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ABSTRACT: Tryptophan hydroxylase (TrpH) uses a non-heme mononuclear iron center to catalyze the tetra-
hydropterin-dependent hydroxylation of tryptophan to 5-hydroxytryptophan. The reactions of the TrpH 3Fe(II),
TrpH 3Fe(II) 3 tryptophan, TrpH 3Fe(II) 3 6MePH4 3 tryptophan, and TrpH 3Fe(II) 3 6MePH4 3 phenylalanine com-
plexes withO2 weremonitored by stopped-flow absorbance spectroscopy and rapid quenchmethods. The second-
order rate constant for the oxidation of TrpH 3Fe(II) has a value of 104 M-1 s-1 irrespective of the presence of
tryptophan. Stopped-flow absorbance analyses of the reaction of theTrpH 3Fe(II) 3 6MePH4 3 tryptophan complex
with oxygen are consistentwith the initial step being reversible binding of oxygen, followed by the formationwith a
rate constant of 65 s-1 of an intermediate I that has maximal absorbance at 420 nm. The rate constant for decay
of I, 4.4 s-1, matches that for formation of the 4a-hydroxypterin product monitored at 248 nm. Chemical-quench
analyses show that 5-hydroxytryptophan forms with a rate constant of 1.3 s-1 and that overall turnover is limited
by a subsequent slow step, presumably product release, with a rate constant of 0.2 s-1. All of the data with
tryptophan as substrate can be described by a five-step mechanism. In contrast, with phenylalanine as substrate,
the reaction can be described by three steps: a second-order reaction with oxygen to form I, decay of I as tyrosine
forms, and slow product release.

Tryptophan hydroxylase (TrpH)1 catalyzes the formation of
5-hydroxytryptophan (5-HO-Trp) from tryptophan, the first and
rate-limiting step in the biosynthesis of melatonin and seroto-
nin (1, 2). The enzyme belongs to the family of aromatic amino
acid hydroxylases that also includes phenylalanine hydroxylase
(PheH) and tyrosine hydroxylase (TyrH) (3). These three enzymes
catalyze the hydroxylation of their corresponding substrates utiliz-
ing a tetrahydropterin and molecular oxygen (Scheme 1) (4-6).
While the physiological reactions of PheH, TyrH, and TrpH are all
aromatic hydroxylations, these enzymes will also catalyze benzylic
and aliphatic hydroxylation (7-9). The eukaryotic forms of each
enzyme are homotetramers, and alignment of sequences from
different organisms reveals that each monomer is composed of
an N-terminal regulatory domain and a C-terminal catalytic
domain (10). The latter domains of about 300 amino acids are
homologous (11-13), containing an active site Fe(II) facially
coordinated by two histidines and a glutamate ((His)2(Glu)-facial
triadmotif ). A large number of non-heme iron dependent enzymes
use a similar (His)2(Asp/Glu)-facial triad motif to activate O2 for
substrate oxidation (14).

Scheme 2 shows the proposed chemical mechanism for the
hydroxylation of tryptophan by TrpH (4). The initial steps in this
mechanism require the irreversible activation of O2 utilizing two
electrons from a tetrahydropterin to form a high-valent Fe(IV)O
intermediate (15) and 4a-hydroxypterin (4a-HO-6MePH3), the
first product (4). The Fe(IV)O intermediate subsequently reacts
with the side chain of the aromatic amino acid through electro-
philic aromatic substitution (16, 17). Our present understanding
of this mechanism has come primarily from spectroscopy of
enzyme-substrate or enzyme-inhibitor complexes and steady-
state kinetics. The changes in the ligands to the iron as substrates
or analogues bind have been studied bymagnetic circular dichroism
and X-ray absorbance spectroscopy for both PheH (18, 19)
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and TyrH (20). These results establish that binding of both the
amino acid and tetrahydropterin results in a change in the
coordination of the iron from 6-coordinate to 5-coordinate,
presumably opening a coordination site for oxygen. In the case
of PheH, the change in coordination was subsequently confirmed
by X-ray spectroscopy, which showed that the glutamate becomes
bidentate and two of the three water molecules are lost upon
formation of the ternary complex (21). The ability of hydrogen
peroxide to support hydroxylation of phenylalanine by the aro-
matic amino acid hydroxylases (22) is consistent with a high-valent
iron species as the hydroxylating intermediate. The proposed
electrophilic aromatic substitution mechanism for hydroxylation
is supported by the observation of inverse secondary deuterium
kinetic isotope effects for all of the aromatic amino acid
hydroxylases (17, 23-25) and the kinetics of hydroxylation of
4-substituted phenylalanines by TyrH (16). The subsequent hy-
dride shift was demonstrated by analyses of the products contain-
ing deuterium or tritium at the site of hydroxylation (17, 26-28).

