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1. Introduction
Aerobic life on our planet relies on the use of

molecular oxygen for energy as well as for biosyn-
thesis of important biological compounds in metabolic
pathways. Thermodynamically reactions of organic
molecules with O2 are highly favorable with release
of a significant amount of energy. However, due to
the spin mismatch between ground-state oxygen
(triplet) and most organic substrates (singlet), the
kinetic reactivity of 3O2 is sluggish. This fact serves
an important role in protecting organisms from
burning up in air. In a clever design, nature has
evolved enzymes to activate molecular oxygen (3O2)
for selective and desirable oxidation processes, over-
coming deleterious reactions of O2 that would lead
to oxidative damage. Because transition metals are
capable of overcoming the kinetic barriers imposed
by spin restrictions,1 it is not surprising that most
oxygen activating enzymes are metalloenzymes.

The different general classes of biochemical reac-
tions with oxygen or its derivatives (superoxide and

hydrogen peroxide) that involve metalloproteins are
summarized in Table 1. The four-electron reduction
of dioxygen to water represents the major source of
energy for aerobic organisms.2 Monooxygenases are
distinguished from dioxygenases in that a single
oxygen atom is utilized in the product while both
oxygen atoms end up in the product of dioxygenases.
Exceptions are oxygenases that utilize a specific
cofactor (or a second substrate, designated in Table
1 as R′H), which is also hydroxylated. We favor the
classification of these as intermolecular dioxygenases
to distinguish them from both monooxygenases and
intramolecular dioxygenases. The latter class utilizes
only one substrate in addition to oxygen, and hence
both oxygen atoms from O2 are incorporated into one
product. From a mechanistic standpoint, however,
not all hydroxylases operate via activation of dioxy-
gen. Some such as lipoxygenases and intradiol di-
oxygenases activate the substrate toward attack by
triplet oxygen. The relationship between the choice
of metal ligands and mode of enzymatic activation
(oxygen versus substrate) will be highlighted through-
out this review.

Because iron is the fourth most abundant element
in the earth’s crust, it is not surprising that most
hydroxylases are iron dependent. The use of iron was
known to ancient civilizations, and its benefits are
even singled out in a major scripture: “...And we sent
down the iron, wherein there is strength, and many
benefits for the people.” [Quran 57:25]3

While much attention has been given in recent
years to studying heme enzymes that activate dioxy-
gen (cytochrome P450 and cytochrome c oxidase, for
example),4,5 a large number of non-heme iron en-
zymes are known to catalyze a wide range of reac-
tions with molecular oxygen. Several reviews on
mononuclear non-heme iron enzymes have appeared
in the literature recently, focusing on structures,6
spectroscopic and computational methods,7,8 physical
methods, and biomimetic modeling.9 In this review,
we present and analyze results obtained in the past
6 years from primary sequences, structure-function
relationships, and chemical kinetics and mecha-
nisms, dealing with mononuclear non-heme iron
inter- and intramolecular dioxygenases. The review
is divided into three sections with a major focus on
the pterin-dependent aromatic amino acid hydroxyl-
ases, followed by comparisons with other three
substrate hydroxylases, and ending with a discussion
of intramolecular dioxygenases. Comments are added
wherever appropriate to tie in and emphasize mecha-
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nistic information that is pertinent to the enzyme’s
function and selectivity. An attempt was made to be
comprehensive; thus, any omission is entirely the
fault of the authors and is inadvertent.

2. Aromatic Amino Acid Hydroxylases:
Pterin-Dependent Enzymes

Oxidation of an aromatic ring is of importance in
both chemistry and biology. In addition to cytochrome
P-450,4,10 flavoprotein hydroxylases,11a toluene mono-
oxygenase,11b and phenol hydroxylases11c that cata-
lyze the oxidation of aromatic substrates, a family of
pterin-dependent intermolecular dioxygenases is
known to catalyze the hydroxylation of aromatic rings
of amino acids. This small group of enzymes includes
phenylalanine hydroxylase (PAH), tyrosine hydrox-

ylase (TH), and tryptophan hydroxylase (TPH). The
three closely related enzymes are known as the
aromatic amino acid hydroxylases (AAAHs). In con-
trast to flavoproteins, the reduced tetrahydropterin
(PH4) cofactor is not tightly bound to the active site
and is allowed to bind and dissociate like a substrate.
Phenylalanine hydroxylase catalyzes the rate-deter-
mining step in the catabolism of phenylalanine, that
is, the hydroxylation of phenylalanine to tyrosine
(Scheme 1). Tyrosine hydroxylase catalyzes the oxi-
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Table 1. Summary of Metalloenzymatic Reactions
with Dioxygen Species (O2, O2•

-, and H2O2)

class function

transport M + O2 a M(O2) or M(O)2
oxidase O2 + 4e- + 4H+ f 2H2O
superoxide dismutase

(SOD)
2O2

•- + 2H+ f H2O2 + O2

peroxidase H2O2 + RH f R(OH) + H2O
catalase 2H2O2 f O2 + 2H2O
monooxygenase O2 + RH + 2e- + 2H+ f

R(OH) + H2O
dioxygenase

(a) intramolecular O2 + RH f R(OH)2/R(OOH)
(b) intermolecular O2 + RH + R′H f R(OH) + R′(OH)

Scheme 1. Reaction of Phenylalanine Hydroxylase
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dation of tyrosine to 3,4-dihydroxyphenylalanine (L-
Dopa) (eq 1), which is the initial step in the biosyn-
thesis of catecholamine neurotransmitters. Tryptophan
hydroxylase catalyzes the formation of 5-hydrox-
ytryptophan (eq 2), a precursor to serotonin. As
shown in Scheme 1 and eqs 1 and 2, the initial pterin
product from the catalyzed reactions is 4a-hydroxy-
pterin, which dehydrates readily in solution to give
the quinonoid dihydropterin.12-15 The latter is re-
cycled to tetrahydropterin with NAD(P)H by the
action of dihydropteridine reductase (DHPR), Scheme
1.16

Phenylalanine is present primarily in the liver.
Deleterious mutations in PAH resulting in insuf-
ficient PAH activity lead to phenylketonuria (PKU),
a developmental disorder typified by severe, progres-
sive mental retardation.17 In PKU patients, phenyl-
alanine accumulates in the blood and starts serving
as a substrate for tyrosine amine transfer (TAT)
affording the neurotoxin phenylpyruvate (Scheme 2).
Tyrosine and tryptophan hydroxylase are found
primarily in the central and peripheral nervous
system.18 Dysfunction of these enzymes results in
severe neurological and psychological disorders.19

Other pterin-dependent oxygenases include an-
thranilate hydroxylase,20 mandelate hydroxylase,21

and glyceryl-ether hydroxylase22 (eqs 3-5). Unlike
most other pterin-dependent enzymes, glyceryl-ether
hydroxylase catalyzes aliphatic hydroxylation, as
opposed to a more common for this class of enzymes
aromatic hydroxylation. Little research and struc-
tural studies have been done on these three enzymes,
and, therefore, they will not be discussed further.
However, the AAAHs are known to share many
structural and catalytic properties. They were ex-
haustively reviewed in 1996,23 and more specific
reviews have appeared subsequently.24-28 Major ad-
vances seen in the past 6 years can be attributed to
the availability of high-resolution structures and
improvements in recombinant protein expression
systems. The latter is key for mechanistic, biophysi-
cal, and spectroscopic studies.

The eukaryotic AAAHs are homotetrameric with
each subunit of approximately 52 kDa consisting of
three functional domains: an N-terminal regulatory
domain, a catalytic domain that contains the active
residues and the iron ligands (2 His and 1 Glu), and
a C-terminal tetramerization domain.24 The regula-
tory domain spans about the first 120 amino acids
and the tetramerization domain the last 40 amino
acids. PAH forms a dimer when only 13 residues of
the tetramerization C-terminal domain are re-

Scheme 2. Normal Metabolic Pathway for Phenylalanine versus PKU Pathway Induced by Malfunction of
PAH

Reaction Mechanisms of Non-Heme Iron Oxygenases Chemical Reviews, 2005, Vol. 105, No. 6 2229



tained.29 In addition to eukaryotic PAH, several
prokaryotic genes have been identified and deposited
in the Genbank (vide infra). The structure of bacterial
PAH from Chromobacterium violaceum has been
solved,30 and the enzyme has been studied in some
detail.31,32 The analogous PAH from Pseudomonos
aeruginosa, however, has received less attention.33

In contrast, tyrosine and tryptophan hydroxylase
occur only in eukaryotes.

The remainder of this section is broken up into
several subareas that detail (1) primary structures,
amino acid sequence homology, and evolutionary
relationships among the AAAHs; (2) structural com-
parisons and their relevance to function and stability;
(3) regulatory properties; (4) kinetics and mecha-
nisms; and (5) effects of second coordination sphere
residues in the active pocket.

2.1. Primary Structures and Evolutionary
Relationships

The tetrahydropterin-dependent aromatic amino
acid hydroxylases are an example of divergent evolu-
tion in which an ancestral gene, possibly prokaryotic
PAH, was vertically transferred to eukaryotic cells.
PAH has been cloned from both prokaryotes and
eukaryotes, whereas TH and TPH seem to be strictly
eukaryotic enzymes. Interestingly, to date, there are
many amino acid sequences coding eukaryotic PAH
that have been deposited on NCBI, whereas there are
only about seven prokaryotic sequences. Although the
genomes of many bacterial species have been found
to include putative PAH genes, in this review we will
focus only on published amino acid sequences of PAH,
TH, and TPH. In humans and most vertebrates, PAH
is present in the liver where it is a necessary enzyme
for the catabolism of excess phenylalanine. On the
other hand, TH is largely found in the adrenal glands
and the central nervous system where it is involved
in the biosynthesis of catecholamines, whereas TPH
is largely found in the brain and is involved in the
biosynthesis of serotonin.

To examine the evolutionary relationships between
these three related enzymes, a phylogenetic tree,
based on amino acid sequences, was constructed
using the Neighbor-Joining method with bootstrap
values (Figure 1), and in addition phylogenetic trees
were constructed with maximum parsimony. Node
support for these trees was evaluated with the
bootstrap method and was performed for 1000 rep-
licates. From this tree, it is evident that there are
two main clusters, one containing bacterial PAH
sequences and the other cluster containing eukaryotic
PAH, TH, and TPH sequences. The genetic distances
between the bacterial PAH sequences and those of
the eukaryotic PAH and TH are similar, indicating
that both of these eukaryotic enzymes probably
evolved simultaneously from the prokaryotic PAH
gene. However, this does not exclude yet another
possibility that the prokaryotic PAH and the eukary-
otic PAH and TH genes evolved from a common
prokaryotic “ancestral” gene independently. The TPH
gene, on the other hand, shows the largest genetic
distance, indicating that it was most likely the last
gene to evolve from either the bacterial PAH or the

“ancestral” gene. On the basis of the bootstrap values,
it can be concluded that the prokaryotic branch of
PAH forms a cluster (bootstrap value of 100) that is
divergent from the eukaryotic PAH, TH, and TPH.
In eukaryotes, the largest genetic distance is between
TPH and TH. The subcluster separating the TPH
from the PAH (in eukaryotes) has a lower value (82)
than the cluster separating both TPH and PAH from
the TH cluster (100).

