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ABSTRACT
Mechanism of Oxygen Activation and Hydroxylation by the Aromatic Amino Acid
Hydroxylases.
(May 2009)
Jorge Alexander Pavon, B.A., Rutgers University

Co-Chairs of Advisory Committee: Dr. Paul F. Fitzpatrick
Dr. Gary R. Kunkel

The aromatic amino acid hydroxylases phenylalanine hydroxylase (PheH),
tyrosine hydroxylase (TyrH) and tryptophan hydroxylase (TrpH) utilize tetrahydropterin
and molecular oxygen to catalyze aromatic hydroxylation. All three enzymes have
similar active sites and contain an iron atom facially coordinated by two histidines and a
glutamate. The three enzymes also catalyze the benzylic hydroxylation of 4-
methylphenylalanine. The intrinsic primary and o-secondary isotope effects for
benzylic hydroxylation and their temperature dependences are nearly identical for the
three enzymes, suggesting that the transition states, the tunneling contributions and the
reactivities of the iron centers are the same. When molecular oxygen and the
tetrahydropterin are replaced by hydrogen peroxide (H,0,), these enzymes catalyze the
hydroxylation of phenylalanine to form tyrosine and meta-tyrosine with nearly identical
second order rate constants. When the H,O,-dependent reaction is carried out with
cyclohexylalanine or 4-methylphenylalanine, the products are 4-HO-cyclohexylalanine
and 4-hydroxymethylphenylalanine, respectively. These experiments provide further

evidence that the intrinsic reactivities of the iron centers in these enzymes are the same.
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Wild-type PheH and the uncoupled mutant protein V379D exhibit normal and
inverse isotope effects, respectively, with deuterated phenylalanines. When the reaction
is monitored by stopped-flow absorbance spectroscopy, three steps are visible. The first
step is the reversible binding of O, the second step is 5-7 fold faster than the turnover
number, setting a limiting value for the rate constant for O, activation, and the last step
is non-enzymatic. There is no burst in the pre-steady state formation of tyrosine. These
results are consistent with formation of the new C-O bond to form tyrosine as the rate-
limiting step of the reaction.

The reaction of TrpH with both tryptophan and phenylalanine was studied by
stopped-flow absorbance spectroscopy and rapid-quench product analysis. With either
amino acid as substrate, four steps can be distinguished. The first step is the reversible
binding of O, to the Fe(Il) center; this results in an absorbance signature with a
maximum at 420 nm. This O, complex decays with a rate constant that is 18-22 fold
faster than the turnover number with either amino acid, setting a the lower limit for the
rate constant for O, activation. The rate constant for the third step agrees well with the
pre-steady state of formation of 5-hydroxytryptophan or tyrosine from rapid-quench
product analysis. The rate constant for the fourth step agrees well with the turnover
number. Overall, these results show that O, activation is fast and turnover with each
amino acid is limited by hydroxylation and release of a product, with the former step

being about 4-fold faster than the latter.
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CHAPTER 1

INTRODUCTION

Many important biological transformations of aromatic and aliphatic compounds
entail the insertion of one or both atoms from molecular oxygen into an un-activated
carbon-hydrogen bond (/-3). These biological transformations are typically carried out
by proteins that contain an essential metal cofactor coordinated by several amino acid
residues (non-heme) or a porphyrin ring (heme). The metal is utilized to activate O,
from its un-reactive triplet ground state to the reactive singlet ground state in order to
oxidize a target organic molecule (/, 3-5).

The general mechanism that these enzymes share to activate O, for substrate
oxidation involves the binding of O, to the coordinated metal atom; for most non-heme
and heme-dependent enzymes the metal atom is iron. Once bound to the metal center,
the electronic configuration of O, changes, favoring its irreversible reduction to yield a
high valence metal-oxygen complex. For the iron-dependent enzymes, several high
valence iron-oxygen complexes have been proposed over the years (Scheme 1). These
include the binding of O, to form a ferrous-dioxygen complex. An iron-(II)-superoxo or
an iron-(III)-superoxo forms from the ferrous-dioxygen complex where one electron is
provided by an external source for the former. An additional electron yields an iron-(II)-

peroxo or iron-(III)-peroxo species. A ferryl-oxo intermediate, Fe(IV)O or Fe(V)O, has

This dissertation follows the style of Biochemistry.



been proposed to be formed following protonation(s) of the distal oxygen and cleavage
of the O-O bond in either ( Scheme 1) (/, 2, 6). Ferryl-oxo intermediates are considered
to be the most potent oxidizing species found in nature, capable of catalyzing a wide
range of biological transformations including but not limited to hydroxylation,
halogenation, cyclization, isomerization, epoxidation, decarboxylation and heteroatom-

dealkylation (/, 2, 7, 8, 9).

Scheme 1
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Ferryl-oxo intermediates are considered to be the products of oxygen activation
for most non-heme and heme dependent enzymes; however, the mechanism, sequence of
events and external source of electrons can vary drastically even among non-heme
enzymes. Over the years a tremendous amount of effort has gone into elucidating the
mechanism of oxygen activation and hydroxylation for the family of heme-dependent
cytochrome P450 due to the wide range of biological transformations that it can catalyze
(I, 4). The mechanisms of the non-heme iron-dependent enzymes are less well

understood. For these enzymes, nature decided to employ as the metal ligand not a



porphyrin ring, but the side chains of histidine, aspartate or glutamine residudes. These
residues typically form a structural motif where one face of the iron atom is facially
coordinated by 2-histidines and one glutamate or aspartate. Three water molecules in
the substrate free enzyme occupy the other face of the iron. This motif, called the 2-His-
1-carboxylate facial triad ((His),(Asp/Glu)-facial triad motif), is found in a wide range of
non-heme dependent enzymes and is vital for the activation of O, (6, 10).

The four most studied families of enzymes containing the (His),(Asp/Glu)-facial
triad motif are the a-ketoacid dependent enzymes (/1, 12), the extradiol dioxygenases
(13, 14), the Rieske dioxygenases (/5, 16) and the pterin-dependent aromatic amino
acid hydroxylases (/7, 18). In the a-ketoacid dependent enzymes two electrons for the
activation of O, are supplied through the oxidative decarboxylation of an a-ketoacid (co-
substrate). This co-substrate, usually a-ketoglutarate, can chelate to the metal center
directly. The other oxygen atom from O, is inserted into the substrate (//, /2). The
extradiol dioxygenases are important in the degradation of a large number of aromatic
catechols. These enzymes typically oxidize catechol compounds by cleaving carbon-
carbon bonds and incorporating both atoms from O, into the aromatic substrate (/3, 14).
In these enzymes the catechol substrate serves the role of both substrate and co-
substrate, since both oxygen atoms from O, end up in the product in the form of a ketone
and/or an aldehyde. The Rieske dioxygenases catalyze the important conversion of
aromatic compounds into cis-dihydrodiols. The initial di-hydroxylation of aromatic
compounds is considered to be essential for the conversion of unreactive aromatics into

useful carbon sources. These enzymes require a reductase partner that delivers two



electrons from an external source, usually NADH, into an iron-sulfur cluster of the
dioxygenase component. The iron-sulfur cluster subsequently delivers one electron at a
time to its iron center (/5, /6). Finally, the pterin-dependent aromatic amino acid
hydroxylases catalyze aromatic hydroxylation, utilizing a tetrahydropterin (co-substrate)
to supply two electrons (/7-19).

As emphasized above, hydroxylation of the aromatic rings of organic compounds
is an essential transformation in biology. The heme dependent enzyme cytochrome

P450 (1, 4) and the flavoprotein hydroxylases (20) catalyze many of these important

Scheme 2

N NHs —_—
H
PheH
CcO, — >

NH3

HO -
\ T7C0:
N NH5
H
HO
cO,
NH
HO 3
HO ) TyrH HO
O g CO,

NH; ///»—\\\\ NH3
0
N N_ NH i H
T g
NH N
N N

hydroxylation reactions. For the hydroxylation of aromatic amino acids, however,
nature uses the (His),(Asp/Glu)-facial triad and a folate derivative (terahydropterin).

The three enzymes PheH, TyrH and TrpH form the small family of aromatic amino acid



hydroxylases (3, 5, 17, 18). PheH, TyrH and TrpH catalyze a similar reaction,
hydroxylation of the side chain of an aromatic amino acid (Scheme 2).

In vivo tetrahydropbiopterin (BH4) supplies two electrons. In contrast to most
flavoprotein hydroxylases, BHy4 is not tightly bound in the active site, but is a co-
substrate that binds and dissociates during turnover. The pterin product of the enzymatic
reaction is a 4a-hydroxypterin (Scheme 2) (21, 22). The 4a-hydroxypterin dehydrates to
water and the quinonoid dihydropterin, which is recycled back to the reduced form by
the enzyme dihydropterine reductase using NADH (23).

PheH in the liver catalyzes the first step in the catabolism of excess
phenylalanine (24). Mutations result in phenylketonuria (PKU), a disorder that can
result in metal retardation (25). TyrH in the adrenal gland and the brain catalyzes the
hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (dopa) (26). The hydroxylation
of tyrosine to form dopa is the first committed step in the biosynthesis of the
neurotransmitters dopamine, epinephrine and norepinephrine. Mutations in TyrH have
been associated with Parkinson’s disease (27). TrpH in the digestive track and the
central nervous system catalyzes the hydroxylation of trytptophan to form 5-
hydroxytryptophan (5-HO-trp) (28). Mutant forms of TrpH have been implicated in
several physiological and neurological disorders (29). The mammalian forms of the
aromatic amino acid hydroxylases share significant structural similarity (30). All three
contain oligomerization, regulatory and catalytic domains and at least one
phosphorylation site, usually a serine residue, important for regulation. The

phosphorylation site(s) of each enzyme is located in the regulatory domain of 100-160



residues. The regulatory domains of the three aromatic amino acid hydroxylases have
low sequence similarity; this is consistent with the different mechanisms of regulation of
each enzyme in vivo (/9). In contrast, the catalytic domains of about 300 amino acids
are homologous, with similar structures (Figure 1 (A)) (3/-33) This similarity extends
to their active sites, where each enzyme has a non-heme iron bound in a (His),(Glu)-
facial triad and three water molecules (Figure 1 (B)). In rat TyrH the three residues that
make up the facial triad are His331, His336 and Glu376; in human PheH they are

His285, His290 and Glu330; and the corresponding residues in chicken TrpH are

His273, His278 and Glu318 (32-34).

Figure 1: A. Crystal structures of the catalytic domains of PheH (left), TrpH (center) and TyrH (right). B.
The non-heme iron center bound in the 2-his-1-carboxylate facial triad for PheH (left), TrpH (center) and
TyrH (right). Water molecule are shown as red spheres.



Given the similar structures of the three enzymes, the assumption can be made
that they share a common catalytic mechanism. Accordingly, experimental results
obtained with all three enzymes have been used to formulate the chemical mechanism
shown in Scheme 3 for TrpH (/8, 19). The reaction is initiated following the formation
of a quaternary complex between the enzyme and substrates. The first step is binding of
O, to the (His),(Glu)-facial-Fe(Il) center. This complex reacts with the co-substrate

tetrahydropterin to yield an oxygen-bridged iron-pterin intermediate (4a-peroxypterin-

iron).
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The "(kea/Km) value for TyrH is independent of the pH and the amount of
productive turnover, suggesting that the first irreversible step does not involve amino
acid hydroxylation (35), although the basis for the effect is still unsettled (36). The
magnitude of the "®(keo/Kum) effect is greater than the upper limit for the equilibrium
binding of O, to an Fe(Il) center and lower than the established upper limit for an outer
sphere electron transfer (37). The 18 (keat/Krm) for TyrH is likely to be a product of the
equilibrium binding of O, and a kinetic isotope effect for the first irreversible step. The
latter is likely to be an irreversible inner sphere electron transfer as the 4a-peroxypterin-
iron intermediate forms. Heterolytic cleavage of the oxygen-oxygen bond and addition
of a proton to the 4a-peroxypterin-iron yields the high valence Fe(IV)O intermediate and
4a-hydroxypterin, the first product.

The Fe(IV)O intermediate subsequently oxidizes the amino acid via electrophilic
aromatic substitution, resulting in a new carbon-oxygen bond. Steady state kinetic
isotope effects on the turnover number (Pkey) with wild-type TrpH and mutant forms of
PheH and TyrH are inverse (0.9-0.95) (38-40). This is consistent with formation of a
carbocation as the hybridization of the carbon undergoing hydroxylation changes from
sp” to sp’. In addition, when a series of para-substituted amino acids was used as
substrates for TyrH, the relative amounts of hydroxylated products yielded a negative p
value (47). This shows that electron-donating substituents activate the ring of the amino
acid. This is consistent with the electrophilic nature of the reaction, in that unproductive
turnover results from the unproductive decay of the Fe(IV)O intermediate due to the

decreased reactivity of the aromatic amino acids with electron-withdrawing substituents.



Experimental and computational evidence support the involvement of a Fe(IV)O
intermediate as the hydroxylating intermediate for these enzymes (18, 38, 42-45). The
Fe(IV)O intermediate in TyrH has been detected by freeze-quench Mdssbauer
spectroscopy (45). Its spectrum resembles those for several members of the a-
ketoglutarate dependent dioxygenase family, where substrate oxidation in most cases

occurs via hydrogen atom abstraction (46, 47).
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CHAPTER 11
INTRINSIC ISOTOPE EFFECTS ON BENZYLIC HYDROXYLATION BY THE
AROMATIC AMINO ACID HYDROXYLASES: EVIDENCE FOR HYDROGEN
TUNNELING, COUPLED MOTION AND SIMILAR TRANSITION STATE

STRUCTURES"

INTRODUCTION

Phenylalanine hydroxylase (PheH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH) form a small family of non-heme iron monooxygenases (/9, 23).
These enzymes catalyze the insertion of a oxygen atom from molecular oxygen into the
aromatic side chain of their corresponding substrates using a tetrahydropterin to reduce
the other oxygen atom to the level of water (Scheme 2) (/8). The three aromatic amino
acid hydroxylases share significant sequence and structure similarity. Each enzyme has
an N-terminal regulatory domain containing one or more phosphorylated serine residues.
The regulatory domains for the eukaryotic enzymes share little identity, in accordance
with the need for different regulatory properties. In addition these enzymes contain a C-
terminal tetramerization domain. The catalytic domains for the three enzymes are

homologous, suggesting that all three enzymes share a common catalytic mechanism.

