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Abstract General knowledge of dioxygen-activating
mononuclear non-heme iron(II) enzymes containing a 2-
His-1-carboxylate facial triad has significantly expanded
in the last few years, due in large part to the extensive
library of crystal structures that is now available. The
common structural motif utilized by this enzyme
superfamily acts as a platform upon which a wide
assortment of substrate transformations are catalyzed.
The facial triad binds a divalent metal ion at the active
site, which leaves the opposite face of the octahedron
available to coordinate a variety of exogenous ligands.
The binding of substrate activates the metal center for
attack by dioxygen, which is subsequently converted to a
high-valent iron intermediate, a formidable oxidizing
species. Herein, we summarize crystallographic and
mechanistic features of this metalloenzyme superfamily,
which has enabled the proposal of a common but flexible
pathway for dioxygen activation.

Keywords a-Ketoglutarate dependent enzymes Æ
2-His-1-carboxylate facial triad Æ Extradiol-cleaving
catechol dioxygenases Æ Pterin-dependent
hydroxylases Æ Rieske dioxygenases

Abbreviations a-KG: a-Ketoglutarate Æ 2,3-CTD:
Catechol 2,3-dioxygenase Æ 4,5-PCD: Protocatechuate
4,5-dioxygenase Æ A1: Deoxyguanidinoprocla-
vaminate Æ ACCO: 1-Aminocyclopropane-1-carboxylic
acid oxidase Æ ACV: d-(L-a-Aminoadipoyl)-L-cysteinyl-
D-valine Æ ANS: Anthocyanidin synthase Æ AtsK:
Alkylsulfatase Æ BH4: 6(R)-L-erythro-5,6,7,8-
Tetrahydrobiopterin Æ BphC: 2,3-Dihydroxybiphenyl
1,2-dioxygenase Æ CarC: Carbapenem synthase Æ CAS:
Clavaminate synthase Æ DAOCS: Deacetoxycepha-

losporin C synthase Æ DFT: Density functional
theory Æ DHBD: Synonymous with BphC Æ DHBP: 2,3-
Dihydroxybiphenyl Æ EXAFS: Extended X-ray
absorption fine structure Æ FIH-1: Factor-inhibiting
hypoxia-inducible factor-1 Æ HGO: Homogentisate 1,2-
dioxygenase Æ HPCD: Homoprotocatechuate 2,3-
dioxygenase Æ HPPD: 4-Hydroxyphenylpyruvate
dioxygenase Æ IPNS: Isopenicillin N synthase Æ LigAB:
Synonymous with 4,5-PCD Æ MCD: Magnetic circular
dichroism Æ MndD: MnII-dependent HPCD Æ MPC:
Metapyrocatechase (synonymous with 2,3-CTD) Æ
NDO: Naphthalene 1,2-dioxygenase Æ PCV:
Proclavaminate Æ PheOH: Phenylalanine hydroxylase Æ
TauD: Taurine/a-KG dioxygenase Æ THA: 3-(2-
Thienyl)-L-alanine Æ TrpOH: Tryptophan hydroxylase Æ
TyrOH: Tyrosine hydroxylase

Introduction

Nature typically employs metal centers within enzymes
to activate molecular oxygen, carrying out crucial
transformations involved in metabolism, mammalian
physiology, and biodegradation processes [1–9]. A spe-
cific subset of these enzymes consists of those having
mononuclear non-heme iron(II) active sites that catalyze
a wide variety of reactions, including the hydroxylation
of aliphatic C–H bonds, the epoxidation of C–C double
bonds, the cis-dihydroxylation of arene double bonds,
heterocyclic ring formation, and oxidative aromatic ring
cleavage. These reactions appear to represent a range of
substrate transformations that is even broader than that
associated with oxidative heme enzymes [10].