An alignment of just the eukaryotic hydroxylases
shows very high identity in the carboxyl-terminal
regions of the proteins of 80%. This strongly con-
served part in the amino acid sequences corresponds
to the region of the catalytically active 36-kDa
proteolytic fragment of phenylalanine hydroxylase.24

In contrast, at the amino-terminal regions the iden-
tity is only about 13%. The sequence heterogeneity
observed at the amino-terminal region between the
three proteins reflects the different regulatory speci-
ficities of the three enzymes (see Regulatory Proper-
ties section). When comparing the global alignment
of bacterial PAH, eukaryotic PAH, TH, and TPH,
there is absolute conservation of a few amino acids.
Using the human numbering system for PAH, these
residues are Trp187, Ala202, Cys203, Pro225, Gly239,
Phe254, Ala259 Phe263, Arg270, Pro281, Asp282,
His285, His290, Ala300, Gly307, Leu321, Glu330,
Gly332, Gly344, and Tyr386. The importance of these
residues cannot be underestimated, because they
have been so highly conserved through prokaryotic
to eukaryotic evolution. Indeed, many of these resi-
dues are absolutely required for activity. For ex-
ample, the residues His285, His290, and Glu330 are
required in the first coordination sphere of the iron,
while Phe254 has been implicated in cofactor and
substrate binding at the active site of PAH.29 This
strict residue conservation clearly indicates that
phenylalanine, tyrosine, and tryptophan hydroxyl-
ases stem from a common ancestor, possibly a bacte-
rial PAH gene. However, the amino-terminal se-
quences constituting the regulatory domains could
have been acquired at a later stage in the enzymes’
evolutionary divergence or simply had less selective
pressure to stay the same.

2.2. Structural Comparisons
The mammalian forms of the AAAHs are structur-

ally and functionally similar. All three, PAH, TH, and
TPH, contain oligomerization, regulatory, and cata-
lytic domains. The mammalian AAAHs have 65%
sequence identity overall, and 80% sequence identity
at the catalytic domain. Unlike the monomeric
prokaryotic PAH, the mammalian AAAHs are ex-
pressed as dimers or tetramers, which are in equi-
librium. Although the last 20 years have produced a
plethora of information regarding the hydroxylation
mechanism, a detailed hydroxylation mechanism is
still elusive. The recent improvements in recombi-
nant DNA technology, which have resulted in better
expression of oligomeric proteins, thereby producing
larger quantities of biologically active starting mate-
rial for biophysical studies, have aided our under-
standing of the molecular events occurring within the
active site of AAAHs. Another important tool that has
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aided in elucidating the mechanism of mononuclear
non-heme iron hydroxylases is the advent of large
throughput computers capable of running thousands
of structural simulations. We present herein a com-
prehensive comparison of the available structures for
the three AAAHs using data produced over the past
6 years. The data summarized here have shed some
light on the interactions between the iron-cofactor,
iron-substrate, and the stabilization of the cofactor
and substrate at the catalytic core.

Eukaryotic PAH is a 204-217 kDa homotetramer
composed of two dimers related by a 2-fold symmetry
axis.34,35 Each monomeric unit is composed of three
domains: an N-terminal regulatory domain contain-
ing the first 142 amino acids, a 309 amino acid
catalytic domain, and a 20-23 amino acid C-terminal
domain consisting of two â-strands and a 40 Å long
R-helix, which is key in determining the oligomeric
state of the enzyme.

Most mammalian PAH structures in the protein
data bank are truncated versions of the native form
that showcase the catalytic core with particular

emphasis on probing the local environment near the
non-heme iron center.35-39 The majority of these
structures were cocrystallized with catecholamines
bound at the active site, to investigate the mechanism
of catecholamine inhibition previously observed for
the AAAHs.23,40 The last 6 years have produced
solution (NMR) and solid-state structures of mam-
malian and bacterial PAH.30,41,42 Unlike previous
structures, the current structures show direct contact
between cofactor or substrate and amino acid resi-
dues in the first and second coordination sphere of
iron, as well as large structural changes associated
with substrate binding. Another novel approach in
the study of PAH is the use of X-ray absorption
spectroscopy to observe substrate/cofactor-induced
changes in the active site coordination sphere.43

Furthermore, molecular docking analysis has cor-
roborated crystallographic results and has shed some
light on the molecular basis for catecholamine inhibi-
tion.44

The catalytic core of all AAAHs contains roughly
220 amino acids of which only 63 are conserved over

Figure 1. Phylogenetic tree of PAH, TH, and TPH from amino acid sequences available on NCBI.
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hPAH (human), rTH (rat), and cPAH (Chromobac-
terium violaceum). While only 20 (of the 63) catalytic
core amino acids are strictly conserved across all
known AAAHs, comparison of the catalytic core in
cPAH and human PAH shows that both enzymes
adopt an R/â fold in a basket-like arrangement
despite a modest 35% sequence identity between
cPAH and human PAH. The active site of human and
chromobacterium violaceum PAH has a non-heme
iron atom nested in a R-helix “basket-like” groove 13
Å × 13 Å wide and 10 Å deep. The iron atom in hPAH
is coordinated to six ligands in an octahedral geom-
etry (Figure 2A).36 The iron in all AAAHs is solvent
exposed, which explains why three of the ligands (in
mammalian PAH) are water molecules; the other
three ligands are endogeneous residues (His290,
His285, and Glu330; hPAH numbering). In human
PAH, Glu330 coordinates in a monodentate fashion.
In cPAH, however, the iron features a bidentate Glu
and two water ligands, maintaining a six-coordinate
iron like its human counterpart (Figure 2B). Thus,
the bacterial enzyme does differ from the human
form in that the equatorial ligand, Glu184, acts as a
bidentate ligand leaving only two coordination sites
for water ligands instead of three found in the human
enzyme (Figure 2).30

The hydroxylation of aromatic amino acids is
dependent on the binding of the substrates and
cofactor at the active site. The binding of cofactor
induces conformation changes at the pterin-binding
loop (hPAH and cPAH) region, bringing this portion
of the enzyme closer to the iron atom. Pterin binding
is stabilized by residues in the second coordination
sphere (Figure 3). Interactions between cofactor and
second coordination sphere residues are observed in
the binary complexes of the human (hPAH-Fe(III)‚
7,8-dihydro-L-biopterin) and the bacterial PAH (cPAH-
Fe(III)‚7,8-dihydro-L-biopterin). Superposition of the

human and bacterial binary complexes shows similar
cofactor-binding locations. In hPAH, atoms N2, N1,
N8, and O10 on the pterin molecule make important
contacts with Gly247, Leu249 (main chain N), Leu249
(main chain carbonyl), and Ala322, respectively.29 N8
and N3 also interact with two water molecules at the
active site. Glu286 in hPAH has been shown to be
important in orienting the pterin cofactor.45 In the
binary complex, hPAH-Fe(III)‚7,8-dihydro-L-biopter-
in, Glu286 is positioned 4.4 Å away from the iron and
forms a hydrogen bond with one water molecule
ligated to the iron and another hydrogen bond with
another water molecule that is ligated to N3 of the
pterin ring. This type of interaction is conserved in
cPAH. In the binary complex, cPAH-Fe(III)‚7,8-
dihydro-L-biopterin, the corresponding Asp139 makes
three contacts with water molecules at the pterin
binding site. The water molecules act as bridging
molecules that connect Asp139 with the amine moi-
ety, N3 and O4 of the pterin ring. Tyr179 (Tyr325 in
hPAH) stabilizes cofactor binding by interacting with
a water molecule that is coordinated to pterin. This
same interaction is also seen in the human binary
complex; in the latter, the water molecule is one of
the three iron ligands. Recent kinetic studies have
shown that this conserved Tyr is critical for enzy-
matic activity (vide infra).46 Both binary complexes
show an essential π-stacking interaction between the
cofactor and a conserved Phe (Phe107 in cPAH,
Phe254 in hPAH). Variations in pterin binding at the
pterin-binding loop are a result of inherent amino
acid differences in cPAH and hPAH. Another interac-
tion seen in the bacterial binary complex but missing
in the human structure is the salt bridge formed by
Glu280 and Arg158, which is hypothesized to be
critical for stability.

Erlandsen and co-workers were the first to report
a structure for an apo AAAH.30 In addition to apo

Figure 2. Active sites of (A) hPAH, (B) cPAH, (C) rTH, and (D) hTPH. Non-heme iron atom coordinated in a common
2His-1Glu “facial triad” and water molecules (red spheres in all except TH, where the waters are shown as red cylinders).
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cPAH, they also crystallized holo cPAH and holo
cPAH with 7,8-dihydro-L-biopterin. Comparison of
the apo and metalated structures shows a preformed
protein scaffold that only needs minor active-site
displacements at Glu184 and His143 to accommodate
iron.

A ternary crystal structure of PAH bound to pterin
and L-Phe is not available yet mainly due to the
disruption of the crystal lattice upon substrate ex-
posure.41 Nevertheless, Andersen and co-workers
have solved the molecular structure of a ternary
complex of the catalytic domain of hPAH with tetra-
hydrobiopterin and substrate analogues 3-(2-thienyl)-
L-alanine (THA) and L-norleucine (NLE), which is
consistent with the ternary solution structure ob-
tained in the Martinez laboratory by NMR.41,42,47

Recent structural data support previous results that
show the substrate and cofactor bind via an induced
fit mechanism evident by the relatively large struc-
tural changes observed in the ternary complex PAH-
Fe(III)‚THA(or NLE)‚BH4. L-Phe binding has been
shown to shift the tetramer/dimer equilibrium in the
full length enzyme toward the tetrameric form, which
suggests that the structural changes observed in the
crystal structure are long range and not just limited
to the catalytic domain.48 The binding of L-Phe at the
active site changes the coordination of Glu330 to the
iron atom from monodentate (before addition of
L-Phe) to bidentate. The most significant change is
that of Tyr138, which moves from a surface position
to a buried position near the active site accounting
for a maximum displacement of 20.7 Å. Large struc-
tural displacements, however, were not observed in
the solution structure. Interactions between the
substrate analogue NLE and amino acid residues at
the second coordination sphere included hydrogen
bonds between NLE and Thr278, Arg270, and Ser349.

These interactions are also seen in the solution
structure. In addition, two water molecules, in the
second coordination sphere, form hydrogen-bond
bridges with substrate and Gly346, Glu353, and
Tyr277. The structures reported by Andersen are
ambiguous about the fate of the three water mol-
ecules that coordinate to the iron. X-ray absorption
spectroscopic investigations of wild-type hPAH bound
to L-Phe and the cofactor analogue 5-deaza-6-meth-
yltetrahydropterin (5-deaza-6-MPH4), carried out by
Wasinger and colleagues, resolve this ambiguity by
showing a coordination change at the Fe(II) site.43

The iron is converted from a six-coordinate distorted
octahedral geometry to a five-coordinate square
pyramidal structure upon incorporation of the sub-
strate. The change in coordination number has been
attributed to the displacement of a water ligand.

Tyrosine hydroxylase (TH) is expressed in mam-
malian tissues as a tetramer. Crystal structures of
the enzyme’s catalytic domain, with and without
cofactor, are available. Consistent with other eukary-
otic AAAHs, each monomer is characterized by an
N-terminal regulatory domain, a catalytic core, and
a small tetramerization domain at the C-termini.
Goodwill and co-workers have solved the crystal
structure of the catalytic core and tetramerization
domains of rat TH with the cofactor analogue 7,8-
dihydrobiopterin (BH2) bound at the active site.49

Their structure is the first to show a close interaction
between pterin and iron at the active site. At 2.3 Å
of resolution, the rat TH catalytic core is structurally
homologous to hPAH. Differences in substrate rec-
ognition between TH and PAH have been attributed
to relative changes in amino acid composition at
positions 264, 277, and 379 of hPAH.50 The crystal
structure of rat TH is a truncated form comprised of
the catalytic core in a basket-like arrangement of

Figure 3. Stabilizing interactions between the pterin cofactor (BH4) and second coordination sphere residues in human
PAH.
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helices and loops, and a tetramerization domain
composed of two short â-strands that connect to a 40
Å long R-helix. In rTH, the iron atom is nested in a
17 Å cleft lined mostly by aliphatic residues. Found
exactly 10 Å within the active site nest, the iron
coordinates in a square pyramidal geometry with four
equatorial ligands (His336, Glu376, and two waters)
and one axial ligand (His331) (Figure 2C). Human
PAH, in contrast, contains three waters coordinated
to the iron. It was hypothesized that the third water
in rTH is blocked off by the positioning of Glu376.
The active site cleft is lined with mostly hydrophobic
amino acid residues that are conserved across all
AAAHs. Of specific interest are Phe300, Phe 309, and
Pro327, which have been shown to play an important
role in pterin-binding. Site-directed mutagenesis
analysis of Phe300 and Phe309 revealed that these
residues are important for enzymatic activity. Their
substitution resulted in a decrease in the production
of L-DOPA.51 Similar to Phe254 in hPAH, Phe300 (in
rat TH) also forms π-stacking interactions with the
two heterocyclic cofactor rings. The pterin and Phe
benzene rings are about 3.5 Å apart and 10° from
being parallel. The crystal structure of the binary
complex rTH-Fe(III)‚7,8BH2 shows hydrogen bonding
between ring atoms in the pterin analogue and active
site residues. Leu295, Glu376, and Tyr371 are all
within 3.3 Å of the pterin analogue heterocyclic rings
and bond to N8, and C4 carbonyl, respectively. The
C4 carbonyl is involved in two H-bonding interac-
tions. The first is with the iron ligand Glu376, and
the second is with Tyr371. The hydroxyl groups on
the tail of the pterin analogue are involved in three
additional hydrogen bonds with the main chain
amides of Leu294 and Leu295 and a water molecule.

