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Phenylalanine hydroxylase (PheH),1 tyrosine hydroxylase
(TyrH), and tryptophan hydroxylase (TrpH) make up the
family of tetrahydropterin dependent aromatic amino acid
hydroxylases. Scheme 1 illustrates the general reaction these
enzymes catalyze, the hydroxylation of the side chain of an
aromatic amino acid utilizing a tetrahydropterin as the source
of the two electrons required to reduce the other atom of
oxygen to the level of water. The eukaryotic forms of these
enzymes have been studied the most due to their physiologi-
cal importance. PheH is a liver enzyme that catalyzes the
catabolism of excess phenylalanine in the diet to tyrosine;
the vast majority of cases of phenylketonuria are due to
deficiencies in this enzyme (1). TyrH is found in the central
nervous system and adrenal gland, where its role is to
catalyze the first step in the biosynthesis of catecholamines,
the formation of dihydroxyphenylalanine (DOPA) from
tyrosine. TrpH is present in the brain where it catalyzes the
first step in the biosynthesis of serotonin, the hydroxylation
of tryptophan to 5-hydroxytryptophan. PheH is also present
in bacteria, although not inEscherichia coli; as of this
writing, 17 different bacterial genomes include a PheH
ortholog. Only the enzyme fromChromabacteriumViola-
ceumhas been characterized to any extent.

Structure. The eukaryotic enzymes are all homotetramers.
In each case, three distinct structural domains can be
identified. Each enzyme contains an N-terminal domain
responsible for the regulatory properties. The regulatory

domains vary in length from about 100 residues in the case
of TrpH to about 160 residues with TyrH. There is a catalytic
domain of about 280 amino acids near the C-terminus that
contains all of the residues required for catalysis and substrate
specificity (2-6); this domain is homologous to the bacterial
enzymes. The final C-terminal 40-50 residues make up a
tetramerization domain; a critical part of this is a helix of
about 25 residues that forms the coiled-coil interaction
critical for tetramer formation (7). While the catalytic cores
of the rat enzymes are 52% identical, the regulatory domains
show very low levels of identity (<14%), consistent with
the different regulatory mechanisms of the three enzymes.
Three-dimensional structures have been determined for the
catalytic domains of all three of the eukaryotic enzymes as
well as the intact PheH fromC. Violaceum, confirming the
homology (Figure 1A). Only in the case of PheH has the
structure of the regulatory domain been determined (Figure
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1B); this shows that the N-terminus physically blocks the
entrance to the active site in the substrate-free enzyme (8).
The structures of PheH and TrpH were obtained using
enzymes lacking the C-terminal residues responsible for
tetramer formation, but the structure of the catalytic domain
of TyrH used protein containing the C-terminus. The TyrH
structures clearly show the C-terminal coiled-coil respon-
sible for tetramer formation. Because of the homology of
the catalytic domains of these enzymes, it is possible to
construct a model of the intact tetrameric PheH using the
PheH and TyrH structures (Figure 2C).

All three eukaryotic enzymes are regulated in part by the
phosphorylation of serine residues in the regulatory do-
mains (9). Phosphorylation of PheH alters the equilibrium
between the open and the closed forms of the enzyme (10-
12), while phosphorylation of TyrH decreases the inhibition
by catecholamines (13); the effects of phosphorylation of
TrpH have not been elucidated. With both PheH and TyrH,
phosphorylation appears to convert the enzymes between
active and inactive forms without altering details of substrate
binding or the catalytic mechanism. Because the focus of
the present review is the catalytic mechanism, no further

discussion of the regulatory properties will be presented here.
The pterin dependent hydroxylases are iron dependent

enzymes, requiring one iron atom per subunit for activity
(14, 15). When isolated, the iron is typically in the ferric
state, while the active form is ferrous (6, 16, 17). The
physiological reductant is not known, but tetrahydropterins
readily reduce both PheH and TyrH in vitro (16, 18, 19),
suggesting that tetrahydrobiopterin is the physiological
reductant. There is no evidence that the ferric enzyme is a
catalytic intermediate; rather, these enzymes begin and end
each catalytic cycle in the ferrous form. TheC. Violaceum
enzyme has been isolated with copper instead of iron (20),
and this observation led to the proposal that the bacterial
enzyme does not require any metal for activity (21, 22). More
recently,C. ViolaceumPheH was shown to have an absolute
requirement for iron for tyrosine formation (23), in agreement
with the metal requirements of the eukaryotic enzymes. There
have been no other reports to date of a pterin dependent
hydroxylase catalyzing amino acid hydroxylation using a
metal other than iron.

