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Abstract: The reaction mechanism for
the formation of the hydroxylating in-
termediate in aromatic amino acid hy-
droxylases (i.e., phenylalanine hydroxy-
lase, tyrosine hydroxylase, tryptophan
hydroxylase) was investigated by means
of hybrid density functional theory.
These enzymes use molecular oxygen
to hydroxylate both the tetrahydrobiop-
terin cofactor and the aromatic amino
acid. A mechanism is proposed in which
dioxygen forms a bridging bond be-

tween the cofactor and iron. The prod-
uct is an iron(��) ± peroxy ± pterin inter-
mediate, and iron was found to be
essential for the catalysis of this step.
No stable intermediates involving a
pterin radical cation and a superoxide

ion O2
� were found on the reaction

pathway. Heterolysis of the O�O bond
in the iron(��) ± peroxy ± pterin inter-
mediate is promoted by one of the water
molecules coordinated to iron and re-
leases hydroxypterin and the high-valent
iron oxo species FeIV�O, which can carry
out subsequent hydroxylation of aro-
matic rings. In the proposed mechanism,
the formation of the bridging C�O bond
is rate-limiting in the formation of
FeIV�O.
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Introduction

Tetrahydrobiopterin-dependent hydroxylases form a family of
non-heme oxygen-activating iron enzymes that catalyze
hydroxylation of aromatic amino acids.[1±3] Tetrahydrobiop-
terin is an essential cofactor for these metalloproteins, which
comprise phenylalanine hydroxylase (PAH), tyrosine hydrox-
ylase (TyrH), and tryptophan hydroxylase (TrpH). The
functions of these enzymes are shown in Scheme 1.
Phenylalanine hydroxylase, which is mainly located in the

liver and to a less extent in the kidneys, is involved in the rate-
limiting step of phenylalanine catabolism, which passes
through the degradation of phenylalanine to tyrosine.[1]

Deficiency of phenylalanine hydroxylase in the body leads
to phenylketonuria, an inborn error of the metabolism that
causes severe mental retardation.[2] Hydroxylases TyrH and
TrpH are associated with the vital biosynthesis of neuro-
transmitters and hormones. In the nervous system TyrH
converts tyrosine to �-Dopa, from which the catecholamines
dopamine, adrenaline, and noradrenaline are derived. In the
central nervous system TrpH participates in the rate-limiting
step of serotonin synthesis, which starts with the transforma-

Scheme 1. Hydroxylation of aromatic amino acids catalyzed by phenyl-
alanine hydroxylase (PAH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH).

tion of tryptophan to 5-hydroxytryptophan. Malfunction of
TyrH is believed to correlate to psychological disorders such
as manic-depressive illness, schizophrenia, and Gilles de la
Tourette×s syndrome.[1] Parkinson×s disease has also been
associated with TyrH function. Physiological processes related
to the neurotransmitter serotonin, which is also a precursor of
melatonin, such as the circadian rhythm, are probably
affected by the enzymatic activity of TrpH.[1]

Besides sharing a common task, namely, hydroxylation of
an aromatic ring, pterin-dependent hydroxylases have pro-
nounced mechanistic and structural similarities. The catalytic
cores of these homotetrameric enzymes contain an FeII ion
coordinated by the so-called 2-His-1-carboxylate facial tri-
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ad.[4, 5] The aromatic amino acids also all undergo hydroxyl-
ation by molecular oxygen coupled with two-electron
oxidation of the cofactor (6R)-�-erythro-5,6,7,8-tetrahydro-
biopterin (BH4) to 4a-(S)-hydroxydihydrobiopterin, also
known as pterin 4a-carbinolamine (Scheme 2). Subsequently,
this species evolves to the dehydrated quinoid dihydropterin,
and BH4 is then regenerated by dihydropteridine reductase.[2]

Scheme 2. Hydroxylation of the cofactor and of the aromatic amino acid
catalyzed by phenylalanine hydroxylase (PAH).

Due to the sequential and structural homology and the
resemblance of the chemical transformations occurring in
PAH, TyrH, and TrpH, it is a common belief that these three
enzymes have similar hydroxylation mechanisms.[3] Signifi-
cant progress in the understanding of the activity of the
aromatic amino acid hydroxylases has been acquired mainly
from investigations on PAH because of its stability, but studies
on TyrH have also given important information. Mechanistic
studies show that both the FeII center and the organic cofactor
are required for aromatic hydroxylation to occur. However,
the exact roles of iron and BH4 in the reaction mechanism is
still unclear, with different opinions regarding the activity of
the metal in the formation of the hydroxylating intermediate.
Kinetic studies on TyrH revealed, rather surprisingly, large