Although a crystal structure of a ternary complex
TH-Fe‚BH4‚L-Tyr is still unavailable, mutagenesis
studies have exposed active site residues that are
important for L-Tyr binding.50,52 Glu326, Glu332, and
Asp328 are located within the hydrophobic active site
cleft. Site-specific mutagenesis of these residues
resulted in an increase in KTyr of up to 400-fold.

Tryptophan hydroxylase (TPH) is expressed in low
quantities in the neurons; recombinant expression of
the enzyme in prokaryotic and eukaryotic organisms
has been extremely challenging as the recombinant
form of the enzyme is expressed as insoluble inclusion
bodies, making it difficult to obtain enough starting
material for crystallization. Prior to the elucidation
of the crystal structure, information about TPH was
obtained mainly from mutagenesis studies, kinetic
characterization of substrate and cofactor analogues,
NMR spectroscopy, and homology-based molecular
modeling.53,54 In 2002, Wang and co-workers were
able to obtain the first crystal structure of a doubly
truncated version of human TPH with oxidized
cofactor 7,8-BH2 and ferric iron at a resolution of 1.7
Å.55 The overall structure of the monomeric TPH is
very similar to PAH and TH, and the catalytic core
was also very consistent with those of PAH, TH, and
Chromobacterium violaceum PAH. The active site of
hTPH is nearly 9 Å deep and 10 Å wide, slightly
smaller than that of human and rat TH.29,49 Directly
adjacent to the active site is a 12 Å long and 7 Å deep

channel believed to be the binding site of L-Trp.54 The
active site channel is lined by two loops. Similar
portal-like loops are also seen in TH, although the
conformations of these loop regions vary among the
three AAAHs. At the active site, we see the usual
ligands bound to the iron atom (Figure 2D). The six-
coordinate iron adopts an octahedral geometry, as in
hPAH, with three ligands coming from the active site
residues (His272, His277, and Glu317) and the other
three coming from water molecules.

Pterin binding in hTPH has been studied by NMR
spectroscopy using different pterin analogues.54,56

Crystallographic studies of holo hTPH show that,
although the oxidized cofactor 7,8-BH2 binds in the
same position and with similar orientation as in
hPAH, different interactions between pterin and
second coordination sphere residues have been noted
for hTPH. One difference is that the pterin ring is
sandwiched between Tyr235 and Phe241 forming
π-stacking interactions. Interactions between pterin
and Tyr235/Phe241 were corroborated by NMR.54

Mutagenesis of the Tyr235 results in reduced cata-
lytic activity and an increase in KTrp and KBH4.53 Aside
from the π-stacking interactions, the oxidized cofactor
hydrogen bonds to the backbone carbonyl of Gly234
and Leu236. There are additional hydrogen bonds
formed between the backbone amide of Leu236 and
N1 of BH2. The pterin O4 atom makes two hydrogen
bonds with two iron-liganded water molecules. Fur-
thermore, the carboxylate oxygen atoms in Glu273
form a hydrogen bond to two bridging water mol-
ecules that bind the NH2 and O4 regions of the pterin
ring, while another water molecule hydrogen bonds
to the N3 atom of the pterin ring. Another sequence
variation between hPAH and hTPH is Pro238. The
corresponding residue in hPAH is Ser251, which
hydrogen bonds to the dihydroxypropyl chain of BH4.
In hTPH, Pro238 does not form the same interaction,
which would result in a change in conformation of
the dihydroxypropyl chain. In hTPH, a water mol-
ecule and the backbone carbonyl of Ala309 hydrogen
bond to the dihydroxypropyl groups of BH4.

A partial solution structure of hTPH bound to L-Trp
and BH2 has been solved by Mckinney and co-
workers.54 The structure was docked in to the mod-
eled 3D structure of TPH. The resulting ternary
structure TPH-Fe(III)‚BH2‚L-Trp resembles that of
PAH-Fe(III)‚BH2‚L-Phe. The model shows that L-Trp
and BH2 recognition may be influenced by noncon-
served amino acids Phe313, Tyr235, and Pro238.
Furthermore, the docked structure shows the amino
and carboxyl moieties of L-Trp hydrogen bonding to
Ser336 and Arg257, while the indole side chain lies
in close proximity to Phe313 and Phe318 and π-stacks
with His272. Mutagenesis analysis has revealed the
importance of Phe313, Arg257, and Ser336 in sub-
strate recognition, binding, and structural stabil-
ity.57-60 Phe313, which interacts with L-Trp through
π-stacking interactions, corresponds to Trp326 in
PAH. Site-directed mutagenesis or “conservative
replacement” at these two positions (W326F in hPAH
and F313W in hTPH) affected substrate recognition
by increasing the relative affinities for L-Trp in PAH
and for L-Phe in TPH.
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2.3. Regulatory Properties
Structural analysis of multidomain AAAH reveals

that the enzymes share structural features including
the N-terminal regulatory domain, catalytic core, and
C-terminal tetramerization domain. The catalytic
core is highly homologous in all three hydroxylases,
while the regulatory region seems to be the least
homologous domain. The differences in sequence
homology at the N-terminus lead to differences in
modes of regulation for each of the AAAHs.

The conversion of L-Phe to L-Tyr by phenylalanine
hydroxylase is regulated by cofactor inhibition, sub-
strate incubation, and phosphorylation of Ser16 (for
review of work done prior to 1998, see refs 23-25).
Native holo PAH (with or without BH4 cofactor
bound) is converted from a relatively inactive form
(T state) to an active form (R state) upon L-Phe
binding at an unidentified site in the regulatory
domain. Furthermore, incorporation of L-Phe to the
binary complex PAH-Fe(II)‚BH4 results in sigmoidal
kinetics. Pretreatment of PAH with L-Phe and/or
lysolecithin prior to catalysis stimulates catalytic
activity and abolishes the lag portion of the kinetic
curve, but incubation of PAH with pterin or pterin
analogues prolongs the lag period associated with
L-Tyr formation. Phosphorylation of Ser16 by cAMP-
dependent protein kinase A (PKA) or calmodulin-
dependent protein kinase (CaM-PK) results in up to
4-fold catalytic enhancement and decreases KPhe at
the regulatory site. Phosphorylation causes an in-
crease in total protein volume, which is believed to
facilitate L-Phe binding at the regulatory domain.
Consistent with its inhibitory effects, pterin-incubat-
ed PAH is resistant to phosphorylation. A model for
the regulatory mechanism of PAH has been proposed
(Scheme 3). The following account is focused on the
regulatory properties of PAH, TPH, and TH and
contains results from work done after 1998.

Crystallography and NMR have provided impor-
tant information that related structure to function,
including the elucidation of putative targets for
regulation. Unfortunately, most of these structures
lack the N-terminal regulatory domain. Chehin and
co-workers used spectroscopy to measure the effects
of activation by L-Phe, and phosphorylation on full-
length holo PAH, with an intact N-terminus. They
found global structural changes upon activation of
human PAH by its substrate. Furthermore, phos-
phorylation-mediated activation was shown to cause
changes in secondary structure.61 More recently,
surface plasmon resonance (SPR) and intrinsic fluo-
rescence spectroscopy were used for real time moni-
toring of global conformational changes associated
with the L-Phe-induced R-state transition in PAH.62,63

Furthermore, global conformational changes associ-

ated with substrate/cofactor binding have been char-
acterized by limited proteolysis DSC and far-UV
CD.64 Analysis of the effects of L-Phe on DSC ther-
mograms for hPAH suggests that, contrary to previ-
ous observations, there are no substrate binding sites
at the regulatory domain. Therefore, PAH activation
results from homotropic cooperative binding at the
catalytic domain. Thorolfsson and co-workers have
identified additional regulatory sites at the catalytic
core. Cys237, located at the catalytic domain adjacent
to the tetramerization domain, and Arg68, located in
a loop that is also in close proximity to the oligomer-
ization domain, were found to affect basal activity
and L-Phe affinity.65

The inactive (or T-state) conformation of PAH is
stabilized by cofactor binding.24,39 Molecular docking
of ternary PAH-Fe(III)‚L-Phe‚BH2 complex onto the
crystal structure of rat PAH catalytic domain shows
that Ser251 and Ala322 establish polar and nonpolar
interactions with residues at the regulatory domain
of rat PAH. These residues have been shown to bind
BH2 and, therefore, are believed to play a key role in
stabilizing the T-state of PAH.47

Relative to PAH, the information available on the
regulatory properties of TH and TPH is limited and
perhaps even more ambiguous. What is certain is
that their modes of regulation are different. TH and
TPH are not regulated by their substrate, but do
exhibit product inhibition and inhibition by cat-
echolamines. Furthermore, there are more targets for
phosphorylation in TH, relative to PAH and TPH.
Phosphorylation of TPH and TH is enhanced by 14-
3-3 protein, a neuronal protein which belongs to a
family of peptides involved in signal transduction.66-68

There are four serines in TH (Ser8, 19, 31, and 40)
and two in TPH (Ser58, 260).53 All of the phospho-
rylation sites on TH are either phosphorylated by
cAMP-dependent kinase A (PKA) and/or calmodulin-
dependent protein kinase (CaM-PKII in TH); in
addition, Ser31 has been found to be phosphorylated
by mitogen-activated protein (MAP) kinase. The
kinase responsible for Ser8 phosphorylation remains
elusive. Cam-PKII and PKA target Ser 58 and Ser260
of TPH, although the activation is not as pronounced
as in TH and PAH.53 Unlike TH, definitive data show
that phosphorylation-dependent activation of TPH
takes place at the regulatory site.69

Phosphorylation enhances enzymatic activity by
increasing the rate of inhibitor dissociation. Ramsey
has shown that phosphorylation at Ser40 affects the
rate constant for the dissociation of L-DOPA and
dopamine in TH as well as for other catechols; the
loss in binding affinity after phosphorylation was
accredited to a decrease in enthalpy of interaction.70,71

Recently, two other TH-activating kinases, mitogen
and stress activated protein kinase 1 (MSK1) and p38
regulated/activated kinase (PRAK), have been identi-
fied.72 Human TH was phosphorylated by MSK1 and
PRAK at Ser40 and Ser19, respectively. Phosphoryl-
ation by MSK1 resulted in a decrease in KM for BH4
and an increase in Vmax. On the other hand, phos-
phorylation by PRAK had no effects on Vmax and KM.
Binding of 14-3-3 protein was enhanced by phospho-
rylation, and the presence of this protein inhibited

Scheme 3. Proposed Regulation of Eukaryotic
PAH
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dephosphorylation by up to 82%. Phosphorylation of
Ser19 enhanced the rate of phosphorylation at Ser40
in vitro and in vivo.73 Substitution of Ser40 with
aliphatic amino acids S40V and S40A results in
intermediate levels of activation, but a conservative
mutation at this position does alter the degree of
activation relative to wild type. Surprisingly, S40E
enzyme behaved like the phosphorylated enzyme.74

Low sequence homology at the regulatory domain
of all three eukaryotic aromatic amino acid hydrox-
ylases has been proposed to be an underlying cause
for their different modes of regulation. Information
on PAH is more abundant relative to TH and TPH.
Regulatory studies on PAH have yet to elucidate the
substrate activation site at the regulatory domain.
Despite the recent proliferation of structural data,
there is still a lot of debate about the exact changes
in conformation associated with activation of PAH.
Furthermore, regulatory studies of TH were origi-
nally difficult to interpret because the expression
system yielded inhibitor-bound starting material.70

Less clear is the mechanism of activation in TPH.
Improvements in expression yields of full-length TPH
are perhaps the first step in this challenging en-
deavor.