Crystallographic data on this superfamily of enzymes
(Table 1) accumulated only within the past 10 years [11–
20] have established the occurrence of a common
structural motif that binds the divalent iron center,
coined the 2-His-1-carboxylate facial triad [21, 22]. This
motif consists of three endogenous protein ligands ar-
ranged at the vertices of one triangular face of an
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octahedron, which anchor the iron to the enzyme
(Fig. 1). This three-pronged mode of attachment is in
contrast to that for heme enzymes, which, by their very
nature, must have the four equatorial sites occupied by
the porphyrin. One axial site is then occupied by a
variable amino acid residue that affixes the metal-
loporphyrin in the active site; this leaves only one
coordination site available for an exogenous ligand,
which must be dioxygen or one of its reduced deriva-
tives. On the other hand, the metal centers of the non-
heme iron enzymes have three coordination sites oppo-

site the 2-His-1-carboxylate facial triad available for
binding exogenous ligands such as O2, substrate, and/or
cofactor that provide the protein with the flexibility with
which to tune the reactivity of the iron(II) center.

The 2-His-1-carboxylate facial triad thus serves as a
versatile platform for dioxygen activation. An impres-
sive assortment of substrate transformations is catalyzed
by a diverse collection of mononuclear non-heme ir-
on(II) enzymes with distinct requirements for catalysis.
Accordingly, they have been classified into five families
in Fig. 2. The extradiol-cleaving catechol dioxygenases

Table 1 Crystallographically characterized mononuclear non-heme FeII enzymes containing a 2-His-1-carboxylate facial triad

a-KG a-ketoglutarate, BphC and DHBD 2,3-dihydroxybiphenyl
1,2-dioxygenase, 2,3-CTD catechol 2,3-dioxygenase, MPC meta-
pyrocatechase, HPCD homoprotocatechuate 2,3-dioxygenase,
MndD MnII-dependent HPCD, 4,5-PCD and LigAB protocatech-
uate 4,5-dioxygenase, HGO homogentisate 1,2-dioxygenase, NDO
naphthalene 1,2-dioxygenase, ANS anthocyanidin synthase, AtsK
alkylsulfatase, TauD taurine/a-KG dioxygenase, CarC carbapenem
synthase, CAS clavaminate synthase, DAOCS deacetoxycephalo-
sporin C synthase, FIH-1 factor-inhibiting hypoxia-inducible fac-
tor-1, HPPD 4-hydroxyphenylpyruvate dioxygenase, PheOH
phenylalanine hydroxylase, TrpOH tryptophan hydroxylase, Ty-
rOH tyrosine hydroxylase, IPNS isopenicillin N synthase, ACCO
1-aminocyclopropane-1-carboxylic acid oxidase

aFrom Pseudomonas sp. bFrom Burkholderia sp. cFrom Pseudo-
monas putida. dFrom Brevibacterium fuscum. eMnII-dependent.
fFrom Arthrobacter globiformis. gFrom Sphingomonas paucimobilis.
hFrom Homo sapiens. iFrom Arabidopsis thaliana. jFrom Escheri-
chia coli. kFrom Erwinia carotovora. lFrom Streptomyces clavuli-
gerus. mZnII complex. nFrom Streptomyces sp. oFrom Pseudomonas
fluorescens. pFrom Zea mays. qFrom Rattus norvegicus. rFrom
Streptomyces avermitilis. sFrom Chromobacterium violaceum. tMnII

complex. uFrom Aspergillus nidulans. vFrom Emericella nidulans.
wFrom Petunia hybrida. The PDB files corresponding to the ACCO
structures were not available when this article was published.
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catalyze the aromatic ring cleavage of catechols at the
C–C bond adjacent to the enediol group via a four-
electron oxidation that incorporates both atoms of di-
oxygen into the product [6]. Rieske dioxygenases cata-
lyze the cis-dihydroxylation of an arene double bond in
which NADH serves as the two-electron source; fur-
thermore both atoms of O2 are incorporated into the
substrate, forming a cis-diol product [5]. The third class
represents a remarkably versatile group of enzymes that
require as the electron source a 2-oxoacid cosubstrate,
typically a-ketoglutarate (a-KG), which undergoes oxi-
dative decarboxylation during the reaction. The oxidiz-
ing equivalents produced therefrom can be used to effect
C–H hydroxylation, oxygen-atom transfer, heterocyclic
ring formation, or desaturation reactions [8, 9]. In yet
another class are the aromatic amino acid hydroxylases,
which utilize the tetrahydrobiopterin cofactor (BH4) as
the electron source to hydroxylate the rings of aromatic
amino acid residues; these enzymes are responsible for
the rate-determining step in the formation of the neu-
ronal signaling agents serotonin and the catecholamines
[6, 7]. The last group represents a ‘‘catch-all’’ category
for oxidases that at present includes isopenicillin N
synthase (IPNS) [23], the ethylene-forming enzyme 1-
aminocyclopropane-1-carboxylic acid oxidase (ACCO)
[20, 24–26], and fosfomycin epoxidase [27, 28].