We have recently begun applying rapid-reaction methods to
identify specific intermediates in the reactions of the aromatic
amino acid hydroxylases and to determine the intrinsic rate
constants for individual steps in catalysis. Stopped-flow kinetic
analyses of TyrH confirm that binding of both ligands results in a
substantial increase in the reactivity of the iron with O2 (20). The
proposal that the hydroxylating intermediate in this enzyme
family is an Fe(IV)O has been confirmed by rapid freeze-quench
57FeM€ossbauer spectroscopy and rapid chemical-quench experi-
ments for TyrH (15). The quadrupole doublet and the isomer
shift (δ) of the Fe(IV) intermediate in TyrH are similar to those
for several members of the R-ketoglutarate-dependent family
of non-heme enzymes (29-31). A combination of these
approaches has been used to determine the rate constants
for formation and decay of the Fe(IV)O in TyrH and to show
that product release is rate-limiting for that enzyme (32). We
describe here the results of similar studies of the reaction of

TrpH, including the detection of a new intermediate that
precedes formation of the Fe(IV)O.

EXPERIMENTAL PROCEDURES

Materials. 6-Methyltetrahydropterin (6MePH4) was from
B. Schircks Laboratories (Jona, Switzerland). Ampicillin was
from USB Corp. (Cleveland, OH). Dithiothreitol and isopropyl
β-thiogalactopyranoside were from Inalco (Milano, Italy).
L-Tryptophan, L-phenylalanine, D,L-5-HO-Trp, EDTA, nitrilo-
triacetic acid, glycerol, and monobasic and dibasic sodium
phosphate were from Sigma-Aldrich Chemical Co. (Milwaukee,
WI). Ferrous ammonium sulfate, ammonium sulfate, ferric chlo-
ride, LB broth, and HEPES were from Fisher (Pittsburgh, PA).
Expression and Purification of TrpH. The catalytic core of

rabbit TrpH, lacking 101 and 28 residues from the amino and
carboxyl termini, respectively, was purified according to pre-
viously published methods (17, 23, 33) with several modifica-
tions. C41DE3 Escherichia coli cells were transformed with the
plasmid pEWOHΔ101ΔH (33), and the cells were incubated
overnight at 37 �C on an LB-agar plate containing 100 μg/mL
ampicillin. A single colony from the plate was selected and
allowed to grow in 100 mL of LB broth plus 100 μg/mL
ampicillin for about 12 h at 37 �C; 15mL of the overnight culture
was then used to inoculate 2 L of LB broth containing 100 μg/mL
ampicillin, 1 mM ferric chloride, and 4 mM magnesium sulfate.
The cultures were grown until the A600 was between 0.3 and 0.5.
The temperature was decreased to 20 �C, and cell growth was
continued until the A600 reached a value of 1.0-1.3. Isopropyl
β-thiogalactoside was then added to a final concentration of
500 μM. Cells were harvested by centrifugation after an addi-
tional 20-24 h at 20 �C. All subsequent purification steps for
TrpHwere performed at 4 �C as described previously (23, 33, 34).
Typically, 1.2-1.5 g of pure enzyme was obtained from 24 L.
Preparation of apo-TrpH. The purified enzyme obtained

from 24 L of LB broth was precipitated with ammonium sulfate

Scheme 2
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at 60% saturation. The enzyme pellet was resuspended in
50-80 mL of 150 mM HEPES/NaOH, 200 mM ammonium
sulfate, 20% glycerol, 20 mM nitrilotriacetic acid, and 20 mM
EDTA, pH 7.0, and dialyzed against 1 L of the same buffer
with three buffer changes over 24 h. The enzyme was sub-
sequently dialyzed against 800 mL of 150 mM HEPES/NaOH,
100mMammonium sulfate, and 20% glycerol, pH 7.0 (buffer A),
with four changes over a 28 h period. TrpH treated this way has no
detectable activity in the absence of ferrous ammonium sulfate.
Stopped-FlowAbsorption Spectroscopy.Kineticmeasure-

ments were performed using an Applied Photophysics SX-18MV
stopped-flow spectrophotometer. When data were collected at
350 nm and below, the path length was 2mm, while it was 10mm
at longer wavelengths. Solutions of water and buffers were made
anaerobic by alternating exposure to argon and vacuum. The
stopped-flow instrument was initially flushed with anaerobic
water several times and then incubated for 1-2 h with 50 mM
sodium dithionite. At this point apo-TrpH was placed in a
tonometer with or without tryptophan. The TrpH or the
TrpH 3 tryptophan sample was made anaerobic by alternating
vacuum and argon cycles at 5 �C. The tonometer was very briefly
opened to the atmosphere to allow addition of a stoichiometric
amount of ferrous ammonium sulfate prepared in 5 mM HCl.
Additional vacuum and argon gas cycles were performed at this
stage. For experiments involving 6MePH4, the pterin was pre-
pared by adding 1 mL of buffer A to the appropriate amount of
pterin under argon in a 2 mL Eppendorf tube to yield a final
concentration of 50-80 mM; a volume corresponding to 1.5-2
equiv of enzyme was withdrawn with a 1 mL airtight syringe and
placed in the side arm of the tonometer. The tonometer was
exposed to additional vacuum and argon cycles for 10 min prior
to mixing the 6MePH4 with the TrpH/Fe(II) 3 tryptophan solu-
tion. At this point the sodium dithionite was removed from the
stopped-flow instrument by flushing it with anaerobic water
followed immediately by anaerobic buffer A. The anaerobic
enzyme sample was then mounted on the stopped-flow instru-
ment. The reaction was initiated by mixing the respective
complex with buffer A containing different concentrations of
O2. The different O2 concentrations were obtained by mixing
argon andO2 with amodifiedMaxBlendmedical oxygen blender
(Maxtec) and bubbling the mixture of gases directly into the
solution through an airtight syringe.
Rapid-Quench Analyses. Rapid-mixing chemical-quench