2.4. Kinetics and Reaction Mechanism(s)

Given the high sequence homology in the catalytic
domain of the AAAHs (vide supra) and structural
similarity,24,30 the assumption is made that they all
share a common catalytic mechanism. As far as
substrate selectivity is concerned, the AAAHs, unlike
cytochrome P450 enzymes, are not promiscuous. The
active site of the AAAHs features a constricted
binding site that does not accommodate just any
organic substrate. However, alternate amino acid
substrates, mainly substituted aromatic amino acids,
are reactive to some extent with each of the AAAHs.25

Tyrosine hydroxylase is capable of hydroxylating
phenylalanine and tryptophan albeit at much slower
rates than the native substrate. Phenylalanine hy-
droxylase can function as a poor tryptophan hydrox-
ylase. In addition to aromatic hydroxylation, PAH
has been shown to effect sulfoxidation and epoxida-
tion of L- and D-methionine and [2,5-H2]phenylalanine,
respectively.33,75 Even though the regulatory domains
of eukaryotic AAAHs are divergent and exhibit

different mechanisms of regulation/activation (vide
supra), they are not responsible for the amino acid
(substrate) specificity of these enzymes. Bacterial
PAH, which lacks a regulatory domain, and a trun-
cated form of the human enzyme that lacks regula-
tion are still unable to react with tyrosine.29,30 Recent
mutagenesis studies on PAH and TH have identified
key amino acids in the active pocket that are poten-
tially responsible for the observed substrate specific-
ity.50 Thus, the catalytic domain is liable for the
absolute substrate specificity in these enzymes. Phos-
phorylation of the regulatory domains in all three
enzymes (PAH, TH, and TPH) and substrate activa-
tion by phenylalanine in PAH induce conformational
changes that affect accessibility to the active site.39,62

The accepted biological pterin cofactor used in the
pterin-dependent enzymes is tetrahydro-L-biopterin
(BH4); other synthetic pterins, however, are effective
and have been employed in vitro.25 6-Methyltetrahy-
dropterin (6MPH4) has been most commonly em-
ployed with eukaryotic enzymes, and 6,7-dimeth-
yltetrahydropterin (DMPH4) is most reactive with
bacterial PAH from Chromobacterium violaceum.31,32

The pyrazine ring of the pterin is not required for
activity; 2,5,6-triamino-4-pyrimidinone, for example,
has been employed successfully with PAH.76 How-
ever, the pyrimidine ring is essential for cofactor
activity.77 Reduced pterin is capable of reducing the
ferric iron in these enzymes to the active ferrous (FeII)
form.78 This reduction has been suggested to be
relevant in vivo as inevitably some of the enzyme
oxidizes to iron(III) and ceases to be a catalyst.
However, little is known about the mechanism of the
active-site iron reduction by BH4; kinetics suggests
a one-electron process involving a trihydrobiopterin
free radical intermediate.78 In the case of bacterial
PAH, dithiothreitol (DTT) can be used to reduce the
iron and as sacrificial reductant under steady-state
conditions to keep the cofactor pterin reduced so the
latter is employed as a cocatalyst.31,32 In contrast,
DTT has been shown to inactivate purified human
PAH.79 The KM values for pterin (PH4) are generally
in the range of 20-60 µM, for the aromatic amino
acid substrates in the range 50-200 µM, and for
dioxygen 60-85 µM. Maximal activity (kcat) spans a
wide range of <1 to >30 s-1. A sample of KM and kcat
values is provided for each of the AAAHs in Table 2.
The reported KM values for each substrate in Table

Table 2. A Sample of Kinetic Constants for a Variety of Aromatic Amino Acid Hydroxylases

KM/µM

enzyme BH4 6MPH4 DMPH4 AA subs.a kcat (Vmax)/s-1 ref

rPAHb 61 170 9 83
hPAHc 29 88 175d 1.2 85
103-424 hPAHe 40 91 8 29
cPAHf 21 17 44 61g 37g 32
rTHh 18 11 1.5 86
102-416 oTPHi 135 177 48j 1.1 14
SmTPHk 7 22l 0.2 81

a AA subs. ) amino acid substrate (L-phenylalanine for phenylalanine hydroxylase, PAH; L-tyrosine for tyrosine hydroxylase,
TH; and L-tryptophan for tryptophan hydroxylase, TPH). b Recombinant hepatic rat liver enzyme activated with lysolecithin and
L-Phe. c Recombinant tetrameric human PAH. d With BH4 as cofactor. e Dimeric hPAH missing the regulatory domain. f Bacterial
PAH from Chromobacterium violaceum. g With DMPH4 as cofactor. h Recombinant rat tyrosine hydroxylase. i Monomeric catalytic
domain of rabbit TPH. j With BH4 as cofactor. k Recombinant TPH from the human parasite Schistosoma mansoni. l The value
reflects S0.5 due to substrate inhibition.
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2 were obtained at saturating concentrations of the
two other substrates. TH and TPH display substrate
inhibition as well as feedback product inhibition.80,81

Mammalian PAH features complex kinetics and
cooperative binding due to allosteric activation by the
amino acid substrate.82,83 Recombinant human PAH
undergoes nonenzymatic deamidation reactions of
labile asparagines. The extent of deamidation de-
pends on the length of induction period during
protein overexpression in E. coli.84 Because the
deamidations affect the catalytic efficiency of the
enzyme and its biophysical properties, it was con-
cluded that the labile amide groups are located in
the catalytic domain of hPAH and suggested that the
deamidation reactions may play a role in catalytic
regulation.

Unambiguous steady-state mechanisms have been
assigned to only two enzymes from the AAAHs, rat
tyrosine hydroxylase (rTH)80 and Chromobacterium
violaceum phenylalanine hydroxylase (cPAH).32 Both
investigations demonstrated a fully ordered ter-bi
sequential mechanism. In other words, catalytic
chemistry ensues only in the presence of all three
substrates (pterin, aromatic amino acid substrate,
and dioxygen) in the enzyme’s active site. In the case
of rTH, the kinetic data were interpreted in favor of
pterin binding first, followed by a rapid equilibrium
binding of O2, and tyrosine binding last. This result
has implicated potential formation of the hydroxyl-
ating species in the absence of substrate, but detec-
tion of oxidizing intermediates in frozen enzyme
samples has not been observed yet for this family of
enzymes. However, the data for the bacterial pheny-
lalanine hydroxylase cPAH were indicative of the
following binding order: pterin, phenylalanine, and
oxygen. The kinetics on cPAH was also consistent
with reversible binding of O2 as the last substrate.
Nevertheless, additional support (spectroscopic or
otherwise) for reversible binding of dioxygen is still
lacking. Recent high-resolution structures of hPAH
with a substrate analogue41 and spectroscopic studies
on the active site iron of rPAH8 corroborate the
binding order elucidated with the bacterial enzyme,
as the most significant geometrical changes on the
iron (from six- to five-coordinate) occur only in the
presence of both the pterin cofactor and the amino
acid substrate. The steady-state mechanisms for TH
need to be reevaluated given the strong similarities
between the enzymes and accumulating evidence in
favor of oxygen binding last.

Kinetic analyses have been carried out on rPAH,
but these have been less decisive possibly due to
complications imposed by both substrate activation
and negative cooperativity of the cofactor BH4.82 A
partial assignment of substrate addition to truncated
rabbit tryptophan hydroxylase (oTPH) with BH4 is
consistent with the order observed for bacterial PAH,
cofactor first, tryptophan second, and oxygen last.87

Even though it is agreed upon for the AAAHs that
catalysis does not commence until all three sub-
strates are present in the active site, the exact nature
of the rate-determining step and consequent molec-
ular mechanism remain unresolved. It is accepted,
however, that formation of the oxidizing intermediate

is rate determining, because deuteration of the
aromatic ring does not display a discernible kinetic
isotope effect. Therefore, substrate oxidation is fast.
18O kinetic isotope effect observed for the second-
order rate constant kcat/KM(O2) of rTH has been
explained in favor of one electron reduction of dioxy-
gen to superoxide as the rate-determining step fol-
lowed by a fast recombination of superoxide and the
pterin radical cation to afford 4a-hydroperoxopterin
(pathway A in Scheme 4).88,89 The latter is reminis-
cent of the reaction characterized for flavoproteins.90

The initial formation of pterin hydroperoxide without
metal participation suggests that a peroxide shunt,
in principle, should be possible with the AAAHs.
However, hydrogen peroxide as well as organic hy-
droperoxides so far has not been successful in effect-
ing aromatic hydroxylations with this family of
enzymes and bypassing the pterin requirement. The
18O kinetic isotope effect is also consistent with an
equilibrium binding of O2 to iron(II) and single
electron transfer from the dioxygen adduct to pterin
(pathway B in Scheme 4).88

Recent crystallographic41 and spectroscopic studies8

show change in the iron(II) geometry from six- to five-
coordinate in PAH upon binding of both pterin and
phenylalanine. This observation indicates the pres-
ence of an open coordination site to accommodate
molecular oxygen given the order of substrate binding
under catalytic conditions involves O2 as the last
substrate to bind. Furthermore, kinetic studies on
bacterial PAH are in agreement with reversible
binding of O2, which would favor metal site coordina-
tion. However, binding of O2 to a hydrophobic site
away from the metal cannot be excluded. Whether
the initial steps of O2 activation involve the metal or
not (pathway A versus B in Scheme 4), it is well
established that substrate hydroxylation in the
AAAHs requires iron. Thus, the metal must be
involved in the hydroxylating species and a pterin
hydroperoxide by itself is not capable of effecting
aromatic oxidation. The agreed upon pathway thus
far, which lacks direct experimental support, is the
formation of a bridging peroxypterin complex with
iron (Scheme 4). This iron(II) peroxypterin complex
presumably undergoes heterolytic bond cleavage to
afford 4a-hydroxypterin (carbinolamine) and iron(IV)
oxo species. The initial formation of 4a-hydroxypterin
prior to dehydration has been demonstrated for all
three AAAHs.25,14,91 Furthermore, a point mutant of
tyrosine hydroxylase was shown to decouple O-O
bond cleavage from tyrosine hydroxylation giving
quantitative yields of 4a-hydroxypterin from 6MPH4
with reduced levels of dihydroxyphenylalanine.58

Also, tryptophan hydroxylase with tyrosine as sub-
strate afforded a larger amount of 4a-hydroxpterin
than DOPA.91,92 These results are consistent with
oxygen-oxygen cleavage taking place in a separate
step from substrate hydroxylation. Enzymatic oxida-
tion by an aromatic amino acid hydroxylase of tet-
rahydropterin to dihydropterin and hydrogen perox-
ide (eq 6) is controversial.25 A metal-independent but
substrate (L-Phe)-dependent pterin oxidase activity
has been claimed for a bacterial phenylalanine hy-
droxylase.31 However, these results have not been
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demonstrated for other enzymes in this family, nor
were they reproducible.93

The proposed chemical mechanism for the AAAHs
is distinctly different from the more established
mechanism of cytochrome P450 enzymes.4,94,95 The
latter involves FeVdO (more precisely, FeIVdO and
porphyrin radical cation), which upon reaction with
substrate regenerates iron(III). In contrast, the iron-
(IV) oxo in the AAAHs oxidizes the substrate to
restore iron(II), which is ready to react with further
oxygen and substrates. The substrate oxidation step
in the AAAHs is also distinct from that proposed for
P450 enzymes, the “oxygen rebound mechanism.”94

Phenylalanine substrates with para substituents,
such as deuterium, chloride, methyl, or bromide, are
catalytically converted by PAH to tyrosine products
in which the para substituent has migrated to the
meta position (Scheme 4).96 This is known as the
“NIH shift” mechanism. To rationalize this observa-
tion, which argues against C-H abstraction, aro-

matic epoxidation has been suggested. A cationic
intermediate is another possibility that is consistent
with a 1,2-hydrogen shift.97 Finally, an inverse
kinetic isotope effect has been observed for TPH with
deuterated substrates.91 The interpretation thereof
was taken in favor of a hybridization change on the
terminal oxo of iron, which is uniform with cationic
electrophilic substitution. Both possibilities are il-
lustrated in Scheme 4.

