in rapid equilibrium. The existence of two distinct conformers
of the Fe site may be the key factor accounting for the divergence
of the halogenase reaction from the more usual hydroxylation
pathway after C–H bond cleavage. Distinct transformations cata-
lyzed by other mononuclear non-heme enzymes are likely also to
involve initial C–H bond cleavage by Fe(IV)–oxo complexes, fol-
lowed by diverging reactivities of the resulting Fe(III)–hydroxo/
substrate radical intermediates.

Introduction
A large, functionally and mechanistically diverse family
of enzymes utilize similar, mononuclear non-heme Fe(II)
centers to couple the activation of oxygen to the oxidation
of their substrates.1–3 In most cases, oxygen is inserted
into an unactivated C–H bond of the substrate (hydroxyl-
ation), but many other outcomes, including halogenation,

desaturation, cyclization, epoxidation, and decarboxyla-
tion, are known.3,4 Each of these reactions is a two-
electron oxidation. The remaining two reducing equiva-
lents required for the four-electron reduction of oxygen
are often provided by a cosubstrate. The reducing cosub-
strates used by various family members include R-keto-
glutarate (RKG) (in the RKG-dependent enzymes3), tet-
rahydrobiopterin (in the pterin-dependent aromatic amino
acid hydroxylases5), reduced nicotinamides [in the Rieske
dioxygenases and (S)-2-hydroxypropylphosphonic acid
epoxidase1], and ascorbic acid (in 1-aminocyclopropane
1-carboxylic acid oxidase6). A few of the enzymes oxidize
their substrates by four electrons and thus do not require
a reducing cosubstrate. This subset includes the extradiol
dioxygenases,1 isopenicillin N-synthase (IPNS),7 and two
enzymes, 4-hydroxymandelate synthase and (4-hydroxy-
phenyl)pyruvate dioxygenase (HPPD), which effect distinct
four-electron oxidations of their common substrate.8 The
latter two reactions are mechanistically similar to those
catalyzed by the RKG-dependent enzymes, because both
involve oxidative decarboxylation of an R-keto acid moiety
to provide two electrons.

This remarkable array of oxidative transformations is
made possible by the tuning of a largely conserved
mononuclear non-heme iron cofactor unit, which is
coordinated by as few as two protein ligands and thus has
as many as four sites available to coordinate substrates.
In the most common coordination sphere, three protein
ligands of a (His)2-(Asp/Glu) motif, known as the “facial
triad” because they occupy one face of an octahedron,
leave three remaining sites on the opposite face for
substrate coordination.9 Reaction mechanisms proposed
for these enzymes have invoked several intermediates
following the addition of oxygen to the Fe(II) center.1,2

Two types of intermediates have been proposed: Fe-
coordinated (su)peroxo complexes with an intact O–O
bond, [Fe–O2]2+/3+, and high-valent Fe(IV)–oxo interme-
diates [or even Fe(V)–oxo for the Rieske dioxygenases],
[FedO]4+/5+. In particular, the high-valent Fe–oxo inter-
mediates have been suggested to initiate substrate oxida-
tion. In most cases, activation of the substrate involves
abstraction of the H-atom of the target C–H bond by the
Fe(IV)–oxo intermediate to yield a substrate radical and
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an Fe(III)–OH complex (Scheme 1). The so-called oxygen
rebound, which was originally proposed for heme en-
zymes10 and formally involves recombination of a coor-
dinated hydroxyl radical equivalent with the substrate
radical, yields the hydroxylated product and a coordina-
tively unsaturated Fe(II) center. In addition to substrate
hydroxylation, many other outcomes following H-atom
abstraction by the Fe(IV)–oxo intermediate are docu-
mented. These include transfer (formally as the radical)
of a ligand of the Fe center to the substrate radical.
Examples include transfer of a halogen atom in the RKG-
dependent halogenases4 and transfer of a thiyl group in
IPNS.7

Alternative reactivities that do not involve radical
recombination with a ligand include desaturation and
cyclization of the substrate. Formally, these reactions
involve abstraction of a second H-atom by the Fe(III)–OH
complex to yield the desaturated or cyclized product and
an Fe(II)–OH2 complex. However, other pathways are
possible, making delineation of the mechanisms of these
alternative outcomes a high priority for future studies.

Other substrate oxidations by high-valent Fe–oxo in-
termediates that do not involve H-atom abstraction
include electrophilic attack on the aromatic ring of the
substrate by the pterin-dependent hydroxylases5 and cis
dihydroxylation of an aromatic substrate by the Rieske
dioxygenases.1,2

Significant insight into the geometric and electronic
structures of high-valent non-heme Fe–oxo complexes and
their reactivity was obtained in parallel from elegant
studies of inorganic complexes11–15 (see ref 1 for a recent
review), but these studies will not be reviewed here due
to the brevity of this Account.

