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Tyrosine hydroxylase (TyrH1), the key enzyme in the biosyn-
thesis of catecholamine neurotransmitters, is one of three members
of the aromatic amino acid hydroxylase enzyme family.2,3 The
enzyme is found in the brain and adrenal gland where it catalyzes
the conversion ofL-tyrosine toL-DOPA. The other members of
the family are phenylalanine hydroxylase, which catabolizes excess
phenylalanine to tyrosine, and tryptophan hydroxylase, which
catalyzes the rate-limiting step in the biosynthesis of the neurotrans-
mitter serotonin. All three enzymes have a mononuclear nonheme
iron, coordinated by the common His2-Glu facial triad motif,4,5 and
use a tetrahydropterin to activate dioxygen for hydroxylation of
the aromatic side chains of their corresponding amino acid
substrates.2,3 In the proposed mechanism6-8 (Scheme 1), oxygen
reacts with ferrous iron and tetrahydropterin to produce a Fe(IV)O
(ferryl) hydroxylating intermediate and 4a-hydroxypterin (4a-
HOPH3). Then, through an electrophilic aromatic substitution, the
ferryl species reacts with the aromatic side chain of the tyrosine
substrate (Tyr) to form the product dihydroxyphenylalanine (DOPA).
To date there has been no direct evidence for this ferryl species.
Here, we report the detection of an Fe(IV) intermediate, which is
likely to be the proposed ferryl species, in the TyrH reaction by
the use of rapid reaction methods.

The anaerobic TyrH‚Fe(II)‚6-MePH4‚Tyr complex9 was reacted
with oxygen and quenched by rapid-freeze at time points from 20
to 390 ms.10 Figure 1 (left panel) shows representative Mo¨ssbauer

spectra of the samples from such a time course. The spectrum of
the reactant complex reveals the presence of two broad lines with
parameters typical of high-spin Fe(II). The asymmetry suggests the
presence of at least two distinct Fe(II) complexes. A new line at
∼0.9 mm/s is observed in the spectra of samples in which the
reactant complex was exposed to oxygen for either 20 or 100 ms,
but it is not detected in the spectrum of a sample reacted for
390 ms. Thus, this peak is associated with a reaction intermediate
which exhibits a quadrupole doublet in a weak external magnetic
field. The low-energy line of this quadrupole doublet overlaps with
the low-energy line of the Fe(II). The features of the intermediate
are similar to those observed for Fe(IV) intermediates in other
mononuclear nonheme enzymes.11,12

To characterize this intermediate further, we recorded spectra
of the 20-ms sample (this sample contains a maximum amount of
the intermediate, 24% of total Fe) without an applied field (Figure
1, top right panel) and with an 8-T applied field (bottom right panel).
The spectrum of the 20-ms sample is shown as the top spectrum in
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Scheme 1

Figure 1. Mössbauer spectra at 4.2-K of the reaction at 5°C of the TyrH‚
Fe(II)‚6-MePH4‚Tyr complex (2.15 mM TyrH, 1.95 mM Fe(II), 3.7 mM
6-MePH4 and 3.7 mM Tyr in 200 mM Hepes, 10% glycerol, 0.1 M KCl at
pH 7.5) with 1.9 mM oxygen-containing buffer in a ratio of 1:2. Reaction
times and magnetic field strengths are as indicated. Left panel: spectra
(hashed marks) at various reaction times. The solid lines are quadrupole
doublet simulations of the spectra of the Fe(IV) intermediate (δ ) 0.25
mm/s and∆EQ ) 1.27 mm/s). Right panel: deconvolution of the spectrum
of the 20-ms sample in zero-field (top panel) and an 8-T field (bottom panel).
The spectrum of the anaerobic control scaled to 60% of the total intensity
is shown as a solid line overlaid with the raw data. Difference spectra of
the Fe(IV) intermediate (24% intensity) were simulated with the following
spin Hamiltonian parameters:S ) 2, D ) 12.5 cm-1, E/D ) 0.05, δ )
0.25 mm/s,∆EQ ) -1.27 mm/s,η ) -0.5, A/gNâN ) (-18.0, -18.0,
-31.0) T.
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each panel (vertical bars). Removal of the spectral contribution of
the starting material (55% of the total intensity, shown as a solid
line in the top spectra) results in the spectra depicted as vertical
bars (lower spectrum in each panel). The zero-field spectrum reveals
the position of the low-energy line and allows the isomer shift (δ)
and quadrupole splitting (∆EQ) of the intermediate to be deter-
mined: δ ) 0.25 mm/s and∆EQ ) 1.27 mm/s. These parameters
are similar to those experimentally observed10-14 and theoretically
predicted15,16for nonheme ferryl intermediates and strongly suggest
the presence of such a complex in TyrH.17 In addition, the spectrum
reveals two broad lines at 0 and 2.4 mm/s. These features are
associated with a high-spin Fe(II) complex formed during the
reaction.