2.5. Effects of Second Coordination Sphere
Residues

Structural data on the three members of the
aromatic amino acid hydroxylases have identified
extensive similarities in the overall fold, active site
iron, and residues that are critical for cofactor (pterin)
recognition.24,29,41,55 The high level of conservation of
these aspects among PAH, TH, and TPH is striking.
However, structural data have provided subtle dif-
ferences in residues of the active pocket (second
coordination sphere and beyond) and their potential
role in substrate specificity and catalysis. Of course,
structural data provide the starting point for hypoth-
eses and speculations of structure-function relation-
ships to be tested experimentally via biochemical
techniques. The structures themselves do not provide

Scheme 4. Reaction Mechanism for Pterin-Dependent Aromatic Amino Acid Hydroxylasesa

a Pathway A denotes iron-independent initial stages of O2 activation. AAA is short for aromatc amino acid, and X represents isotopically
labeled hydrogen (D or T), CH3, Br, or Cl.
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the end answer to mechanistic issues. Of the many
active site residues identified by crystallography to
be of importance to one extent or another, we will
focus on ones that have been characterized in detail
and have provided insights on what role certain
residues play in defining the enzyme’s function.

All three aromatic amino acid hydroxylases feature
two imidazole and one carboxylate ligand provided
by two histidines and a glutamate residue, respec-
tively. This coordination geometry is ubiquitous, has
been noted in many other non-heme oxygenases, and
has been coined the name “facial triad” by Que.98 It
has been known that mutation of any of the iron’s
three ligands to an alanine is not tolerated and yields
inactive enzyme that is void of iron. A detailed
mutagenesis study has been carried out recently with
TH in which each histidine ligand was mutated
systematically to glutamate and glutamine, and the
glutamate ligand to glutamine and histidine.99 While
some of the mutants retained high affinity to iron
binding, none had enzymatic hydroxylase activity.
This result demonstrates the “plasticity” of the first
coordination shell ligands in these enzymes.99

In human PAH, the pterin cofactor interacts
through several hydrogen bonds with two water
ligands that are coordinated to the iron as well as to
the main chain carbonyl oxygens of residues Gly247,
Leu249, and Ala322.29 This hydrogen-bonding net-
work involves Glu286, which is hydrogen bonded to
one of the water ligands on iron and via a water
molecule to N3 of the pterin cofactor (Figure 3).
Phe254 in the so-called second shell of the iron site
forms a π-stack with the pterin ring. The point
mutants E286A, E286Q, F254A, and F254L have
established the role of Glu286 in proper positioning
of pterin and of Phe254 in proper substrate binding.29

The kinetic parameters of these mutants alongside
those for wt enzyme are presented in Table 3. Glu286
and Phe254 are highly conserved in the AAAHs.

Another highly conserved residue in the second
coordination sphere of catalytic iron is Tyr325 in
hPAH, Tyr371 in rTH, and Tyr179 in baterial cPAH.
This residue is hydrogen-bonded through its hydroxyl
to a water molecule that coordinates to both iron and
pterin (Figure 4).30 A potential catalytic role was
initially suggested for this tyrosine.36 However, the
point mutant Y371F rTH displayed activity identical

to wt rTH, but the mutant showed higher affinity for
phenylalanine (Table 3).100 Thus, its role in the
formation of the hydroxylating intermediate was
dismissed. Site-specific mutations of Tyr179 in bacte-
rial PAH (Y179F and Y179A) have confirmed a
pronounced role of this residue in binding phenyl-
alanine (the substrate) but a secondary effect in the
formation of the hydroxylating species.46 While the
point mutant Y179F exhibited higher affinity for
phenylalanine, the Y179A mutant displayed a 10-fold
increase in KM(Phe) (Table 3). In contrast, the active
site of human PAH is less flexible as the point
mutant Y325A has no detectable aromatic hydrox-
ylase activity and forms aggregates instead of the
expected tetrameric structure.101 The latter under-
scores the importance of Tyr325 in proper folding and
function of the enzyme. Interestingly, mutation of
Tyr325 in hPAH to Phe affords a fully functional
enzyme that, upon further examination by mass
spectrometry (MS/MS), demonstrated selective post-
translational hydroxylation at residue 325 that re-
stores activity.101 The rescue of the Tyr325Phe mu-
tant in hPAH via self-hydroxylation presents a novel
example of oxidative repair on the molecular level.
Other accounts of self-hydroxylation of second coor-
dination sphere residues in non-heme enzymes have
been noted to cause inactivation.102-105

Table 3. Kinetic Constants for Mutants that Involve Second Coordination Sphere Residues of the AAAHs

PH4
a AAA substrateb

enzyme KM/mM Vmax/s-1 KM/mM Vmax/s-1 ref

wt hPAHc 39 (BH4) 5 91 8 29
E286A hPAH 2000 (BH4) 0.007 35 0.005 29
E286Q hPAH 53 (BH4) 0.1 488 0.09 29
F254A hPAH 72 (BH4) 0.6 600 1.4 29
F254L hPAH 163 (BH4) 6 53 8 29
wt rTHd 109 (L-Phe) 1.6 100
Y371F rTH 10 (L-Phe) 1.4 100
wt cPAHe 44 (DMPH4) 36 60 36 46
Y179F cPAH 10 (DMPH4) 2 17 1.3 46
Y179A cPAH 58 (DMPH4) 3 500 3.6 46

a The specific pterin cofactor is shown in parentheses next to the KM value, obtained at saturating concentrations of Phe and
O2. b AAA ) aromatic amino acid, assumed to be L-Phe for PAH, L-Tyr for TH, and L-Trp for TPH, unless specified otherwise in
parentheses next to the KM value, obtained at saturating concentrations of pterin and O2. c Dimer catalytic domain (residues
103-424) of human PAH. d Wild-type rat tyrosine hydroxylase. e Wild-type Chromobacterium violaceum phenylalanine hydroxylase.

Figure 4. Active site of the binary complex of hPAH with
BH2, highlighting the hydrogen bonding of Tyr325.
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Ser395 in the active site of rTH forms a hydrogen
bond to the imidazole nitrogen of His331, an axial
ligand to the active site iron.106 This serine residue
is conserved in all three members of the AAAHs. The
point mutant S395A binds iron and exhibits wild-
type activity with both 6MPH4 and BH4.58 However,
the mutant enzyme produces a lower ratio of product
(DOPA) per oxidized pterin (4a-hydroxypterin) (DOPA/
PH2 ) 0.02) than that observed for wt TH (DOPA/
PH2 ) 0.94). This finding demonstrates that, while
Ser395 does not affect oxygen-oxygen bond cleavage,
it is essential for substrate hydroxylation.

Analysis of the amino acid sequences of PAH and
TH was utilized in an elegant mutagenesis study to
understand the structural basis of how these two
similar enzymes have evolved to discriminate be-
tween two very similar substrates.50 Of the seven
residues in the active site of PAH whose side chains
are different from those in TH, three residues were
identified to be essential for tyrosine hydroxylation,
His264, Tyr277, and Val379 (PAH numbering). The
TH point mutant D425V (equivalent to residue 379
in PAH, which is a Val) afforded an enzyme with an
enhanced affinity for phenylalanine hydroxylation
((V/KPhe)/(V/KTyr) ) 80 000).50 In contrast, the PAH
point mutant V379D did not exhibit TH activity.
However, the double mutation of V379D and H264Q
provided a PAH mutant with some tyrosine hydroxyl-
ase activity (∼1% of that measured for wt TH based
on Vmax). Concurrent with this identification of Asp425
as essential in defining substrate specificity of TH,
the recent structure of the catalytic domain of TPH
suggested Phe313 and Ile366 in determining sub-
strate specificity.55 Phe313 and Ile366 superimpose
with Trp326 and Val379, respectively, in hPAH, and
Trp372 and Asp425, respectively, in TH. 1H NMR
study of the ternary TPH‚BH2‚Trp structure revealed
a ring stacking interaction between Phe313 and the

substrate (tryptophan), demonstrating this residue’s
role in substrate specificity.54 Furthermore, the W326F
PAH mutant increased preference for L-tryptophan,
and the F313W TPH mutant showed an enhanced
preference for L-phenylalanine.54 Interestingly, the
equivalent mutation of W372F in rTH did not show
preference for tryptophan over tyrosine.107

The molecular basis for the observed order of
dioxygen as the last substrate in cPAH appears to
be the change in the iron coordination from six to five,
which has been vindicated by the structure of a
ternary complex with a substrate analogue.41 How-
ever, the discriminating factor between the binding
order of cofactor (PH4) and substrate (L-Phe) appears
to involve a loop in the second coordination sphere
of iron, residues 125-135. Careful comparison of the
structures of cPAH and its binary adduct with pterin
revealed a change in the conformation of this loop
from closed to open, as Tyr130 loses its hydrogen
bond to a water ligand on the iron (Figure 5A and
B).108 Superimposition of the ternary structure of
human PAH suggested that this conformational
change is responsible for opening the binding site for
phenylalanine (Figure 5C). This mechanism consti-
tutes another example of induced-fit where the bind-
ing of the first substrate (pterin cofactor in this case)
creates the binding site for the second substrate
(L-Phe).109

3. Analogous Three Substrate Hydroxylases with
Mononuclear Non-Heme Active Sites

3.1. ACC Oxidase: A Key Plant Enzyme
The gaseous hormone ethylene is involved in many

plant responses and developmental steps. It is in-
volved in leaf and fruit abscission, seed germination,
tissue differentiation, root elongation, formation of

Figure 5. The conformation of loop 125-135 in bacterial cPAH. (A) “Closed” conformation in the absence of any substrates
due to hydrogen bonding of Tyr130 to a water ligand on the iron. (B) “Open” conformation as biopterin forms a hydrogen
bond with the axial water ligand releasing Tyr130. (C) Modeled binding site of substrate analogue 3-(2-thienyl)-L-alanine
(THA) generated from superimposition of the ternary structure of human PAH. Figure created using PDB files 11tv and
1j8t.
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root and shoot primordia, lateral bud development,
fruit ripening, production of volatile organic com-
pounds, and the response of plants to biotic and
abiotic stresses.110 Even though ethylene is vital for
plant survival, an increased level of ethylene pro-
duced in response to various stresses can cause
various deleterious symptoms in plants including the
onset of senescence and inhibition of root growth.111

Because 1-aminocyclopropane-1-carboxylic acid (ACC)
is the precursor of ethylene, there has been immense
interest in agricultural biotechnology to produce
transgenic plants with antisense ACC oxidase genes
as one way of preventing stress ethylene produc-
tion.112 The route to ethylene formation involves
methionine conversion to S-adenosyl-L-methionine
(AdoMet) by the enzyme AdoMet synthetase, and
conversion of the latter to 1-aminocyclopropane-1-
carboxylic acid (ACC) by the pyridoxal-5-phosphate-
dependent enzyme ACC synthase. The final step
relies on the iron-dependent enzyme ACC oxidase
(ACCO) to produce ethylene from ACC and molecular
oxygen (eq 7).