The location of the iron atom allowed the active site to
be readily identified in the first structure of a pterin dependent

FIGURE 1: (A) Overlay of the catalytic domains of human PheH (PDB file 1J8U), rat TyrH (PDB file 2TOH), human TrpH (PDB file
1MLW), andC. ViolaceumPheH (PDB file 1LTV) (B) Combined catalytic and regulatory domains of rat PheH. The structure is based on
the PDB file 1PHZ; the protein used for structure determination lacked the C-terminal 24 residues, and the N-terminal 18 residues are not
seen in the structure. The orientation is the same as in panel A. (C) Model for the intact rat PheH tetramer. The model was constructed by
superimposing the catalytic and regulatory domains of rat PheH shown in panel B with the structure of the tetrameric TyrH catalytic
domain (PDB file 2TOH).

FIGURE 2: Comparison of the iron and tetrahydrobiopterin binding sites of PheH in the absence (A) and presence (B) ofâ-thienylalanine.
The structures are from the PDB files 1J8U and 1KWO.
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hydroxylase to be determined, that of the catalytic domain
of rat TyrH (24). The iron atom lies at the bottom of 10 Å
deep cleft in the enzyme surface. It is bound to three amino
acid residues, His331, His336, and Glu376.2 His 331 and
His336 had previously been identified as metal ligands in
TyrH by site-directed mutagenesis (25), and the correspond-
ing residues in PheH, His285 and 290, had been identified
as metal ligands in that enzyme (26, 27). The presence of
the third acidic residue had been predicted by Cox et al. (28)
based on spectroscopic studies of catecholate complexes of
PheH. This arrangement of ligands, two histidines and one
acidic residue, has been seen in a number of metalloproteins
with divergent functions (29). In contrast to the other proteins
with this metal-binding motif, such as theR-ketoglutarate
dependent enzymes and the intra- and extradiol dioxygenases,
there is no evidence that a substrate becomes a metal ligand
during the reaction. In the absence of substrates, up to three
water molecules make up the remaining ligands to the metal
in all three eukaryotic enzymes (30-32), resulting in a
distorted octahedral arrangement of ligands (Figure 2A). The
actual number of water molecules varies with the structure
(33, 34). In theC. ViolaceumPheH structure, the glutamate
(Glu184) binds in bidentate fashion, and there are only two
water molecules bound. While the replacement of a metal
ligand in TyrH or PheH with alanine or serine yields inactive
enzyme (25, 26), TyrH in which His336 has been replaced
with glutamate or glutamine still retains some activity as a
tyrosine hydroxylase (35).

The kinetic mechanism, which provides a framework for
discussion of the order of the individual steps in catalysis,
has been determined for TyrH (36) and for the bacterial PheH
(37, 38). For both enzymes, all three substrates must be
bound before catalysis occurs. However, there is disagree-
ment regarding the order of substrate binding. In the case of
rat TyrH, the order is 6-methyltetrahydropterin first, followed
by oxygen in rapid equilibrium, and then tyrosine (36). In
the case of bacterial PheH, Pember et al. (37) reported that
oxygen bound first, followed by a random binding of 6,7-
dimethyltetrahydropterin and phenylalanine. In contrast,
Volner et al. (38), using an identical approach, concluded
that the binding was ordered and that the order was
dimethyltetrahydropterin, phenylalanine, and oxygen. The
reasons for this discrepancy in the PheH mechanism are not
clear. Less complete studies with TrpH are consistent with
a random order for the binding of amino acid and tetrahydro-
pterin (39). Substrate inhibition at high concentrations of the
amino acid has been reported for all three enzymes (36, 37,
39); this phenomenon can occur in an ordered kinetic
mechanism if the second substrate binds to the free enzyme,
hindering binding of the first. The data for binding of amino
acid and tetrahydropterin suggest that the order of binding

is somewhat random for all these enzymes, with the different
enzymes showing different degrees of preference for binding
of the pterin before the amino acid.

It is clear that an enzyme-tetrahydropterin complex can
form since structures are available for all three enzymes with
a pterin bound. Complexes in which the iron is in the ferrous
state and a tetrahydropterin is the ligand are the most relevant
to catalysis; these are available only for PheH. Figure 2A
shows the interactions between tetrahydrobiopterin and PheH
in the binary complex of rat PheH (33). Most of the
interactions involve the pyrimidine ring of the pterin,
consistent with the observation that triaminopyrimidines will
function in place of tetrahydropterins as substrates for PheH
(40). The N(1)-N(8) side of the pterin ring packs against a
flexible loop consisting of residues 247-251. Several of the
interactions with this loop involve the peptide backbone
rather than amino acid side chains. The only exception is
Ser251, which forms a hydrogen bond with the dihydroxy-
propyl side chain of biopterin; this residue is not conserved
in the other hydroxylases, and a variety of 6-substituted
tetrahydropterins are effective substrates for all these en-
zymes (41). The carboxylate of Glu286 provides the only
electrostatic interaction between the protein and the pterin;
in the absence of the amino acid substrate, this interaction
is through two water molecules. The importance of this
residue in tetrahydropterin binding has been confirmed by
site-directed mutagenesis of both PheH and TyrH (42, 43).
In addition to the interactions shown in Figure 2A, there is
a stacking interaction between Phe254 and the pterin (44).