experiments were performed at 5 �C with a BioLogic QFM-400
quench-flow instrument. The instrument was calibrated using the
reaction of 2,4-dinitrophenylacetate and hydroxide (35). The
instrument and the TrpH/Fe(II) 3 tryptophan 3 6MePH4 complex
were prepared anaerobically as described for the stopped-flow
experiments. The∼2 mMO2 concentration for these experiment
was obtained by placing buffer in a stirring round-bottom flask
sealed with a septum and bubbling with 100% O2 for at least 30
min while keeping the solution on ice. The reaction was initiated
by mixing the TrpH/Fe(II) 3 tryptophan 3 6MePH4 complex with
O2 at 5 �C using a 216 μL sample loop; the reaction time was
varied by altering the flow rate. The reaction was quenched with
an equal volume of 5MHCl. Two to four samples were collected
for each time point. The precipitated enzyme was removed from
the samples by centrifugation at 15000g for at least 10 min. The
supernatant (100 μL) was diluted 15-30-fold with 2 M HCl and
injected onto a Phenomenex Gemini C18 HPLC column (250 �
4.60 mm). The amino acid substrate and product were separated
with an isocratic mobile phase of 15 mM sodium phosphate,

pH 7.0, at a flow rate of 1.0 mL/min and detected using aWaters
2475 multi λ fluorescence detector with excitation at 270 nm and
emission at 310 nm.
Data Analysis. Preliminary analysis of single stopped-flow

traces and fitting to eq 1-4 were done using KaleidaGraph
(Synergy Software). Stopped-flow kinetic traces obtained at
multiple wavelengths were fit globally using the program Spec-
fit32 (Spectrum Software Associates) to obtain spectra of the
individual species. The program KinTek Explorer Pro (36) was
used for global analyses of combined stopped-flow and rapid-
quench results; confidence intervals were calculated using the
FitSpace module and a χ2 multiple of 1.2 (37).

RESULTS

Stopped-Flow Studies of the Reaction between TrpH/
Fe(II) and O2. The UV-visible spectrum of the non-heme iron
center of TrpH is nearly identical to that previously described for
TyrH (38). There is a weak charge-transfer absorbance band
extending from 300 to about 400 nm, with the ferric form having
a higher extinction coefficient than the ferrous enzyme over
the entire range. The increased absorbance at 315 nm of about
800 M-1 cm-1 serves as an excellent spectroscopic probe for
monitoring the oxidation of the ferrous enzyme. To determine the
reactivity of ferrous TrpH alone with O2, an anaerobic solution
containing TrpH/Fe(II) wasmixedwith an equal volume of buffer
containing different concentrations of O2. Figure 1A shows the
resulting absorbance traces; an increase in absorbance accompa-
nying oxidation of the iron is clearly seen. A similar analysis was
carried out in which tryptophan was added to the enzyme prior to
the reaction with oxygen; the results are illustrated in Figure 1B.
While the individual traces could be fit reasonably well as expo-
nential increases in absorbance, these experiments were not carried
out under pseudo-first-order conditions, inasmuch as the con-
centration of oxygen varied from twice to one-fourth the
enzyme concentration. Accordingly, the reaction was analyzed as

FIGURE 1: Stopped-flow absorbance traces for the reaction of 300 μM
TrpH/Fe(II) with oxygen in the absence (A) or presence of 400 μM
tryptophan (B). The final concentrations of oxygen were 600 μM
(circles), 300μM(squares), 125μM(diamonds), and80μM(triangles).
Only 5% of the points are shown for clarity. The lines are from global
simulations (KinTek Explorer Pro) of the reactions at all four oxygen
concentrations using a second-order irreversible reaction with a rate
constant of 104 M-1 s-1. Conditions: 150 mM HEPES/NaOH,
100 mM ammonium sulfate, 20% glycerol, pH 7.0, 5 �C.
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an irreversible bimolecular reaction (Scheme 3) using the program
KinTek Explorer Pro to fit the absorbance traces at all O2

concentrations with a single second-order rate constant. The data
in both the absence and the presence of tryptophan could be fit
well using a rate constant of 104 ( 6 M-1 s-1 (Figure 1).
Stopped-Flow Studies of the Reaction between TrpH/

Fe(II) 3 6MePH4 3Tryptophan and O2. Stopped-flow absorp-
tion spectroscopy was next used to examine the kinetics of the
complete TrpH reaction. Initially, a solution containing the TrpH/
Fe(II) 3 6MePH4 3 tryptophan

2 complex was mixed with oxygen-
saturated buffer to yield final concentrations of∼400 μM enzyme
and 625 μM O2.