*Reprinted with permission from Pavon, J. A.; Fitzpatrick, P.F. J. Am. Chem.
Soc. 2005, 127(147), 16414-16415. Copyright 2005 American Chemical Society.
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The three aromatic amino acid hydroxylases contain one iron atom per subunit,
which is coordinated by a conserved glutamate and two histidine residues. This
arrangement of iron ligands has also been found in a number of other non-heme iron
mono and dioxygenases and has been termed the 2-his-1-carboxylate facial triad (70,
48). A proposed chemical mechanism for the aromatic amino acid hydroxylases is
shown in Scheme 3 (/8). The chemical mechanism can be divided into two partial
reactions. After a quaternary complex is formed between the enzyme and substrates,
tetrahydropterin and oxygen react to form an oxygen bridged iron-pterin species.
Heterolytic cleavage of the oxygen-oxygen bond and addition of a proton forms a ferryl-
oxo species and 4a-hydroxypterin. Electrophilic aromatic substitution, cleavage of the
iron oxygen bond, NIH shift and rearomatization of the amino acid forms the
hydroxylated amino acid product and regenerates the ferrous enzyme for another round
of catalysis. Studies with substrate analogues and deuterium, solvent and '*O kinetic
isotope effects for TyrH suggest the rate liming step in the reaction is the formation of
the hydroxylating intermediate (35, 49, 50).

Over the years experimental and computational evidence suggest that the
hydroxylating intermediate for the aromatic amino acid hydroxylases is a ferryl-oxo
species resembling those of the heme based cytochrome P-450 in reactivity (18, 44, 45).
Consistent with such an expectation, all three aromatic amino acid hydroxylases catalyze
benzylic hydroxylation of methylated aromatic amino acids (5/-53). In the case of TyrH
the intrinsic kinetic deuterium isotope effects for this reaction are consistent with the

removal of a hydrogen atom with significant rehybridization of the methyl carbon in the
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transition state (52). In the present study a detailed determination of the intrinsic
primary and a-secondary deuterium isotopes for all three enzymes has been performed,
using 4-methylphenylalanines with one, two and three deuterium atoms in the methyl
group. This study has allowed us to compare the reactivity of the ferryl-oxo
intermediate Fe(IV)O in the three enzymes. In addition questions about transition state

structure and quantum mechanical tunneling are addressed.

EXPERIMENTAL PROCEDURES

Materials. 6-Methyltetrahydroptein (6MePHs) was from B. Schircks
Laboratories (Jona Switzerland). Sodium cyanide and boric acid were from Sigma-
Aldrich Chemical Co. (Milwaukee WI). Napththalene-2,3-dicarboxaldehyde (NDA)
was from Invitrogen (Carlsbad CA). 4-Methylphenylalanine was purchased from
PepTech Corporation (Burlington MA). The synthesis of methyl-deuterated
phenylalanines has been described (52). The amino acids were further purified using a
uBondapak C'® column (14 x 300 mm) with a 6% acetonitrile mobile phase.

Protein purification. The catalytic domain of rat phenylalanine hydroxylase
(A117PheH) was purified as previously described (54), with the exception that the
enzyme was resuspended in 30 mM potassium phosphate buffer, pH 7.0, instead of 75
mM sodium phosphate, before loading onto the hydroxyapatite column. Recombinant rat
phenylalanine hydroxylase was purified according to the protocol of Shiman et al. (55),
as modified by Daubner et al. (56). Excess phenylalanine was removed from the

purified enzyme by dialysis against 80 mM HEPES, 10% glycerol, pH 7.0. The catalytic
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core of rabbit tryptophan hydroxylase (TrpHio2-416), @ variant of the wild type lacking
101 and 28 residues from the amino termini and carboxyl termini, respectively, was
provided by Dr. Graham R. Moran. The enzyme was dialyzed into 80 mM MOPS, 10%
glycerol, pH 7.0. Wild type rat tyrosine hydroxylase was a generous gift of Dr. Patrick
Frantom.

Methods. Standard assay conditions for determination of the percent of benzylic
hydroxylation were 25 mM sodium phosphate buffer, pH 7.0, 30 uM ferrous ammonium
sulfate, 1.2 mM 4-methylphenylalanine, 10 uM enzyme and 150 uM 6MePH..
Reactions were run for 2-3 minutes in a volume of 100 uL. 6MePH4 was used at a
concentration 15-fold greater than the enzyme concentration in order to minimize the
amount of auto-oxidation of the tetrahydropterin; in addition 150 uM 6MePH, resulted
in the largest ratio of hydroxylated amino acid products to tetrahydropterin consumed.
The reactions between 3 and 30 °C were initiated by the addition of 6MePH,. Between
35 and 60 °C the reactions were initiated with enzyme. Reactions were quenched after
1-3 minutes between 25-60 °C, and after 4-5 minutes between 3-20 °C to assure that all
the 6MePH4 had been consumed. The subsequent identification and separation
procedures have been previously described (52).

Samples for mass spectrometry were made following the same standard
conditions, except 0.8-1.5 mM 6MePH,4 and 2.0 mM 4-methylphenylalanine in 250 uL
were used, and the reaction was quenched by the addition of 200 uL. of 10 mM sodium
borate pH 9.2. Aliquots of 500 uL were injected onto a Nova-Pak C'® column (2.1 x 150

mm). The HPLC elution conditions were 5 minutes at 100% water followed by a 3 min
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gradient to 85% water/15% acetonitrile and finally a 36 min linear gradient to 80%
water/20% acetonitrile, at 0.15 ml/min. Products were detected using 470 and 530 nm
excitation and emission wavelengths, respectively. The peak corresponding to 4-
hydroxymethylphenylalanine was collected and analyzed by negative ion electrospray-
time of flight mass spectrometry at the Laboratory of Biological Mass Spectrometry
(LBMS) Texas A&M. The ratios of the (m-1) peaks resulting from loss or retention of

deuterium were corrected for >C contributions and used in the calculation.

RESULTS

Products with 4-methyl-phenylalanine. 4-methyl-phenylalanine was used as
substrate for wild type TyrH, PheH, and mutant forms of PheH and TrpH lacking the N-
terminal regulatory domains, respectively (A117PheH and TrpHio2.416). The products
were labeled with NDA and sodium cyanide, separated by HPLC and identified as the
N-substituted 1-cyanobenz[f] isoindole (CBI) derivatives (57). The stoichiometry of the
reaction was independent of the deuterium content in the methyl group. The amount of
productive turnover (the ratio of amino acid hydroxylation to tetrahydropterin oxidation)
was 51.4 £4.2 for A117PheH, 46.5 + 0.9 for TrpH,02-416, 33.2 = 1.3 for TyrH and 35.5 +
1.7 for PheH. The products were quantified and the percentage of benzylic
hydroxylation was determined by comparison with synthetic standards. Figure 1 shows
the distribution of products obtained for each enzyme. The percentages of benzylic
hydroxylation were 22.1 + 2.4, 54.9 + 0.4, 54.5 +£ 0.8, 39.7 + 2.2 for TyrH, PheH and

A117PheH and TrpHjz416 respectively. For TyrH the dominant product is 3-hydroxy-4-
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methylphenylalanine; this is consistent with this enzyme having greater specificity for
the meta position of the aromatic ring. It has been reported previously that PheH is poor
in hydroxylating tyrosine (54), and Figure 2 shows that for this enzyme the percentage of
3-hydroxy-4-methylphenylalanine is also extremely low. In addition, for PheH deletion
of the first 116 amino acids responsible for the regulatory properties of the enzyme has

no effect on the product composition.
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20

% total products
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PheH A117PheH TyrH TrpH102-416

Enzyme
Figure 2: Product distribution with 4-methylphenylalanine as substrate for the aromatic
amino acid hydroxylases: 4-hydroxymethylphenylalanine (grey), 3-methyl-4-
hydroxyphenylalanine (dark grey), 3-hydroxy-4-methylphenylalanine (stripes).

Isotope effects. The isotope effects on the percent of benzylic hydroxylation
were determined from the fraction of 4-hydroxymethylphenylalanine formed from 4-
methyl-phenylalanine versus that from deuterated 4-methylphenylalanines. The use of
4-methylphenylalanines containing one, two or three deuterium atoms in the methyl
group allowed the determination of the intrinsic primary and a-secondary isotope effects

for the benzylic hydroxylation reaction. The effects of isotopic substitution on the
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relative amounts of the three amino acid products were analyzed using the model shown
in Scheme 4 (58, 59). In this model, all substrates bind before the enzyme proceeds

through the first irreversible step (35, 50). Partitioning occurs and different amino acid

Scheme 4

EFe(ll) + O, + 6MePH, === E:AA:0,:6MePH, —» EFe(IV)O:6MePH3;0H
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products are formed after the hydroxylating intermediate Fe(IV)O is formed. 4a-
6MePH;0H denotes the product 4a-hydroxypterin. For the model in Scheme 4, k;
denotes the rate constant for benzylic hydroxylation and k, the net rate constant for
aromatic hydroxylation at the 3 and 4 positions. The fraction of 4-hydroxymethyl-
phenylalanine produced is k;/(k; + k»).

The step with rate constant k; should be the only step sensitive to isotopic
substitution, so that increasing the deuterium content of the methyl group will decrease
the magnitude of kj, leaving k, constant. Equation 1 relates the isotope effect on the
percent of benzylic hydroxylation to the intrinsic isotope effect on k;. The value of

kin/k, was determined from the products with non-deuterated 4-methylphenylalanine.
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The deuterium isotope effects for benzylic hydroxylation of deuterated 4-methyl-
phenylalanines are listed in Table 1. These isotope effects are similar in magnitude for
TyrH, PheH, A117PheH and TrpHipz-416. In addition they show similar increases as the
deuterium content in the methyl group increases, consistent with a decrease in k; due to

isotopic substitution.

Table 1: Intrinsic Kinetic Isotope Effects on Benzylic Hydroxylation by the Aromatic
AminoAcid Hydroxylases

Enzyme Substrate

4-CH,"H-phenylalanine 4-CH’H,-phenylalanine 4-C°Hs-phenylalanine

PheH 1.63+£0.14 2.84+0.25 124 +1.1
A117PheH 1.92+0.19 2.66 £ 0.25 12.1£1.1
TyrH 2.26+0.33 3.07+£0.45 13.8+1.2
TrpHio2-416 2.04 £0.27 2.77+0.36 13.0+1.7

Standard assay conditions were 25 mM sodium phosphate buffer pH 7.0, 30 uM ferrous
ammonium sulfate, 1.2 mM 4-methylphenylalanine, 10 uM enzyme and 150 uM
6MePH,. Reactions were performed at least 6 times.

Pk + ik, 1
Itk (M

(% 4-CH,OH-phe) =

These isotope effects are combinations of primary and o-secondary isotope
effects. When the trideuterated substrate is used, the deuterium isotope effect is a
product of a primary and two o-secondary effects “k(“’k)*. When the monodeuterated
or dideuterated substrate is used, the product 4-hydroxymethylphenylalanine can result

from loss of deuterium or hydrogen. For the monodeuterated substrate abstraction of a
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hydrogen atom will show a a-secondary isotope effect (“°k), while abstraction of a
deuterium atom will show a primary isotope effect (°k). Similarly, for the dideuterated
substrate abstraction of a hydrogen atom will show two a-secondary isotope effects
(“Pk)*, and a primary and a a-secondary isotope effect when a deuterium atom is
abstracted "k(*k). The 4-hydroxymethylalanines formed from the monodeuterated and
dideuterated substrates by TyrH, A117PheH and TrpHj.416 were collected from the
HPLC and analyzed by mass spectrometry, allowing the ratios of products due to C-H

versus C-D cleavage to be calculated. These values are listed in Table 2.

Table 2: Relative Amounts of Hydrogen versus Deuterium Loss from 4-
Methylphenylalanine upon Benzylic Hydroxylation by the Aromatic Amino Acid

Hydroxylases
Enzyme (371)/(370) (372)I371)
4-CH,’H-phenylalanine 4-CH’H,-phenylalanine Ratios”
Al17PheH 16.8 £0.8 2.7+0.1 6.2+0.2
TyrH 15.8 0.9 28+0.1 3.6+04
Tz 416 20,0 +0.5 28+0.1 7002

*Ratio of product formed due to hydrogen loss to the product due to deuterium loss.
Standard assay conditions were 25 mM sodium phosphate buffer, pH 7.0, 30 uM ferrous
ammonium sulfate, 2.0 mM 4-methylphenyl-alanine, 10 uM enzyme and 0.8-1.5 mM 6-
MePH,. 4-Methylphenylalanines were identified as cyanobenz[f] isoindole (CBI)
derivatives (Shah J. A. 1999). Product ratios were determined by ESI mass spectrometry.
’Ratio of 4-hydroxy-methylphenylalanines arising from 4-CH,’H-phenylalanine and 4-
CH’H,-phenylalanine.
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Equations 2 and 3 show the relationships between the isotopic compositions of
the 4-hydroxymethylphenylalanine products and the intrinsic primary and a-secondary

isotope effects (56, 60). Accordingly, the data of Table 2 and the corresponding kinetic

4-CDHOH-phe 2%
4-CH,OHphe ~ ™k @

4-CD,OH-phe _ "k ;
4-CDHOH-phe 2%k

Isotope effects obtained from trideuterated 4-methylphenylalanine could be used for the
calculation of the intrinsic primary and a-secondary kinetic isotope effects for benzylic
hydroxylation by TyrH, A117PheH and TrpHig2416 (Table 3). The results from the two
partially deuterated substrates are different, but similar results were obtained for the
three enzymes. Intrinsic primary isotope effects of about 10 and a.-secondary isotope
effects of about 1.15 were calculated for monodeuterated 4-methylphenylalanine. In
contrast intrinsic primary isotope effects less than 8 and a-secondary isotope effects of

1.3 or greater were calculated for dideuterated 4-methylphenylalanine.
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Table 3: Intrinsic Isotope Effects on Benzylic Hydroxylation by the Aromatic
Amino Acid Hydroxylases

Substrate A117PheH  WT TyrH = TrpH,pu46

4-C’H,-phe  Overall isotope effect  12.1 + 1.1 13.8+1.2 130+ 1.7

4-CH,"H-phe Primary isotope effect 9.5 + 0.4 9.5+0.6 109+0.4

Secondary ISOlope 4 154005 120008 1.09+0.03
effect

4-CH’H,-phe Primary isotope effect 7.1 0.2 7.6 0.3 7.5+0.1

Secondary isotope 314003 135£0.05 1.31+0.02
effect
Calculated from the overall isotope effect and the data in Table 2 using

equations 2 and 3.