18O isotope effects,[6, 7] but no solvent[8] or primary isotope
effect.[9] These observations were interpreted to show a
change in bond order but no cleavage of dioxygen in the
rate-determining step of the enzymatic catalysis.[7, 10] The
magnitude of the isotope effects also led to the conclusion that
the rate-determining step is unlikely to involve formation of
an iron ± oxygen bond. Experiments with alternative or
isotopically labeled substrates suggested that amino acid
hydroxylation is not rate-limiting for PAH and TyrH.[8, 11]

Therefore, at least for these two hydroxylases, the formation
of the hydroxylating intermediate is proposed to be rate-
limiting in catalysis.[12] A recent mechanistic investigation on
TrpH[13] showed that the turnover numbers for PAH and TyrH
are substantially higher than that of TrpH. This observation
has been connected to the specific substrate leading to a
slower hydroxylation step in the case of TrpH, rather than to
slow formation of the hydroxylating intermediate.
The identity of the hydroxylating intermediate therefore

becomes crucial for understanding the catalytic activity of
pterin-dependent hydroxylases. Direct involvement of the
cofactor in the formation of this key intermediate fits the

experimental observation that molecular oxygen is the source
of the oxygen in the oxidized hydroxypterin in PAH.[14] A
peroxy intermediate is therefore likely to be formed during
the catalytic cycle. The other oxygen atom of O2 is incorpo-
rated into the hydroxylated aromatic amino acid.[11]

Steady-state kinetic experiments on TyrH[9] indicated a
sequential mechanism in which pterin binds first, then
dioxygen and the substrate. For PAH allosteric activation of
phenylalanine in the regulatory domain requires phenylala-
nine to bind first, but in the preactivated enzyme a more
random order of substrate binding is observed.[1] Despite the
specific binding order, all three substrates must be bound
before any product is released by pterin hydroxylases.
The similarities of the functional properties of the pterin

enzymes with those of P450-dependent enzymes,[15] which are
also capable of hydroxylating unactivated aromatic C�H
substrates, suggest that the iron atom probably plays a
fundamental role in dioxygen activation. In the generally
accepted mechanism for P450, a high-valent ferryl oxo species
is formed after O�O cleavage of an iron peroxy intermediate.
A mechanism involving a ferryl intermediate was therefore
also proposed for the pterin-dependent hydroxylases, as
shown in Scheme 3.[10, 16, 17]

Scheme 3. Mechanism proposed for the formation of the hydroxylating
intermediate in aromatic amino acid hydroxylases.[17]

In this mechanism dioxygen is activated by the metal center
by formation of an iron ± peroxy ± pterin intermediate. The
specific role played by iron in dioxygen activation is not yet
clear. In fact, the question whether O2 binds in the first
coordination shell of the iron(��) complex or not is still
controversial, because an Fe ±O2 complex has not been
directly observed. Heterolytic O�O cleavage in the iron
peroxy intermediate leads to two products: the high-valent
iron oxo hydroxylating intermediate FeIV�O and the hydroxy-
lated cofactor. The hydroxylation of the amino acid by FeIV�O
concludes the chemical transformations performed in these
enzymes. This mechanism is supported by experiments on
model systems, which showed that a non-heme FeIV�O species
is capable of arene hydroxylation.[18]

The crystal structures of phenylalanine hydroxylase[19] and
tyrosine hydroxylase[20] with pterin bound in the oxidized
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form (7,8-dihydro-�-biopterin, BH2) support the possibility
that an iron ± peroxy ± pterin intermediate is formed. In these
structures the metal center is in the inactive FeIII form, which
is the usual oxidation state of the metal when the enzyme is
isolated and which is prereduced by BH4 to FeII before
enzymatic catalysis starts.[3] A recent high-resolution X-ray
analysis of the FeII form of the binary complex PAH±BH4

detected very small structural changes with respect to the FeIII

form PAH±BH2.[21]

In the crystal structures the cofactor is located in the second
coordination shell of the iron center, � stacking with a phenyl
ring (Phe254 in PAH and Phe300 in TyrH). Figure 1 illustrates
the detailed interactions of pterin at the catalytic site, as