First Non-Heme Fe(IV)–Oxo Intermediate
A powerful approach to studying the mechanism of a
metalloenzyme-catalyzed reaction is the direct detection
of intermediates and their detailed characterization by a
combination of kinetic and spectroscopic methods. Using
this approach, one monitors changes in the geometric
and/or electronic structure of the metal center during the
reaction. This methodology had been used successfully
in the 1990s to study O2 activation by the non-heme diiron
proteins methane monooxygenase and the R2 subunit of
class I ribonucleotide reductase but was only recently
applied to the mononuclear non-heme iron enzymes. The
first direct detection of an intermediate in the reaction of
a mononuclear non-heme iron enzyme with dioxygen was
reported for HPPD.16 A transient absorption feature at
490 nm that forms with a second-order rate constant of
140 mM-1 s-1 and decays with a first-order rate constant
of 7.8 s-1 was noted. More detailed spectroscopic char-
acterization of the associated intermediate has not yet
been reported. Shortly after this work, we reported the
detection and characterization of two transient states in
the reaction of taurine:RKG dioxygenase (TauD). The RKG-
dependent oxygenases are the largest and functionally
most diverse subgroup of mononuclear non-heme iron
enzymes.3 They catalyze many important reactions, in-
cluding steps in the biosyntheses of antibiotics17 and
collagen,18 the sensing of oxygen,19–23 the repair of alky-
lated DNA,24,25 and the regulation of transcription by
demethylation of histones.26–28 A chemical mechanism
was initially proposed more than 20 years ago by Ha-
nauske-Abel and Günzler specifically for the enzyme
prolyl-4-hydroxylase (P4H),29 but its success in accom-

Scheme 1. Reactions Proposed To Be Mediated by High-Valent Fe–Oxo Intermediates
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modating ensuing experimental data for many other RKG-
dependent hydroxlases led to its becoming adopted as a
consensus mechanism for the subfamily (Scheme 2).1–3,30

Two iron-based intermediates were detected in TauD
by stopped-flow (SF) absorption and freeze-quench (FQ)
Mössbauer spectroscopies. The first intermediate, termed
J, forms with second-order kinetics (first-order in O2 and
enzyme concentrations; k ) 130 mM-1 s-1). It is charac-
terized by an absorption feature that is maximal at
∼318 nm and a new Mössbauer quadrupole doublet with
unusual parameters (isomer shift, δ, of 0.30 mm/s and
quadrupole splitting, ∆EQ, of –0.88 mm/s).31 It has a nearly
axial S ) 2 ground state with a positive zero-field splitting
parameter, D, of 10.5 cm-1.31,32 The large substrate
deuterium kinetic isotope effect (2H-KIE) on decay of J
(kH/kD ≈ 50) implied that it is the hydrogen-abstracting
intermediate,33,34 which the Hanauske-Abel and Günzler
mechanism predicted to be an Fe(IV)–oxo complex.1,2,29

The presence of the Fe(IV)–oxo group in J was confirmed
by resonance Raman spectroscopy, which revealed a band
at 821 cm-1 that shifted to 787 cm-1 upon use of 18O2,35

and X-ray absorption spectroscopy, which demonstrated
a short (1.62 Å) interaction between the Fe and one of its
ligands.36 A recent comparison of experimentally deter-
mined spectroscopic parameters with those predicted by
DFT calculations for several model structures suggested
that J has either a trigonal bipyramidal or octahedral
coordination environment.37 The second accumulating
state is an Fe(II)-containing TauD·product(s) complex (V
in Scheme 2).38

A Consensus Mechanism for the
rKG-Dependent Dioxygenases
The TauD work proved that (1) a non-heme Fe(IV)–oxo
complex could be trapped and characterized despite its

Scheme 2. General Mechanism of rKG-Dependent Dioxygenases

FIGURE 1. Comparison of the spectroscopic features of the Fe(IV)–oxo intermediates from TauD (top), P4H (middle), and CytC3 (bottom). (A)
Comparison of the kinetics of the Fe(IV)–oxo intermediates monitored by SF absorption spectroscopy using unlabeled (red) and selectively
deuterated substrates (blue). (B) Set of 4.2 K, 53 mT (left) and 4.2 K, 8 T (right) Mössbauer spectra of the Fe(IV)–oxo intermediates.
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anticipated high reactivity and (2) the lifetime of the
Fe(IV)–oxo intermediate could be extended to a remark-
able degree by deuterium substitution of the target C–H
bond, due to the large 2H-KIE. We next applied this insight
to a prolyl-4-hydroxylase (P4H), because the hydroxylation
of proline residues is biologically significant (e.g., in
collagen biosynthesis and oxygen sensing). The mono-
meric P4H from Paramecium bursaria Chlorella virus 1,
which was known to modify peptide substrates containing
a (Pro-Ala-Pro-Lys)n motif, was selected.39 The combined
stopped-flow absorption and freeze-quench Mössbauer
data for the reaction of the P4H·Fe(II)·RKG·(Pro-Ala-Pro-
Lys)3 complex with O2 demonstrated the accumulation of
two kinetically competent intermediates.40 The first in-
termediate is a high-spin Fe(IV) complex, which exhibits
a large substrate 2H-KIE on its decay (kH/kD ≈ 210/3.4 ≈
60), suggesting that it abstracts hydrogen from the sub-
strate. The second accumulating state contains a high-
spin Fe(II) center and is presumably an Fe(II)·product(s)
complex. The spectroscopic properties of these two
intermediates are strikingly similar to those of the TauD
intermediates (Figure 1), suggesting that the distantly
related RKG-dependent dioxygenases employ the same
chemical mechanism and supporting the prevailing view
of a conserved mechanism for the hydroxylase subfamily.