Temperature dependence of the isotope effects. The primary isotope effects for
TyrH, A117PheH and TrpH;..416 are greater than the upper limit of about 7 predicted by
transition state theory. Such large kinetic isotope effects are often interpreted as an
indication of quantum mechanical tunneling of the hydrogen atom (61, 62). One
criterion used to detect hydrogen tunneling in hydrogen transfer reactions is the effect of
temperature on the kinetic isotope effect (62-64). Kinetic isotope effects on the benzylic
hydroxylation reaction as a function of temperature were determined for each enzyme
using trideuterated 4-phenylphenylalanine. Figure 3 shows the temperature dependence
of the intrinsic kinetic isotope effect for A117PheH and TrpHiz-416. The data were fit to
the Arrhenius equation (Equation 4) to obtain the isotope effects on the Arrhenius pre-
exponential factors and the differences in activation energies for TyrH, PheH, A117PheH

and TrpH102_416 (Table 4)

In(°k) = In(Aw/Ap)+AE./RT 4)
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Figure 3: Deuterium kinetic isotope effects as a function of temperature for the catalytic
cores of PheH (A) and TrpH (B). Reactions at each temperature were performed 3-4
times. Lines are from fits to the Arrhenius equation.

Table 4: Isotope Effects on Pre-Exponential Factors and Differences in Activation
Energies for Benzylic Hydroxylation by the Aromatic Amino Acid Hydroxylases

Enzyme An/Ap AE; (kcal/mol)
PheH* 0.18 + 0.08 24+03
A117PheH" 0.13 +0.06 2.6+0.3
TyrH® 0.11 +£0.05 29+0.3
TrpH 02416 0.10 £ 0.05 2.9+0.3

Experimental temperature range *5-60 °C, *3-60 °C, °5-35 °C and “5-50 °C. Reactions at
each temperature were performed 3-4 times.

21
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DISCUSSION

The aromatic amino acid hydroxylases PheH, TyrH and TrpH are capable of
catalyzing benzylic and aromatic hydroxylation of 4-methylphenylalanine. The products
vary from one enzyme to the next, establishing that their active site architectures are
different. For PheH, deletion of the regulatory domain of the enzyme has no effect on
the distribution of products. It has previously been shown that the substrate specificities
of these enzymes are determined by residues in the catalytic domain (54). The present
study establishes that for mechanistic purposes the catalytic cores of the enzymes are
suitable.

The analysis of products arising from 4-methylphenylalanines containing one,
two, or three deuterium atoms in the methyl group has allowed the determination of the
intrinsic primary and secondary isotope effects on the benzylic hydroxylation reaction.
The data in Table 1 clearly show that the amount of benzylic hydroxylation decreases as
the deuterium content in the methyl group increases, consistent with previously
published results (52). The intrinsic isotope effects are clearly very similar among the
enzymes. When the trideuterated substrate is used the enzyme has no choice but to
cleave the carbon deuterium bond. The value and magnitude of this isotope effect is
clearly very similar among the three enzymes, requiring that the hydroxylating
intermediate be of similar reactivity in the three enzymes (Table 1).

One of the initial goals of this study was to determine independent values of the
intrinsic primary and o-secondary kinetic isotope effects for benzylic hydroxylation by

all three aromatic amino acid hydroxylases. It was anticipated that the rule of geometric
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mean (RGM) would be valid for this reaction (62, 65). Comparison of equations 2 and 3
shows that the ratio of products obtained from the monodeuterated versus dideuterated
substrates should be equal to four if the RGM applies (60). The ratios were greater than
four in all cases (Table 2). This unexpected result leads to different intrinsic primary
and a-secondary isotope effects on benzylic hydroxylation when the dideuterated and
monodeuterated substrates are used (Table 3). When one deuterium is present in the
methyl group the isotope effects are likely to be the intrinsic effects. However, when a
second deuterium is present the motion of the primary hydrogen is coupled to the motion
of the second deuterium, resulting in an inflated a-secondary isotope effect and a
decreased primary effect (66, 67). Computational studies have shown that large
secondary isotope effects exceeding their corresponding equilibrium effects can result
from a combination of coupled motion and quantum mechanical tunneling (68).
Alternatively, it could simply be that when one deuterium is present in 4-methyl-
phenylalanine, the transition state is symmetrical, leading to the maximum value of the
primary isotope effect and a moderate a-secondary effect. When two deuterium atoms
are present in the methyl group, the transition state is late, leading to a smaller primary
isotope effect, and a larger secondary effect. The latter explanation would be consistent
with the results in Table 3. However, secondary isotope effects of 1.31 and 1.35 exceed
the expected equilibrium isotope effect which is considered the theoretical limit for the
secondary isotope effects, ruling out this possibility (69).

The large intrinsic primary and secondary deuterium kinetic isotope effects are

consistent with a mechanism involving hydrogen atom abstraction. Primary and
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a-secondary kinetic isotope effects have been determined for benzylic hydroxylation
reactions by dopamine f3-monooxygenase and peptidyglycine a-amidating enzyme (/,
70-72). The similarity of the values reported for those enzymes and the aromatic amino
acid hydroxylases may reflect similar transition state structures and a similar
hydroxylating intermediates proposed to be high-valence metal ferryl-oxo-compounds
(18, 73).

The heme-containing cytochromes P-450 catalyze benzylic as well as aliphatic
hydroxylation with very large primary and a-secondary kinetic isotope effects (26-28).
The mechanism proposed for the cytochrome P-450 family has changed over the years,
but a radical abstraction and recombination mechanism referred to as the oxygen
rebound mechanism first proposed by Groves has been widely accepted (7, 74). Scheme
5 shows the proposed mechanism for benzylic hydroxylation by the aromatic amino acid
hydroxylases proposed by Frantom et al. (52). This mechanism is a variation of the
oxygen rebound mechanism. Here, the putative Fe(IV)O intermediate (38, 41, 45, 75),
abstracts a hydrogen atom from the benzylic position of the substrate. 4-Hydroxy-
methylphenylalanine and the ferrous enzyme are obtained upon radical recombination.
The intrinsic primary and o-secondary effects seen with monodeuterated 4-methyl-
phenylalanine support a mechanism for all the aromatic amino acid hydroxylases in
which the transition state for hydrogen atom abstraction is symmetrical with

rehybridization towards planarity during carbon-hydrogen bond cleavage.
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The intrinsic primary and a-secondary kinetic isotope effects for TyrH, A117PheH
and TrpHjoz-416 (Table 3) suggest that the Fe(IV)O intermediate for the aromatic amino acid
hydroxylases has similar reactivity to the heme based oxidant in cytochrome P-450. Several
intermediates over the years have been proposed for the aromatic amino acid hydroxylases
(76-79). However; it is expected that only an intermediate as reactive as the Fe(IV)O will be
able to activate benzylic carbon-hydrogen bonds (85 kcal/mol) (80), such as the ones found
in 4-methylphenylalanine. The ability of all of the aromatic amino acid hydroxylases to
catalyze benzylic hydroxylation suggests not only that a high valence Fe(IV)O species with
identical reactivity is a common intermediate, but the magnitude and similarity of the
isotope effects reported here also suggest that transition state structure for this reaction is
nearly identical in the three enzymes.

The large primary isotope effects (Table 3) exceed the value of 7 at 30 °C
expected for a simple bond-stretch formalism and suggest quantum mechanical
tunneling of the hydrogen atom in the transfer event (6/, §/). Furthermore, the

secondary kinetic isotope effects with the dideuterated substrate exceed the equilibrium
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isotope effect and under certain conditions this is often an indication of hydrogen
tunneling (82). However, large secondary isotope effects and intrinsic primary isotope
effects of 7 or greater are not a definite indication of quantum mechanical tunneling (83).
A frequent probe of quantum mechanical tunneling is comparison of the temperature
dependence for H and D transfer reactions (67, 62). Transition state theory predicts that
in the absence of tunneling, effects on the Arrhenius pre-exponential factor will fall in
the range of 0.7-1.4, and the differences in activation energies should not exceed 1.4 kcal
mol™ (62-64, 84). The tunneling contribution at low temperature affects H transfer more
than D transfer, resulting in crossing of the Arrhenius plots and values for the Arrhenius
pre-exponetial factor less than unity and differences in activation energies greater than
those predicted by zero point energy differences (67, 87). For all three aromatic amino
acid hydroxylases, the isotope effects on the Arrhenius pre-exponential factors and the
differences in activation energies are outside the range predicted by classical transition
state theory. The values for all three enzymes agree well, suggesting that the extent of
tunneling is very similar. These results, in addition to the large kinetic isotope effects,
establish that quantum mechanical tunneling contributes to catalysis to the same extent
for all the aromatic amino acid hydroxylases. The tunneling event can be formalized as
moderate in which protium tunnels to a much greater extent than deuterium (85, 86).

In conclusion, the data presented here establish that all three aromatic amino acid
hydroxases use a radical mechanism to hydroxylate the benzylic carbon of 4-methyl-
phenylalanine, with coupled motion and quantum mechanical tunneling contributions.

The magnitude and similarity of these isotope effects along with the temperature
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dependence of the isotope effects suggest that the transition state structures are very

similar among the three enzymes.



28

CHAPTER I1I
DEMONSTRATION OF A PEROXIDE SHUNT FOR THE AROMATIC AMINO

ACID HYDROXYLASES

INTRODUCTION

Phenylalanine hydroxylase (PheH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH) are non-heme iron monooxygenases (/9, 23). These enzymes
catalyze the insertion of a oxygen atom from molecular oxygen into the aromatic side
chain of their corresponding substrates using two electrons from tetrahydropterin to
reduce the other oxygen atom from O; to the level of water (Scheme 2) (/8). The three
aromatic amino acid hydroxylases share significant sequence and structure similarity.
The crystal structures of the isolated catalytic domains are very similar (Figure 1 (A))
(31-33), a similarity that extends to their active sites where each has a iron atom facially
coordinated by two histidines, a glutamate and three water molecules (Figure 1 (B)).
This arrangement of ligands to the iron is found in a diverse number of non-heme iron
mono and dioxygenases that irreversibly activate O, for substrate oxidation and has been
termed the 2-his-1-carboxylate facial triad (10, 48).

The chemical mechanism proposed for the aromatic amino acid hydroxylases is
shown in Scheme 3 (/8). A reactive quaternary complex is formed between the enzyme
and substrates. Following this the first chemical step is a reaction between
tetrahydropterin, oxygen and the iron center to form oxygen bridged iron-pterin

intermediate (4a-peroxypterin-iron). Heterolytic cleavage of the oxygen-oxygen bond
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and addition of a proton to the 4a-peroxypterin-iron forms a Fe(IV)O intermediate and
4a-hydroxypterin, the first product. The Fe(IV)O intermediate reacts with the side chain
of the aromatic substrate through electrophilic aromatic substitution, forming a new
carbon oxygen bond (38, 47). Following cleavage of the iron oxygen bond, an NIH shift
and tautomerization yield the second product, the hydroxylated amino acid.
Experimental and computational evidence support the involvement of a Fe(IV)O
intermediate as the hydroxylating intermediate for these enzymes (18, 38, 42-44). The
Fe(IV)O intermediate in TyrH has recently been detected by freeze-quench Mdssbauer
spectroscopy. In addition, the Fe(IV)O intermediate decays concomitantly with
dihydroxyphenylalanine formation (45). These experiments convincingly showed that
the hydroxylating intermediate for these enzymes is a high valence Fe(IV)O species.
This intermediate resembles those in several members of the a-ketoglutarate dependent
dioxygenase family, where hydroxylation reactions in most cases occur via hydrogen
atom abstraction (46, 47).

The experimental evidence is strong regarding the nature of the Fe(IV)O as the
hydroxylating intermediate, ruling out earlier proposals for a 4a-peroxypterin or a 4a-
peroxypterin-iron as hydroxylating intermediates (77, 79). The mechanism in Scheme 3
shows that one oxygen atom is sufficient to hydroxylate the side chain of the amino acid.
Consequently, formation of the Fe(IV)O intermediate should be feasible by supplying
both electrons and oxygen to the resting enzyme in the form of hydrogen peroxide or
another peroxide donor. It has been possible in the cases of the heme based enzyme

cytochrome P450 and the non-heme dinuclear enzyme methane monooxygenase to
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replace molecular oxygen and electrons supplied from the reductase components with
hydrogen peroxide to catalyze the same hydroxylations reactions (87, §8).

In this work we investigate the ability of the aromatic amino acid hydroxylases to
effectively activate hydrogen peroxide for hydroxylation reactions. The results rule out
hydroxylating intermediates involving tetrahydropterin. In addition, the ability of all
three enzymes TyrH, PheH and TrpH to use hydrogen peroxide as electron and oxygen
donor provides further evidence that the intrinsic reactivity of the iron centers in these

enzymes is the same.