Figure 1. X-ray crystal structure of the catalytic site of PAH.[19]

determined in the structure of a binary complex of PAH with
BH2 at 2.0 ä resolution.[19] A 2-His-1-carboxylate ligation is
provided by Glu330, His285, and His290, and the octahedral
coordination sphere of iron is completed by three water
molecules (W2, W3, W4). The same type of coordination is
also found for PAH without bound pterin.[19] In proximity to
the metal center, tyrosine residue Tyr325 forms a hydrogen
bond with W3. Although this tyrosine residue is highly
conserved in the pterin hydroxylases, its direct involvement in
the catalytic cycle seems to be excluded.[19] The distance
between the iron atom and C4a of pterin is 6.1 ä, while the
carbonyl oxygen atom of pterin is located within hydrogen-
bonding distance of the two water ligands W2 and W3. Water
molecule W2 forms a hydrogen bond with Glu286, which in
turn interacts with N3 of pterin via a mediating water
molecule (W1). Glu286 is essential for a correct functioning
of PAH.[22] A series of hydrogen-bonding interactions be-

tween pterin and other residues were identified in the crystal
structure (Figure 1, where the roles of Leu249 and Gly247 are
highlighted). Mutations of these residues seem to occur in
patients affected by phenylketonuria.[23] A similar structural
arrangement of the active site is found in the crystal structure
solved for TyrH at a resolution of 2.2 ä, in which only two
water ligands were detected, that is, a five-coordinate iron
center.[20] A slightly different structural arrangement was
assigned on the basis of 1H NMR studies[24] on the enzyme-
bound Phe and BH2 with iron still in the FeIII form. The iron
atom and C4a of the cofactor are somewhat closer (4.3 ä),
and the deduced distance between the iron atom and the
carbonyl oxygen atom of pterin seems to place the cofactor in
the first coordination sphere of the metal center.
The catalytically active FeII form of the enzyme was studied

by CD andMCD spectroscopy,[25, 26] which provided a detailed
picture of the electronic structure of the high-spin FeII center
and which supports the coupled mechanism presented in
Scheme 3.[17] The sixfold coordination of the metal atom is
maintained in Phe-bound FeII-PAH and in BH4-bound FeII-
PAH, although a slight perturbation of the geometry at the
metal center is observed with the bound amino acid substrate.
When both the cofactor and the substrate are bound to FeII-
PAH, substantial perturbations are observed in the ligand
field that indicate a change toward fivefold coordination of
the metal atom, which then has one free coordination site for
oxygen activation.
Here, density functional theory (DFT) is employed to

elucidate the role played by the iron site and the cofactor in
the mechanism of pterin hydroxylases. The details of the
chemical transformations leading to the iron oxo hydroxylat-
ing intermediate, as proposed in Scheme 3, were thus
examined for a model derived from the crystal structure of
BH2-bound PAH.[19] The steps involving the formation of the
iron ± peroxy ± pterin intermediate and the subsequent O�O
bond cleavage to give oxidized hydroxypterin and the iron
oxo intermediate are probed.

Methods of Calculation

The reaction mechanism leading to the hydroxylating intermediate in
aromatic amino acid hydroxylases was investigated by DFT methods with
the B3LYP functional,[27] which includes the Becke three-parameter
exchange[28] and the Lee, Yang, and Parr correlation.[29]

Jaguar 4.1[30] was used for geometry optimizations and to explore the
potential energy surfaces. Gaussian 98[31] served to compute molecular
Hessians (second derivatives of the energy with respect to the nuclear
coordinates), through which zero-point corrections and entropy effects
could be evaluated. Since an explicit Hessian is needed in the saddle-point
optimizations, the geometries of the transition states were also determined
with Gaussian 98. An effective core potential[32] was used to describe the
iron atom. In the geometry optimizations all the other atoms were
described by a standard double-zeta basis set, labeled lacvp in Jaguar and
lanl2dz in Gaussian. The lanl2dz basis set was also used to calculate the
molecular Hessians. By optimizing one minimum with the lanl2dz and the
lacvp basis sets, it was checked that the two different basis sets give similar
structures and similar relative energies. The resulting energy difference,
calculated with one of the double-zeta basis sets for the two differently
optimized structures is about 0.5 kcalmol�1.
The final B3LYP energies for the fully optimized structures were evaluated
by using a large basis set with polarization functions on all atoms (labeled
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lacv3p** in Jaguar).[30] The energies reported here are free energies
including zero-point and thermal effects. Thermal effects were evaluated
for a temperature of 298.15 K.
By modeling the solvent as a macroscopic continuum with dielectric
constant � and the solute contained in a cavity of this continuous medium,
long-range solvent effects could be included in the calculation. Specifically,
the self-consistent reaction field method, as implemented in Jaguar[33, 34]

was used to evaluate the solvent corrections by employing the lacvp basis
set. A low dielectric constant (�� 4) was chosen to model the protein
environment together with a probe radius of R� 1.40 ä corresponding to
the water molecule. In general, the description of the solvent as a
continuum is sufficiently accurate to take into account the rather small
effects of the protein environment.[35, 36] However, an important exception
to this occurs for the binding of dioxygen to the metal complex[37] (see
below).
The performance of the B3LYP method has been investigated by using the
G2 benchmark tests[38, 39] on a reference set of molecular properties for
small compounds of first- and second-row elements, which showed that
hybrid DFTmethods perform almost as well as the G2method. The B3LYP
method becomes somewhat less accurate when transition metals are
involved[36] or when transition states are computed. An overall average
error of 3 ± 5 kcalmol�1 is expected for the calculated relative energies
presented here.