Alternative Reactivities of rKG-Dependent
Dioxygenases
Studies by Stubbe and co-workers on thymine hydroxylase
shed light on alternative reactivities that can occur in the
Fe(II)/RKG reaction manifold. This enzyme catalyzes three
oxidations of the methyl group of thymine to the hy-
droxymethyl, aldehyde, and carboxylic acid in three
separate O2 activation events, each of which involves
cleavage of a C–H bond (Scheme 3A). The authors
demonstrated that the enzyme can catalyze epoxidation

of an olefin, conversion of an alkyne to a ketene, and
successive S-oxidations of a thioether to sulfoxide and
then sulfone (Scheme 3B).41–43 These substrates lack C–H
bonds at the position that would normally be targeted by
the Fe(IV)–oxo complex, and the alternative transforma-
tions that ensue parallel those previously seen for high-
valent heme iron enzyme intermediates and inorganic
model complexes. It is therefore tempting to speculate that
the alternative oxidations are also effected by the Fe(IV)–oxo
intermediate, but it is still conceivable that fundamentally
different mechanisms might be operant [e.g., interception
of an earlier intermediate, such as an Fe(III)–superoxide
complex like I in Scheme 2].

rKG-Dependent Halogenases
The recent discovery of a new class of halogenating
enzymes that carry out chlorination of unactivated carbon
centers in the biosyntheses of several natural products of
nonribosomal peptide origin established yet an another
reactivity for the Fe(II)/RKG-dependent oxygenases.44–47

Aliphatic halogenases chlorinate the terminal methyl
groups of amino acids tethered via a thioester linkage to
the phosphopantetheine cofactor of peptidyl-carrier pro-
teins (PCPs). They require iron, RKG, oxygen, and chloride
for their activity. Initial insight into their catalytic mech-
anism was derived from the crystal structure of SyrB2,
which chlorinates the γ-methyl group of L-threonine in
syringomycin biosynthesis.48 The Fe center is coordinated
by two protein-derived histidines, bidentate RKG, water,
and chloride. The carboxylate of the “facial triad” that
normally coordinates the Fe(II) center is replaced with an
alanine in the protein primary structure, presenting a
coordination site for the chloride ligand. On the basis of
this observation, a Cl-Fe(IV)–oxo intermediate was pro-
posed as the C–H bond-cleaving intermediate, and chlo-
rination was proposed to proceed via “chlorine rebound”

Scheme 3. Reactions Catalyzed by the rKG-Dependent Hydroxylase Thymine Hydroxylase (TH)
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rather than “oxygen rebound” (Scheme 4). This hypothesis
was tested experimentally for the non-heme iron haloge-
nase, CytC3 from soil Streptomyces.49 CytC3 chlorinates
the γ-methyl group of L-2-aminobutyric acid (L-Aba)
tethered to the PCP domain CytC2, L-Aba-S-CytC2 (Scheme
5).47 Evidence of the accumulation of two transient states
of the catalytic cycle was obtained in the reaction of the
CytC3·Fe(II)·RKG·Cl–·L-Aba-S-CytC2 complex with oxygen-
saturated buffer. The first intermediate absorbs at 318 nm.
Decay of A318 is markedly slowed by use of a deuterated
substrate, L-4,4,4-d3-Aba-S-CytC2, demonstrating a 2H-KIE
on decay of the intermediate and implicating it as the C–H
bond-cleaving complex (see Figure 1). Mössbauer spectra
revealed the presence of two high-spin Fe(IV) intermedi-
ates. Their proportions are constant with reaction time,
suggesting that they are in rapid equilibrium. These results
contrast with those of the RKG-dependent hydroxylases,
for which the C–H bond-cleaving state comprises only one
high-spin Fe(IV)–oxo complex. We speculated that the two
intermediates are distinct conformers of the Cl-Fe(IV)–oxo
complex and that the occurrence of two Fe(IV) complexes
prior to C–H bond cleavage may also indicate the presence
of two Fe(III)–OH complexes after H-atom abstraction.
The presence of two conformers might be the key factor
allowing halogenation in preference to the conventional
hydroxylation outcome. Ongoing efforts are directed
toward (i) elucidating the structures of the two conformers
by employing other spectroscopic methods (e.g., X-ray
absorption, resonance Raman, and magnetic circular
dichroism) and (ii) defining the factors that affect the ratio
of the two Fe(IV) complexes by perturbing the reaction
conditions or by using modified substrates.