EXPERIMENTAL PROCEDURES

Materials. 6-Methyltetrahydropterin (6MePH,) and 6-methyl-7,8-dihydropterin
(6Me7,8PH,) were from B. Schircks Laboratories (Jona Switzerland). L-Tyrosine, L-
meta-tyrosine, L-phenylalanine, L-tryptophan, D,L-5-hydroxytryptophan, dihydroxy-
phenylalanine (dopa), ethylenediamine tetraacetic acid (EDTA), nitrilotriacetic acid
(NTA), glycerol, sodium chloride, sodium hydroxide, monobasic and dibasic sodium
phosphate, sodium cyanide and boric acid, cumene hydroperoxide, peracetic acid,
sodium periodate, and t-butyl hydroperoxide were from Sigma-Aldrich Chemical Co.
(Milwaukee WI). Ferrous ammonium sulfate, ammonium sulfate, ferric chloride, (30%
v/v) hydrogen peroxide and Hepes were from Fisher (Pittsburgh, PA). Napththalene-2,3-
dicarboxaldehyde (NDA) was from Invitrogen (Carlsbad CA). The analytical GEMINI
reverse-phase C18 column was purchased from Phenomenex (Torrance California).

The synthesis and purification of 6-methyl-5-deazatetrahydropterin (SMe5DPH,) has
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been described previously (89). The synthesis and purification of 4-hydroxymethyl-
phenylalanine, 3-hydroxy-4-methyl-phenylalanine and 3-methyl-4-hydroxyphenyl-
alanine have been described previously (52). L-Cyclohexylalanine, L-*H,;-cyclohexyl-
alanine and 4-OH-cyclohexylalanine were provided by Aram J. Panay of this laboratory.

Enzymes. The growth, expression and purification of the wild-type catalytic
domain and the active site mutants V379D and F263A of rat PheH (A117PheH), the
catalytic core of rabbit TrpH (TrpHio2-416) and apo wild-type rat TyrH and the active site
mutants S395A, E332A have been described previously (39, 43, 54, 90-92). To produce
the apo-enzymes, following purification TyrH, PheH and the mutant proteins were
precipitated with 60 percent ammonium sulfate. The enzymes were resuspended in 150
mM Hepes/NaOH, 200 mM sodium chloride, 20% glycerol, 20 mM NTA, and 20 mM
EDTA, pH 7.0. TrpH was precipitated with 50 percent ammonium sulfate and
subsequently resuspended in 100 mM Hepes/NaOH, 200 mM ammonium sulfate, 2 mM
dithiothreitol, 20% glycerol, 20 mM NTA, and 20 mM EDTA, pH 7.0. The enzymes
were subsequently dialyzed multiple times against the same buffers lacking the metal
chelators.

To determine the activity of the apo-enzymes with respect to the holo-enzymes,
the formation of the hydroxylated amino acid product was monitored by HPLC under
keat conditions in the absence or presence of ferrous ammonium sulfate. For these assays
the concentration of the enzymes was between 5 and 10 uM. The percent activity for the
apo-enzyme with respect to the holo-enzyme was 12, 0 and 5 for PheH, TrpH and TyrH,

respectively.
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Peroxide shunt reactions. The standard conditions for the peroxide shunt
reactions were 20 to 100 uM enzyme, 80 to 400 uM ferrous ammonium sulfate, 1 to 50
mM of L-phenylalanine, 5-30 mM H,0,, 150 mM Hepes buffer and 100 mM NaCl, pH
7.0 at 30 °C. Stock solutions of 1 M H,O, were typically prepared in 100 mM Hepes,
pH 7.0. The concentration was verified using the absorbance at 240 nm where the
extinction coefficient of H,O, is 39.4 M em™ (93). The peroxide shunt reactions were
initiated by adding H,O,. For some experiments H,O, was first added to the reaction
component and after one minute the reaction was initiated by adding L-phenylalanine.
The volumes of the peroxide shunt reactions were typically 2 to 4 mL, with reaction
times ranging from 30 seconds to an hour. The reactions were terminated by mixing a
500 uL aliquot with 500 uL of 5 M HCI.

For anaerobic reactions, standard assay conditions were followed. A tonometer
was made anaerobic by alternating vacuum and argon gas cycles for 10-15 min at 5 °C.
H,0, from the 1 M stock solution was placed in the side arm of the tonometer. At this
point the temperature of the tonometer was changed to 30 °C and additional vacuum and
argon cycles were performed for 5 minutes. The reaction was initiated by mixing H,O,
with the enzyme solution under argon. At indicated times, the valve of the tonometer
was opened very rapidly under positive pressure releasing 500 uL of the reaction into
500 uL of 5 M HCI.

Steady state kinetic isotope effects with L-cyclohexylalanine and L-"Hjj-
cyclohexylalanine. Peroxide shunt reactions were performed with L-cyclohexylalanine

and L-"H,,-cyclohexylalanine for PheH and TyrH. The reaction conditions were 50 uM
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enzyme, 300 uM ferrous ammonium sulfate, 150 mM sodium phosphate, 100 mM NaCl,
pH 7.0 in 1 mL at 25 °C. The concentrations of protiated and deuterated
cyclohexylalanine varied from 10-50 mM, whereas H,O, was 20 or 30 mM. The
reactions were quenched by removing 100 uL and mixing it with 200 uL of methanol
and 700 uL of sodium borate, pH 11. The precipitated enzyme was removed by
centrifugation at 15000 g and the 1-cyanobenz[f]-isoindole (CBI) derivatives were
formed by adding 200 uL of 50 mM naphthalene-2,3-dicarboxaldeyde (NDA) and 200
uL of 50 mM sodium cyanide (94). Control reactions revealed that 100 mM of H,O, did
not prevent the formation of the (CBI) cyclohexylalanine derivatives. Steady state
kinetic isotope effects measurements were also performed with TyrH and PheH under
normal turnover conditions: 4 mM 6MePH4, 4 mM L-cyclohexylalanine or L-*Hy;-
cyclohexylalanine (saturating conditions), 15 uM ferrous ammonium sulfate, 10 uM
enzyme, 100 mM NaCl and 100 mM Hepes/NaOH, pH 7.0, at 30 °C. The reactions
were quenched by removing 20-50 uL and mixing it with 200 uL of methanol and 780
or 750 uL of sodium borate, pH 11. The CBI derivatives were formed following the
protocol described above for the H,O, reactions. The amount of 4-HO-
cyclohexylalanine was identified and quantified using authentic 4-HO-cyclohexylalanine
and converting it to a CBI derivative following the protocol outlined above.

Product analysis by HPLC. The amino acids in the reaction samples were
separated on a Waters HPLC 600E multisolvent delivery system. The reaction samples
were centrifuged at 15000 g to remove the precipitated enzyme. The entire sample was

injected onto a C18 Phenomenex HPLC column (250 x 4.60 mm). Tyrosine, meta-
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tyrosine and phenylalanine, or 4-hydroxymethyl-phenylalanine and 4-methylphenyl-
alanine were separated with a mobile phase of 15 mM sodium phosphate, pH 7.0, 1% of
tetrahydrofuran, at a flow rate of 1.0 ml/min. The amino acids were detected using a
Waters 2475 Multi A Fluorescence Detector with excitation at 270 nm and emission at
310 nm. The cyclohexylalanine and 4-HO-cyclohexylalanine CBI derivatives were
separated with an isocratic solution containing 50% 15 mM sodium phosphate, pH 7.0,
1% tetrahydrofuran, and 50 % acetonitrile at a flow rate of 1.0 ml/min. In this case L-
cyclohexylalanine and 4-hydroxy-cyclohexylalanine were detected by setting the

fluorescence detector at 420 nm excitation and 520 nm emission.

RESULTS

Products from peroxide shunt reactions with aromatic substrates. Addition of
excess H,O, and phenylalanine to the ferrous forms of PheH, TyrH and TrpH resulted in
the formation of significant amounts of hydroxylated amino acids. Figure 4 shows a
representative HPLC chromatograph when PheH and ferrous iron are incubated with 10
mM L-phenylalanine and H,O,; tyrosine and meta-tyrosine are the only amino acid

products.
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Figure 4: Chromatographs of a typicaltlrrzzc(trir(])lrrl1 )quenched after 10 min when 10 mM of
H,0; and L-phenylalanine are incubated with (A) 50 uM PheH300 uM Fe(II), (B) 500
uM Fe(II), or (C) 50 uM PheH.

Control experiments under the same conditions with apo-PheH or ferrous iron
and no enzyme yielded no hydroxylated amino acids. The same experiments were
carried out with TyrH and TrpH and the results were nearly identical, with a slight
variation in the distribution of products. All three enzymes have a preference for
tyrosine over meta-tyrosine tyrosine. The ratios of tyrosine to meta-tyrosine are 1.5, 1.2,
1.6 for PheH, TyrH and TrpH respectively. This shows that the reaction is not very
specific; even though the three enzymes make two products from phenylalanine all three
prefer the para position to the meta-position.

Single oxygen and peroxide donors including sodium periodate, cumene
hydroperoxide, peracetic acid, and t-butyl hydroperoxide were also tested for their
ability to support the hydroxylation of phenylalanine, since these have been successfully

used for the heme-based cytochrome P450 family (95-97). No amino acid products with

PheH, TyrH or TrpH were obtained from these reactions when the concentrations of
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each donor ranged from 1 to 50 mM.

The ability of H>O, to support hydroxylation of tyrosine by TyrH and tryptophan
by TrpH was also investigated. These reactions did not yield hydroxylated amino acid
products. The reason for this is unclear, but it is reasonable to propose that H>O, and the
Fe(I) center react. It is possible that the hydroxylation reaction occurs and dopa and 5-
hydroxytryptophan are formed, but they rapidly react with H,O,. When dopa and 5-
hydroxytryptophan (100 or 500 uM) are incubated with 5-10 mM of H,0O, for 2 min,
neither could be detected, by fluorescence or absorbance spectroscopy nor could new
products. Consequently, reactions with L-tyrosine and L-tryptophan were not
investigated further.

Kinetics of the peroxide shunt reactions. Having established phenylalanine as
the only aromatic amino acid that can yield hydroxylated aromatic amino acids from the
peroxide shunt reactions, the kinetics of this reaction were further investigated. The
initial rate of the reaction was determined for all three enzymes by measuring the
formation of tyrosine and meta-tyrosine with time. Figure 5 (A) shows an overlay of
several HPLC chromatographs for reactions in which 20 mM phenylalanine and 20 mM
H,0O, were incubated with 50 uM of ferrous TrpH. Tyrosine and meta-tyrosine are
formed in a time-dependent manner (Figure 5 (A)). When the same experiment was
performed by varying the concentration of phenylalanine, plots of the total product yield
versus time fit well to straight lines with intercepts that pass through the origin (Figure 5
(B)). The apparent first order rate constant for phenylalanine hydroxylation increases

with the concentration of phenylalanine from 0.0089 min™ to 0.22 min™ for 1 and 50
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mM of phenylalanine, respectively. It is worth noting that for the three enzymes the
total product yield at concentrations higher than 20 mM of phenylalanine exceeds one
equivalent; this shows that the reaction can be catalytic under certain conditions.
Identical experiments to those shown in Figures 5 (A-B) were performed for TyrH and
PheH by varying the concentration of phenylalanine at a constant concentration of H,O,.
(Figure 5 (C)) shows plots of the rates versus the concentration of L-phenylalanine for
all three enzymes. In all three cases the data fit well to a straight line with no evidence
of saturation. The magnitudes of the second order rate constants for the three enzymes
are nearly identical: 6.4 + 0.3, 5.3 = 0.7 and 4.3 = 0.1 M min™ for PheH, TyrH and
TrpH, respectively. The values are similar and suggest that the rate-limiting step with
H,0, is likely to be the same for the three enzymes (vide infra). It is worth noting that
time points of one min or less did not yield products even when the concentration of
phenylalanine was 50 mM, consistent with the slow activation of H,O,. The effect of
H,O, on the second order rate constant was further investigated by varying the
concentration of L-phenylalanine at fixed levels of H,O, for PheH and TrpH. Figure 6
shows a plot of the apparent second order rate constants versus the concentration of
H,0, for PheH and TrpH. The data show saturation behavior with an apparent K,,, value

for HO, of 25 +£ 16 mM and 18 = 11 mM for PheH and TrpH, respectively.



38

;m, 20min_, tyrosine

S 15 mi

E - mio_, meta-tyrosine
© !

cu.mmnn. i

8 Smin_,

8 o

a 2 min »

S "™

=3

time (min)

3
T 25
o
-
E o ~
p— '
> =
s 1.5 3
® o
T B
205

0 0

0 5 10 15 20 0 10 20 30 40 50 60

time (min) [L-phenylalanine] (mM)

Figure 5: Kinetics of phenylalanine hydroxylation. A. Time course for the formation of tyrosine and meta-
tyrosine when 20 mM H,O, and phenylalanine are incubated with 50 uM ferrous TrpH. B. Effect of
phenylalanine concentration on the rate of hydroxylation by TrpH: (@) 1 mM, (A) 5 mM, (A) 10 mM, ()
20 mM and (O) 50 mM. C. Plot of the initial rate versus the concentration of phenylalanine for PheH (@),
TyrH (A) and TrpH (O).

To determine if the slow turnover rate with H,O, is the result of enzyme
inactivation, the rate of tyrosine formation was determined for PheH and TrpH with
200-1000 uM 6MePH4, 200-1000 uM L-phenylalanine, 15 uM ferrous ammonium
sulfate, 2-5 uM enzyme, 100 mM NaCl and 100 mM Hepes/NaOH, pH 7.0, at 25 °C

(standard assay conditions). Initially, stock solutions of PheH and TrpH were incubated

with 0, 10, 20, 50, 70 and 100 mM of H,O, at 5 °C. After one hour each enzyme
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sample was assayed under standard conditions for its ability to form tyrosine. These
experiments revealed that the rate of tyrosine formation was unaffected when the
concentration of HO, was less than 70 mM. As an additional control experiment,
reactions were performed for PheH in which after 0, 5, 10 and 20 minutes of a typical
peroxide shunt reaction 2 uM of enzyme was sampled for its ability to make tyrosine
under standard assay conditions. The initial rate of tyrosine formation was unaffected

by the extent of the peroxide shunt reaction.
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Figure 6: Effect of H,O, concentration on the slopes of the lines in Figure 5 (C) for PheH
(®) and TrpH (A). The slopes (apparent second order rate constants) were obtained by
varying the concentration of phenylalanine versus different fixed levels of H,O,. The
lines are fits to the Michaelis Menten equation.