Not surprisingly, extensive primary sequence
homology exists within each family of mononuclear
non-heme iron(II) enzymes containing a 2-His-1-car-
boxylate facial triad (Table 1) [13, 29–35]. However,
these sequence motifs differ among the families, sug-
gesting a convergent evolutionary pattern that has fa-
vored this structural motif. Herein, we summarize

structural features of the active sites from these five
families of dioxygen-activating mononuclear iron en-
zymes that reveal a common but flexible mechanism for
dioxygen activation.

Active site structures

There are currently an astounding number of X-ray
crystal structures available for dioxygen-activating
mononuclear non-heme iron(II) enzymes (more than 125
structures of 30 different enzymes as of January 2005).
These structures, some of which reflect a single enzyme
at different stages of its catalytic cycle, definitively
establish the 2-His-1-carboxylate facial triad as the
common active site motif for all five enzyme families.
The active site of a resting enzyme is exemplified by
the a-KG dependent enzyme deacetoxycephalosporin
C synthase (DAOCS, Fig. 1). On one face of this
octahedral metal center is the 2-His-1-carboxylate triad,
a monoanionic ligand set for binding iron(II), with

Fig. 2 Reactions catalyzed by each of the five families of
mononuclear non-heme iron enzymes containing a 2-His-1-carbox-
ylate facial triad. Dioxygen is labeled to display the fate of each
oxygen atom

Fig. 1 The 2-His-1-carboxylate facial triad exemplified by the
resting state of deacetoxycephalosporin C synthase (DAOCS), an
a-ketoglutarate (a-KG) dependent mononuclear non-heme iron
enzyme (1RXF.pdb)
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three solvent molecules occupying the opposite face.
At this stage, the metal center is unreactive toward
dioxygen.

Examples from each enzyme family shown in Fig. 3
demonstrate that formation of an enzyme–substrate
complex affects the coordination chemistry of the active
site iron. For extradiol dioxygenases (i.e. 2,3-di-
hydroxybiphenyl 1,2-dioxygenase, BphC) and IPNS
(Fig. 3a, c, respectively), their respective substrates bind
directly to the iron(II) center, whereas for the a-KG
dependent enzymes, such as clavaminate synthase
(CAS), the cofactor a-KG coordinates to the metal
center and the substrate is bound in close proximity
(Fig. 3d).1 For the Rieske dioxygenases, such as naph-
thalene dioxygenases (NDO), and the pterin-dependent
hydroxylases, such as phenylalanine hydroxylase, nei-
ther substrate nor cofactor (in the latter case) binds di-
rectly to the metal center (Fig. 3b, e, respectively);
however, in these scenarios the carboxylate of the facial
triad acts as a bidentate ligand. In all five examples

shown in Fig. 3, the iron center becomes five-coordinate
at this stage of catalysis, a conclusion corroborated by
magnetic circuilar dichroism (MCD) studies performed
on a number of these enzymes [1, 3]. Substrate binding
thus primes the iron active site for attack by dioxygen.

A key species in catalysis is the enzyme–substrate–
(cofactor)–O2 complex, and the crystal structure of such
a species should reveal how the reactants are arranged
around the metal center just prior to the initiation of
turnover. To date there are three structures with an end-
on bound NO serving as a surrogate for O2 (Fig. 4),
wherein NO can bind end-on trans to a carboxylate
residue as in BphC (Fig. 4a) [37] and IPNS (Fig. 4b) [14]
or trans to a histidine residue as in CAS (Fig. 4c) [38].
There is a structure of only one O2 adduct available
(Fig. 5), showing a side-on O2 for NDO poised to attack
the target double bond on indole [18]. These structures
suggest that the 2-His-1-carboxylate facial triad provides
the metal center with the flexibility to bind dioxygen in a
number of modes, depending on the type of reaction to
be catalyzed. This is a feature that distinguishes these
non-heme iron enzymes from their heme counterparts
and may account for the greater range of oxidative
transformations that are catalyzed by this enzyme
superfamily.