Exclusive halogenation (rather than hydroxylation) was
also observed in an inorganic non-heme iron complex,
in which the Fe center is coordinated to chloride and
hydroxide.50 The reaction is thought to proceed via
hydrogen atom abstraction followed by rebound of the
coordinated ligand. It was proposed that the preference
for chlorination reflects the lower reduction potential of

chlorine radical (Cl• + e- f Cl-, 1.36 V) relative to
hydroxyl radical (HO• + e- f HO-, 2.02 V).50

The second intermediate observed during the reaction
of the CytC3 halogenase is an Fe(II) complex that is
spectroscopically distinct from the reactant. In analogy
to the hydroxylases, it is presumably a product(s) complex.
The accumulation of two intermediate states in the CytC3
system, the C–H bond-cleaving Fe(IV)–oxo intermediate
and the Fe(II)–product(s) complex, underscores the mecha-
nistic similarity of the RKG-dependent hydroxylases and
halogenases and suggests that halogenation activity may
have evolved from hydroxylation by iron ligand replace-
ment (among other less apparent adaptations). Figure 1
further emphasizes these striking similarities by showing
the kinetics of formation and decay of the Fe(IV)–oxo
complexes in TauD, P4H, and CytC3 with both protium-
and deuterium-containing substrates (left panel) and their
Mössbauer spectra (center and right panels).

Mechanistic Diversity of Presumptive
Fe(IV)–Oxo Intermediates in �-Lactam
Biosyntheses
Nature has exploited the versatility of mononuclear non-
heme iron enzymes in the biosynthetic pathways of a wide
variety of �-lactam antibiotics.17 Isopenicillin N-synthase
(IPNS) is one of the more well-understood mononuclear
non-heme iron enzymes due to the extensive studies by
Baldwin and co-workers. IPNS catalyzes the four-electron
oxidation of δ-(L-R-aminoadipoyl)-L-cysteinyl-D-valine (ACV)
tripeptide to isopenicillin N.51 Elegant biochemical and
crystallographic studies provided convincing evidence that
the reaction proceeds via two successive two-electron
oxidations (Scheme 6).7,52 The first oxidation is thought
to involve cleavage of the CCys,�–H bond by a formally
Fe(III)–superoxo intermediate, followed by formation of
the �-lactam ring, possibly by attack of the valine amidate
on the thioaldehyde. This view is supported by several
lines of evidence. First, the crystal structure of the
IPNS·Fe(II)·ACV complex with NO as a surrogate for
oxygen revealed the O-atom of the NO group to be in the
proximity of the target CCys,�–H bond.53 Second, with the
substrate analogue δ-(L-R-aminoadipoyl)-L-cysteinyl-D-R-
hydroxyvaleryl ester (Scheme 7A), CCys,�–H bond cleavage
but not formation of the �-lactam ring was observed.54

Third, with ACV containing C�-deuterated cysteine as the
substrate, a kinetic isotope effect on kcat/KM (selection
effect) of 1.4 was measured.52

The second oxidation is proposed to involve CVal,�–H
bond cleavage by an Fe(IV)–oxo intermediate. Recombi-
nation of the resultant substrate radical with the coordi-
nated sulfur (formally as the thiyl radical) results in
formation of the thiazolidine ring of the substrate (Scheme
6). This sequence of events, i.e., cleavage of the CVal,�–H
bond by the Fe(IV)–oxo intermediate followed by transfer
of a coordinated ligand other than the hydroxide, is
analogous to that envisaged for the halogenases.

Scheme 4. Hydroxylation versus Halogenation Rebound Reactions

Scheme 5. Reaction Catalyzed by the Halogenase CytC3
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Although none of the proposed intermediates has been
directly detected, there is convincing evidence of the
intermediacy of a �-valinyl radical from studies of sub-
strate analogues (Scheme 7). For example, formation of
the [6.2.0] (Scheme 7B) ring system in the reaction of IPNS
with the cyclopropane-containing substrate provides evi-
dence that supports generation of a cyclopropylcarbinyl
radical, lending credence to the proposed H-atom ab-
straction by the Fe(IV)–oxo intermediate.55

Substrate analogues in which the D-valine residue is
modified provided further insight into the reactivity of the
presumptive Fe(IV)–oxo intermediate in IPNS. Of particu-
lar interest are conversion of the thioether of the D-S-
methylcysteine-containing analogue to the sulfone56 and
oxidation of the olefinic D-allylglycine- and D-vinylglycine-
containing substrates to yield desaturated and oxygenated
bicyclic products (Scheme 7C–E).57,58 Isotopic labeling
studies demonstrated that the O-atom incorporated into

the hydroxylated bicyclo[5.2.0] product of the D-allylgly-
cine-containing substrate is derived from dioxygen (Scheme
7D).59