Figure 2A shows representative traces at 248, 318, and 335 nm.
The wavelength 248 nmwas selected tomonitor the formation of
the product 4a-HO-6MePH3 (33, 39, 40); an increase at this
wavelength is clearly seen. A high-valent Fe(IV)O intermediate
has been detected at 315-365 nm in taurine:R-ketoglutarate
dioxygenase (TauD), a mononuclear non-heme enzyme with a
Fe(II) center similar to that of TrpH (30, 41, 42); consequently,
the reaction was followed at 318 and 335 nm. Neither wavelength
shows evidence of an intermediate in the first second of the

reaction. Instead, the absorbance decreases at both wavelengths,
consistent with the formation of 4a-HO-6MePH3 (43).

In contrast to the relatively uninformative traces between 250
and 350 nm, monitoring the reaction at longer wavelengths
showed the transient formation of an intermediate with a maxi-
mum near 400 nm. Accordingly, the kinetics of this intermediate
were examined in more detail. Figure 3A shows the results when
the reaction of the TrpH/Fe(II) 3 6MePH4 3 tryptophan com-
plex with oxygen is monitored at 400 nm. The formation of an
intermediate is clearly seen in the first 100 ms. In addition, the
intermediate forms at earlier times as the concentration of oxygen
increases, suggesting that the rate constant for its formation
depends on the oxygen concentration. The kinetics of formation
and decay of the intermediate at each oxygen concentration could

Scheme 3

FIGURE 2: Absorbance changes duringTrpH turnover. (A) Stopped-
flow traces at 335 nm (squares), 318 nm (triangles), and 248 nm
(circles) during the reaction of 380 μM TrpH/Fe(II) 3 700 μM
tryptophan 3 1000 μM 6MePH4 with 400 μM oxygen. The lines are
from a global fit of the data in Figures 2A, 3A, and 4A to the
mechanism in Scheme 7 using the rate constants in Table 1. (B)
Stopped-flow traces at 335 nm (squares) and 248 nm (circles) during
the reaction of 350 μMTrpH/Fe(II) 3 550 μMphenylalanine 3 550 μM
6MePH4 with 625 μM oxygen. The lines are from a global fit of the
data in Figures 2B, 3C, and 4B to the mechanism in Scheme 8 using
the rate constants in Table 2. In both (A) and (B), only a portion of
the points are shown for clarity, and the traces have been offset to
allow them to be shown more clearly. Conditions as described for
Figure 1.

FIGURE 3: Detection of an early intermediate in the reaction of the
TrpHreaction. (A) Stopped-flow traces at 400 nmduring the reaction
of 125 μMTrpH/Fe(II) 3 500 μMtryptophan 3 1000μM6MePH4with
230 μM (squares), 400 μM (circles), or 650 μM O2 (triangles). The
lines are from a global fit of the data in Figures 2A, 3A, and 4A to
the mechanism in Scheme 7 using the rate constants in Table 1. (B)
Calculated spectra of the initial TrpH/Fe(II) 3 tryptophan 3 6MePH4

complex (1), the intermediate formed in the initial reaction with O2

(2), and the species formed upon decay of this intermediate (3).
TrpH 3Fe(II) (350 μM) 3 500 μM tryptophan 3 1000 μM 6MePH4 and
625 μM O2 (final concentrations) were mixed in the stopped-flow
instrument, and the reaction was monitored at 5 nm intervals from
360 to 470 nm. The resulting data were fit globally (Specfit32) to a
two-step mechanism to obtain the spectra. (C) Absorbance changes
during the reaction of 350 μMTrpH/Fe(II) 3 550 μMphenylalanine 3
550 μM 6MePH4 with 625 μM (triangles), 450 μM (circles), or
300 μM O2 (squares). The lines are from a global fit of the data in
Figures 2B, 3C, and 4B to the mechanism in Scheme 8 using the rate
constants in Table 2. In (A) and (C), only a portion of the points are
shown, and the individual traces are offset for clarity. Conditions as
described for Figure 1.

2The concentrations of substrates were set to be at least 10 times the
Km values while avoiding concentrations of free substrates that yield
significant substrate inhibition (33).
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be fit individually as the sumof two exponential processes (results
not shown). The rate constant for the first phase increased with
increasing oxygen, and the rate constant for the second phase at
the two higher concentrations of oxygen was identical within
error at 4.3 s-1. The data at all three oxygen concentrations were
then analyzed globally usingKinTekExplorer.A fit of the data to
a model involving an irreversible reaction of enzyme with oxygen
to form the intermediate followed by decay of the intermediate
(Scheme 4) gave a rate constant for the reaction with oxygen of
56( 2 mM-1 s-1 and a rate constant for the second step of 4.1(
0.1 s-1. However, the agreement between the data and the absor-
bance traces predictedby themodelwas poor.Amodel involving an
additional step, reversible binding of oxygen, prior to formation of
the intermediate (Scheme5) gave a substantially better fit to the data
(χ2= 3960 versus 10384 for themodel of Scheme 4), and values for
KO2

,k2, andk3 of 37(3μM,54(3 s-1, and 4.4(0.04 s-1.3 Similar
evidence for initial reversible binding of oxygen has also been found
with tyrosine hydroxylase (20).