Fig. 3 Mononuclear non-heme
iron enzymes containing a 2-
His-1-carboxylate facial triad
that have been crystallized in a
state that is poised for attack by
O2. Representative members
from each enzyme family
include a the extradiol-cleaving
catechol dioxygenase 2,3-
dihydroxybiphenyl 1,2-
dioxygenase (BphC–DHBP), b
the Rieske dioxygenase
naphthalene 1,2-dioxygenase
(NDO–naphthalene), c
isopenicillin N synthase (IPNS–
ACV), d the a-KG dependent
enzyme clavaminate synthase
(CAS–a-KG–PCV), and e the
pterin-dependent hydroxylase
phenylalanine hydroxylase
(PheOH–BH4–THA)

1A notable exception to this generalization is the case of DAOCS in
which a-KG and penicillin were found in recent structures of
respective binary complexes to bind in overlapping regions of the
active site; it would thus appear that a ternary DAOCS–a-KG–
penicillin complex could not form [36].
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Mechanistic implications

Figure 6 shows a generalized mechanism for dioxygen-
activating mononuclear non-heme iron(II) enzymes
containing a 2-His-1-carboxylate motif based on the
growing structural database for this superfamily and
corresponding spectroscopic [1, 3] and computational
[39–42] studies. The starting point is the iron(II) center
of the resting enzyme that is coordinated to the facial
triad on one face of its octahedral coordination sphere,
with three readily displaceable ligands (shown as solvent
molecules) on the opposite face (Fig. 6a). As well
established by the MCD studies of Solomon and
coworkers [1, 3] and supported by several crystal struc-
tures, substrate and/or cofactor binding results in the
formation of a five-coordinate iron(II) center (Figs. 3,
6b) that is poised to bind O2. For the extradiol dioxy-
genases, IPNS, and a-KG dependent enzymes, coordi-
nation of an anionic substrate or cofactor to the iron
center is observed. The replacement of a neutral solvent
molecule with an anionic ligand should decrease the

FeIII/FeII reduction/oxidation potential and render the
iron center more susceptible to oxidation by O2. On the
other hand, for the pterin-dependent hydroxylases and
Rieske dioxygenases, neither the substrate nor the elec-
tron donating cofactor coordinates to the metal center;
instead the carboxylate of the facial triad becomes a
bidentate ligand. It would appear that this change is
sufficient to lower the barrier for O2 binding in these
active sites. Despite these differences among the five
enzyme classes, the Fe–O2 adduct in all cases does not
form until the substrate and/or cofactor is present, a
mechanistic strategy that helps to protect an enzyme
from self-inactivation. Regardless of whether it binds
near or directly to the iron(II) center, substrate binding
acts as a trigger to open the sixth coordination site for
O2, thus priming the metal center for attack by dioxygen
[1–3].

The next step in the proposed mechanism involves the
binding of O2 to the metal center (Fig. 6c). The crystal

Fig. 5 The only crystallographically characterized O2 complex of a
mononuclear non-heme iron enzyme containing a 2-His-1-carbox-
ylate facial triad is that of NDO–indole–O2. Note that an aspartate
residue (D205) connects the Rieske [2Fe–2S] center (located in a
neighboring subunit) to the mononuclear iron active site

Fig. 6 A general mechanistic pathway catalyzed by a mononuclear
non-heme iron enzyme containing a 2-His-1-carboxylate facial
triad. a The iron(II) center of the resting form of the enzyme is
anchored to the active site by the 2-His-1-carboxylate facial triad
(depicted by the triangular base); on the opposite face are three
readily displaceable ligands, depicted here as water molecules. b
The addition of substrate displaces the sixth ligand and primes the
metal center for c attack by O2, which is d reduced to the peroxide
oxidation level and e further activated to generate a high-valent
oxidizing species. This intermediate is responsible for transforming
the prime substrate into product, which is released from the active
site, and a the resting form of the active site is subsequently
regenerated. Refer to Figs. 3, 4, and 5 to view the various possible
ligands that can occupy the remaining two coordination sites of the
complexes depicted in b–e