Clavaminate synthase (CAS) from Streptomyces cla-
vuligerus performs three two-electron oxidation reactions
in the biosynthesis of clavulanic acid: hydroxylation,
oxidative ring closure, and dehydrogenation (Scheme
8).60–65 The hydroxylation reaction is believed to proceed
via the canonical mechanism involving H-atom abstrac-
tion by the Fe(IV)–oxo intermediate, followed by hydroxyl
radical rebound. It has been proposed that a different
mode of reactivity of the Fe(III)–OH/substrate radical state
yields the second and third reactions.17,66 For the dehy-
drogenation reaction, the Fe(III)–OH intermediate could
abstract a second H-atom from the substrate radical,
yielding a hexacoordinate Fe(II)–OH2 complex and the
olefinic product.67 Similarly, the cyclization reaction could
proceedbysuccessiveH-atomabstractionsbytheFe(IV)–oxo

Scheme 6. Proposed Mechanism of IPNS

Scheme 7. Alternative Reactions of the Proposed Fe(IV)–Oxo Intermediate in IPNS
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and Fe(III)–OH intermediates (the latter from the hydroxyl
group of the substrate) and a radical coupling step.17 It
has been proposed that subtleties in the structures of the
CAS·intermediate complexes favor the proposed second
H-abstraction steps over other possible pathways for
decay of the Fe(III)–OH/substrate radical states (e.g.,
oxygen rebound).

Deacetoxycephalosporin C synthase (DAOCS) from S.
clavuligerus is an Fe(II)-containing RKG-dependant oxi-
dase that catalyzes expansion of the five-membered
thiazolidine ring of penicillin N to the six-membered
dihydrothiazine ring of cephalosporins (Scheme 9).68 It
is believed that ring expansion is initiated by abstraction
of hydrogen from the C2-methyl substituent by a ferryl
species. This primary alkyl substrate radical then converts
to the more stable tertiary radical in the ring expansion.
The intermediacy of an episulfide species, with radical
character localized on the sulfur, was proposed for this
transformation.69 Subsequent abstraction of the second
hydrogen from C3 of the substrate, perhaps carried out
by an Fe(III)–OH species, results in the formation of the
endocyclic double bond and generation of the cepha-
losporin nucleus.70–73 The delicate balance of desaturation
and hydroxylation pathways observed in CAS can also be
observed in DAOCS upon use of the [3-2H]penicillin N
substrate, in which the hydrogen target of the second
abstraction is substituted with deuterium.73 In this case,
hydroxylation of the six-membered ring occurs, presum-
ably by recombination of the more stable tertiary radical
with the hydroxyl radical from the Fe(III)–OH intermediate.

Carbapenem synthase (CarC) from Pectobacterium
carotovorum is a bifunctional RKG-dependent enzyme
that epimerizes the unactivated C5 position of its (3S,5S)-
carbapenam-3-carboxylate substrate and installs a double
bond between C2 and C3, resulting in the formation of
the carbapenem binucleus (Scheme 10).17 Isotopic label-
ing studies by Townsend and co-workers showed that the

C5-bound hydrogen is exchanged during the CarC-
catalyzed epimerization.74 The epimerization consumes
RKG, despite the fact that the substrate is not oxidized in
the transformation.75 The resulting (3S,5R)-carbapenam-
3-carboxylate is converted to (5R)-carbapenem-3-carboxy-
late by the same enzyme.75 Computational studies sug-
gested that the reaction is initiated by abstraction of the
hydrogen atom of C5, presumably by the Fe(IV)–oxo
intermediate generated by decarboxylation of RKG.76 The
Fe(III)–OH intermediate may serve as the source of the
hydrogen atom in the formation of the (3S,5R)-carba-
penam-3-carboxylate intermediate and regenerate the
Fe(IV)–oxo complex.17 The Fe(IV)–oxo intermediate may
then abstract the H-atom from C3, forming a stabilized,
captodative C3 radical. Subsequent desaturation across
the C2–C3 linkage via H-atom abstraction from C2 by the
Fe(III)–OH species would be directly analogous to the
mechanisms proposed for DAOCS and CAS.17

Summary and Outlook
The first examples of non-heme Fe(IV)–oxo enzyme
intermediates have recently been detected in several RKG-
dependent oxygenases. In each case, a large 2H-KIE on
the decay of the intermediate has established that it is
the C–H bond-cleaving complex. The spectroscopic pa-
rameters of the Fe(IV)–oxo complexes observed in hy-
droxylases TauD and P4H are almost identical, suggesting
a conserved mechanism for substrate hydroxylation. The
presence of two Fe(IV)–oxo complexes, which are appar-
ently in rapid equilibrium and are presumably different

Scheme 8. Reaction Catalyzed by CAS

Scheme 9. Reaction Catalyzed by DAOCS

Scheme 10. Reaction Catalyzed by CarC
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conformers, in CytC3 may be relevant to the divergent
reactivity of the halogenases. Ongoing efforts are aimed
at elucidating the molecular structure of the Fe(IV)
complexes by a combination of spectroscopic and com-
putational methods. We anticipate that further insight into
the factors that determine the outcome of the oxidations
catalyzed by high-valent Fe–oxo intermediates may be
obtained from studies of other mononuclear non-heme
enzymes (e.g., enzymes involved in the biosyntheses of
�-lactam antibiotics) for which alternative reaction path-
ways have been proposed.