To obtain the absorbance spectrum of the intermediate
detected at 400 nm, the TrpH/Fe(II) 3 6MePH4 3 tryptophan com-
plex was mixed with an ∼2-fold excess of oxygen, and reaction
was monitored at 5 nm intervals from 360 to 470 nm. A spectrum
of the intermediate (Figure 3B) was then generated by globally
fitting all of the data (Specfit32) from 2 to 300ms to amechanism
with two sequential first-order processes. The intermediate has its
maximum absorbance at about 420 nm, with an extinction
coefficient at this wavelength of 220 M-1 cm-1.
Stopped-Flow Studies of the Reaction between TrpH/

Fe(II) 3 6MePH4 3Phenylalanine and O2. To determine if the
identity of the amino acid substrate has an effect on the reaction
between TrpH and O2, similar stopped-flow experiments were
performed with phenylalanine as the amino acid substrate. Pre-
vious studies have shown that phenylalanine is a good substrate
for TrpH (33, 44). The anaerobic TrpH/Fe(II) 3 6MePH4 3
phenylalanine complex was mixed with buffer containing diffe-
rent O2 concentrations, and the reaction was monitored at 248,
335, and 400 nm (Figures 2B and 3C). There were differences in
the magnitudes of the absorbance changes from those seen with
tryptophan, establishing that the identity of the amino acid
substrate affects the kinetics of the intermediates. As is the case
with tryptophan as substrate, an increase in absorbance can be
seen at 248 nmwith phenylalanine. Again, this can be assigned to
formation of 4a-HO-6MePH3. Unlike the case with tryptophan,
the absorbance trace at 335 nm shows an increase after∼200 ms.
This increase occurs on a time scale consistent with product
release (see below), suggesting that the spectrum of the pterin is
altered in the enzyme active site compared to the spectrum in
solution. The intermediate detectable at 400 nm is also seen with
phenylalanine as substrate (Figure 3C). The formation of this
intermediate is associated with an ∼3-fold lower absorbance

change at 400 nm with phenylalanine as substrate compared to
thatwith tryptophan, requiring a higher concentration for analysis
of the kinetics. Given the small absorbance change, no attempt
was made to obtain the complete spectrum of the intermediate
with phenylalanine. The kinetics of the absorbance change at
400 nm with phenylalanine also varied with the concentration of
oxygen. In this case the results at different oxygen concentrations
could bemodeled using themechanism of Scheme 4, which lacks a
separate step for oxygen binding, to give rate constants of 280 (
1 mM-1 s-1 and 1.7 ( 0.02 s-1.4 The results were also analyzed
using the mechanism of Scheme 5, which includes the additional
binding step. However, to fit the data, the value of the rate con-
stant for formation of the intermediate (k2 in Scheme 5) had to be
set well above (>100�) that for its decay (k3), so that its value had
no effect on the kinetics. Consequently, this model was discarded
for phenylalanine as substrate.
Rapid-Mixing Chemical-Quench Studies. Rapid-quench

methods were used to determine more directly the rate constant
for formation of 5-HO-Trp. Figure 4 shows the results of
experiments in which the TrpH/Fe(II) 3 6MePH4 3 tryptophan
(Figure 4A) or TrpH/Fe(II) 3 6MePH4 3 phenylalanine (Figure 4B)
complex was mixed with an equal volume of buffer containing
0.9-1.0 mM O2 (concentration after mixing) and the reaction
was quenched at the indicated times with 5 M HCl. With both
substrates there is a clear burst in the formation of the hydrox-
ylated amino acid. Accordingly, the data for both amino acids
were fit to eq 1, where (HO-aa/TrpH)t is the ratio of hydroxylated
amino acid to the enzyme at time t, (HO-aa/TrpH)0 is the burst
amplitude, kburst is the rate constant for the burst phase, and
klinear is the steady-state rate. With tryptophan as substrate, this
gave values for the burst amplitude of 0.46 ( 0.19, for kburst of
1.3( 0.6 s-1, and for klinear of 0.25( 0.05 s-1.With phenylalanine

Scheme 4

Scheme 5

FIGURE 4: Chemical-quench analyses of the TrpH reaction: (A) the
reaction of 100 μM TrpH/Fe(II) 3 1.5 mM 6MePH4 3 1 mM trypto-
phan and 1.0 mM O2; (B) the reaction of 150 μM TrpH/Fe(II) 3 1.5
mM 6MePH4 3 1.5 mM phenylalanine and 1.0 mM O2. The lines are
from simulations using the mechanism and rate constants from
Scheme 7 and Table 1 in (A) and Scheme 8 and Table 2 in (B).
Conditions as described for Figure 1.