Fig. 4 Mononuclear non-heme
iron enzymes containing a 2-
His-1-carboxylate motif that
have been crystallized in the
presence of a substrate and NO
(an O2 analog) include a BphC
(BphC–DHBP–NO), b IPNS
(IPNS–ACV–NO), and c CAS
(CAS–a-KG–A1–NO)
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structures displayed in Fig. 3 show that the 2-His-1-
carboxylate facial triad can accommodate reaction
schemes with molecular oxygen bound opposite to any
of the three protein residues, suggesting that the identity
of the trans ligand is not crucial for the activation of O2.
Whether the trans ligand may modulate the reactivity of
the bound O2 is an intriguing question that is worth
investigating.

The three adjacent coordination sites available for
exogenous ligand binding opposite the 2-His-1-carbox-
ylate facial triad provide a convenient mechanism for
juxtaposing dioxygen and its initial target, either the
substrate itself or the cosubstrate, such that they are in
the proper orientation to react. This juxtaposition is
nicely illustrated in the crystal structure of the enzyme
complex IPNS–d-(L-a-aminoadipoyl)-L-cysteinyl-D-va-
line (ACV)–NO (Fig. 4b), where the oxygen atom of the
O2 surrogate NO is equidistant from the valine nitrogen
and the cysteinyl b-carbon of the substrate ACV, from
which two hydrogen atoms are abstracted and between
which a bond forms. This mechanistic feature is also
utilized by extradiol dioxygenases (Fig. 4a) and a-KG
dependent enzymes (Fig. 4c), thereby providing a con-
venient mechanism for O2 reduction by substrate or
cofactor. Although neither substrate nor cofactor binds
to the iron center of the pterin-dependent hydroxylases,
BH4 is close enough to the iron center to form an iron–
O2–pterin intermediate, which is analogous to the
intermediates proposed for extradiol dioxygenases,
IPNS, and a-KG dependent enzymes. In the case of the
Rieske dioxygenases, it is proposed that O2 binding to
the iron(II) center is followed immediately by electron
transfer from the nearby reduced Rieske [2Fe–2S] cluster
to generate an FeIII(g2–O2) species [18]. This species is
the only dioxygen-bound intermediate in the superfam-
ily to be crystallographically observed thus far (Fig. 5).
Whatever the mechanistic details, O2 is reduced to the
peroxide oxidation level (Fig. 6d) at this stage of the
mechanism in all enzyme classes.

O–O bond cleavage occurs in the next step of the
mechanistic pathway. For the extradiol and Rieske di-
oxygenases, substrate oxidation may occur either di-
rectly from the peroxo intermediate or via prior cleavage
of the O–O bond to form a high-valent intermediate.
Independent density functional theory (DFT) calcula-
tions support one scenario or the other for the extradiol-
cleaving dioxygenases [39, 41], but direct mechanistic
evidence is lacking. For the Rieske dioxygenases, DFT
calculations favor direct attack by the iron(III)-side-on-
peroxo species owing to the high energy calculated for
the putative HO–FeV=O intermediate [40], a species
that is related to the active species in related OsO4,
RuO4, and MnO4

� systems known to effect cis-dihydr-
oxylation of olefins [43–45]. However, there is some
experimental evidence in favor of prior O–O bond
cleavage to form an oxoiron(V) oxidant. It has been
reported that 18O from H2

18O is incorporated into the
indanol product formed by the hydroxylation of indane
by toluene dioxygenases [5]; this observation requires an

oxidant capable of 18O exchange with water. So the
involvement of high-valent iron-oxo species is uncertain
in these two enzyme classes.