This work conducted in our laboratories and described herein
was supported by the National Institutes of Health (Grant GM-
69657 to J.M.B. and C.K. and Grants GM-20011 and GM-49338
to C.T.W.), the donors of the American Chemical Society Petroleum
Research Fund (Grant ACS-PRF 41170-G3 to C.K.), the Arnold and
Mabel Beckman Foundation (Young Investigator Award to C.K.),
and the Dreyfus Foundation (Camille Dreyfus Teacher Scholar
Award to C.K.). D.G.F. is supported by the Damon Runyon Cancer
Research Foundation Postdoctoral Fellowship (DRG-1893-05).

References
(1) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L., Jr. Dioxygen

Activation at Mononuclear Nonheme Iron Active Sites: Enzymes,
Models, and Intermediates. Chem. Rev. 2004, 104, 939–986.

(2) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee,
S.-K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; Zhou, J.
Geometric and Electronic Structure/Function Correlations in Non-
Heme Iron Enzymes. Chem. Rev. 2000, 100, 235–349.

(3) Hausinger, R. P. Fe(II)/R-ketoglutarate-dependent hydroxylases and
related enzymes. Crit. Rev. Biochem. Mol. Biol. 2004, 39, 21–68.

(4) Vaillancourt, F. H.; Yeh, E.; Vosburg, D. A.; Garneau-Tsodikova, S.;
Walsh, C. T. Nature’s Inventory of Halogenation Catalysts: Oxida-
tive Strategies Predominate. Chem. Rev. 2006, 106, 3364–3378.

(5) Fitzpatrick, P. F. Mechanism of Aromatic Amino Acid Hydroxylation.
Biochemistry 2003, 42, 14083–14091.

(6) Rocklin, A. M.; Tierney, D. L.; Kofman, V.; Brunhuber, N. M. W.;
Hoffman, B. M.; Christoffersen, R. E.; Reich, N. O.; Lipscomb, J. D.;
Que, L., Jr. Role of the nonheme Fe(II) center in the biosynthesis
of the plant hormone ethylene. Proc. Natl. Acad. Sci. U.S.A. 1999,
96, 7905–7909.

(7) Baldwin, J. E.; Bradley, M. Isopenicillin N synthase: Mechanistic
studies. Chem. Rev. 1990, 90, 1079–1088.

(8) Neidig, M. L.; Decker, A.; Choroba, O. W.; Huang, F.; Kavana, M.;
Moran, G. R.; Spencer, J. B.; Solomon, E. I. Spectroscopic and
electronic structure studies of aromatic electrophilic attack and
hydrogen-atom abstraction by non-heme iron enzymes. Proc. Natl.
Acad. Sci. U.S.A. 2006, 103, 12966–12973.

(9) Koehntop, K. D.; Emerson, J. P.; Que, L., Jr. The 2-His-1-carboxylate
facial triad: A versatile platform for dioxygen activation by mono-
nuclear non-heme iron(II) enzymes. J. Biol. Inorg. Chem. 2005, 10,
87–93.

(10) Groves, J. T. Key elements of the chemistry of cytochrome P-450.
The oxygen rebound mechanism. J. Chem. Educ. 1985, 62, 928–
931.

(11) Rohde, J.-U.; In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski,
M. R.; Stubna, A.; Münck, E.; Nam, W.; Que, L., Jr. Crystallographic
and Spectroscopic Characterization of a Nonheme Fe(IV)dO com-
plex. Science 2003, 299, 1037–1039.

(12) Lim, M. H.; Rohde, J.-U.; Stubna, A.; Bukowski, M. R.; Costas, M.;
Ho, R. Y. N.; Münck, E.; Nam, W.; Que, L., Jr. An FeIVdO complex
of a tetradentate tripodal nonheme ligand. Proc. Natl. Acad. Sci.
U.S.A. 2003, 100, 3665–3670.

(13) Tiago de Oliveira, F.; Chanda, A.; Banerjee, D.; Shan, X.; Mondal,
S.; Que, L., Jr.; Bominaar, E. L.; Münck, E.; Collins, T. J. Chemical
and Spectroscopic Evidence for an FeV-Oxo Complex. Science
2007, 315, 835–838.

(14) Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X.; Münck, E.; Que,
L., Jr.; Bakac, A. Aqueous FeIVdO: Spectroscopic identification and
oxo-group exchange. Angew. Chem., Int. Ed. 2005, 44, 6871–6874.