No structure is yet available with only an amino acid
bound. However, a structure is available for the catalytic
domain of human PheH with both tetrahydrobiopterin and
â-thienylalanine bound (45). â-Thienylalanine has been
shown to bind both human and rat PheH and activate
tetrahydropterin consumption (46, 47), but whether this
amino acid is hydroxylated has not been established directly.
Figure 3 shows the interactions between the amino acid
substrate and the protein in the ternary complex. The
carboxylate ofâ-thienylalanine is bound to the side chain
of Arg270; this importance of this electrostatic interaction
has been demonstrated by the decrease of 4700-fold in the
V/K value for the amino acid substrate when the correspond-
ing residue in TyrH is mutated to lysine (43). The carboxylate
also forms hydrogen bonds with the side chain of Ser349
and the amide nitrogen of Thr278. The substrate amino group
forms hydrogen bonds with the side chain hydroxyl of
Thr278 and two water molecules (not shown). The substrate
side chain is held in a hydrophobic cage made up the side

2 Amino acid residue numbers refer to the individual proteins. The
catalytic domains of the three eukaryotic hydroxylases are readily
aligned with no gaps. As a result of the different lengths of their
N-terminal domains, residues in TyrH are 46 residues farther from the
N-terminus than the respective residues in PheH, while residues in TrpH
are 13 residues closer to the N-terminus than in PheH. Human and rat
PheH differ in that the human enzyme has one additional residue at
the C-terminus, so that the numbering for active site residues is the
same for each.ChromabacteriumViolaceumPheH lacks the N-terminal
regulatory domain and contains both short insertions and deletions as
compared to the catalytic domains of the eukaryotic enzymes, so that
there is no simple arithmetic difference in residue numbering.

FIGURE 3: Amino acid substrate binding site of PheH. The structure
is from the PDB file 1KWO.
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chains of mainly aromatic amino acids, including Trp326,
Phe331, and Pro281, and the backbone of Gly346. In
addition, the substrate aromatic moiety is stacked over the
side chain of His285, one of the metal ligands. The iron atom
is 4.2-4.3 Å from theε carbons ofâ-thienylalanine.

In addition to providing structural evidence for the binding
site of the amino acid substrate, this structure shows several
differences from those of enzymes with only a pterin bound.
While Glu330 has a monodentate interaction with the iron
in the structures of the eukaryotic hydroxylases that do not
contain an amino acid substrate, in the ternary PheH complex,
Glu330 binds the iron in a bidentate fashion (Figure 2B).
As noted previously, similar bidentate binding of this
glutamate has also been reported for the structure of theC.
ViolaceumPheH both in the presence and in the absence of
pterin (34). The position of the pterin is altered in the ternary
complex as compared to the various binary complexes with
pterin (Figure 2B). The 247-251 loop moves 2.6 Å closer
to the iron, so that the pterin C(4a) is only 4.5 Å from the
iron as compared to distances of about 6 Å in the binary
complexes. Glu330 now forms direct interactions with the
pyrimidine ring of the pterin rather than the water mediated
bonds seen in the binary complex. Only one water molecule
remains bound to the iron in the ternary complex. Spectro-
scopic studies of rat PheH with phenylalanine and 6-methyl-
5-deazatetrahydropterin bound confirm the decrease in the
number of metal ligands in the ternary complex (48). It
appears that both substrates must be bound before the change
in the arrangement of the metal ligands occurs since
spectroscopic studies of the ferrous iron in rat PheH do not
show a change to a pentacoordinate site when phenylalanine
alone binds (49).

In addition to the changes in positions of active site
residues and an overall compression of the entire catalytic
domain, the ternary complex shows a major conformational
change in a mobile loop at the active site opening. In the
ternary complex, the loop containing residues 131-150 has
moved to close down over the active site (Figure 4). This
moves Tyr138 from an exposed position on the surface to
being buried in the active site, where it packs against several
residues that make up the hydrophobic pocket for the amino

acid side chain (Figure 3). All of the eukaryotic aromatic
amino acid hydroxylases require that the amino acid be
bound before any reaction occurs between oxygen and
tetrahydropterin. The combination of changes seen in the
ternary complex, the movement of the pterin, the change in
iron ligation, and the formation of the amino acid binding
site, provide a ready structural explanation for this require-
ment for amino acid binding before catalysis is initiated. The
importance of this loop movement and other structural
changes for the bacterial PheHs is less clear since the mobile
loop is not conserved in the bacterial enzymes.