The 8-T spectrum provides further insight into the electronic
structure of the Fe(IV) intermediate. In particular, the sharp line at
4 mm/s is associated with the intermediate and not the reactant
complex. The spectrum resulting after removal of the 55%-
contribution of the reactant complex reflects the Fe(IV) intermediate
(24%) and the new high-spin Fe(II) complex (20%). The contribu-
tion of the Fe(IV) complex was simulated according to the spin
Hamiltonian formalism with parameters typical of high-spin
Fe(IV) complexes.10-15,18

The presence of a Fe(IV) complex is also supported by the EPR
spectra of a 20-ms sample (prepared under identical conditions)
recorded before and after exposure toγ-radiation at 77 K (cryore-
duction). The hallmark features of a high-spin Fe(III) complex at
g ) 4.3 become much more intense, suggesting that a Fe(III)
complex is formed during cryoreduction (Figure S1). Similar results
have been observed for a nonheme Fe(IV)O intermediate.11

An additional rapid-reaction experiment was performed to
establish the kinetic competency as the hydroxylating intermediate
of the Fe(IV) complex detected by Mo¨ssbauer spectroscopy. The
TyrH‚Fe(II)‚6-MePH4‚Tyr complex was reacted with oxygen in the
same way as for the Mo¨ssbauer study, except that the reaction was
quenched with acid and the amount of DOPA quantified (Figure
2).19 The data could be fit reasonably well as a single exponential
increase with a rate constant of 15( 2 s-1. This is significantly
faster than thekcat value at this temperature. The kinetics of
formation of both DOPA and the Fe(IV) species were then
analyzed20 according to the mechanism of Scheme 2, with the single

rate constant for DOPA formation as an initial estimate. In this
kinetic mechanism, the first step is the concomitant formation of
Fe(IV)O and 4a-hydroxypterin. Fe(IV)O and tyrosine then react to
form the product DOPA. Both time courses were well fit with values
for the rate constantsk1 and k2 of 24 and 35 s-1, respectively,
consistent with the Fe(IV) intermediate being the hydroxylating
species.

To conclude, this work shows direct spectroscopic evidence for
a high-spin Fe(IV) species, presumably the postulated Fe(IV)O, as
the hydroxylating intermediate in the reaction catalyzed by TyrH.
This is the first example for this family of enzymes as well as the
first for a mononuclear nonheme enzyme which catalyzes aromatic
hydroxylation.
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Figure 2. Comparison of time courses for Fe(IV)O formation and decay
(diamonds) and for DOPA formation (circles). DOPA was quantified by
rapid-quench of the reaction at 5°C of the complex of 500µM TyrH, 480
µM Fe(II), 1 mM Tyr, and 2 mM 6-MePH4 with an equal volume of 1.9
mM oxygen-containing buffer. The lines are simulations using the mech-
anism of Scheme 2 and values ofk1 andk2 of 24 and 35 s-1, respectively,
assuming that 80% of the enzyme complex is active.
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C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 37, 2007 11335