The isolation of ACC oxidase proved difficult, and
it could not be accomplished by conventional bio-
chemical methods. Instead, functional analysis was
performed from a cDNA in yeast resulting in the
identification of the gene.112 Based on the similarity
of the yeast cDNA to flavanone 3-hydroxylase, ACCO
from melon fruits was isolated under conditions that
preserved the enzyme’s activity, which was observed
only after the addition of Fe2+ and ascorbate.113 ACC
oxidase is encoded by small gene families.114 Cur-
rently, there are over 197 depositions of amino acid
sequences of ACCO on NCBI. All of them are from
plants with one that shows ACCO homology from
bacterial species (Rastolnia). An alignment of many
ACCO amino acid sequences shows conservation of
a WGFF motif at the amino-terminus of the protein,
which could possibly be involved in regulation, as well
as an RXS motif, which binds to the terminal car-
boxylate of 2-oxoglutarate (derived from the struc-
tural work on Deacetoxycephalosporin C).

Under normal plant physiological conditions, the
enzyme ACCO is abundant, and the rate of ethylene
formation is determined by the limiting amount of
substrate ACC.115 However, expression of the ACC
oxidase genes has been shown to be differential and
affected by many different factors such as ethylene,
auxin, developmental and tissue-specific factors, ab-
scisic acid, and brassinosteroids.116-123 The in vitro
activity of ACCO has been shown to be strictly
dependent on the exogenous addition of Fe2+, ascor-
bate, and CO2 or bicarbonate.124,125 Initially the
mechanism of ACCO was proposed to involve iron-

mediated oxygen activation with the reduction of
ascorbate producing an iron-bound or diffusible reac-
tive oxygen species (ROS).126 The reactive oxygen
species was proposed to subsequently react with ACC
generating a radical intermediate followed by cyclo-
propyl ring cleavage and ethylene formation.127-129

Even though the generation of the radical intermedi-
ate has been demonstrated, the mechanism has been
called into question by recent studies. Currently,
there are two competing models for the order of
substrate binding, as well as several different sug-
gestions for the roles of bicarbonate, carbon dioxide,
and ascorbate.

In the first model, a random binding mechanism
has been suggested based on steady-state kinetics
and inhibitor studies.130 Either ACC or ascorbate
binds first, dioxygen second, and the remaining
species third (ascorbate or ACC). Ascorbate appeared
to preferentially bind first. Alternatively, an ordered
sequential binding mechanism has been proposed as
well based on steady-state kinetics. ACC binds first
followed by dioxygen.131 The binding order of ascor-
bate could not be clearly distinguished and either
precedes ACC binding or follows dioxygen binding.
The latter model is supported by previous EPR and
ENDOR spectroscopic studies on the nitrosyl adduct
of ACCO, wherein ACC was suggested to coordinate
to iron in a bidentate fashion, through both the
R-amino and the R-carboxylate groups.132 Further-
more, the spectroscopic results were interpreted in
favor of the concurrent binding of ACC and dioxygen
onto the iron center. The bidentate coordination of
ACC is proposed to lower the redox potential for Fe-
(II) and prime it for dioxygen binding. This pattern
of substrate binding before dioxygen limits oxidative
damage to the protein.131 Recently, under single-
turnover conditions, the oxidation of Fe(II) to Fe(III)
was noted by the appearance of an EPR-active
species.133 From this observation, a mechanistic
pathway involving Fe(III)-peroxo and Fe(IV)-oxo
intermediates was postulated.

The role of ascorbate in the production of ethylene
remains unresolved. Thrower et al. proposed that
ascorbate binds away from the Fe(II) center, to active
site residues R244 and S246 (tomato ACCO), which
are part of a conserved jelly roll motif.131 Ascorbate
has also been classified as both a cosubstrate134 and
an effector.133 Furthermore, it was suggested that
ascorbate limits small molecule access to iron. In a
single-turnover experiment, ascorbate was found to
be unnecessary for ethylene production in the pres-
ence of bicarbonate. Ascorbate, however, increases
dramatically the rate of ethylene production and iron
oxidation.133

It was suggested that carbon dioxide or bicarbonate
functions as an activator.134 It is unknown whether
the activating species is carbon dioxide or bicarbon-
ate, and much remains unresolved about its location
of binding. However, it is clear that the presence of
carbon dioxide or bicarbonate is essential for proper
enzyme function. Rocklin et al. proposed that bicar-
bonate binds to the conserved arginine and serine
active-site residues of a jelly roll motif, while others
give evidence for carbon dioxide mediated activation.
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NIR CD and MCD studies have demonstrated that
in the presence of carbon dioxide a five-coordinate
distorted square pyramidal geometry for iron is
adapted only when both ACC and ascorbate are
bound.134 Carbon dioxide was also found to have a
complementary stabilizing role for the ACCO/Fe(II)/
ACC distorted octahedral geometry. In the absence
of carbon dioxide, 30% of the octahedral complex
converts to the square pyramidal form by ACC alone,
priming the complex for dioxygen binding, which
leads to enzyme deactivation possibly via oxidative
damage.

3.2. r-Keto Acid-Dependent Enzymes
One of the most diverse and important groups of

mononuclear non-heme iron hydroxylases is the
R-keto acid-dependent enzymes. They are ubiquitous
and have been isolated from plants, animals, and
microorganisms, where they have been shown to
participate in a plethora of biological processes rang-
ing from DNA and RNA repair, antibiotic synthesis,
to even herbicides. The R-keto acid-dependent en-
zymes include deacetoxycephalosporin C synthase
(DAOCS), 4-hydroxyphenylpyruvate (HPP) dioxyge-
nase, clavaminate synthase (CAS), DNA and RNA
repairing N-demethylase (AlkB), taurine/2-oxoglu-
tyrate dioxygenase (TauD), asparagines hydroxylase,
lysyl hydroxylase, 4-hydroxymandelate synthase, and
prolyl-4-hydroxylase. Because an excellent recent
review article has covered these enzymes extensively,
this section is focused on the recent reports and
mechanistic aspects published over the past 2
years.9a,135

A consensus mechanism has been proposed for
R-keto acid-dependent enzymes (Scheme 5).7,135,136

The initial state of the enzyme contains Fe(II)
coordinated to three water molecules and the 2-His-
1-carboxylate “facial triad” motif. Based on steady-
state kinetics on various R-keto acid-dependent en-
zymes, an ordered binding mechanism was concluded
in which R-keto carboxylate binds the iron first in a
bidentate fashion leading to displacement of two
water molecules from the coordination sphere. Sub-
sequently, molecular oxygen binds iron to afford a
superoxo Fe(III)-O2 intermediate, followed by a series
of redox reactions with the R-keto acid cofactor. The
outcome is CO2 liberation and formation of the
carboxylic acid byproduct concomitant with the gen-
eration of Fe(IV) oxo, the proposed hydroxylating
species.

In two recent exciting developments, further evi-
dence for the involvement of a high-valent iron oxo
intermediate has been presented for the TauD en-
zyme. The first study employed oxygen-isotope dif-
ference resonance Raman spectroscopy, under cryo-
genic continuous flow conditions.137 The high-valent
iron intermediate featured an absorption maximum
near 318 nm, and its resonance Raman spectrum
displayed vibrations in the range 750-850 cm-1

exhibiting an (16O/18O) isotope shift of 26-40 cm-1.
Although vibrations near 800 cm-1 could be assigned
to a peroxo stretching mode (νO-O), the observed
isotopic shifts were not consistent with such an
assignment. Thus, the observed peaks at 821 and 787
cm-1 were assigned to an iron oxo stretch (νFedO).

In the second investigation, a large kinetic isotope
effect (kH/kD ≈ 35) has been measured for the decay
of the 318 nm intermediate of TauD. This finding
demonstrated the involvement of the 318 nm inter-
mediate in C-H(D) abstraction from taurine (the
substrate) and corroborated the assignment of Fe-
(IV)dO.138 Direct evidence for the ferryl formulation
was provided by freeze-quench X-ray absorption
spectroscopy. A tight Fe-O bond length of 1.62 Å was
detected, which is consistent with an iron oxygen
double bond. This interaction was absent from control
samples prepared rigorously in the absence of air.
Furthermore, Mössbauer spectra showed that ap-
proximately 80% of the iron is in the +4 oxidation
state. In comparison, an anaerobic control sample
contained no Fe(IV). XANES spectra confirmed a
higher oxidation state for the intermediate than the
starting complex containing Fe(II). The intermediate,
however, had a lower edge energy, which is proposed
to represent Fe(IV), but could represent a mixed
oxidation state between Fe(III) and Fe(IV). EXAFS
oscillations fitted to Fourier-filtered first-shell data
and unfiltered data gave the best correlation to a 1.62
( 0.01 Å Fe-O interaction.

Insight into the iron intermediates involved in
catalysis was obtained from a recent study on the
alkylsulfatase AtsK, which converts alkyl sulfate
esters to aldehyde and sulfate.139 The molecular
structure of AtsK was solved for the apo enzyme, as
well as in combination with R-ketoglutarate, R-keto-
glutarate and iron, and R-ketoglutarate, iron, and an
alkyl sulfate ester needed for catalytic turnover.139

XANES data, obtained using an AtsK-Fe-RkG binary
complex, showed an Fe(III) intermediate bound to
histidine and carboxylate ligands. It was also dem-

Scheme 5. Proposed Mechanism for r-KG-Dependent Enzymes Such as TauDa

a Sub designates substrate.
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onstrated that the oxidation of iron(II) bound to the
protein is not coupled to the substrate reaction and
can occur in the substrate’s absence. However, if the
iron is oxidized prior to binding to the protein, which
is added to an oxygenated protein sample, it does not
bind the active site. On the other hand, if iron(II) is
added to the protein under anaerobic conditions
followed by exposure to oxygen, it remains bound to
the enzyme despite its oxidation to Fe(III).

A recent study of the DAOCS enzyme unveiled the
formation of an interesting new “booby-trapped”
oxidizing intermediate.140 Using steady-state kinetics,
quantum mechanical calculations, and X-ray crystal-
lography, Valegård and co-workers demonstrated
that the binding site for the byproduct succinate
overlaps with the binding site of the substrate
penicillin. Hence, the active oxidizing species is
formed prior to substrate binding, but the intermedi-
ate is stabilized by the negatively charged succinate,
which protects the enzyme from self-hydroxylation.
The oxidizing species was proposed to be a planar
Fe(II)peroxo because it is less reactive than ferryl and
therefore has a longer lifetime. The planar Fe(II)-
peroxo intermediate was referred to as a “booby-
trapped” oxidizing intermediate. During catalytic
turnover, succinate is displaced from the active site
and replaced by the substrate penicillin. The loss of
the electron donating and negatively charged car-
boxylate ligand from succinate triggers the reaction
of the “booby-trapped” Fe(II)peroxo intermediate with
penicillin to give cephalosporin and water.

4. Mononuclear Iron Dioxygenases: Two
Substrate Hydroxylases

4.1. Arene cis -Dihydroxylation
Rieske dioxygensases are multicomponent enzymes

that catalyze the cis-dihydroxylation of polyaromatic
hydrocarbons with molecular oxygen (eq 8). They are
found in soil bacteria, and their reaction constitutes
the first step in the biodegradation of aromatic
hydrocarbons to cis-diols, which are subsequently
oxidized by diol-cleaving catechol dioxygenases dis-
cussed in the next section. Therefore, Rieske dioxy-
genases have important applications in bioremedia-
tion.141,142 Aromatic hydrocarbons are recognized as
serious environmental pollutants. The enzyme’s com-
ponents are the following: (a) a flavoprotein reduc-
tase that contains a Rieske iron-sulfur [2Fe-2S]
cluster, (b) a ferredoxin, and (c) an oxygenase com-
ponent. In addition to the two electrons provided by
the substrate, two additional electrons are provided
by NAD(P)H via cascades of long-range electron-
transfer reactions from the reductase domain to the
active site catalytic iron.