(15) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna,
A.; Kim, J.; Münck, E.; Nam, W.; Que, L., Jr. Nonheme FeIVO
Complexes That Can Oxidize the C-H Bonds of Cyclohexane at
Room Temperature. J. Am. Chem. Soc. 2004, 126, 472–473.

(16) Johnson-Winters, K.; Purpero, V. M.; Kavana, M.; Nelson, T.; Moran,
G. R. (4-Hydroxyphenyl)pyruvate Dioxygenase from Streptomyces
avermitilis: The Basis for Ordered Substrate Addition. Biochemistry
2003, 42, 2072–2080.

(17) Kershaw, N. J.; Caines, M. E. C.; Sleeman, M. C.; Schofield, C. J.
The enzymology of clavam and carbapenem biosynthesis. Chem.
Commun. 2005, 4251–4263.

(18) Kivirikko, K. I.; Myllyharju, J. Prolyl 4-hydroxylases and their protein
disulfide isomerase subunit. Matrix Biol. 1998, 16, 357–368.

(19) Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Salic,
A.; Asara, J. M.; Lane, W. S.; Kaelin, W. G., Jr. HIFR targeted for
VHL-mediated destruction by proline hydroxylation: Implications
for O2 sensing. Science 2001, 292, 464–468.

(20) Jaakkola, P.; Mole, D. R.; Tian, Y.-M.; Wilson, M. I.; Gielbert, J.;
Gaskell, S. J.; von Kriegsheim, A.; Hebestreit, H. F.; Mukherji, M.;
Schofield, C. J.; Maxwell, P. H.; Pugh, C. W.; Ratcliffe, P. J.
Targeting of HIFR to the von Hippel-Lindau ubiquitylation complex
by O2-regulated prolyl hydroxylation. Science 2001, 292, 468–472.

(21) Epstein, A. C. R.; Gleadle, J. M.; McNeill, L. A.; Hewitson, K. S.;
O’Rourke, J.; Mole, D. R.; Mukherji, M.; Metzen, E.; Wilson, M. I.;
Dhanda, A.; Tian, Y.-M.; Masson, N.; Hamilton, D. L.; Jaakkola, P.;
Barstead, R.; Hodgkin, J.; Maxwell, P. H.; Pugh, C. W.; Schofield,
C. J.; Ratcliffe, P. J. C. elegans EGL-9 and mammalian homologs
define a family of dioxygenases that regulate HIF by prolyl
hydroxylation. Cell 2001, 107, 43–54.

(22) Bruick, R. K.; McKnight, S. L. A conserved family of prolyl-4-
hydroxylases that modify HIF. Science 2001, 294, 1337–1340.

(23) Hirota, K.; Semenza, G. L. Regulation of hypoxia-inducible factor
1 by prolyl and asparaginyl hydroxylases. Biochem. Biophys. Res.
Commun. 2005, 338, 610–616.

(24) Duncan, T.; Trewick, S. C.; Koivisto, P.; Bates, P. A.; Lindahl, T.;
Sedgwick, B. Reversal of DNA alkylation damage by two human
dioxygenases. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 16660–16665.

(25) Falnes, P. Ø.; Johansen, R. F.; Seeberg, E. AlkB-mediated oxidative
demethylation reverses DNA damage in Escherichia coli. Nature
2002, 419, 178–182.

(26) Tsukada, Y.-i.; Fang, J.; Erdjument-Bromage, H.; Warren, M. E.;
Borchers, C. H.; Tempst, P.; Zhang, Y. Histone demethylation by a
family of JmjC domain-containing proteins. Nature 2006, 439, 811–
816.

(27) Cloos, P. A. C.; Christensen, J.; Agger, K.; Maiolica, A.; Rappsilber,
J.; Antal, T.; Hansen, K. H.; Helin, K. The putative oncogene GASC1
demethylates tri- and dimethylated lysine 9 on histone H3. Nature
2006, 442, 307–311.

(28) Klose, R. J.; Yamane, K.; Bae, Y.; Zhang, D.; Erdjument-Bromage,
H.; Tempst, P.; Wong, J.; Zhang, Y. The transcriptional repressor
JHDM3A demethylates trimethyl histone H3 lysine 9 and lysine
36. Nature 2006, 442, 312–316.

(29) Hanauske-Abel, H. M.; Günzler, V. A stereochemical concept for
the catalytic mechanism of prolylhydroxylase. Applicability to
classification and design of inhibitors. J. Theor. Biol. 1982, 94, 421–
455.

(30) Bollinger, J. M., Jr.; Price, J. C.; Hoffart, L. M.; Barr, E. W.; Krebs,
C. Mechanism of Oxygen Activation by Taurine: R-Ketoglutarate
Dioxygenase (TauD) from Escherichia coli. Eur. J. Inorg. Chem.
2005, 2005, 4245–4254.

(31) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M., Jr.; Krebs, C.
The First Direct Characterization of a High-Valent Iron Intermediate
in the Reaction of an R-Ketoglutarate-Dependent Dioxygenase: A
High-Spin Fe(IV) Complex in Taurine/R-Ketoglutarate Dioxygenase
(TauD) from Escherichia coli. Biochemistry 2003, 42, 7497–7508.