On the other hand, oxoiron(IV) intermediates are
implicated from substrate analogue studies for IPNS
[13], a-KG dependent enzymes [8], and pterin-dependent
hydroxylases [7] (Fig. 6e) as the species responsible for
attacking the prime substrate and transforming it into
product. Direct evidence for a high-valent iron inter-
mediate has recently been obtained for the a-KG
dependent enzyme taurine/a-KG dioxygenases (TauD).
A high-spin oxoiron(IV) center with a UV absorption
near 320 nm has been trapped in the reaction of the
TauD–a-KG–taurine complex with O2 and character-
ized by Mössbauer (DEQ=�0.88 mm/s and
d=0.31 mm/s) [46], resonance Raman
(mFe=O=821 cm�1) [47], and extended X-ray absorption
fine structure (rFe=O=1.62 Å) [48] techniques. Fur-
thermore, the rate of decay of this intermediate is
strongly retarded by deuterium isotope substitution of
the target C–H bond (kinetic isotope effect approxi-
mately 28–50) [49]. Thus, by extension, the oxoiron(IV)
species is postulated to be the oxidant in many of the
diverse transformations carried out by this superfamily
of enzymes.

The properties of the oxoiron(IV) intermediate of
TauD can be compared with those of synthetic oxo-
iron(IV) complexes that have been characterized within
the same time frame [50–55], including one that has been
characterized crystallographically [50]. Interestingly, the
TauD intermediate shares similar mFe=O and rFe=O

values with the model complexes, but the TauD inter-
mediate is high-spin iron(IV), while all the synthetic
complexes are low-spin. DFT studies suggest that the
ground-state bonding properties of the Fe=O bond
should not be greatly affected by spin state [56], in
agreement with the experimental results, but more work
needs to be done to uncover subtleties that may affect
the reactivity of the oxoiron(IV) center.

Perspective

Over the past few years the number of structurally
characterized enzymes containing an iron center bound
by the 2-His-1-carboxylate facial triad has grown dra-
matically. Members of this superfamily of enzymes
continue to be found throughout aerobic life and are
responsible for carrying out an impressive array of
transformations that require dioxygen activation. The
observation of Fe–O2 [18] and FeIV=O [46] intermedi-
ates for two of these enzymes, coupled with corre-
sponding advances in trapping synthetic intermediates
[2], represent a significant step forward toward under-
standing the mechanisms of dioxygen activation by this
superfamily. However, for almost all of the 2-His-1-
carboxylate iron enzymes, the nature of the oxidizing
species remains unproven and, in some cases, enigmatic
at best. As studies of these enzymes progress, we expect
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to see common threads in the mechanisms for dioxygen
activation. Undoubtedly, these mechanistic insights will
help define how one of nature’s recurring metal binding
motifs is able to promote dioxygen activation for a
variety of reactions.

References

1. Solomon EI, Brunold TC, Davis MI, Kemsley JN, Lee S-K,
Lehnert N, Neese F, Skulan AJ, Yang Y-S, Zhou J (2000)
Chem Rev 100:235–349

2. Costas M, Mehn MP, Jensen MP, Que L Jr (2004) Chem Rev
104:939–986

3. Solomon EI, Decker A, Lehnert N (2003) Proc Natl Acad Sci
USA 100:3589–3594

4. Bugg TDH (2003) Tetrahedron 59:7075–7101
5. Wackett LP (2002) Enzyme Microb Tech 31:577–587
6. Vaillancourt FH, Bolin JT, Eltis LD (2004) In: Ramos J-L (ed)

Pseudomonas. Kluwer/Plenum, New York, pp 359–395
7. Fitzpatrick PF (2003) Biochemistry 42:14083–14091
8. Hausinger RP (2004) Crit Rev Biochem Mol Biol 39:21–68
9. Schofield CJ, Zhang Z (1999) Curr Opin Struct Biol 9:722–731

10. Sono M, Roach MP, Coulter ED, Dawson JH (1996) Chem
Rev 96:2841–2887

11. Han S, Eltis LD, Timmis KN, Muchmore SW, Bolin JT (1995)
Science 270:976–980

12. Senda T, Sugiyama K, Narita H, Yamamoto T, Kimbara K,
Fukuda M, Sato M, Yano K, Mitsui Y (1996) J Mol Biol
255:735–752
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