The oxygenase domain of naphthalene 1,2-dioxy-
genase contains a mononuclear non-heme iron that
features two histidine ligands, a bidentate aspartate,
and water in its first coordination sphere.143 It is this

mononuclear site that is believed to be the catalytic
site for O2 activation and subsequent aromatic dihy-
droxylation. In addition to the catalytic iron, the
oxygenase component contains a Rieske iron sulfur
cluster [2Fe-2S] with one iron coordinated to two
histidines and the other to two cysteines. The Rieske
center is connected to the catalytic iron via an
aspartate residue that forms hydrogen bonds with
histidine ligands on both metal centers (Figure 6).
More than three dozen distinct Rieske dioxygneases
have been identified. However, among the most
studied are naphthalene 1,2-dioxygenase (NDO),
phthalate dioxygenase (PDO), anthranilate 1,2-di-
oxygenase (ADO), and benzoate 1,2-dioxygenase
(BZDO). Rieske dioxygenases are versatile enzymes
that are capable of carrying out other oxidation reac-
tions besides cis-dihydroxylation. These include ben-
zylic oxidation, desaturation, and sulfoxidation.144-148

The crystal structure of the oxygenase component
of NDO from Pseudomonas putida is thus far the only
three-dimensional structure available for the oxyge-
nase component of this class enzymes.149,150 It re-
vealed a mushroom-shaped symmetric R3â3 hexam-
er.143,149 The Rieske iron-sulfur cluster and the
mononuclear catalytic iron are located within each
R subunit, and electron transfer from the [2Fe-2S]
cluster to the non-heme catalytic iron site is believed
to take place across R-subunit interfaces.153,154 Struc-
tures of the oxygenase domain with bound substrate
(naphthalene) or an analogue (indole) are also avail-
able, showing the proximity of the substrate from the
mononuclear iron site (4 Å).143 In addition to substrate-
bound structures, frozen crystals of the oxygenase of
NDO were exposed to O2 at low temperature and the
structures of O2 adducts of the enzyme were solved.150

In the absence of substrate as well as in the presence
of a substrate analogue, the crystallography studies
revealed a side on peroxo ligand with a significant
O-O bond elongation (1.4 Å).

Two structures of Rieske dioxygenase reductase
component have been solved for phthalate dioxyge-
nase (PDO)151 and benzoate dioxygenase.152 The
reductase components are homologous to plant-type
ferredoxins in the N-terminal region and ferredoxin:
NADPH reductases (FNR) in the C-terminal region.
The spatial locations of the flavin binding domain and
the ferredoxin-like domain are reversed in the two
structures.

Recent spectroscopic studies on NDO employed
nitric oxide (NO) as a surrogate for O2 and as means
of providing an EPR signal for high-spin FeII, which

Figure 6. The two metal centers of the oxygenase com-
ponent of arene cis-dihydroxylating oxygenases. The Rieske
[2Fe-2S] cluster is linked to the catalytic iron via a
hydrogen-bonding network by an aspartate residue in the
second shell.
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is, otherwise, EPR silent.155 The effect of substrate
binding on the coordination environment of iron and
the positioning of the substrate as a function of the
oxidation state of the Rieske [2Fe-2S] cluster was
probed by high-resolution Q-band pulsed 2H-ENDOR
spectroscopy. NO was found to bind with retention
of the water ligand, and the positioning of d8-
naphthahlene was found to be dependent on the
oxidation state of the Rieske center. The latter
suggests that the redox state of the [2Fe-2S] cluster
is coupled to the binding site of the substrate.
Independent single-turnover kinetics on benzoate
dioxygenase has also shown that the rate of electron
transfer between the iron-sulfur cluster and the
catalytic mononuclear iron is influenced by the
substrate, suggesting a new mechanistic role for the
substrate in oxygen activation.156

Engineered substitution of the bridging aspartate
between the two metal centers in NDO (Figure 6)
knocked out activity and was interpreted as a result
of eliminating the pathway for electron transfer.157

Substitution of the equivalent aspartate in anthra-
nilate 1,2-dioxygenase with alanine, asparagine, or
glutamate resulted in retention of iron binding and
the hexameric structure but total loss of activity.158

The reduction potential of the Rieske center in these
point mutants was found to be ∼100 mV more
negative than the wild-type enzyme. Both the wild-
type and the alanine point mutant underwent sub-
strate-dependent oxidation of the Rieske center on
the stopped-flow time scale. However, single turnover
to give anthranilate dihydroxylation with fully re-
duced enzyme was observed only with the wild-type
enzyme and not the alanine mutant. These results
refute the role of aspartate in facile intersite electron
transfer or substrate gating and demonstrate the
importance of this aspartate in substrate dihydroxy-
lation.

The dihydroxylation reaction in Rieske dioxygena-
ses is believed to take place at the mononuclear
catalytic iron site, because reduced iron(II) at that

site and a reduced Rieske center (FeIIFeIII) provide a
competent enzyme for single turnover dihydroxyla-
tion reaction.153,154,156 The accepted mechanism in-
volves reaction of dioxygen with iron to give a side
on bound peroxide; the latter has been observed
crystallographically.150 However, the initial stages of
the reaction are not fully understood, and the exact
structure of the hydroxylating species is also not
known. It has been suggested that O2 binds Fe(II) to
give an Fe(III) superoxide adduct in a reversible
step.159,160 Reduction via electron transfer from the
Rieske [2Fe-2S] cluster results in the FeIII(η2-O2),
Scheme 6. The protonation state of the peroxo ligand
and whether an iron peroxo complex hydroxylates the
arene substrate are among the outstanding mecha-
nistic issues. However, the peroxide shunt, that is,
use of H2O2 as oxidant in place of oxygen, has been
demonstrated successfully for this class of en-
zymes.148,161 Also, from a chemical perspective metal
peroxo complexes are not known to effect dihydroxy-
lation reactions, but metal oxo species (such as OsO4)
are efficient dihydroxylation reagents for olefins.
Therefore, it is possible that the peroxo ligand on iron
is cleaved to give high-valent iron oxo, which adds
in a [3+2] fashion to the arene double bond. Product
dissociation, the rate-determining step under steady-
state conditions, occurs upon reduction of the iron
site via electron transfer from the enzyme’s reductase
component via the Rieske center. The affinity of iron-
(II) for diols is much lower than that of iron(III). The
mechanistic possibilities of arene dihydroxylation by
Rieske dioxygenases are summarized in Scheme 6.

4.2. Catechol Dioxygenases
Catechol dioxygenases are iron-dependent enzymes

ubiquitous to most soil bacteria. They utilize molec-
ular oxygen to cleave the aromatic ring of catechol
(dihydroxybenzene) and its derivatives, an important
step in the degradation of aromatic compounds
particularly polluting haloaromatics.162-164 Therefore,
catechol dioxygenases and microorganisms that can

Scheme 6. Proposed Catalytic Cycle for Arene cis-Dihydroxylation As Catalyzed by Mononuclear
Non-Heme Iron-Dependent Rieske Dioxygenases
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utilize haloaromatics as the sole carbon and energy
source have attracted attention in areas of bioreme-
diation and environmental microbiology.165,166 Two
classes of catechol dioxygenases have been recog-
nized, and they are distinguished by their regiose-
lectivity in effecting ring cleavage. Intradiol dioxy-
genases cleave the carbon-carbon bond of the enediol,
while extradiol dioxygenases effect the cleavage of
the carbon-carbon bond adjacent to the enediol
functionality (Scheme 7). The exclusive regioselec-
tivity of each enzyme suggests a distinct mechanism
for each. Indeed the coordination environment around
the metal active site is quite different for each of the
catechol dioxygenases. The intradiol cleaving dioxy-
genases have an Fe(III) as the active form with
trigonal bipyramidal geometry (Figure 7). The ligands
are two imidazoles and two phenoxides provided by
histidine and tyrosine residues, respectively. The fifth
ligand is hydroxide. The active site iron in the
intradiol dioxygenases is thus neutral in charge. In
contrast, the extradiol dioxygenases have an Fe(II)
in the active site with two histidines and a glutamate
ligand that form a square pyramidal coordination
around the iron with two ligated water molecules
(Figure 7). In a few examples, extradiol dioxygenases
have been characterized with Mn(II) as the active site
metal instead of iron.167,168

Even though intradiol dioxygenases are more stud-
ied and thus more understood, extradiol cleavage is
more common than intradiol cleavage in biological
degradation of aromatic compounds. The difficulty in
studying extradiol dioxygenases as compared to in-
tradiol dioxygenases could be attributed to the lack
of spectroscopic probes available for Fe(II) versus Fe-
(III). However, recent crystallographic structures on
three different extradiol dioxygenases have provided
insight on substrate binding and oxygen activation

and confirmed previous spectroscopic studies.169-174

Structural studies demonstrated that the substrate
binds to iron in an asymmetric fashion displacing the
two water ligands. This leaves the site trans to the
glutamate ligand for binding oxygen. This is sup-
ported by the binding of NO, a surrogate of O2, in
that position, and by steady-state kinetics, which
showed an ordered binding mechanism with sub-
strate binding prior to O2.162 EXAFS studies on the
enzyme substrate binary complex have also indi-
cated asymmetric binding of the substrate, which is
consistent with the substrate acting as a monoan-
ionic ligand.175 This mode of catechol binding in
extradiol dioxygenases is quite distinct from that
observed for the intradiol dioxygenases (vide infra)
and is believed to be key in defining the enzyme’s
regioselectivity.

Despite the fact that little is known about the redox
steps following oxygen binding in the extradiol di-
oxygenses, a mechanism has been proposed (Scheme
8).9 Direct coordination of O2 to iron results formally
in an Fe(III)-superoxide, and the higher Lewis acidity
of Fe(III) favors deprotonation of the monoanionic
diol substrate. The semiquinone radical form of the
substrate undergoes reaction with the ligated super-
oxide to afford an alkyl peroxo complex of Fe(II). The
latter inserts an oxygen atom to give the seven-
member lactone ring, which is hydrolyzed in the final
step to afford the muconic semialdehyde product.
Support for involvement of a semiquinone radical was
provided by the use of a substrate analogue contain-
ing a cyclopropyl radical clock that underwent epimer-
ization.176

Since their discovery in the 1950s, intradiol dioxy-
genases have been studied extensively.163 The two
most investigated of the class are catechol 1,2-
dioxygenase and protocatechuate 3,4-dioxygenase.
Production of intradiol dioxygenases is induced by
growing different strains of soil bacteria on aromatic
compounds as their sole source of carbon, which
facilitated their study prior to the advent of cloning
techniques. Even though intradiol cleavage is the less
common route in biodegradation of aromatic mol-
ecules as compared to extradiol cleavage, the exten-
sive investigations of intradiol dioxygenases can be
attributed to the rich spectroscopy of the enzyme’s
iron(III) active site. The metal center supports a
trigonal bipyramidal geometry with two inequivalent
tyrosine ligands (axial and equatorial), two his-
tidines, and a hydroxide (Figure 7A).

Scheme 7. Ring Cleavage by (a) Intradiol and (b) Extradiol Dioxygenases To Give cis,cis-Muconic Acid and
Muconic Semialdehyde, Respectivelya

a R ) H for catechol and R ) -COOH, Cl, Br, or F for protocatechuic acid.