Results and Discussion

The formation of the hydroxylating intermediate in pterin-
dependent hydroxylases addressed here mainly follows the
mechanism proposed in Scheme 3. In this scheme the iron
center plays a crucial role in oxygen activation by driving the
chemical reaction toward an iron ± peroxy ± pterin intermedi-
ate. Subsequent O�O cleavage of this species leads to the
high-valent iron oxo intermediate FeIV�O, which should be
capable of hydroxylating aromatic rings.[18] The actual reac-
tion mechanism of FeIV�O with aromatic amino acids has not
yet been probed. The following three subsections describe in
detail the proposed chemical transformations by which the
FeIV�O hydroxylating intermediate is generated. The first
subsection deals with the reactants, the second with the
formation of the iron peroxy intermediate, and the third with
O�O cleavage to give 4a-carbinolamine (hydroxylated pterin)
and the high-valent iron oxo intermediate.
The model employed to investigate the chemical trans-

formations at the active site of aromatic amino acid hydrox-
ylases was based on the crystal structure of phenylalanine
hydroxylase in its binary complex with the cofactor,[19] as
shown in Figure 1. In the model the 2-His-1-carboxylate facial
triad of the iron complex is reduced to two imidazoles and a
formate ion. The cofactor is placed in the second coordination
shell of the iron complex and forms hydrogen bonds to two
water molecules coordinated to the metal atom. Glu286,
represented by a formate ion, is also included in the model,
together with the water moleculeW1, which forms a hydrogen
bond to N3 of the cofactor. Residue Glu286 was included due
to the experimental observation that it might play a critical
role during catalysis.[19, 22] Furthermore, Glu286 and the
bridging water molecule are intended to partially take into
account the strain imposed by the enzyme on the cofactor,
which is otherwise anchored only through the two water
molecules of the iron coordination shell.

Non-heme iron-bound dioxygen : CD/MCD spectroscopic
studies on PAH showed that, when both phenylalanine and
BH4 simultaneously bind at the active site, a structural change
occurs, interpreted as a water molecule leaving the octahedral
coordination shell of the metal center, where ultimately
dioxygen might enter. The optimized five-coordinate struc-
ture in which the vacancy has been created trans to His290 is
shown in Figure 2. Experimental observations indicate that

Figure 2. Optimized structure and spin distribution for the quintet ground
state of the pentacoordinate iron complex with the cofactor in the second
coordination shell.

two of the water molecules are loosely bound to iron (W3, W4
in Figure 1), but it is not known which of these two water
molecules might leave the iron coordination shell.[21] In the
present study W4 was chosen, since this leads to the most
suitable structure for probing the formation of an iron ± per-
oxy ± pterin intermediate. Since a water molecule leaves the
iron coordination shell it might be expected that its binding
energy to the iron complex would be small. However, the
computed binding energy of the water molecule in the six-
coordinate iron complex is actually quite high
(22.5 kcalmol�1). This value does not include any entropy
effect, but even if this were large it could not possibly favor
the complete removal of W4 without a strong compensating
effect. The mechanism of water removal therefore involves a
very strong hydrogen bond between W4 and Glu330, which
favors an almost zero-cost conformational change at the iron
center by placing W4 in the second coordination shell of iron,
which in turn becomes five-coordinate. The calculated energy
difference between the 5(�1)- and six-coordinate structures is
only 3.2 kcalmol�1. This result agrees with recent X-ray
crystallographic data, which suggested that the conformation
of Glu330 might play an important role in oxygen activa-
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tion.[21] SinceW4 is in the second coordination shell during the
formation of the hydroxylating intermediate, it is not believed
to play any role in the reaction and it was therefore removed
from the model (see Figure 2). The total charge of this model
is zero, having an FeII center and two negatively charged
formate groups. The optimized pentacoordinate metal com-
plex adopts a square-pyramidal structure, which is in agree-
ment with the structure proposed on the basis of the CD/
MCD spectroscopic data. The field created by the 2-His-1-
carboxylate facial triad is weak, and the result is a high-spin
quintet ground state with a spin of 3.80 on FeII, which is fairly
typical. The distance of 6.18 ä between the metal ion and the
C4a site of pterin is comparable to the corresponding distance
determined by X-ray crystallography (5.9 ± 6.1[19, 21]).
In analogy with many heme-containing oxygenases which