Substrate Specificity. While most of the variation among
the eukaryotic enzymes occurs in the regulatory domains,
the substrate specificities are determined by residues in the
catalytic domains (5). Each of the three eukaryotic enzymes
is able to hydroxylate all three aromatic amino acids to some
extent. For rat PheH, theV/K value for phenylalanine is 105-
fold greater than theV/K value for tyrosine (50) but
comparable to that for tryptophan (51). For TrpH, theV/K
value for tryptophan is only 12-fold that for phenylalanine,
but the enzyme shows a preference for tryptophan over
tyrosine of at least 5000-fold (6). TyrH is the least specific
of the three enzymes, in that theV/K value for tyrosine is
only 10-fold that for phenylalanine (50) and 30-fold that for
tryptophan (52). The site of hydroxylation in each case is
determined by the substrate, in that all three enzymes form
tyrosine, DOPA, or 5-hydroxytryptophan from phenylalanine,
tyrosine, or tryptophan, respectively. There are some excep-
tions to the rigid regiospecificity; TyrH forms a 25:1 mixture
of tyrosine and 3-hydroxyphenylalanine from phenylalanine
(53), and TrpH will hydroxylate 2-azaisotryptophan at both
the 5- and the 6-carbons (54). PheH has also been reported
to hydroxylate norleucine, methionine, and cyclohexylalanine
(21, 46).

As noted previously, the aromatic side chain of the amino
acid substrate is surrounded by a hydrophobic cage. The
residues that make up this cage are obvious choices for
determinants of the substrate specificities. The residues that
make up this cage in PheH are Trp326, Phe331, Pro281,
His285, and Gly346. All but Trp326 are conserved in both
the bacterial and the eukaryotic enzymes, with the minor
exception that Phe331 is tyrosine in some bacterial enzymes;
Trp326 is replaced with phenylalanine in TrpH. The obvious
possibility that this residue is involved in discriminating
between the larger indole and the smaller phenyl or phenolic
side chains has been examined by site-directed mutagenesis.
Mutation of this phenylalanine in TrpH to tryptophan
decreases the preference for tryptophan over phenylalanine
as a substrate, so that theV/K values for the two amino acids
are comparable (51, 52). Mutation of Trp326 of PheH to
phenylalanine yields a mutant protein with a 30-fold prefer-
ence for tryptophan over phenylalanine (51), but the same
mutation in TyrH has almost no effect on the relativeV/K
values for the three aromatic amino acids (52). Much more
dramatic effects on substrate specificity have been found
upon mutagenesis of second sphere residues. Val379 of
PheH, which packs against Tyr138 in the ternary complex,
is replaced by Asp425 in TyrH. D425V TyrH shows a
preference for phenylalanine over tyrosine of 8000-fold,
while the double mutant, V379D/H264Q PheH, shows a
3000-fold decrease in its preference for phenylalanine over
tyrosine (50). These results suggest that the substrate

FIGURE 4: Movement of the 130-150 loop in PheH upon binding
of â-thienylalanine to the tetrahydrobiopterin bound enzyme. The
loop with Tyr138 in blue is from the binary complex (PDB file
1J8U); the positions of the active site iron, the substrates, and the
metal ligands are from the ternary complex (PDB file 1KWO).
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specificity of these enzymes is determined by the packing
of second sphere residues against the aromatic cage sur-
rounding the substrate.

Mechanism of Oxygen ActiVation. While our knowledge
of the structures of these proteins is most advanced in the
case of PheH, details of the catalytic mechanism have been
worked out with all three. The homology of the catalytic
domains of the pterin dependent hydroxylases suggests that
they share a common catalytic mechanism. For the present
discussion, it will be assumed that this is indeed the case,
so that experimental results for all three enzymes can be used
to develop a common mechanistic scheme. Scheme 2
summarizes the present understanding of the chemical
mechanism of these enzymes. The reaction can be divided
into two partial reactions, formation of the hydroxylating
intermediate and oxygen transfer to the amino acid substrate.
In neither has an intermediate been trapped for direct
structural analysis. However, a variety of kinetic and
computational approaches is providing insights into the
catalytic details.

As noted previously, activity requires that the iron be
ferrous. Tetrahydropterins have been shown to reduce the
ferric iron in both PheH (16, 18) and TyrH (19). The
mechanism of the reduction has not been elucidated. While
formally one molecule of tetrahydropterin should be able to
reduce two iron atoms, at least in the case of PheH the
stoichiometry depends on the experimental conditions. There
is no evidence that formation of the ferric enzyme occurs
during turnover. Indeed, in the case of TyrH, no EPR-
detectable intermediates are seen during catalysis (19). Thus,
for mechanistic discussions, the ferrous enzyme can be
considered the resting form in the absence of substrates.