3The confidence intervals calculated by FitSpace are as follows: KO2
,

26-72 μM; k2, 34-90 s-1; k3, 4.1-4.8 s-1.

4The confidence intervals calculated by FitSpace are as follows: k1,
260-310 mM-1 s-1; k2, 1.4-2.0 s-1.
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as substrate the values of the burst amplitude, kburst, and klinear
were 0.53( 0.11, 2.6( 1.2 s-1, and 0.26( 0.02 s-1, respectively.
With both substrates the value for klinear is equal to the steady-
state kcat value.

ðHO-aa=TrpHÞt ¼ ðHO-aa=TrpHÞ0ð1- e- kbursttÞþ k lineart ð1Þ
While a burst amplitude of zero would establish that hydrox-

ylation is fully rate-limiting and an amplitude of one would
establish that a subsequent step is fully rate-limiting, intermediate
values such those observed with TrpH are ambiguous. It may be
due to neither hydroxylation nor product release being fully rate-
limiting, or it may be due to only a fraction of the enzyme
population being active. To distinguish between these possibi-
lities, a series of chemical quench experiments were performed
with tryptophan as substrate in which the final concentration of
TrpH varied from 100 to 300 μM. The resulting data were
analyzed using the kinetic model in Scheme 6. Here, k30 is the net
rate constant for conversion of the free enzyme to the enzyme-
product complex, and k4 is the rate constant for formation of the
free enzyme from the enzyme-product complex. For such a
model, the burst amplitude, kburst, and klinear are related to k30, k4,
the concentration of catalytically active enzyme ([TrpH]a), and
the total enzyme concentration ([TrpH]tot) by eqs 2-4 (45). The
average values from the analyses of six different experimentswere
[TrpH]a/[TrpH]tot = 0.56( 0.22, k30 =1.6( 0.6, and k4 = 0.30
( 0.12. A similar analysis of the data for phenylalanine shown in
Figure 4B yielded values of the active fraction, k30, and k4 as 0.67(
0.21, 2.3( 1.2 s-1, and 0.29( 0.02 s-1. These data show thatmost
preparations of TrpH contain a significant fraction of inactive
enzyme; for the experiment shown in Figure 4A, the frac-
tion of active enzymewas 0.92, while it was 0.75 for the experiment
in Figure 4B.

ðHO-aa=TrpHÞ0 ¼ ½TrpH�a=½TrpH�totfk30=ðk4þk30 Þg2 ð2Þ

kburst ¼ k30 þ k4 ð3Þ

k linear ¼ ð½TrpH�a=½TrpH�totÞ½k30k4=ðk30 þ k4Þ� ð4Þ
Global Analysis of the Kinetics. All the stopped-flow and

rapid-quench data shown in Figures 2, 3, and 4 were analyzed
globally to obtain a single set of kinetic parameters for each
substrate. In the case of tryptophan as substrate, the initial fitting
described above of the absorbance traces at 400 nm required
three kinetically important steps with values forKO2

, k2, and k3 of
37 μM, 54 s-1, and 4.4 s-1. The rapid-quench data required two
slower steps with rate constants of 1.6 s-1, and k4 = 0.3 s-1.
Consequently,The data were modeled with a mechanism
involving reversible oxygen binding followed by four first-
order steps (Scheme 7). To do so, the KO2

value was fixed at
37 μM, but all of the individual rate constants were allowed to
vary). The resulting values are shown in Table 1. The results
calculated from these values are shown as the lines in the
corresponding figures. All of the data are accommodated
reasonably well by the model. In addition, the results from
the global analysis that includes stopped-flow data at multiple
wavelengths are consistent with the more limited analyses

of the stopped-flow data at 400 nm and the rapid-quench
data.

In the case of phenylalanine as substrate, the initial analysis of
the stopped-flow data at 400 nm did not justify a separate oxygen
binding step. In addition, the rate constant for the second step in
that analysis, 1.7 s-1, is comparable to the rate constant for the
burst phase in the rapid-quench analysis, 2.3 s-1. Consequently,
the much simpler mechanism of Scheme 8, which only includes
three steps, was used to model all of the data with phenylalanine.
The resulting rate constants are given in Table 2, while the lines in
Figures 2B, 3C, and 4B illustrate the agreement of themodel with
the data.

DISCUSSION

The present results establish that the ternary complex of TrpH
with tryptophan and tetrahydropterin reacts much more rapidly
and productively with oxygen than the enzyme alone. While the
active site iron in TrpH does react with oxygen in the absence of
substrates, the result is simply oxidation of the iron, and the
reaction is well-described as a simple second-order reaction with
no evidence for intermediates. Binding of the amino acid sub-
strate alone has no effect on the oxygen reactivity of TrpH in the
absence of the tetrahydropterin. In contrast, the reaction is much
more rapid when both amino acid and tetrahydropterin are
bound, and the product of the reaction is different. With either
phenylalanine or tryptophan as the amino acid substrate, the
effective second-order rate constant for formation of the first
detectable intermediate is more than 1000-fold greater than the
rate constant for the oxidation of the Fe(II).