pass through an FeII dioxygen complex, a vacancy is thus
created where oxygen can be accommodated and activated.
The following section shows that an iron ± peroxy ± pterin
intermediate can be readily formed when dioxygen is allowed
to bind directly to the metal atom. In fact, this is a necessary
condition for dioxygen to be reduced by the cofactor.
Calculating an accurate binding energy for dioxygen to the
five-coordinate metal center is a very difficult task, which was
recently shown to require the use of QM/MM models.[37] A
QM/MM study on dioxygen binding to hemerythrin, a non-
heme iron protein, showed that the resulting free energy is
significantly affected by van der Waals and electrostatic con-
tributions from the protein environment. For O2 binding to
hemerythrin, a correction of about �10 kcalmol�1 originating
from the protein environment almost canceled the pro-
nounced entropy effects due to the trapping of molecular
oxygen by the metal complex. In the present study the binding
of dioxygen to the metal center of pterin-dependent hydroxy-
lases was computed to be endergonic by 10.3 kcalmol�1 (solvent
effects not included) for the model in Figure 2. Here it is
simply assumed that the van der Waals and electrostatic effects
of the protein would essentially cancel this energy, as they do
for hemerythrin, and lead to a binding of dioxygen which is
either exergonic or thermoneutral, or at least not strongly
endergonic. Proof of this will require future QM/MM studies.
The geometrical arrangements of the metal ligands and the

cofactor are not significantly affected by O2 binding. How-
ever, the paramagnetic molecular oxygen changes the total
multiplicity of the iron complex, whose electronic ground
state becomes a septet (M� 7), as shown in Figure 3. This
electronic distribution is explained by considering that the
iron dioxygen complex is formally written as either Fe2�O2 or
Fe3�O2

�, or a resonance hybrid of these two forms. The actual
electronic structure involves partial electron transfer from
iron to oxygen. The spin on iron is 4.07 and the total spin on
dioxygen is 1.53. The superoxide formula Fe3�O2

� gives a
better representation of the quintet state of the iron dioxygen
complex, which lies 5.1 kcalmol�1 above the septet ground

Figure 3. Optimized structure and spin distribution of the ground state
(M� 7) of the iron dioxygen complex.

state. As indicated in Table 1, which compares the two spin
states, the quintet iron dioxygen complex is characterized by
almost one unpaired electron located on dioxygen, with spins
of 0.20 and 0.54 on O1 and O2, respectively. This unpaired
electron density is antiferromagnetically coupled to the five d
electrons of the FeIII ion. The spin on iron of 4.21 shows that
the spin is somewhat delocalized on the ligands, as usual. The
geometrical details of the two different spin states are quite
similar, and both include a hydrogen-bonding interaction
between dioxygen and one of the water ligands (W3).

The iron ± peroxy ± pterin complex : Following the mechanism
in Scheme 3, the next step should be formation of the bridging
iron ± peroxy ± pterin intermediate. The calculations show that
when dioxygen is reduced to peroxide two electrons are
supplied by the pterin cofactor, which thus becomes positively
charged, and iron goes back to its initial FeII oxidation state.
With iron in the FeII state, one positive charge on the cofactor,
one negative charge on Glu286, and two negatively charged
formate ligands, the peroxide species, and Glu330, the
neutrality of the model complex is maintained. The weak
ligand field created by these types of ligands leads to a quintet
ground state for this complex. The potential energy surfaces
were explored for the quintet, triplet, and septet spin states,
and it was found that the reaction path lowest in energy
involves the quintet state. The triplet state, corresponding to a

Table 1. Comparison of geometrical parameters [ä] and spin distributions of the septet and quintet states of the iron(��) dioxygen complex.

d(Fe�O1) d(O1�O2) d(O2�W3) d(Fe�C4a) Spin(Fe) Spin(O1) Spin(O2)

septet (M� 7) 2.24 1.31 1.95 6.06 4.07 0.76 0.77
quintet (M� 5) 2.09 1.36 1.77 5.86 4.21 � 0.20 � 0.54
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low-spin coupling of the unpaired electrons on iron, leads to
an iron ± peroxy ± pterin intermediate substantially higher in
energy than the quintet state. A septet state for the iron ±
peroxy ± pterin intermediate was also investigated. This state
corresponds to FeIII and a radical on the cofactor, which now
becomes neutral. The septet state was found to have no
minimum for a bridging peroxide structure, and it decays to
the original reactants with dioxygen coordinated to iron. This
result, together with the spin distribution obtained for the
quintet state of the iron ± peroxy ± pterin intermediate (see
below), means that involvement in the reaction pathway of an
FeIII�OOR species, which was proposed as a possible
intermediate in the pterin-dependent hydroxylases,[40] is
unlikely.
Hence, the reactant iron dioxygen complex, which has a