The peroxide shunt reactions were typically carried out for 30 minutes. When
reactions were continued for longer time a decrease in the total product yield was

typically found between 20 and 30 min. Therefore, the calculation of the initial rate was
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limited to 15-20 min. The time when deviation from linearity occurred depended on the
initial concentrations of phenylalanine and H,0,, suggesting that H,O, degrades tyrosine
and meta-tyrosine in a reaction that is slow relative to turnover. The products from the
degradation are presumed to be oxidized amino acids, which are undetectable under the
standard HPLC conditions (see above). The kinetics of the oxidation reactions were not
pursued due to the anticipated complexity of the reaction. In order to verify that
degradation of tyrosine and meta-tyrosine does not occur in the quenched samples,
tyrosine and meta-tyrosine (100 uM) were first mixed with 2.5 M HCI; following this 0
or 50 mM H,0O; was added to the acidic solution. These samples were incubated at 30
°C for one hour and then injected onto the HPLC. The total amounts of products were
the same (not shown), suggesting that H,O, does not degrade the amino acids under
acidic conditions.

The degradation of tyrosine and meta-tyrosine by H>O, suggests that the reaction
with H>O, might appear to be slow due to the continuous degradation of the
hydroxylated aromatic amino acids. In order to validate the kinetics in Figures 5 (A-C)
and 6, the effect of the enzyme concentration on the product yield with time was
analyzed. Figure 7 show typical time courses when 20, 50 or 100 uM of PheH were
incubated with 20 mM H,0, and 20 mM L-phenylalanine. A plot of the product yield
versus time is linear with time at all enzyme concentrations, but the yield decreases
faster when the concentration of PheH in the reaction is higher (Figure 7).

This shows that H,O, degrades tyrosine and meta-tyrosine faster when their

concentrations in solution are higher. This analysis also reveals that the product yield up
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to at least fifteen minutes is equivalent for all concentrations of PheH, suggesting that no
significant degradation of tyrosine and meta-tyrosine has occurred. The dependence of
the initial rate on enzyme concentration validates the analyses in Figures 5 (A) and 6 and
suggests that the lower product yield at higher concentrations of PheH is not due to

inactivation of PheH by H,O..
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Figure 7: Enzyme concentration dependence of the total product yield in the H,O»
shunt reaction for PheH. The standard conditions were as described in the
experimental procedures section. The concentrations of H,O, and phenylalanine
were 20 mM, whereas PheH was 20 uM (O), 50 uM (H) or 100 uM (A).

The peroxide shunt reactions were performed in the absence of O, to determine if
aerobic conditions are a reason for the slow reaction rate. Aerobic and anaerobic
reactions were performed simultaneously to eliminate discrepancies from reaction
conditions. These reactions were performed following standard conditions with 20 mM

H,0, and phenylalanine whereas PheH was 50 uM. A plot of the total product yield
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versus time for the anaerobic reaction yielded an apparent rate of 0.17 + 0.02 min™,
whereas the value under aerobic conditions is 0.16 = 0.01 min™'; these values are
effectively identical (Figure 8). This suggests that the slow turnover with H,O; is not
due to the oxidation of the Fe(Il) center by O, or another species generated between O,

and H,0,, but more importantly it shows that O, is not required at all.
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Figure 8: Time course of the formation of tyrosine and meta-tyrosine when 20 mM
H»0, and phenylalanine are incubated with 50 uM ferrous PheH (@) acrobically or
(O) anaerobically. The lines are fits to linear equations.

Effect of 6-methyl-7,8-dihydropterin and 6-methyl-5-deazatetrahydropterin on
the peroxide shunt reactions. Peroxide shunt reactions were also carried under the
standard assay conditions described above, but 50 to 2000 uM 6Me7,8PH, or
5Me5SDPH4 were included with 50 uM ferrous PheH or TyrH and 10 mM phenylalanine.

These reactions were initiated with 20 mM of H>O,. The initial rate, the total product
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yield, and the ratio of tyrosine to meta-tyrosine were identical to those obtained in the
absence of the pterin analogs (data not shown) for both enzymes.

Peroxide shunt reactions for active site mutants of TyrH and PheH. Active site
mutants of TyrH and PheH that affect the hydroxylation of the amino acid more than the
oxidation of 6MePH4 (decouple the reaction) were tested for their ability to catalyze the
hydroxylation of phenylalanine using H,O,. The TyrH mutant E332A has been
previously characterized as an enzyme with a higher K,, value for 6MePH,4 for which
only 2.5 percent of the reducing equivalents from 6MePH, are used for productive
turnover (92). The TyrH mutant S395A is not impaired in its ability to activate O, since
it forms the 4a-hydroxypterin (4a-6MePH30H) at a normal catalytic rate, but it is unable
to form dopa from tyrosine (43). In the case of PheH, the mutants V379D and F263A
have low turnover rates and higher K, values for phenylalanine. The coupling
efficiencies with respect to 6MePH, for the PheH mutants V379D and F263A are 27 and
15 percent, respectively (39, 97). Standard peroxide shunt reactions were carried out
using concentrations of the mutant enzymes of 25 uM, 10 mM H;0, and 20 mM
phenylalanine. For V379D-PheH, F263A-PheH, E332A-TyrH and S395A-TyrH the
reactions yielded no products after more than 30 minutes (data not shown). The results
with the mutant enzymes clearly show that mutations that decouple catalysis under
normal turnover conditions can drastically affect the ability of the enzymes to use H,O,
as oxygen and electron donor. This suggests that the mechanism of uncoupling under

normal turnover may be similar with H,O».
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L-Cyclohexylalanine and 4-methylphenylalanine as substrates for PheH and
TyrH. 4-Methylphenylalanine, 4-C*Hj-methylalanine, L-cyclohexylalanine and L-"H, ;-
cyclohexylalanine were used as substrates for TyrH and PheH with H,O; in order to
determine if the hydroxylating intermediate can catalyze aliphatic and benzylic
hydroxylation. The reaction was also studied under normal turnover conditions
(6MePH,, O,) with L-cyclohexylalanine and L-"H,-cyclohexylalanine. TyrH, TrpH and
PheH can catalyze the 6MePH4 and O, dependent hydroxylation of 4-methylphenyl-
alanine to form 4-hydroxymethyl-phenylalanine, 3-hydroxy-4-methyl-phenylalanine and
3-methyl-4-hydroxy-phenylalanine (42, 52). In addition, TyrH and PheH can catalyze
the 6MePH4 and O,-dependent hydroxylation of cyclohexylalanine to form 4-HO-
cyclohexylalanine; no additional products were identified by HPLC. The k., values for
the hydroxylation of L-cyclohexylalanine were 10.0 = 0.5 and 5.0 = 0.2 min™ for TyrH
and PheH, respectively at 30 °C. The stoichiometry of this reaction with respect to
6MePH, and the concentration dependence with L-cyclohexylalanine were not
investigated. When the reaction was carried out with L-*H;;-cyclohexylalanine, the ke
values were nearly identical to those obtained with the protiated substrate, yielding a
kinetic isotope effect on the ke value of unity. The intrinsic deuterium kinetic isotope
effect for cleavage of a CH bond of the methyl group of 4-methylphenylalanine for TyrH
and PheH is 10 (42, 52). For cyclohexylalanine the isotope effect is expected to be of
similar magnitude; this suggests that steps other than hydroxylation limit turnover with

this substrate.
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Peroxide shunt reactions were subsequently carried out with PheH and TyrH with
5 or 10 mM 4-methylphenylalanine or 4-C*H;z-phenylalanine and 30 mM of H,0,. The
only product detected was 4-hydroxymethyl-phenylalanine. A kinetic isotope effect
from the ratio of 4-hydroxymethyl-phenylalanine arising from the protiated and
deuterated substrate will not be the intrinsic effect due to the inability to quantify the
products from aromatic hydroxylation (58, 59). Despite this caveat limiting kinetic
isotope effects of 2 and 1.4 were obtained for PheH and TyrH, respectively. The
peroxide shunt reactions were carried out with PheH and TyrH by varying the
concentration of cyclohexylalanine from 10 to 50 mM while the concentration of H,O,
was 30 mM. For these experiments the initial rate of the reaction was determined for up
to 40 min; the product yield for this reaction never reached one equivalent. This shows
that with cyclohexylalanine the peroxide shunt reaction for TyrH and PheH is
considerably more uncoupled than with phenylalanine.

Control experiments revealed that as high as 100 mM H,O, does not degrade
cyclohexylalanine or 4-HO-cyclohexylalanine. Figure 9 (A) shows an HPLC chroma-
tograph of a reaction quenched after 20 min when PheH and H,0O, are incubated with L-
cyclohexylalanine (A) or L-*H; -cyclohexylalanine (B). A plot of the initial rate of the
reaction (Figure 9 (B)) shows that just as the case is with L-phenylalanine, L-cyclo-
hexylalanine displays second order kinetics with no evidence for saturation.

For PheH the second order rate constant with L-cyclohexylalanine is 0.17 + 0.06
M min‘l, while the value with L-2H11-cyclohexy1alanine is 0.083 = 0.002 M min™

(Figure 9 (B)). A kinetic isotope effect on the second order rate constant of about 2 can
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50

mM L-cyclohexylalanine is 0.28 M min™', whereas the value with L-"H;;-cyclohexyl-

alanine is about 0.18 M min™', yielding a kinetic isotope effect of about 1.5. These
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Figure 9: A. Chromatographs of a reaction quenched after 20 min when 30 mM
H,0, and L-cyclohexylalanine (A) or L-*H,;-cyclohexylalanine (B) are incubated
with 100 uM ferrous PheH B. A plot of the initial rate for a peroxide shunt reaction
with L-cyclohexylalanine (@) or L-"H;;-cyclohexylalanine (A).
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isotope effects for both enzymes are similar and slightly greater then unity, but the
magnitudes suggest that they are not intrinsic. The ability of PheH and TyrH to catalyze
hydroxylation of cyclohexylalanine with H,O, suggests that the hydroxylating
intermediate formed via a peroxide shunt may be the same high valence Fe(IV)O

intermediate used under normal turnover.

DISCUSSION

The aromatic amino acid hydroxylases PheH, TyrH and TrpH form a unique
class in the monooxygenase family of enzymes that share the (His),-(Asp/Glu) facial
triad. These enzymes require a tetrahydropterin and a mononuclear iron center to
activate O, for the hydroxylation of an amino acid (10, 18, 98). In this study we
investigated and successfully generated a system in which the enzymatic aromatic
hydroxylation of phenylalanine does not require molecular oxygen and tetrahydropterin.
The rationale for these experiments is simple: if the two electron reduced form of O,
H,0,, can support aromatic hydroxylation, a hydroxylating intermediate involving
tetrahydropterin can be ruled out. It is worth noting that studies involving H,O, as
oxygen and electron donor were unsuccessfully attempted in the past for TyrH and PheH
(99), and earlier experiments in which H,O, and tyrosine were the only substrates for
TyrH were not convincing (700).

Currently, strong experimental evidence is available from freeze-quench
Mossbauer spectroscopy supporting the involvement of an Fe(IV)O intermediate in

aromatic hydroxylation by TyrH (45). A 4a-peroxypterin was attractive for some time
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as the hydroxylating intermediate in the catalytic cycle of the aromatic amino acid
hydroxylases, considering that a 4a-peroxyflavin, structurally similar to the 4a-
peroxypterin, has been shown to be the hydroxylating intermediate for aromatic
hydroxylation in the flavoproteins phenol hydroxylase and p-hydroxybenzoate
hydroxylase (/01-103). In addition, the formation of hydrogen peroxide from 6MePH4
and O, during unproductive turnover when tyrosine, p-fluorophenylalanine, or p-
chlorophenylalanine is used as a substrate for PheH is consistent with the intermediacy
of a 4a-peroxypterin (78). A 4a-peroxypterin or a 4a-peroxypterin-iron species (77)
(Scheme 3) is likely to be an intermediate in the catalytic cycle of aromatic
hydroxylation, but the studies presented here convincingly rule out their direct role as
hydroxylating intermediates.

The ability of the aromatic amino acid hydroxylases to effectively use H,O, as
oxygen substitute and electron donor with phenylalanine also supports several elements
of the mechanism in Scheme 3. The role of ferrous iron and the catalytic aspect of the
H,0, dependent reaction suggest that the Fe(Il) center can be regenerated after one
turnover since no additional reductants are present. Ferrous iron and H,O; can react in
solution to form reactive oxygen species (Fenton chemistry) (/04). The possibility
exists that reactive oxygen species generated from Fenton chemistry could be
responsible for the hydroxylation of aromatic amino acids. However, the results
presented here argue strongly against a non-enzymatic source for the hydroxylation of
phenylalanine. For one, the results with apo-wild type enzymes, ferrous iron in solution

and active site mutants of PheH and TyrH that completely eliminate the activity with
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H,O, strongly support a reaction that is strictly enzyme catalyzed. Secondly, non-
enzymatic Fenton chemistry would likely yield products not seen in the enzyme
catalyzed reaction. Given that the only products obtained from the peroxide shunt
reaction with phenylalanine are tyrosine and meta-tyrosine, and their relative ratios
(Figure 4) depend on the enzyme, it can be concluded that the reaction is enzyme-
catalyzed. In addition, no hydroxylated aromatic amino acids are obtained with single
oxygen or larger peroxide donors that have been shown previously to support
hydroxylation in cytochrome P450. This reinforces the notion that the reaction with
H,0, is enzyme-catalyzed, since these peroxide donors can readily donate hydrogen
peroxide. In addition, this shows that the aromatic amino acid hydroxylases have
drastically different active sites than the P450 enzymes where oxygen donors with larger
organic substituents can be accommodated.