The effects of substrates on the reaction of TyrH with oxygen
have also been examined (20, 38); as with TrpH, the reaction is
similar in the presence and absence of the amino acid substrate.

Scheme 6

Scheme 7

Table 1: Rate Constants from Global Analysis of Tryptophan Hydrox-

ylase Rapid-Reaction Kinetics with Tryptophan as Substrate

kinetic parametera value confidence intervalb

KO2
, μM 37 36-39

k2, s
-1 65 58-74

k3, s
-1 4.4 4.1-4.8

k4, s
-1 1.3 1.1-1.5

k5, s
-1 0.21 0.20-0.23

aSee Scheme 7. bConfidence intervals calculated using the FitSpace
option in KinTek Explorer (36, 37).

Scheme 8
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The value of the rate constant for TyrH in the absence of any
substrate, 37M-1 s-1 at 5 �C, is comparable to the value reported
here for TrpH at the same temperature, 104 M-1 s-1, consistent
with the similar reactivities of the iron sites in the two proteins (9).
(4-Hydroxyphenyl)pyruvate dioxygenase is a member of the
R-ketoglutarate-dependent dioxygenase family and contains a
(His)2(Asp/Glu)-facial triad similar to that in the aromatic amino
acid hydroxylases (46). The oxidation by O2 of the Fe(II) in that
enzyme is also an irreversible bimolecular reaction, with a
second-order rate constant of 46 M-1 s-1 (47, 48), comparable
to those for TyrH and TrpH, and binding of the substrate
(4-hydroxyphenyl)pyruvate increases the reactivity with oxygen
3600-fold. The low magnitude of these rate constants for the
substrate-free enzymes establishes that the Fe(II) centers in these
non-heme iron enzymes are not suitable for a reaction with O2 in
the absence of one or both substrates. Productive oxygen
activation requires changes in the coordination of the iron that
occur upon binding of both the reducing substrate and the
substrate to be hydroxylated (5, 49).

The reaction of the ternary TrpH 3 amino acid 3 pterin complex
with oxygen is clearly more complex than the autoxidation
reaction. The combined data presented here for the complete
hydroxylation reaction of TrpH with tryptophan as substrate
describe a reaction with a minimum of four discrete steps after
oxygen binding: formation and decay of a species withmaximum
absorbance in the visible range at 420 nm (TrpH 3 I 3Trp),
hydroxylation of tryptophan to form HO-tryptophan, and a
slow final step that is likely to be product release. The data are
consistent with the identification of these steps shown in
Scheme 7. The details of the reversible binding of oxygen are
not established by the present analysis. Simulations of oxygen
binding to several redox-active proteins have implicated the
protein matrix as the initial site of interaction with oxygen (50).
In the present case, binding of oxygen to the TrpH 3 6-MePH4 3
Trp complex produces TrpH 3 I 3Trp. Decay of TrpH 3 I 3Trp
yields TrpH 3Trp containing bound Fe(IV)O and hydroxypterin.
The reaction between the Fe(IV)O and tryptophan yields 5-HO-
Trp and Fe(II). Finally, release of 5-HO-Trp and hydroxypterin
regenerates the free enzyme with Fe(II). Given the proposed
chemical mechanism in Scheme 2 for TrpH, possible candidates

for I are the iron-peroxy-pterin species, an intermediate preceding
it, and the Fe(IV)O plus hydroxypterin.5 It is unlikely that I,
which forms at rates approaching 65 s-1, contains the Fe(IV)O.
Formation of Fe(IV)O necessarily involves formation of the
hydroxypterin product, while its decay involves formation of
5-HO-Trp. In the stopped-flow experiment depicted in Figure 2,
the maximum changes in the absorbance at 248 nm, where the
hydroxypterin has an absorbance maximum, occur during the
steps with rate constants of 4.4 and 0.2 s-1. The value 4.4 s-1

matches that for the decay of I, consistent with I not containing
the Fe(IV)O, but instead preceding it in the reaction. Just as the
rate constant for formation of the Fe(IV)O can be obtained from
the absorbance changes at 248 nm due to formation of the
hydroxypterin, the rate constant for its decay can be obtained
from the rapid-quench analyses of 5-HO-Trp formation. Anal-
ysis of the burst kinetics yields a rate constant for formation of
5-HO-Trp that is within error of the rate constant of 1.3 s-1 for
the fourth step in the overall reaction. While this rules out I as
containing the Fe(IV)O, it does not establish its identity. To our
knowledge there is no precedent for a mononuclear iron peroxo,
although a peroxodiron species has been detected in a mutant
protein of toluene dioxygenase (51). At present the identity of I
must remain speculative.