septet ground state, first must be excited to its quintet state,
which only costs 5.1 kcalmol�1. This first step is thus spin-
forbidden, but should still be quite fast due to the large spin-
orbit coupling of iron. Once on the quintet potential surface,
the bound dioxygen is ready to carry out the required
oxidation reactions.
As the cofactor approaches the metal center, the iron ±

peroxy ± pterin complex can be generated by attack of
activated O2 on the C4a site of the cofactor. This involves
electron flow from pterin toward dioxygen, and a charge
separation is established due to the electron deficiency
created on the pterin ring. According to the resonance forms
which can be drawn for the peroxy ± pterin intermediate, the
positive charge is mainly distributed on the pyrimidine ring
between N2 and N3, as shown in Figure 4, which also shows
the transition state for dioxygen reduction. This is the
transition state for the formation of the new C4a�O bond.
A stable cationic radical intermediate in which electron

Figure 4. Optimized structure and spin distribution for the quintet
transition state leading to the formation of an iron ± peroxy ± pterin
intermediate. The charge separation, which follows the oxidative reaction
of the cofactor, is highlighted.

transfer from pterin to dioxygen had occurred prior to the
C4a�O bond formation could not be located.
Compared to the quintet form of the metal dioxygen

complex, which was described above as an FeIII superoxide,
the iron in the transition state for C4a�O bond formation is in
the initial FeII oxidation state, as suggested by the spin of 3.77
on the metal atom. The zero spin population on both pterin
and dioxygen indicates that the electron transfer and the
related carbon ± oxygen bond formation are almost complete
at the transition state. This also follows from the bond lengths
of the pterin rings, which indicate that the electronic structure
has changed to that of the product. For example, the C4a�C8a
double bond in the reactant has changed to a single bond, as in
the peroxy-pterin intermediate. Since iron has oxidation state
II in the reactant (i.e., the septet form of the iron dioxygen
complex) and in the iron ± peroxy ± pterin intermediate, it
could be argued that iron seems to be only a spectator during
the oxidation of the cofactor with dioxygen. However, iron is
essential for the oxidation reaction to occur. Calculations
show that a similar mechanism is impossible without the
presence of the metal atom. After activating dioxygen in the
quintet iron dioxygen complex, iron plays a crucial role in
stabilizing the negative charge developing on dioxygen. As
shown by the crystal structure, the hydrophobic pocket in
which the metal complex is situated and the cofactor binds
does not have any positively charged residue which could
perform an analogous task.[19] Interestingly, flavin, a cofactor
which strongly resembles pterin, can be oxidized by dioxygen
in glucose oxidase (GO).[41] However, in this case a charged
histidine residue is available to stabilize the negative charge
developing on dioxygen.[42] In the aromatic amino acid
hydroxylases another role of iron is to catalyze the spin-
forbidden part of the reaction between pterin and the
paramagnetic dioxygen.
The calculated activation energy for the chemical trans-

formation leading to the iron ± peroxy ± pterin complex from
the septet ground state of the bound dioxygen iron complex is
16.6 kcalmol�1. As shown in Figure 5, which presents the
energetics for the entire reaction mechanism, 16.6 kcalmol�1

is also the rate-limiting barrier for formation of the hydroxy-
lating intermediate FeIV�O, since the following transition
state for O�O cleavage lies at a lower energy. Transition-state
theory allows the calculated energetics to be compared with
the experimental Vmax value measured for PAH isolated from
rat liver, which gives an experimental barrier of
15.6 kcalmol�1 (Vmax� 22 s�1 subunit�1[43]). Since in PAH the
slow step in catalysis is the formation of the hydroxylating
intermediate,[12] this experimental value can be directly
compared to that of 16.6 kcalmol�1 calculated here. The
calculated result also confirms the experimental observation
that a change in bond order of dioxygen should occur during
the rate-determining step of the reaction, as shown by the
isotope effects found when labeled O2 was used in kinetic
experiments with tyrosine hydroxylase.[7] In these experi-
ments an average value of 1.0175 was measured. An attempt
was here made to estimate the oxygen-isotope effect by
computing the k/18k ratio, where k and 18k are rate constants
derived on the basis of transition-state theory for O2 and 18O2,
respectively. The calculated ratio of 1.0363 can be expressed
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as a product of zero-point (0.9697) and thermal effects
(1.0687). Interestingly, an inverse isotope effect results if only
the zero-point effects are considered.
The transition state in Figure 4 leads to the iron ± peroxy ±