The low rate of turnover with H,O; can be the result of multiple factors. Under
normal turnover, all three aromatic amino acid hydroxylases are readily saturated with
their respective substrate with K, values in the low micromolar range (49, 56, 90). The
data in Figure 5 (C) show that saturation with respect to phenylalanine cannot be
achieved for any of the enzymes. This shows that phenylalanine binds weakly or non-
productively and/or the reaction occurs through a state for which the enzymes are not
structurally optimized (vide infra). Furthermore, the non-saturation behavior with
respect to phenylalanine suggests that binding of the amino acid is at least partially rate
limiting. The inability to observe saturation kinetics with respect to phenylalanine,

along with the high non-physiological concentrations of amino acid and H,O; required
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to effectively generate the peroxide shunt, suggests that the reaction proceeds through a
state, which is not relevant under normal turnover. In view of the fact that the second
order rate constants are nearly identical (Figure 5 (C)) and that tyrosine and meta-
tyrosine are the only products, it can also be concluded the rate determining step and the
substrate specificities with H,O, are likely to be the same for all three enzymes.

The ability of PheH to hydroxylate the meta position of phenylalanine is
surprising, considering that PheH is unable to make meta-tyrosine from phenylalanine
and dopa from tyrosine (91, 105). This shows that tetrahydropterin, in addition to
delivering reducing equivalents for O, activation, has significant effects on the
architecture of the active site of PheH, allowing the reaction to be specific for the para
position of phenylalanine. The ke./K., value for phenylalanine under normal turnover is
600,000 fold faster than the second order rate constant with H,O,. This suggests that
tetrahydropterin has additional important roles in catalysis. A role may be to induce
structural changes that enhance the rate of chemical steps. It is reasonable to propose
that tetrahydropterin is required to be in the active site for each enzyme to be readily
saturated with the amino acid, fast turnover and substrate specificity. It should be noted
that agreement on the order of substrate binding has not been reached for all three
enzymes yet. The results obtained here suggest that under normal turnover
tetrahydropterin needs to be bound before the amino acid, and the former contributes to
the binding site of the latter. This is consistent with the available crystal structures for
PheH, TyrH and TrpH in complex with tetrahydropterin (37, 106, 107) and suggests that

these binary complexes may be catalytically relevant and not necessarily inhibitory
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complexes. The inability of the pterin analogs to affect the peroxide shunt reactions is
unexpected. Inhibition studies have established previously that 6Me7,8PH, and
5Me5SDPH4 bind PheH and TyrH competitively with respect to a tetrahydropterin (49,
89, 108, 109). At this point the simplest explanation for this inconsistency is that upon
H,0O; binding the dissociation of tetrahydropterin is enhanced and the peroxide shunt
reaction proceeds from a state in which tetrahydropterin cannot access the active site.

A comparison of the crystal structures of PheH and TrpH with only
tetrahydropterin bound versus structures for the ternary complexes shows significant
structural differences. For PheH the structure with both tetrahydropterin and an amino
acid bound shows significant conformational changes, especially on the surface loop
containing residues 132-148. This surface loop is in close contact to the iron center only
in the structure of the ternary complex (//0, 111). The crystal structure of TrpH
becomes more compact upon binding of tryptophan and imidazole (//2). The latter is
proposed to substitute for tetrahydropterin in the structure. In addition, the loop region
containing Leul24-Asp139 moves in close contact to residues [1e367-Thr369 (/7/2). In
the case of TyrH no structure is available for the ternary complex, but fluorescence
anisotropy studies reveal that binding of tetrahydropterin alone has significant effects on
the surface loop containing residues 178-193 (89). These residues correspond to
residues 132-148 in PheH. More importantly, X-ray absorption spectroscopy on PheH
shows that the coordination number of the Fe(Il) center changes from 6 to 5 when L-
phenylalanine and a tetrahydropterin are bound. It has been proposed that this

coordination change allows the three water molecules coordinating the Fe(Il) center in
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the resting state to be released as glutamate 330 becomes bidentate, creating a binding
site for O, (/13). These crystallographic, fluorescence and X-ray spectroscopy studies
establish that significant structural changes in the enzymes and the Fe(Il) center are
dependent on both substrates or tetrahydropterin alone. Therefore, it is reasonable to
propose that H>O, and phenylalanine alone cannot induce the movements of the surface
loops and/or the required coordination change of the Fe(Il) center.

The results derived thus far from the reactions of H,O, for the aromatic amino
acid hydroxylases are comparable to results obtained in previous studies with the
oxygenase components of the mononuclear iron enzymes napthalene 1,2 dioxygenase
(NDO) and benzoate 1,2-dioxygenase (BZDO). These two enzymes also share the
(His)2(Asp/Glu)-facial triad motif and catalyze aromatic hydroxylation, but do not
require a tetrahydropterin (/74, 115). Unlike the aromatic amino acid hydroxylases, the
reactions of NDO and BZDO with H,0, allow at maximum one turnover. This is
attributed to the requirement for an additional electron for the re-reduction of the Fe(III)
center to the ferrous state. This reduction step appears to be essential for product
release. When H,0, is the oxygen and the electron donor, the extra electron is not
available (174, 115). In the present work we show that all three aromatic amino acid
hydroxylases can perform more than one turnover when the concentration of L-
phenylalanine is above 20 mM. This firmly suggests that the Fe(Il) center can be
regenerated. Abortive oxidation of the Fe center likely occurs during turnover, but the
data suggest that it is slow relative to turnover. For both NDO and BZDO, the

concentration of H,O; required to initiate the reaction is 20-50 mM, comparable to that
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used in these studies. This suggests that the mononuclear non-heme centers in NDO,
BZDO and the aromatic amino acid hydroxylases are similar in that the affinity for H,O,
is weak. Similarity, BZDO requires higher concentrations of benzoate with H,O, in
comparison to normal turnover conditions. Unlike the aromatic amino acid
hydroxylases, saturation kinetics are observed with respect to benzoate (//4). One way
to interpret this difference is to assume that significant structural changes may not be
required to create a binding site for benzoate in BZDO; thus saturation kinetics are
observed. As noted above, this is consistent with the hypothesis that in addition to
delivering the two electrons, tetrahydropterin has essential roles in enhancing the affinity
of the amino acid for each aromatic amino acid hydroxylase.

The steady state deuterium kinetic isotope effect for the hydroxylation of L-
cyclohexylalanine by TyrH and PheH under normal turnover (6MePH4, O;) and with
H,0O, were measured in order to compare the nature of the transition state for both
reactions. The only product detected under normal turnover and with H,O, is 4-HO-
cyclohyxylalanine; it is reasonable to propose that the same hydroxylating intermediate
is involved. However, the magnitude of the deuterium isotope effects does not allow us
to draw definite conclusions regarding the nature of the transition state for the
hydroxylation reaction. Hydroxylation reactions for non-heme systems with aliphatic
substrates are thought to proceed via hydrogen atom abstraction and radical rebound by
high valence Fe(IV)O intermediates (Scheme 5) (//6, 117). The intrinsic deuterium
kinetic isotope effect for this reaction is expected to be 10-13 with a normal secondary

component if one assumes a symmetrical transition state. The "k value is unity; the
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simplest explanation for this is that a step following hydroxylation limits ke, for TyrH
and PheH. The deuterium isotope effect on the second order rate constant with H,O, is
greater than unity for both enzymes, but less than the expected value of 10 or 13. One
way to interpret this is to assume that the rate-limiting step has changed with H,O,. As
noted above, the kinetic behavior for the reactions with H,O, strongly suggests that
tetrahydropterin not only delivers two electrons for O, activation, but also affects
substrate binding and the rate of catalysis to allow for effective turnover. It is very likely
that steps following hydroxylation also depend on the structural changes imposed by
tetrahydropterin. Therefore, if product release or a conformational change coupled to
product release is rate limiting under normal turnover, this step is very likely to be
different with H,O,. We proposed that the rate-limiting step for the peroxide shunt
reaction is activation of H,O, (vide infra). However, the second order rate constants
with phenylalanine for TyrH and PheH are about 18-35 fold faster than those obtained
with cyclohexylalanine. If activation of H>O, were rate limiting, then one would expect
the magnitude of the second order rate constants to be nearly identical or perhaps similar
in magnitude. One way to reconcile these results is to assume that the formation of the
hydroxylating intermediate does not depend on the identity of the amino acid. The
difference in magnitude of the second order rate constants may reflect significantly more
unproductive decay of the Fe(IV)O intermediate with cyclohexylalanine coupled to a
slower rate constant for aliphatic hydroxylation versus aromatic hydroxylation.

The nearly identical kinetic behavior of the peroxide shunt reaction for all three

enzymes suggests that the rate-determining step is the same for all three enzymes.
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Scheme 6 shows a proposed chemical mechanism for the hydroxylation of phenylalanine
with H,O,. In Scheme 6 pathway A amino acid binding is required for the activation of
H,O,. We have proposed that an iron-hydroperoxo intermediate forms following
binding of H,O, to the Fe(Il) center. With the available data the involvement of the

iron-hydroperoxo intermediate as the actual hydroxylating intermediate cannot be ruled
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out. Nevertheless, experimental data from model complexes that mimic the active site of
non-heme enzymes suggest that iron-hydroperoxo intermediates are likely to be non-
reactive in hydroxylation reactions (//8). Therefore, protonation of the distal oxygen of
the iron-hydroperoxo has to occur, followed by water release to form the high valence
Fe(IV)O intermediate, a step that is expected to be irreversible. One of the factors that is
likely to contribute to the rate limitation of the reaction with H,O, is the heterolytic

cleavage of the O-O bond from the iron-hydroperoxo intermediate (Scheme 6). Under
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normal turnover, the O-O bond will be cleaved from the 4a-peroxypterin-iron species;
the leaving group in this case is the 4a-6MePH;OH (pK, 6.8) (/1/9). With H,0, the
leaving group is water (pK, 15.74); this makes the 4a-6MePH3;OH a much better leaving
group than H,O. We can speculate that under normal turnover protonation may not be
required for cleave of the O-O bond of the 4a-peroxypterin-iron intermediate.
Protonation of the distal oxygen of the iron-hydroperoxo is essential with H,O, because
hydroxide would be a poor leaving group and that step may in fact contribute
significantly to the rate limitation. Scheme 6 pathway A predicts that activation of H,O»
requires phenylalanine; if activation of H,O; is fully rate limiting the kinetics of this
reaction should display saturation with respect to phenylalanine, inconsistent with what
is observed kinetically.

The available data do not rule out a mechanism where the activation of H,O, is
substrate independent, for this reason Scheme 6 pathway B needs to be considered. In
pathway B the Fe(IV)O intermediate forms with the same steps as for A, but without the
requirement of the amino acid. Scheme 6 pathway B shows that the amino acid can bind
only after the Fe(IV)O intermediate has formed, react to yield tyrosine, meta-tyrosine
and the resting enzyme. Pathway B is appealing because it accounts for the non-
saturation behavior with respect to the amino acid and is consistent with the activation of
H,0, as fully rate-limiting. Furthermore, it can also account for the suppressed isotope
effects with L-cyclohexylalanine if substrate binding or the access of the amino acid to

the Fe(IV)O intermediate is slow relative to hydrogen atom abstraction.
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The results presented here suggest that H,O, can effectively replace
tetrahydropterin and O, and form the same high valence Fe(IV)O intermediate involved
in aromatic hydroxylation during normal turnover. The kinetics of the reactions with
H,O, are identical for all three enzymes, showing that the iron centers in all three
enzymes are essentially identical. Furthermore, the high concentrations of substrates
required and the slow nature of the reaction suggest that a non-physiological state is

operative in which the rate-limiting step is activation of H,O,.
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CHAPTER 1V
INSIGHTS INTO THE CATALYTIC MECHANISMS OF PHENYLALANINE
AND TRYPTOPHAN HYDROXYLASE FROM KINETIC ISOTOPE EFFECTS

ON AROMATIC HYDROXYLATION"

INTRODUCTION

Phenylalanine hydroxylase (PheH), tyrosine hydroxylase (TyrH) and tryptophan
hydroxylase (TrpH) form a small family of non-heme iron monooxygenases (/9). These
enzymes catalyze the insertion of an oxygen atom from molecular oxygen into the
aromatic side chain of their corresponding substrates, utilizing a tetrahydropterin to
reduce the other oxygen atom to the level of water (Scheme 2) (/8). The three aromatic
amino acid hydroxylases show significant sequence and structural similarity, especially
in their catalytic cores. Structures are now available for the isolated catalytic domains of
all three enzymes, clearly showing the structural homology (Figure 1 (A)) (31, 33, 120).
This homology extends to the active site where each contains an iron atom coordinated
by a glutamate and two histidine residues (Figure 1 (B)). This arrangement of iron
ligands has also been found in a number of other non-heme iron mono and dioxygenases
and has been termed the 2-his-1-carboxylate facial triad (10, 121).

*Reproduced with permission from Pavon, J. A.; Fitzpatrick, P.F. J. Biochemistry.
2006, 45(36), 11030-11037. Copyright 2006 American Chemical Society.
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The chemical mechanism proposed for the aromatic amino acid hydroxylases is
shown in Scheme 3 (/8). After all the substrates are bound, tetrahydropterin, oxygen and
the Fe(II) center react to form a high valence ferryl-oxo intermediate (Fe(IV)O) and 4a-
hydroxypterin the first product. An electrophilic substitution reaction between the
Fe(IV)O intermediate and the amino acid proceeds through a cationic intermediate,
which undergoes a 1,2 hydrogen (NIH) shift and tautomerization to yield the
hydroxylated amino acid product and the ferrous enzyme.