Figure 7. Iron coordination environment in (A) intradiol
and (B) extradiol dioxygenases.
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The intradiol dioxygenases, unlike their extradiol
counterparts, are red-brown in color. The origin of
this color is a ligand-to-metal charge transfer (LMCT)
centered around ∼450 nm (ε ≈ 3000 L mol-1 cm-1),
which involves the tyrosine ligands.162 Resonance
Raman spectroscopy has corroborated this assign-
ment of the electronic transition and demonstrated
two different coordination environments for the ty-
rosinate ligands.176-179

X-ray crystallographic studies on protocatechuate
3,4-dioxygenase by Ohlendorf, Lipscomb, and co-
workers have revealed a wealth of information on the
mode of substrate activation as well as confirmed
earlier predictions from detailed spectroscopic investi-
gations.180-182 EPR and Mössbauer studies have indi-
cated that the catechol substrate chelates the iron
active site, which exhibits signals characteristic for
high-spin Fe(III); however, the iron remains five coor-
dinate in the ES binary complex.183,184 The molecular
structure of the enzyme substrate complex of proto-
catechuate 3,4-dioxygenase supported the spectro-
scopic interpretation. The catechol substrate donates
its hydroxyl protons to the hydroxide ligand and the
axial tyrosine to afford a bidentate iron(III) catecho-
late complex that retains the endogenous two histi-

dine and equatorial tyrosine ligands. Due to the
different trans influence of histidine and tyrosine, the
Fe-Ocatechol trans to tyrosine features a bond length
∼0.2 Å longer than the F-Ocatechol trans to the histi-
dine ligand. Even though trans influence is a ther-
modynamic parameter and not a kinetic effect, it is
believed to play an important role in the enzyme’s
catalysis.

The mechanism of catechol oxidation in this class
of enzymes is believed to proceed via substrate activa-
tion.182 Thus far, no evidence that is relevant to en-
zyme activity has been provided for iron reduction
from the +3 to the +2 oxidation state. Furthermore,
NO, a surrogate of O2, does not bind the active site
unless the metal is reduced by an exogenous reduc-
tant.185 Therefore, the ketone tautomer of the coor-
dinated substrate is attacked directly by O2 to gen-
erate a peroxo intermediate followed by O-atom in-
sertion into the diolate C-C bond to produce the
anhydride (Scheme 9). The latter reacts with metal
bound hydroxide to yield the muconic acid product,
which is protonated by the previously coordinated
axial tyrosine and a water molecule regenerating the
catalyst.

Scheme 8. Proposed Mechanism for Extradiol Catechol Dioxygenase

Scheme 9. Proposed Mechanism for Intradiol Dioxygenase
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4.3. Lipoxygenases
Controlled hydroperoxidation of fatty acids is es-

sential for cellular signaling, cell growth, and defense.
Polyunsaturated fatty acid metabolism is regulated
by cyclooxygenase and lipoxygenase.186 Lipoxygena-
ses (LOs) are non-heme iron dioxygenases that
catalyze the hydroperoxidation of polyunsaturated
fatty acids by incorporation of molecular oxygen into
the 1,4-cis-cis-diene moiety of fatty acid substrates.
LOs are named according to the position of peroxi-
dation of the substrate. Unlike PAH, LOs do not
catalyze a rate-determining step in a metabolic path-
way. Rather, their role is to produce secondary me-
tabolites in eicosenoid anabolism. Mammalian LOs
play a significant role in the production of prostag-
landins, lipoxins, and leukotrienes, which are mol-
ecules elicited during an inflammatory response.187-192

5-LO, 12-LO, and 15-LO are three well-characterized
lipoxygenases.193-195 Human 5-LO is involved in the
synthesis of leukotrienes, which are important me-
diators of the inflammatory response observed in
common allergies, arthritis, and asthma, through the
oxidation of arachidonic acids. 12-LOs are necessary
components of mitogenic responses in smooth muscle
tissue and are allegedly linked to inflammatory bowel
disease and psoriasis.196,197 15-LOs are oxidizing
agents that use lipoproteins as substrates and are
linked to atherosclerosis.198 Structural investigations
of lipoxygenases have revealed potential drug tar-
gets.199 LO inhibitors are being investigated as
potential anticancer drugs, and results from clinical
trials seem to be encouraging.191-193 The anabolic
pathway of compounds involved in plant growth and
development, such as jasmonic acid, includes LOs
such as soybean L1 isozyme (SLO-1). Plant lipoxy-
genases generally catalyze the oxidation of linoleic
acid.

X-ray single crystal structures of 1-LO, 15-LO, and
3-LO have been solved, clearly illustrating lipoxyge-
nase as an ellipsoidal monomeric protein containing
two domains.200-204 Roughly 150 amino acids make
up the N-terminal domain of LOs, which is composed

of eight-stranded antiparallel â-barrel with a jellyroll
topology. The catalytic domain is bigger relative to
the N-terminal domain, roughly 700 amino acids, and
is made up of 23 R helices and two small antiparallel
â sheets. The structures also reveal a non-heme
mononuclear iron site within the helical bundle of
the catalytic domain. The iron atom is coordinated
by three histidine ligands (His499, His504, and
His690) and to the carboxylate of the final residue
at the C-terminal (Ile839) in addition to an aqua
ligand as well as a weak interaction with the carbonyl
oxygen of the amide backbone of an asparagine
(Figure 8). The rabbit enzyme differs from the
soybean LOs in that it contains a fourth histidine
ligand instead of the weakly bound asparagine
residue.205 There are two cavities near the active site
that have been proposed to be the binding sites for
molecular oxygen and substrate. Soybean 3-LO con-
tains an additional cavity proposed to be essential
for substrate discrimination.203

The ligand environment in LOs being histidine-rich
supports high-spin iron(II) in the resting state. The
estimated Fe(III)/Fe(II) reduction potential in soy-
bean LO is 0.6 V.206 Therefore, like the intradiol
catechol dioxygenases, Fe(III) is the active form in
LOs, and the enzyme enhances the rate of hydro-
peroxidation of the corresponding lipid via substrate
activation. Substrate specificity is attributed to the
region-selective hydrophobic pocket found at the
catalytic domain. The as-isolated enzyme is in the
Fe(II) form and is activated with the fatty acid
hydroperoxide product or over a longer period of time
with dioxygen.202,207,208 Active LO features high-spin
octahedral Fe(III) with a characteristic S ) 5/2 EPR
signal and a charge-transfer band at 350 nm, which
arises from an Fe(III) hydroxo bond.209 Evidence for
the latter has been provided by EXAFS, which
featured a short Fe-O bond of 1.9 Å.210 Upon reacting
with O2 and the fatty acid substrate, active LO forms
a purple chromophore with a maximum at 585 nm
and ε ) 1300 L mol-1 cm-1. The molecular structure
of this transient in soybean 3-LO showed end on

Figure 8. The non-heme iron active site of soybean lipoxygenase-3.
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coordination of an alkyl peroxo.211 The proposed
mechanism for LO involves hydrogen abstraction
from the substrate by the active Fe(III), thereby
yielding a carbon centered radical intermediate. This
is followed by addition of oxygen to the activated
radical species, producing a peroxy radical intermedi-
ate. This second intermediate can reoxidize Fe(II) to
Fe(III) (Scheme 10).212,213 A detailed molecular ex-
planation of the mechanism, especially during the
final steps, is still being defined.214

5. Conclusion and Perspectives
The versatility of non-heme iron centers in biologi-

cal oxidations is evident from the diversity of reac-
tions they catalyze. Covered in this review are
enzymes capable of effecting aromatic hydroxylations,
C-H oxidation, desaturation, allylic peroxidation,
and C-C oxidative bond cleavage. Due to advances
in crystallography and cloning techniques combined
with mechanistic investigations, our knowledge of
non-heme iron centers has expanded tremendously
over the past decade. Certain elements of simplicity
in the design of mononuclear non-heme iron hy-
droxylases are quite apparent to the inorganic chem-
ist and are worthy of mention. The choice of ligands,
despite nature’s limited pool, is astute and suited for
the enzyme’s targeted function. The 2-His 1-carboxyl-
ate “facial triad” motif is selected for O2 activation,
while tyrosinate (in the case of intradiol cleaving

dioxygenases) and histidine (in the case of lipoxyge-
nases) are used to favor substrate activation. The
variation in ligands to favor O2 activation versus
substrate activation is illustrated in Figure 9. In
addition to ligand differences, more subtle variations
cannot be underestimated. One example is monoden-
tate versus bidentate carboxylate coordination of Glu
or Asp (hPAH vs cPAH and R-KG-dependent en-
zymes vs cis-dihydroxylating dioxygenases).

Even though there is beauty in simplicity, the
elegance of nature’s complexity cannot be overlooked.
The choice and architecture of second and third
coordination sphere residues in the active pocket of
these enzymes play a crucial role in dictating the
underlying catalytic chemistry, from mechanism to
cofactor and substrate specificity. X-ray crystal-
lography combined with mechanistic studies of site-
specific mutants has and continues to unravel the
biocomplexity of these enzymes. Nevertheless, many
facets of the mechanisms, selectivity, and substrate
specificity of non-heme iron oxygenases are not well
understood. One goal of chemical researchers in this
area is to understand an enzymatic reaction well
enough to be able to rationally design an environ-
mentally benign (green) molecular catalyst for the
reaction. Mechanistic chemistry, therefore, forms an
essential bridge between structure and function on
one hand, and model systems and enzymes, on the
other (Figure 10). Structural information yields

Scheme 10. Mechanism of Allylic Peroxidation Catalyzed by Lipoxygenase

Figure 9. Active sites of non-heme iron hydroxylases showing the choice of ligands to favor O2 versus substrate activation.
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hypotheses and predictions about function, which are
validated or modified by mechanistic investigations
of point mutants. Furthermore, mechanistic insights
on enzymes aid in the design of functional models,
which often provide mechanistic knowledge of their
own that is pertinent to the real enzyme systems.
Mechanistic studies of non-heme model systems were
left out intentionally because they are covered by
another review article in this thematic issue on
Inorganic and Bioinorganic Mechanisms.215 The sig-
nificance of biomimetic studies as well as bioinspired
research is not to be undervalued. An elegant ex-
ample of the latter is the work of Borovik and co-
workers in which second coordination sphere inter-
actions, hydrogen bonding, are utilized to stabilize
novel iron oxo (and other) structures.216

6. Abbreviations
AAAHs aromatic amino acid hydroxylases
ACC 1-aminocyclopropane-1-carboxylic acid
ACCO ACC oxidase
ADO anthranilate-1,2-dioxygenase
AdoMet S-adenosyl-l-methionine
AlkB N-demethylase
AtsK alkylsulfatase
BH2 7,8-dihydrobiopterin
BH4 tetrahydrobiopterin
BZDO benzoate 1,2-dioxygenase
CaM-PK calmodulin-dependent protein kinase
CAS calvaminate synthase
cPAH Chromobacterium violaceum phenylalanine hy-

droxylase
DAOCS deacetoxycephalosporin C synthase
DHPR dihydropteridine reductase
DMPH4 6,7-dimethyltetrahydropterin
L-DOPA 3,4-dihydroxyphenylalanine
DSC differential scanning calorimetry
DTT dithiothreitol
FNR ferredoxin:NADPH reductase
hPAH human phenylalanine hydroxylase
HPP 4-hydroxyphenylpyruvate
hTPH human tryptophan hydroxylase
R-KG R-ketoglutarate
LMCT ligand-to-metal charge transfer
LOs lipoxygenases
MAP mitogen-activated ptotein
MPH4 6-methyltetrahydropterin
MSK1 mitogen and stress activated protein kinase 1

NDO naphthalene 1,2-dioxygenase
oTPH rabbit tryptophan hydroxylase
PAH phenylalanine hydroxylase
PDO phthalate dioxygenase
PH4 tetrahydropterin
PKU phenylketonuria
PRAK p38 regulated/activated kinase
rPAH rat phenylalanine hydroxylase
rTH rat tyrosine hydroxylase
SLO-1 soybean L1 isozyme
SOD superoxide dismutase
SPR surface plasmon resonance
TAT tyrosine amine transferase
Tau D taurine/2-oxoglutyrate dioxygenase
TH tyrosine hydroxylase
THA 3-(2-thienyl)-l-alanine
TPH tryptophan hydroxylase
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