pterin intermediate shown in Figure 6, which lies
8.0 kcalmol�1 higher in energy than the septet ground state
of the iron dioxygen complex (see Figure 5). In this inter-
mediate iron is still in the FeII state, as indicated by its spin
population of 3.78, with some minor spin density on the
ligands. One of these ligands is the peroxy ± pterin species, for
which the calculated O�O bond length is 1.58 ä and hybrid-
ization of C4a of pterin has changed from sp2 to sp3. For the
further development of the reaction, the hydrogen bond
between one of the two water molecules coordinated to iron
(W3) and the oxygen atom bound to C4a of pterin (O2) is also
important. The water ligand is in fact prepared to become a
proton source for the following formation of the hydroxylated
cofactor 4a-carbinolamine.
In the charge separation established during the oxidation

process of the cofactor, a positive charge is delocalized in the
pyrimidine ring. Pterin could in principle become neutral by
transferring one proton from N2 or N3 to the carboxylate
group of Glu286 via a mediating water molecule (W1).
Investigation of this possible proton transfer indicated that
the protonated peroxy-pterin species is slightly favored over

the neutral pyrimidine ring.
Therefore, heterolysis of the
O�O bond was investigated
for the protonated iron ± per-
oxy ± pterin intermediate.
Note that although Glu286

does not play any significant
role in the reaction mechanism,
its presence in the model is
essential for investigating the
reaction step in which the new
C4a�O bond is formed. Glu286
is not involved directly in the
oxidation reaction, but rather
orients and structurally guides
the cofactor during the forma-
tion of the peroxide species. A
comparison between the X-ray
structure and the optimized
structure of the peroxide inter-
mediate shows that no signifi-
cant changes occur in the first
coordination shell of the metal
atom when the new C4a�O
bond is formed, but redirection
of the cofactor with respect to
the orientation found in the
crystal structure is needed for
the peroxy ± pterin intermedi-
ate to be generated.

O�O cleavage : Heterolytic
cleavage of the O�O bond in
the iron ± peroxy ± pterin inter-

Figure 6. Optimized structure and spin distribution of the iron ± peroxy ±
pterin intermediate, in which the new C4a�O bond has been formed.

Figure 5. Energy diagram for the suggested reaction mechanism for the formation of the hydroxylating
intermediate FeIV�O in aromatic amino acid hydroxylases.
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mediate is the proposed final step leading to the hydroxylated
cofactor and the oxo ferryl species FeIV�O (see Scheme 3). This
species should be capable of inserting an oxygen atom into the
C�Hbond of phenyl rings.[18] As shown in the potential energy
surface of Figure 5, the formation of the hydroxylating
intermediate FeIV�O passes through two steps. The first
involves elongation of the O�O bond toward an intermediate
in which the O�O bond is not yet fully cleaved, while in the
second 4a-carbinolamine is eventually formed. The same two-
step mechanism for O�O cleavage was encountered in similar
systems such as a non-heme biomimetic iron catalyst[44] and in
cytochrome c oxidase.[45] The first transition state (Figure 7)
occurs when the O�O distance is about 1.8 ä and requires a

Figure 7. Optimized structure and spin distribution for the first transition
state in O�O heterolysis.

barrier of 12.8 kcalmol�1 (relative to the initial iron dioxygen
reactant). It then decays to a true minimum lying at
6.5 kcalmol�1 with an O�O distance of 2.16 ä; the geometry
and the spin properties of this intermediate (denoted O�O
intermediate in the following) are quite similar to those of the
transition state (Table 2). During this first step of O�O
heterolysis, the spin on iron increases and reaches 4.05 in the
O�O intermediate. Simultaneously, some new spin appears
on O2, the oxygen atom directly bound to C4a of pterin.
In the second step of the heterolytic cleavage the new O�H

bond of the hydroxylated cofactor is formed. The water ligand
W3, which forms a hydrogen bond to O2 of the iron dioxygen
complex, is prepared to donate a hydrogen atom, as is also
indicated by the very short hydrogen bond (1.59 ä) in the

O�O intermediate. From this intermediate, the protonation of
O2 occurs with hardly any barrier, since the related transition
state (Figure 8) is calculated to lie at 6.5 kcalmol�1, as shown
in the potential energy surface of Figure 5. The calculated
energy difference between this final transition state and the
O�O intermediate is about 2 kcalmol�1, but the solvent,
entropy, and the zero-point effects cancel out any energy
barrier.