A 4a-hydroxypterin (Scheme 1) is a product of the reaction
catalyzed by all three enzymes (55-58). Molecular oxygen
is the source of the oxygen atom incorporated into the pterin
product (59) as well as the oxygen atom incorporated into
the amino acid (60). This requires that there be a reaction
between an oxygen species and the pterin during catalysis,
so that the pterin must participate in catalysis to a greater
extent than simply supplying electrons. Studies of the
autoxidation of tetrahydropterin provide a possible model
for the enzymatic reaction between oxygen and tetrahydro-
pterin. The products of the autoxidation reaction are H2O2

and quinonoid dihydropterin (61, 62). Scheme 3 summarizes
the mechanism proposed by Eberlein et al. (63) for this
reaction. The first and rate-limiting step is single electron
transfer from the pterin to oxygen to form superoxide and a
pterin cation radical. Radical collapse generates a peroxy-
pterin; loss of peroxide from the peroxypterin leaves the
dihydropterin. The proposed radical and peroxypterin inter-
mediates have not been directly detected during the autoxi-
dation reaction. The intermediacy of a peroxypterin is
supported by the observation that a stable peroxypterin can
be formed by reacting a 5-deazatetrahydropterin with singlet
oxygen (64), by the production of H2O2 as an autoxidation
product, and by the direct observation of a similar 4a-
peroxyflavin in the reaction of reduced flavoprotein hy-
droxylases with oxygen (65). Eberlein et al. (63) proposed
the intermediacy of a pterin cation radical based upon
analyses of the thermodynamics of the autoxidation reaction
and the pH insensitivity of the reaction. There is no solvent
isotope effect on the autoxidation reaction (66), consistent
with rate-limiting single electron transfer to form the pterin
cation radical.

The precedent of the autoxidation reaction and the
observed intermediacy of 4a-peroxyflavins in flavoprotein-
catalyzed hydroxylation reactions make a similar 4a-peroxy-
pterin an attractive intermediate for the pterin dependent
hydroxylases. Support for a peroxypterin intermediate comes
from studies with tyrosine as a substrate for PheH. As noted
previously, tyrosine is hydroxylated very slowly by PheH.
This is in part due to the unproductive consumption of
tetrahydropterin and oxygen by the enzyme without con-
comitant amino acid hydroxylation (67). Hydrogen peroxide
is produced by this unproductive reaction, consistent with
the breakdown of a peroxypterin intermediate (68). In
addition,C. ViolaceumPheH is reported to form hydrogen
peroxide in the presence of phenylalanine if the metal-free
enzyme is used (23).

While the intermediacy of a peroxypterin in the enzyme-
catalyzed reactions is thus reasonable, the mechanism of its
formation remains unsettled. The reaction of TyrH with
oxygen has been probed using18O kinetic isotope effects.
With this enzyme, the rate-limiting step in turnover appears
to be the formation of the hydroxylating intermediate since
the kcat value is relatively insensitive to the identity of the
amino acid substrate (69). There is an18O isotope effect on
the V/K value for oxygen of 1.0175 (70). This establishes
that there is a change in the bond order to oxygen in the
rate-determining step. The value is too large to be due to
the formation of neutral superoxide or hydrogen peroxide
but is compatible with the formation of superoxide or
peroxide anion (71). Thus, the18O kinetic isotope effect is

Scheme 2 Scheme 3
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consistent with an enzymatic reaction that resembles the
mechanism for the autoxidation reaction in Scheme 3.

One critical difference between the enzyme-catalyzed
reaction and the autoxidation reaction is that the enzyme has
a metal in the active site; this raises the possibility that the
iron is explicitly involved in the reaction between oxygen
and tetrahydropterin in the active site. A mechanism con-
sistent with the data is shown in Scheme 4. Binding of
oxygen to the Fe(II) atom would generate a complex
equivalent to Fe(III)O2-. This could then attack the C(4a)
position of the tetrahydropterin to form the peroxypterin.
Such a mechanism would avoid the spin-forbidden direct
reaction of triplet oxygen with the tetrahydropterin. The
oxygen isotope effects for TyrH are too small to be due only
to binding of oxygen to Fe(II) (71). They can be rationalized
by equilibrium binding of oxygen to the iron followed by
an irreversible step involving either electron transfer from
the pterin to the oxygen to form Fe(II)O2