In the mechanism of Scheme 3, the rate constant for the formation of the new
carbon-oxygen bond upon attack of the Fe(IV)O species should increase 10-15% upon
deuterium substitution at the site of hydroxylation, resulting in a Dk ot value of about 0.9
if this step is fully rate limiting. The basis for it is a hybridization change from sp” to sp’
results in a stiffer bond and the heavier C-D bond prefers the stiffer bond (69, 122). In
the case of TrpH, an inverse isotope effect is seen under ke, conditions (38). In contrast,
with wild-type TyrH no isotope effect is found when 3,5-’H,-tyrosine is used as
substrate (49). In this case, an isotope effect could be unmasked by taking advantage of
mutant enzymes which oxidize excess tetrahydropterin relative to the amount of amino
acid hydroxylated (40). Several active site mutants of TyrH yield "k, values similar to
the value for TrpH, consistent with these two aromatic amino acid hydroxylases sharing
the same chemical mechanism. In the case of wild-type PheH, a normal kinetic isotope
effect on ks of 1.45 has been reported (/23), suggesting a different rate limiting step for
PheH or perhaps a different chemical mechanism than that of the other two

hydroxylases. In the present study an approach similar to that taken for TyrH was
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carried out with A117PheH, employing mutant enzymes and kinetic isotope effects to

probe individual steps in the catalytic mechanism.

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotides were synthesized on an Applied Biosystems Model
380B DNA synthesizer by the Gene Technology Laboratory of the Biology Department
of Texas A&M University. 6-Methyltetrahydropterin (6MePH,4) was from B. Schircks
Laboratories (Jona, Switzerland). L-Tyrosine, L-phenylalanine, L-tryptophan, D,L-
phenylalanine, sheep dihydropteridine reductase (DHPR), NADH, sodium cyanide, boric
acid and 5-hydroxytryptophan (5-HO-trp) were from Sigma-Aldrich Chemical Co.
(Milwaukee, WI). Naphthalene-2,3-dicarboxaldehyde (NDA) was from Invitrogen
(Carlsbad, CA). L-*Hs-Phenylalanine and *Hs-indole-tryptophan were from Cambridge
Isotope Co., MA. Dithiothreitol (DTT) was from Inalc (Milano, Italy). D,L-[4-"H]-
Phenylalanine and D,L-[3,5-’H,]-phenylalanine were synthesized as previously
described (/24). All other reagents were of the highest purity commercially available.

Construction of vectors, enzyme expression and purification. Site directed
mutagenesis of the catalytic domain of rat phenylalanine hydroxylase (A117PheH) was
carried out with the Stratagene QuikChange Kit using Pfu DNA polymerase and the
plasmid ptzRPHS5 (54). A117PheH and the mutants E280A, F263A and V379D were
expressed and purified as previously described, with one modification (54, 97). The
ammonium sulfate pellet was resuspended in 30 mM potassium phosphate, 10%

glycerol, pH 7.0, before loading onto the hydroxyapatite column. The enzymes were
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eluted from this column with a linear gradient of 30 to 450 mM potassium phosphate,
pH 7.0, and stored in 80 mM Hepes/NaOH, 15% glycerol, pH 7.0. TrpHj¢z-416, a variant
of rabbit tryptophan hydroxylase lacking 101 and 28 residues from the amino and
carboxyl termini, was purified as previously described (90), with several modifications.
The plasmid pEWOHA101AH was used to transform E. coli strain C41(DE3), a strain
derived from BL21(DE3) which grows to a higher cell density (/25). A single colony
was used to inoculate one hundred milliliters of LB broth (100 ug/mL ampicillin) and
allowed to grow at 37 °C for 5 hours; ten mL of the one hundred mL culture was used to
inoculate one liter of LB broth (100 ug/mL ampicillin). The culture was grown until the
cell density reached an Agy of 0.9. The temperature was decreased to 18 °C, and the
cells were permitted to grow until the cell density reached an Aggo of 1.2. At this point
isopropyl-p-thiogalactoside was added to a final concentration of 100 uM. After 12
hours the cells were harvested by centrifugation as previously described (90). The cells
were resuspended in a 8-fold volume with respect to the cell weight of 80 mM
Hepes/NaOH, 100 mM ammonium sulfate, 2 mM DTT, pH 7.1. Nucleic acids were
removed by addition of polyethyleneimine to a final concentration of 0.1%. Prior to the
hydroxyapatite column, the ammonium sulfate pellet was resuspended in 50 mM
potassium phosphate, 10% glycerol, 100 mM ammonium sulfate, 2 mM DTT, pH 7.1.
The enzyme was then eluted with a linear gradient of 50 to 400 mM potassium
phosphate, 10% glycerol, 100 mM ammonium sulfate, 2 mM DTT, pH 7.1. The purified

enzyme was stored in 15% glycerol, 100 mM ammonium sulfate, 2 mM DTT, 50 mM
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Hepes/NaOH, pH 7.0, after the addition of a stoichiometric amount of ferrous
ammonium sulfate.

Enzyme assays. Tyrosine formation from phenylalanine was measured by
monitoring the initial rate of the absorbance change at 275 nm due to the formation of
tyrosine (e275= 1.34 mM"' cm™) (54, 126). The assays contained 200 uM 6MePH, and
10-800 uM L-phenylalanine in 60 pwg/ml catalase, 5 mM DTT, 15 uM ferrous
ammonium sulfate, 80 mM Hepes/NaOH, pH 7.0, at 25 °C. When racemic phenyl-
alanine was used, the concentration range was 20-1600 uM. Control experiments with
D-phenylalanine established that concentrations of the nonphysiological stereoisomer up
to 1 mM had no effect on the activity of any of the enzymes.

Initial rates of 6MePH, oxidation were determined using a coupled assay with
DHPR and NADH, monitoring the decrease in absorbance at 340 nm due to the
oxidation of NADH (g340= 6.22 mM™" cm™) (54, 78). The assay conditions were 10-800
uM L-phenylalanine for A117PheH and TrpHjg2-416 and 10-2000 uM L-phenylalanine
for A117PheH V379D, 0.05-1 uM enzyme, 100-200 uM 6MePH4, 60 ug/ml catalase,
200-250 uM NADH, 0.2-0.5 units/ml DHPR, 15 uM ferrous ammonium sulfate, 80 mM
Hepes/NaOH, pH 7.0, at 25 °C.

Initial rates of formation of 5-hydroxytryptophan from tryptophan were
monitored on a Applied Photophysics SX-18MV stopped-flow fluorometer (/27). The
sample was excited at 315 nm along a 10 mm path and the emission was passed through
a 335 nm cutoff filter. The assay conditions were 20-2000 uM L-tryptophan, 200 uM

6MePHy, 1.5 uM A117PheH, 7 mM DTT, 50 ug/ml catalase, 10 uM ferrous ammonium
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sulfate, 80 mM Hepes/NaOH, pH 7.0, at 25 °C. These conditions were obtained by
mixing two syringes of equal volumes. Syringe 1 contained 400 uM 6MePH,4, 12 mM
DTT, tryptophan, and 80 mM Hepes/NaOH, pH 7.0. Syringe 2 contained 100 pug/ml
catalase, 3 uM A117PheH, 20 uM ferrous ammonium sulfate, 2 mM DTT and 80 mM
Hepes/NaOH, pH 7.0. The amount of 5-hydroxytryptophan formed was determined by
comparison with a standard curve obtained under the same conditions.

To measure directly the stoichiometry of amino hydroxylation relative to
6MePH, oxidation, an HPLC-based assay similar to that described previously (47, 52)
was performed. The conditions were 1.2 mM D,L-phenylalanine or 500 uM L-
phenylalanine, 10 uM enzyme, 40-100 uM 6MePH4, 25 mM potassium phosphate, pH
7.0, at 30 °C in 100 uL. The reactions were initiated with 6MePHy; after 3 minutes they
were quenched with 400 uL of 10 mM sodium borate, pH 9.2. To this were added 100
uL of 10 mM sodium cyanide and 40 uL of 10 mM naphthalene-2,3-dicarboxaldehyde
(NDA) to form the 1-cyanobenz[f]-isoindole (CBI) derivatives (94). Fifty uL of the
reaction were injected onto a Nova-Pak CI18 column (2.1 x 150 mm). The CBI
derivatives of tyrosine and phenylalanine were separated with a gradient of 30-35%
acetonitrile and 70-65% 12.5 mM potassium phosphate, pH 6.8, containing 1% THF,
with fluorescence detection using excitation and emission wavelengths of 420 and 490
nm, respectively. The amount of tyrosine was quantified by comparison with a standard
curve obtained under the same conditions. Samples for mass spectrometry were made
following the same protocol, except that 4 mM 6MePH4, 8§ mM [4-H]- or [3,5-°H,]-

phenylalanine, 100 uM enzyme and 100 uM ferrous ammonium sulfate in 300 uL were



64

used, and the reaction was quenched by the addition of 100 uL of 100 mM sodium
borate, pH 9.2. Fifty uL of 100 mM sodium cyanide and 100 uL of 50 mM NDA were
added, and precipitated protein was removed by centrifugation. The entire reaction
mixture was then injected onto the Nova-Pak C18 column, and the CBI derivatives of
tyrosine and phenylalanine were separated with an isocratic mobile phase of 85% water
and 15% acetonitrile. The peak corresponding to tyrosine eluted at 18 minutes and was
detected with excitation and emission wavelengths of 470 and 590, nm respectively. The
CBI-tyrosine was collected and analyzed by negative ion electrospray-time of flight
mass spectrometry at the Laboratory of Biological Mass Spectrometry at Texas A&M
University. The ratios of the (m-1) peaks resulting from loss or retention of deuterium
were corrected for °C contributions and used in calculations of the isotope effects.

Data analysis. The Michaelis-Menten equation was used to determine ke,
kea/Kim and K, values when initial rates were measured as a function of the
concentration of a single substrate, using the program KaleidaGraph (Synergy Software,
Reading PA). Steady-state kinetic isotope effects were determined using Igor Pro
(WaveMetrics, Lake Oswego, OR) to fit the data to equation 5. Equation 5 describes
data for which there is an isotope effect on the k., value only. Here, v is the initial rate,
kcat 1s the turnover number, A is the substrate concentration, K, is the Michaelis constant
for the varied substrate, F; is the mole fraction of deuterium in the substrate, E, is the
isotope effect on ke, Isotope effects on the ratio of productive hydroxylation to total
6MePH, consumption were calculated by direct comparison of the amount of tyrosine

formed with phenylalanine versus deuterated phenylalanine.
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_ kcatA 5
Km+A*(1+Fj*(Ey-1)) (3)

v

RESULTS

Steady state kinetics of Al17PheH and isotope effects. The catalytic core of rat
PheH, A117PheH, was chosen instead of the wild-type rat enzyme because the former
does not need to be pre-activated with phenylalanine, lysolecithin or limited proteolysis,
and it shows Michaelis-Menten kinetics (54). In addition, the stoichiometry of tyrosine
formed with respect to 6MePH, oxidized is one. The kinetic parameters for this enzyme
reported here (Table 5) are not statistically different from values published previously
(54). To determine if hydroxylation is rate-limiting in A117PheH as is the case in TrpH
(38), isotope effects on tyrosine formation were measured using ring-deuterated
phenylalanines; the results are summarized in Table 6. The data fit best to equation 1, in
which there is an isotope effect on ke, only. With A117PheH there are significant
normal kinetic isotope effects with [4-°H]-, [3,5-’H,]-, and “Hs-phenylalanine, in
agreement with the previous results for the wild-type rat enzyme (/23). In the case of
*Hs-phenylalanine, the isotope effect is greater than the isotope effects obtained with [4-

*H]- and [3,5-"H,]-phenylalanine (Table 6).
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Table 5: Steady State Kinetic Parameters for A117PheH and A117PheH-V379D

Parameter A117PheH A117PheH-V379D
Tyrosine 6MePH, Tyrosine 6-MePH,
formation® oxidation” formation® oxidation”
k., (min™) 513 +23 471 £ 50 18 +1 67 +4
Ko e (uM) 120 = 18 127 + 53 420 + 48 625 £ 85
Koo/ Kope (uM™" min™") 43+0.7 0.043 +0.004
Kevepns® (UM) 83+9 63+9

‘Determined from initial rates of tyrosine formation in 80 mM Hepes/NaOH, 5 mM DTT,
15 uM ferrous ammonium sulfate, 60 ug/mL catalase, 200 uM 6MePH,, pH 7.0, at 25
°C. "Determined from initial rates of 6MePH, oxidation in 80 mM Hepes/NaOH, 15 uM
ferrous ammonium sulfate, 60 ug/mL catalase, 200-250 uM NADH, 0.2-0.5 units of
DHPR, 200 uM 6-MePH,, pH 7.0, 25 °C. ‘Determined from initial rates of tyrosine
formation in 80 mM Hepes/NaOH, 5 mM DTT, 15 uM ferrous ammonium sulfate, 60
ug/mL catalase, 500 uM L-phenylalanine for A117PheH or 1000 uM phenylalanine for
A117PheH V379D, pH 7.0, at 25 °C.

Characterization of mutant enzymes and kinetic isotope effects. In the case of
TyrH, the active site mutants E326A and F309A, in which tetrahydropterin oxidation is
largely uncoupled from amino acid hydroxylation, show inverse kinetic isotope effects
on both steady state kinetics and the uncoupling, in contrast to the wild type enzyme
(40). The homologous mutations E280A and F263A were prepared in Al17PheH,
yielding enzymes that were 30% and 15% coupled with respect to tetrahydropterin
oxidation. Kinetic isotope effects of unity were found on the ratio of amino acid
hydroxylation to 6MePH, consumption for all the enzymes. These results suggest that
the uncoupling occurred prior to formation of the Fe(IV)O intermediate for these
enzymes (vide infra). In the case of E280A the kinetic isotope effects on initial rates of
tyrosine formation with [4-°H]-, [3,5-*H,]-, and “Hs-phenylalanine as substrates were

normal and comparable to those with A117PheH (results not shown).
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Table 6: Kinetic Isotope Effects on the Hydroxylation
of Deuterated Phenylalanines®

Enzyme 4-’H-phenylalanine | 3,5-°H,-phenylalanine | *H,-phenylalanine
A117PheH 1.19 £ 0.06 1.12 £ 0.04 1.41 £0.05
A117PheH-V379D 0.92 +0.03 1.07 £0.05 0.98 +0.09
TrpH 016 0.96 +0.07 1.04 + 0.06 1.01+0.04

?Conditions as for Table 5.