Figure 8. Optimized structure and spin distribution for the second
transition state in O�O heterolysis.

A molecular orbital picture can provide a simple interpre-
tation of the changes in the electronic distribution occurring
during heterolytic O�O cleavage. In this picture, the coordi-
nation of the pterin-peroxide species at the metal center can
be conveniently approximated as purely electrostatic, as
suggested by the rather long Fe�O bond length of 2.07 ä
(see Figure 6). To cleave the O�O bond, a � electron is
initially promoted to the empty �* O�O orbital, which implies
that only one � electron will effectively contribute to the O�O
bond. The increase of total spin (� ± �) observed on the iron
atom during the first step of the heterolytic process (Table 2)
suggests that the � electron is supplied by the metal. The �

electron in the antibonding O�O orbital, which leads
effectively to half an O�O bond, explains the minimum
occurring at a long O�O distance and it also accounts for the
spin of �0.35 on O2 in the O�O intermediate. The lowest
excited state of hydrogen peroxide, which has one � electron
in the �* O�O orbital, has a very similar minimum.[46] In the
second step of O�O cleavage another electron, of � spin, must

Table 2. Geometric parameters [ä] and spin distributions for the transition state and the following O�O intermediate in the first step of O�O heterolysis.
d(Fe�O1) d(O1�O2) d(O2�W3) d(O2�C4a) Spin(Fe) Spin(O1) Spin(O2)

transition state 1.85 1.82 1.73 1.44 3.92 0.11 � 0.27
O�O intermediate 1.78 2.16 1.59 1.42 4.05 0 � 0.35
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be promoted to the �* O�O orbital to cleave the O�O bond.
This electron, which is again taken from the metal atom, is
transferred during the formation of the new O�H bond. After
O�O heterolysis and concomitant formation of the hydroxy-
lated cofactor, the high-valent metal ion is generated, which
forms the Fe�O double bond of the oxo ferryl species
(Figure 9).

Figure 9. Optimized structure and spin distribution for the high-valent iron
species FeIV�O, suggested to hydroxylate the aromatic amino acid.

The molecular orbital
picture describing the
Fe�O double bond[47]

(Figure 10) accounts for
the spin distribution on
the iron atom. Two ferro-
magnetically coupled un-
paired electrons occupy
two degenerate �* orbi-
tals, and this results in
localization of one elec-
tron on both the metal
and the oxo group. To-
gether with the original
two unpaired electrons on
the metal atom, a total
spin of about three is then

located on the iron center. The double bond, analogous to that
in the O2 molecule, also explains the short Fe�O bond length
(1.65 ä).
As shown in Figure 5, the hydroxylation of the cofactor is

driven by an exergonicity of 6.3 kcalmol�1. It is noteworthy
that the oxidized pterin is still protonated. The step which
would lead to the unprotonated species could likely occur
through the water molecules present at the active site,[21] but
which are not included in the present model.

Conclusion

Based on the present DFT investigation, a mechanism for the
first part of the catalytic cycle in aromatic amino acid
hydroxylases is proposed (Figure 5), that is, formation of the
hydroxylating intermediate.
Experiments[17] show that the FeII ion present in the active

form of these enzymes is likely to be five-coordinate when the
substrates bind, and it thus offers a free coordination site for
dioxygen activation. The present studies indicate an essential
role of iron at this stage of the reaction, since oxidation of the
tetrahydrobiopterin cofactor can occur only if dioxygen enters
the first coordination shell of iron and binds to the metal
center. From the iron dioxygen complex the first step of
oxygen reduction by the cofactor involves the formation of a
new C4a�O bond to give to an iron(��) ± peroxy ± pterin
intermediate. The analogous reduction of oxygen by the
pterin cofactor, leading to a peroxy ± pterin species without
the involvement of the metal was found to be infeasible. In
this step the presence of iron is thus essential for catalysis, and
it is needed both to activate dioxygen and to stabilize the
negative charge building up on the oxygen atom. No stable
intermediate could be found in which pure electron transfer
from the cofactor to dioxygen has occurred (i.e., a pterin
carbocation radical and a superoxide ion O2

�). The calcula-
tions further show that the rate-limiting step for the formation
of the hydroxylating intermediate corresponds to C�O bond
formation to give the iron(��)-peroxy-pterin intermediate. This
intermediate then evolves by heterolytic O�O bond cleavage
into C4a-hydroxypterin and the high-valent iron oxo species
FeIV�O. The FeIV�O complex, referred to as the hydroxylat-
ing intermediate, is then ready to carry out hydroxylation
of aromatic amino acids in the next part of the catalytic
cycle.[18]
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