- or by nucleophilic
attack of the pterin on the iron-bound oxygen to form the
Fe(II) µ-peroxypterin species shown in Scheme 2. In the
absence of direct detection of the intermediates proposed for
the two different mechanisms, one criterion for clarifying
the role of the iron in the initial reaction between tetra-
hydropterin is to determine whether these enzymes can
catalyze a reaction between tetrahydropterin and oxygen in
the absence of iron. The metal-free PheH fromC. Violaceum
has been reported to catalyze the oxidation of dimethyl-
tetrahydropterin to quinonoid dihydropterin and hydrogen
peroxide at about 5% the turnover of the iron-containing
enzyme (23), suggesting that the metal is not absolutely
required. In contrast, several mutant forms of TyrH in which
the metal affinity has been decreased by mutation of the one
of the metal ligands still show an absolute requirement for
metal to catalyze any tetrahydropterin consumption (35). The
metal requirement of the eukaryotic enzyme may reflect a
need for bound metal to effect the conformational change
that occurs when both amino acid and pterin are bound before
any reaction between pterin and oxygen can occur rather than
direct involvement of the metal in the reaction. Alternatively,
the reaction of the bacterial enzyme may be due to a low
level of catalysis of tetrahydropterin oxidation by enzyme
containing a metal other than iron. When His336 in TyrH is
mutated to glutamine, the enzyme retains substantial hy-
droxylase activity with an absolute need for iron. However,
in the presence of Co(II), this mutant protein will catalyze

tyrosine dependent tetrahydropterin oxidation at 14% the rate
seen with Fe(II), although it does not catalyze DOPA
formation (72). The iron-freeC. ViolaceumPheH was not
metal-free but contained substoichiometric amounts of nickel
and copper (23).

The role of the iron in the reaction between oxygen and
tetrahydropterin has also been addressed computationally.
Bassan et al. (73) used hybrid density functional theory and
a truncated model of the PheH site based on the binary
structure with tetrahydrobiopterin to analyze the mechanism
of that enzyme. They were unable to find a mechanism for
oxygen reacting with the pterin in the absence of the metal.
Instead, the calculations indicated that the favored pathway
resembled the mechanism of Scheme 4, with initial binding
of oxygen to Fe(II) to form a species better described as
Fe(III)O2

-. This then reacted with the pterin to form the
Fe(II) µ-peroxypterin without any detectable intermediates.
Energetically, the highest barrier was for the reaction of
Fe(III)O2

- with the pterin; this is consistent with the
prediction from the18O isotope effects. While the calculations
thus seem to support the mechanism of Scheme 4, they are
based on the structure of the binary complex with tetra-
hydrobiopterin. As discussed above, there are significant
changes in the metal ligands and the interaction of the
tetrahydropterin with the protein when the amino acid is
bound; the effect of these changes on the computations
remains to be resolved.

A peroxypterin formed from the reaction of oxygen and
the tetrahydropterin is one candidate for the hydroxylating
intermediate (74). The flavoprotein phenol hydroxylases
catalyze a reaction which is formally identical to the reaction
of TyrH, and the hydroxylating intermediate in these enzymes
has been identified as a 4a-peroxyflavin (65). However, the
flavoprotein hydroxylases require that the aromatic ring of
the substrate be activated by a hydroxyl, amino or thiol
moiety (74). In contrast, all three pterin dependent enzymes
can hydroxylate the unactivated phenyl ring of phenylalanine
(6, 75) and, as discussed below, can also catalyze benzylic
hydroxylation. This suggests that the hydroxylating inter-
mediate in the latter enzymes is more reactive than a simple
peroxypterin. One clear difference between the pterin and
flavin dependent systems is the requirement of the former
for iron. Based on the iron requirement and the need for a
more reactive species, Dix et al. (59) proposed that an Fe(II)
µ-peroxypterin was either the hydroxylating intermediate or
a precursor to it. As discussed above, the experimental and
computational data support such a species as an intermediate.
However, for all three enzymes, a peroxypterin, by itself or
as an iron ligand, has been ruled out as the actual hydrox-
ylating intermediate. Direct hydroxylation by a peroxypterin
requires that cleavage of the peroxy OO bond and addition
of oxygen to the amino acid substrate be concerted. As a
result, the amount of hydroxypterin produced must agree with
the amount of amino acid hydroxylated. When tyrosine is a
substrate for either PheH or TrpH, a large excess (>100-
fold) of tetrahydropterin is consumed as compared to the
amount of DOPA formed, while 20-30% of the tetra-
hydropterin is converted to the hydroxypterin product (58,
67). In the case of TyrH, the S395A enzyme catalyzes the
formation of the hydroxypterin product at a rate not
substantially different from the wild-type enzyme, but only
1-2% of this is accompanied by formation of DOPA (76).