(32) Krebs, C.; Price, J. C.; Baldwin, J.; Saleh, L.; Green, M. T.; Bollinger,
J. M., Jr. Rapid Freeze-Quench 57Fe Mössbauer Spectroscopy:
Monitoring Changes of an Iron-Containing Active Site during a
Biochemical Reaction. Inorg. Chem. 2005, 44, 742–757.

(33) Price, J. C.; Barr, E. W.; Glass, T. E.; Krebs, C.; Bollinger, J. M., Jr.
Evidence for Hydrogen Abstraction from C1 of Taurine by the High-
Spin Fe(IV) Intermediate Detected during Oxygen Activation by
Taurine:R-Ketoglutarate Dioxygenase (TauD). J. Am. Chem. Soc.
2003, 125, 13008–13009.

(34) Bollinger, J. M., Jr.; Krebs, C. Stalking intermediates in oxygen
activation by iron enzymes: Motivation and method. J. Inorg.
Biochem. 2006, 100, 586–605.

(35) Proshlyakov, D. A.; Henshaw, T. F.; Monterosso, G. R.; Ryle, M. J.;
Hausinger, R. P. Direct Detection of Oxygen Intermediates in the
Non-Heme Fe Enzyme Taurine/R-Ketoglutarate Dioxygenase.
J. Am. Chem. Soc. 2004, 126, 1022–1023.

Non-Heme Fe(IV)–Oxo Intermediates Krebs et al.

VOL. 40, NO. 7, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 491



(36) Riggs-Gelasco, P. J.; Price, J. C.; Guyer, R. B.; Brehm, J. H.; Barr,
E. W.; Bollinger, J. M., Jr.; Krebs, C. EXAFS Spectroscopic Evidence
for an FedO Unit in the Fe(IV) Intermediate Observed during
Oxygen Activation by Taurine:R-Ketoglutarate Dioxygenase. J. Am.
Chem. Soc. 2004, 126, 8108–8109.

(37) Sinnecker, S.; Svensen, N.; Barr, E. W.; Ye, S.; Bollinger, J. M., Jr.;
Neese, F.; Krebs, C. Spectroscopic and Computational Evaluation
of the Structure of the High-Spin Fe(IV)-Oxo Intermediates in
Taurine:R-Ketoglutarate Dioxygenase from Escherichia coli and its
His99Ala Ligand Variant. J. Am. Chem. Soc. 2007, 129, 6168–6179.

(38) Price, J. C.; Barr, E. W.; Hoffart, L. M.; Krebs, C.; Bollinger, J. M.,
Jr. Kinetic Dissection of the Catalytic Mechanism of Taurine:R-
Ketoglutarate Dioxygenase (TauD) from Escherichia coli. Biochem-
istry 2005, 44, 8138–8147.

(39) Eriksson, M.; Myllyharju, J.; Tu, H.; Hellman, M.; Kivirikko, K. I.
Evidence for 4-hydroxyproline in viral proteins. Characterization
of a viral prolyl 4-hydroxylase and its peptide substrates. J. Biol.
Chem. 1999, 274, 22131–22134.

(40) Hoffart, L. M.; Barr, E. W.; Guyer, R. B.; Bollinger, J. M., Jr.; Krebs,
C. A Unified Mechanism for the R-Ketoglutarate-Dependent Di-
oxygenases: Evidence for a C-H-Cleaving Fe(IV) Complex in Prolyl-
4-Hydroxylase. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 14738–
14743.

(41) Thornburg, L. D.; Lai, M. T.; Wishnok, J. S.; Stubbe, J. A non-heme
iron protein with heme tendencies: An investigation of the sub-
strate specificity of thymine hydroxylase. Biochemistry 1993, 32,
14023–14033.

(42) Thornburg, L. D.; Stubbe, J. Mechanism-based inactivation of
thymine hydroxylase, an R-ketoglutarate-dependent dioxygenase,
by 5-ethynyluracil. Biochemistry 1993, 32, 14034–14042.

(43) Lai, M.-t.; Wu, W.; Stubbe, J. Characterization of a Novel, Stable
Norcaradiene Adduct Resulting from the Inactivation of Thymine
Hydroxylase by 5-Ethynyluracil. J. Am. Chem. Soc. 1995, 117, 5023–
5030.

(44) Vaillancourt, F. H.; Yin, J.; Walsh, C. T. SyrB2 in syringomycin E
biosynthesis is a nonheme FeII R-ketoglutarate- and O2-dependent
halogenase. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 10111–10116.

(45) Vaillancourt, F. H.; Yeh, E.; Vosburg, D. A.; O’Connor, S. E.; Walsh,
C. T. Cryptic chlorination by a non-haem iron enzyme during
cyclopropyl amino acid biosynthesis. Nature 2005, 436, 1191–1194.
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