The observation of burst kinetics for the formation of hydrox-
ylated amino acid establishes that a slow step follows hydrox-
ylation. The most likely candidate for this is product release. The
data do not address directly whether it is release of the pterin or
the hydroxylated amino acid that is slower. The increase in the
absorbance of the pterin at 248 nm during the last step is most
readily explained as a change in the pterin spectrum occurring
upon its release from the enzyme active site, possibly due to a
change in the protonation state of the hydroxypterin. The reac-
tion of TyrH is also limited by slow release of a product from the
active site (32). Binding of pterin to TyrH is associated with
closure of an active site loop containing Phe184 (52) in a step that
is sensitive to the viscosity of the solvent (32). Release of the
hydroxypterin would presumably require movement of this loop
away from the active site. Mutations of residues 181-189 affect
the kcat value of TyrH (53), consistent with such a model. How-
ever, the position of this loop in the X-ray structures of all three
hydroxylases is unchanged when a pterin is bound (12, 21, 54), so
that the role of loop motions in ligand binding by these enzymes
remains unsettled.

The single turnover kinetics with phenylalanine as substrate
appear to be simpler than those with tryptophan. The experi-
mental results in this case can be accommodated using only three
steps, formation and decay of I and release of tyrosine from the
enzyme. The lack of kinetic evidence for an initial oxygen-enzyme
species may reflect weaker binding when the nonphysiological
substrate phenylalanine is bound, or it may simply reflect the
limitations imposed by theweak absorbance of this chromophore
and resulting limited range of oxygen concentrations that could
be used experimentally. In this case the decay of I cannot be
resolved from formation of tyrosine, suggesting that the reaction
of the Fe(IV)O with phenylalanine to form tyrosine is signifi-
cantly faster than formation of the Fe(IV)O from I. As is the case
with tryptophan as substrate, the slowest step in the overall
reaction can be assigned to product release based on the burst of
tyrosine seen in the rapid-quench experiment.

Previous steady-state kinetic analyses of TrpH showed that the
kcat value with tryptophan as substrate is∼50%of the value with
phenylalanine as substrate (33). The present results at a lower

Table 2: Rate Constants from Global Analysis of Tryptophan Hydrox-

ylase Rapid-Reaction Kinetics with Phenylalanine as Substrate

kinetic parametera value confidence intervalb

k1, μM
-1 s-1 0.281 0.23-0.38

k2, s
-1 1.8 1.4-2.7

k3, s
-1 0.39 0.34-0.43

aSee Scheme 8. bConfidence intervals calculated using the FitSpace
option in KinTek Explorer (36, 37).

5Rapid freeze-quenchM€ossbauer and EPR spectroscopy experiments
were performed to characterize the oxidation state of the iron in the
intermediate detected at 400 nm and to detect the Fe(IV)O intermediate
in TrpH.When the TrpH/Fe(II) 3 6MePH4 3 tryptophan complex (2 mM)
was mixed with 2 mM O2, no significant change in the M€ossbauer
spectrum from that of the enzyme was observed. Subsequently, in a
rapid chemical-quench experiment under the same conditions the initial
rate of 5-hydroxytryptophan formation was 10% of the expected value,
suggesting that TrpH is inactive at a concentration of 1 mM. Previous
ultracentrifugation analyses of the TrpH form used in these analyses
showed formation of higher order species with increasing concentra-
tions, consistent with aggregation of the protein at high (>0.5 mM)
concentrations (33).
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temperature show that this difference can be attributed to faster
release of the product tyrosine from the enzyme than of HO-
tryptophan. The previous observation that the kcat values for the
poor substrates 4-methyl- and 4-azatryptophan are greater than
that for tryptophan can similarly be attributed to faster product
release with those substrates (55).

An inverse deuteriumkinetic isotope effect on the kcat value for
TrpH was previously reported with 5-2H-tryptophan as evidence
for rehybridization of C5 upon formation of the new carbon
oxygenbond inanelectrophilic aromatic substitutionreaction (17).
The present results suggest that the reported value is not the
intrinsic isotope effect, since k4 (hydroxylation) is 5-7-fold faster
than k5 (product release), and thus does not accurately reflect the
structure of the transition state for hydroxylation. The slower
product release will result in a Dkcat value less inverse than the
intrinsic isotope effect for formation of the new C-O bond.6 If
the Dkcat value is taken to be 0.96, within the error limits of the
reported isotope effect (17), the intrinsic isotope effect for C-O
bond formation can be calculated to be between 0.66 and
0.77 using the confidence limits in Table 1. Use of the rate con-
stants derived only from the chemical quench analyses yields an
intrinsic isotope effect of 0.75 with lower precision.

In conclusion, the results presented here establish that TrpH
only reacts productively with O2 in the presence of both the
tetrahydropterin and the amino acid substrate. The ternary com-
plex reacts rapidly with O2 to form an intermediate detectable at
420 nm. This intermediate decays to form the Fe(IV)O hydrox-
ylating intermediate. Overall turnover is limited by release of a
product, either the hydroxypterin or the hydroxylated amino acid.
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