Scheme 4
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These results establish that OO bond cleavage can occur
without hydroxylation of the amino acid substrate. The most
straightforward explanation is that cleavage of the OO bond
occurs in the formation of the actual hydroxylating inter-
mediate, ruling out a peroxypterin as the actual oxygen donor
to the amino acid substrate. Further support for the need to
cleave the OO bond of a peroxy intermediate to form the
actual hydroxylating intermediate comes from the properties
of TyrH H336Q (72). The decreased metal affinity of this
enzyme allowed the enzyme to be reconstituted with Co(II);
the cobalt-containing enzyme was unable to catalyze amino
acid hydroxylation but was able to catalyze tetrahydropterin
oxidation in the presence of tyrosine. This result is consistent
with the ability to form Co-peroxide but not Co(IV).

The intermediacy of the Fe(II)µ-peroxypterin initially
proposed by Dix et al. (59) is consistent with several
experimental observations. As discussed previously, com-
putations support such a species as the product of the iron-
catalyzed reaction of molecular oxygen and the tetrahydro-
pterin in the active site (73). In addition, in the structure of
the ternary complex of PheH with tetrahydrobiopterin and
â-thienylalanine, C(4a) of the pterin is 4.5 Å from the iron
(45). This distance is compatible with a peroxy bridge
between these two atoms if one assumes that oxygen binds
in place of the remaining water molecule bound to the iron.
Heterolytic cleavage of the OO bond of such an intermediate
would generate the hydroxypterin product directly while
forming a species at the formal oxidation level of Fe(IV)O.
A ferryl oxo species is a reasonable candidate for the actual
hydroxylating intermediate. Similar species have been pro-
posed as the active oxygen intermediates in several other
non-heme iron monooxygenases (77). Very recently, an
intermediate with spectroscopic properties consistent with
high spin Fe(IV)O was detected in the reaction of the non-
heme iron enzyme taurine/R-ketoglutarate dioxygenase (78);
while the mechanisms of theR-ketoglutarate dependent
hydroxylases differ in detail from that of the pterin dependent
enzymes (79), in both, the iron is bound by a two histidine-
one carboxylate triad (80). Biomimetic studies have estab-
lished the ability of Fe(IV)O species to catalyze aromatic
hydroxylation, sulfoxidation, and epoxidation reactions (81-
84).

Mechanism of Hydroxylation. Studies of the mechanism
of oxygen addition to the amino acid substrate are consistent
with an electrophilic hydroxylating intermediate such as
Fe(IV)O. Probing the mechanism of oxygen addition to the
amino acid substrate has been complicated by the fact that
other first-order steps in the reaction are slower for both PheH
and TyrH (46, 69), so that changes in steady state kinetic
parameters with alternate or isotopically labeled substrates
do not directly reflect changes in the rate constant for this
chemical step. In the case of TyrH, this complication has
been circumvented by analyzing product partitioning rather
than steady-state kinetics. Thekcat value for this enzyme is
relatively constant for a number of ring-substituted phenyl-
alanines (69). However, changes in the electron-donating
ability of the substituent at the 4-position of the aromatic
ring alter the efficiency of the reaction (85). This is consistent
with a kinetic model (Scheme 5) in which the rate of
formation of the Fe(IV)O intermediate is insensitive to the
reactivity of the amino acid substrate, but its subsequent fate
is determined by partitioning between productive hydrox-

ylation and unproductive breakdown. When the relative
amount of hydroxylated amino acid formed was determined
for a series of 4-substituted phenylalanines, there was a good
correlation between the relative rate constants for hydroxyl-
ation and theσ values of the substituents, with an averageF
value of -5 for tetrahydrobiopterin and 6-methyltetra-
hydropterin (85). This result was interpreted as evidence for
a cationic transition state for oxygen addition to the aromatic
ring. An electrophilic aromatic substitution reaction for
hydroxylation involving the cationic species shown in
Scheme 2 was proposed based on these data. The proposed
cationic intermediate is consistent with the observation that
these enzymes exhibit NIH shifts, 1,2 shifts of the substituent
at the site of hydroxylation to the adjacent ring carbon (86,
87). The extent of the shift decreases with the electronega-
tivity of the substituent, consistent with a requirement for
the substituent to participate in the three-centered transition
state for the 1,2 shift (85).

Support for electrophilic aromatic substitution as the
mechanism of oxygen addition also comes from kinetic
isotope effects with TrpH. In contrast to the situation with
PheH and TyrH, the rate-limiting step in TrpH turnover is
oxygen addition to the aromatic ring of the substrate (54).
In the hydroxylation of tryptophan, the NIH shift is from
C5 to C4 only (58). With 5-2H-tryptophan as substrate for
TrpH, there is an inverse isotope effect on thekcat value of
0.93, while no effect is seen with 4-2H-tryptophan as
substrate (58). This is consistent with rehybridization from
sp2 to sp3 at the site of oxygen addition but no change at the
adjacent carbon to which the NIH shift occurs (58). With
TyrH, isotope effects on the hydroxylation step can be
measured by using mutant enzymes in which most of the
tetrahydropterin is consumed unproductively. Analogously
to the mechanism of Scheme 5, if part of this unproductive
turnover is due to breakdown of the Fe(IV)O intermediate,
isotope effects on the hydroxylation step will be manifest.
With two mutant enzymes that meet this criterion, E326A
and H336E TyrH, inverse isotope effects with an average
value of 0.89 have been found.3 The inverse isotope effects
for both TrpH and TyrH are consistent with the mechanism
of hydroxylation shown in Scheme 2. The lack of an effect
with 4-2H-tryptophan as a substrate for TrpH rules out an
alternate proposal in which oxygen adds across the 4,5-bond
directly to form an arene oxide (58). Further evidence against
an arene oxide intermediate has come from studies of isotope
effects on product partitioning when phenylalanine is used
as a substrate for TyrH (53). In this case, both tyrosine and
3-hydroxyphenylalanine are formed. The amount of tyrosine
decreases with 4-2H-phenylalanine as the substrate, but there
is no change in the amount of 3-hydroxyphenylalanine.
Similarly, the amount of 3-hydroxyphenylalanine formed
decreases with 3-2H-phenylalanine, but the amount of
tyrosine formed is unaffected. Partitioning of an arene oxide

3 Frantom, P. A., and Fitzpatrick, P. F., manuscript in preparation.
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intermediate would result in compensating increases in the
other product, so that such a species cannot be an obligatory
intermediate along the catalytic pathway to tyrosine.

A Fe(IV)O intermediate for the pterin dependent enzymes
would be expected to have reactivity comparable to the
heme-based cytochrome P450 systems. Other enzymes for
which such an intermediate has been invoked (e.g., iso-
penicillin synthase and theR-ketoglutarate dependent hy-
droxylases) are capable of aliphatic hydroxylation (77).
Consistent with such an expectation, all three hydroxylases
have been shown to catalyze benzylic hydroxylation of
methylated aromatic amino acids (54, 85, 88). In addition,
PheH has been reported to catalyze aliphatic hydroxylation
(21, 46) and epoxidation (23). Only in the case of benzylic
hydroxylation by TyrH has the mechanism been investigated
in detail. Analysis of the products when 4-methylphenyl-
alanine containing one, two, or three deuterium atoms in the
methyl group was used as a substrate allowed determination
of the intrinsic primary and secondary deuterium isotope
effects for the hydroxylation step (89). The secondary isotope
effect of 1.2 demonstrated that there is significant rehybrid-
ization of the methyl carbon in the transition state for
hydroxylation; such a result is most consistent with the
formation of a benzylic radical intermediate by abstraction
of a hydrogen atom from the methyl group by the electro-
philic Fe(IV)O species, followed by radical rebound of a
hydroxyl radical to form the hydroxylated product (Scheme
6). The primary isotope effect for this reaction was 9.6;
together with the large secondary effect, this value suggests
that there is a significant contribution of quantum mechanical
tunneling to the reaction. This mechanism is similar to that
proposed for aliphatic hydroxylation by the cytochrome P450
family (90), demonstrating the comparable reactivity of the
hydroxylating intermediates of the non-heme pterin depend-
ent enzymes and the heme dependent hydroxylases.

Recent computation studies also provide support for an
Fe(IV)O hydroxylating intermediate and provide further
insight into the mechanism. Bassan et al. (91) used hybrid
density functional theory to examine the mechanisms of
aromatic and benzylic hydroxylation by the aromatic amino
acid hydroxylases. Two different Fe(IV)O models were used,
with both having a monodentate formate, two imidazoles,
and two water molecules as ligands. Different results were
obtained if one of the water molecules was modeled as
hydroxide or water. A model using water was more consistent
with a cationic intermediate for aromatic hydroxylation, while
that with hydroxide led to a radical intermediate. With either
model, an arene oxide was not on the pathway for aromatic
hydroxylation. The HO-Fe(IV)O model was found competent
to carry out benzylic hydroxylation via the rebound mech-
anism of Scheme 6.

Conclusion. In recent years, a variety of experimental
approaches, including biomimetic systems, structural analy-
ses, enzymology, and computational approaches has provided
substantial support for the mechanism of Scheme 2 for the
aromatic amino acid hydroxylases. Clearly, much remains
to be done. There is as yet no direct evidence for the
individual intermediates in the proposed mechanism, and the
role of the protein in directing the site of hydroxylation is
far from clear. The contribution of the protein conformational
changes seen in the crystal structures to gating the formation
of the hydroxylating intermediate also remains to be estab-
lished.
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