The V379D mutation was initially identified in a screen for PheH active site
mutants with an increased ability to hydroxylate tyrosine (9/). As is the case with the
intact protein (97), the mutation of Val379 to aspartate affects several kinetic parameters
for the hydroxylation of phenylalanine by A117PheH (Table 5). The ke, value is 30-fold
lower, the ke./Kpne value is about 100-fold lower and there is a 3-fold increase in the Ky
value. The Kemepns value is not altered significantly by the mutation, suggesting that the
mutation of valine 379 has little effect on the binding of the tetrahydropterin. For
A117PheH-V379D the ke value for 6MePH, oxidation is about four times that for
tyrosine formation, consistent with only 27% of the total 6MePH, being consumed in
productive hydroxylation. In contrast to A117PheH, A117PheH-V379D shows a
significantly inverse isotope effect with [4-"H]-phenylalanine as substrate (Table 6). The
value matches those obtained with mutant TyrH proteins and with wild-type TrpH (38,
40). This suggests that the three aromatic amino acid hydroxylases share the same
chemical mechanism for aromatic hydroxylation, but the isotope effect is masked in
PheH by other chemical steps. An inverse isotope effect was only obtained when the site

of hydroxylation was deuterated, suggesting that a change in hybridization from sp” to
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sp> occurs exclusively at the para position. When [3,5-"H,]-phenylalanine is used as a
substrate for A117PheH-V379D, there is a normal deuterium isotope effect; the value is
identical within experimental error to that for A117PheH.

Isotope effects on the stoichiometry of amino acid hydroxylation and 6MePH,
oxidation. The stoichiometry of 6MePH4 oxidized relative to tyrosine formed was
determined by measuring the amount of tyrosine after a limiting amount of 6MePH4 had
been consumed. The changes in stoichiometry when [4-*H]-, [3,5°H.]- and *Hs-pheny-
lalanines are used as substrates for A117PheH and A117PheH-V379D yield the isotope
effects on the stoichiometry (Table 7). There was no isotope effect on the stoichiometry
with A117PheH, consistent with the ratio of 6MePH,; oxidation to amino acid
hydroxylation being one. In contrast inverse isotope effects on the stoichiometry were
found for A117PheH V379D with both [4-’H]- and *Hs-phenylalanine as substrates.

Both isotope effects match the isotope effect on ke obtained with [4-*H]-phenylalanine.

Table 7: Kinetic Isotope Effects on the Stoichiometry of Tyrosine Formation®

Enzyme 4-’H-phenylalanine  3,5-°H,-phenylalanine “Hs-phenylalanine
A117PheH 1.01 £0.03 1.00 = 0.07 1.01 £0.02
A117PheH-V379D 0.96 +0.03 1.06 = 0.05 0.93 +0.04

“Assay conditions: 25 mM potassium phosphate, pH 7.0, 500 uM L-phenylalanine, or 1.2
mM D,L-phenylalanine, 10 uM enzyme, 40-100 uM 6-MePH, at 30 °C.

Deuterium content of products. The deuterium contents of the tyrosine products
arising from [4-H]- and [3,5”H,]-phenylalanine were determined by mass spectrometry.

When [4-"H]- phenylalanine is used as substrate for A117PheH (Table 8) about seventy-



69

five percent of the deuterium in the substrate is retained in the product, in excellent
agreement with previous results for the wild type non-recombinant enzyme (128, 129).
In the case of [3,5-"H,]-phenylalanine, about one-eight of the product has lost one of the
two deuterium atoms present in the substrate. The mutation of Val379 to aspartate has no
effect on the deuterium retention in the products (Table 8), suggesting that steps after
oxygen addition to the phenyl ring of phenylalanine are not significantly altered in the

mutant protein.

Table 8: Ratio of Deuterium to Hydrogen in Tyrosine upon Hydroxylation
of Deuterated Phenylalanine®

Enzyme 4-H-phenylalanine  3,5-"H,-phenylalanine
A117PheH 3.79£0.19 6.81 £0.46
A117PheH-V379D 3.68 £0.12 6.27 £0.26

*Conditions: 25 mM potassium phosphate pH 7.0, 100 uM ferrous
ammonium sulfate, § mM D,L-phenylalanine, 100 uM enzyme and 4 mM
6-MePH, at 30 °C. Amino acid products were purified by HPLC as the N-
substituted cyanobenz[f]isoindole derivatives. Deuterium content was
determined by negative mode ESI mass spectrometry.

Tryptophan as a substrate for Al117PheH. Tryptophan is a good substrate for
wild-type PheH (56, 130). A117PheH has a key value of 33 + 2 min™ and a Kip value of
700 + 80 uM when 5-hydroxy-tryptophan formation is followed, and values of 47 + 6
min” and 1000 + 290 uM for 6-MePH, oxidation. This yields a stoichiometry of 0.70 +
0.10, suggesting that 6MePH, oxidation and tryptophan hydroxylation are mostly
coupled. The use of “Hs-indole-tryptophan as a substrate for A117PheH yields a Pkey
value of 0.89 + 0.04, consistent with a change of hybridization from sp® to sp’ at the

transition state for an electrophilic aromatic substitution reaction (38). The inverse
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isotope effect on the kg, value is consistent with the rate constant for the attack of the
hydroxylating intermediate on the indole ring of tryptophan in A117PheH being slower
than all other first order steps.

Kinetic isotope effects with phenylalanine as a substrate for TrpHps.416. L-
Phenylalanine is also a substrate for TrpHiz-416, With ks values equal for 6MePH4
oxidation and tyrosine formation this shows that all the reducing equivalents from
6MePH, oxidation are used for productive turnover (90). In the present work k., values
of 127 + 6 min™' for tyrosine formation and 131 + 14 min™ for 6MePH,4 oxidation were
found; these are somewhat higher than previously published results (90). Ring-
deuterated phenylalanines were also used as substrates for TrpHipz.416; the resulting
isotope effects are given in Table 6. TrpH;z.416 shows considerable substrate inhibition
at phenylalanine concentrations higher than 200 uM, greatly limiting the precision of the
Dk ot value. Despite the lack of precision, the values for TrpHj».416 are clearly in better

agreement with those for A117PheH-V379D.

DISCUSSION

The results presented here provide evidence that all three aromatic amino acid
hydroxylases share the same chemical mechanism, but differ in the identity of the rate-
limiting step. In the case of TrpH, the inverse deuterium kinetic isotope effect on key
and the sensitivity of key to the amino acid substrate establish that hydroxylation of the
indole ring of tryptophan is rate-limiting (38, 57). In the case of wild-type TyrH, the

lack of an isotope effect on the keq value with [3,5-*H,]-tyrosine, '*O kinetic isotope
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effects, and the insensitivity of ke to the amino acid substrate suggest that oxygen
activation or a product release step limits turnover (35, 49, 50). In the case of PheH, a
kinetic isotope effect of 1.45 with “Hs-phenylalanine previously suggested a different
rate-limiting step and possibly a different chemical mechanism for PheH (/23).

In the present study it was possible to unmask the isotope effect on the
electroplilic aromatic substitution reaction hydroxylation of PheH using a mutant
enzyme, A117PheH-V379D. The theory of unmasking kinetic isotope effects by
partitioning of intermediates via branched pathways has been described previously (40,
59, 131). Scheme 7 illustrates the basic kinetic scheme for the analysis. The enzyme
binds all three substrates and proceeds through the first irreversible step to form a high-
valence ferryl-oxo intermediate, Fe(IV)O. With some amino acid substrates or mutant
proteins there is a branch point after formation of this Fe(IV)O intermediate which leads
to unproductive consumption of tetrahydropterin. In such a case the reaction can follow
either the productive hydroxylation pathway with net rate constant k; or the unproductive
pathway with net rate constant k. If it is assumed that hydroxylation and unproductive
breakdown of the intermediate are irreversible events, a reasonable assumption, rate
constant k; will be sensitive to deuterium substitution on the amino acid and k, will not.
The stoichiometry of tyrosine formed relative to 6MePH, consumed is then k;/(k; + ky).
Deuterium substitution on the amino acid can change the net rate constant k;, thus
changing the stoichiometry. If k, >>k; the isotope effect on the stoichiometry will yield
the intrinsic isotope effect directly; the isotope effect will also be expressed on the kea

value because the change in the contribution of the unproductive pathway will result in a
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change in the rate of formation of the hydroxylated amino acid (40, 131).

Scheme 7

EFe(ll) + O, + 6MePH, <= E:AA:0,:6MePH, ——» EFe(IV)0:6MePH;0H

| YN
cox

@C_C_NH; EFe(ll) + 6MePH, + H,O EFe(ll) + 6MePH; + H,0,
|
Hy H + +
CO, CO,
| + | +
HOOC—Q—N% @C—C—NHs
Hy | Ha |

Val379 does not interact directly with the amino acid substrate, but the crystal
structures of PheH with an amino acid analog (thienylalanine) and tetrahydropbiopterin
(BH4) bound indicate that valine 379 is in the active site, in close proximity to

thienylalanine and the (His),(Glu)-facal-triad (Figure 10) (/32, 133). It is reasonable to

tetrahydropterin
» W 4
™ »
Fe(ID)-(His),(Glu)-facial S| «— Val37?
triad o —

thienylalanine
4—

Y

Figure 10: Structure of the active site of PheH. The (His),(Glu)-facial triad (Fe center
red sphere), (BH, purple) and substrate analog (thienylalanine yellow) (PDB file IKWO0).

The structure shows that Val379 (pink) stacks against thienylalanine and in close proximity
to the (His),(Glu)-facial triad.
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propose that mutating this residue could have detrimental effects on the activation of O,
and the electrophilic aromatic substitution reactions. Accordingly, mutating Val379
toaspartate in A117PheH alters the stoichiometry of the reaction, so that more 6MePHj is
oxidized relative to tyrosine formed. This is consistent with the introduction of a
branched pathway in which the high-valence Fe(IV)O intermediate is breaking down
unproductively more frequently than it reacts with the aromatic ring. This mutant
enzyme also exhibits an inverse isotope effect, consistent with the predictions of
Schemes 3 and 7. An inverse isotope effect is seen only when deuterium is present at
the site of hydroxylation, establishing that attack of the hydroxylating intermediate, or
the formation of a new C-O bond occurs exclusively at the para position of the amino
acid; this rules out the formation of an arene intermediate as was once proposed for
PheH (/34). The inverse isotope effect with A117PheH-V379D agrees well with those
previously reported for mutant forms of TyrH and TrpH (38, 40), establishing that the
three aromatic amino acid hydroxylases share similar transition states for aromatic
hydroxylation. Thus, the isotope effect for the reaction of the Fe(IV)O intermediate with
the phenyl ring of phenylalanine in the wild-type enzyme is masked by another isotope-
sensitive step.

The minimal mechanism of Scheme 7 predicts that the isotope effect on ke will
vary between one and the intrinsic inverse isotope effect if the isotope effect is due
solely to the initial reaction of the hydroxylating intermediate with the amino acid
substrate to form the new carbon-oxygen bond. However, for wild-type enzyme and

A117PheH, normal isotope effects are seen with ring-deuterated phenylalanines. A
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normal isotope effect will occur in a step in which a C-D bond is cleaved; for the
mechanism of Scheme 3, there are two such steps, the NIH shift and the subsequent
tautomerization to form the aromatic amino acid product. Computational studies done
on PheH are consistent with the mechanism of Scheme 3, with the initial cation
undergoing a zero-barrier NIH shift to form a dienone intermediate (44). This will result
in the NIH shift being fast and isotope insensitive. The same computational studies
indicate that the subsequent tyrosine formation from the dienone is associated with a
large energy barrier, so that this step will be isotope-sensitive; this conclusion is
confirmed by the retention of deuterium in the product tyrosine shown in Table 8. The
normal ke values with A117PheH can then be attributed to the isotope-sensitive
tautomerization of the amino acid being partially rate limiting for the overall reaction.
The results presented here can be used to estimate the relative values of the rate
constants for hydroxylation and the subsequent tautomerization. Scheme 8 shows a
minimal mechanism for the reaction of a hydroxylating intermediate with the aromatic
ring of phenylalanine to form tyrosine. In Scheme 8, attack of the Fe(IV)O intermediate
occurs with net rate constant k; to form a cationic intermediate. The subsequent NIH
shift is likely to be fast and isotope-insensitive, as noted above. The rate constants ky;
and ky, are for the possible cleavages of the two different CH bonds during
tautomerization and are subject to primary kinetic isotope effects. Equations 6 and 7
relate the isotope effects on ky, and k»; to Pk ot for [4-"H]- and [3,5-2H2]-pheny1alanine,

respectively.
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The magnitudes of Pko1, Pkao, and koi/kas can be estimated from the isotopic
contents of the tyrosine produced from [4-’H]- and [3,5-"Ha]-phenylalanine. The ratios
of tyrosine formed by loss of hydrogen versus deuterium are related to the rate constants
and the isotope effects by equations 8 and 9. In the case of [4-°H]-phenylalanine, H, is
deuterium, so that loss of deuterium with rate constant k», will exhibit an isotope effect.
Accordingly, the ratio R; of the product containing one deuterium (Pp) to that containing

only hydrogen (Py) is given by equation 8. Similarly, for [3,5-’H,]-phenylalanine,
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where Hy, is deuterium, the ratio R, of the product with two deuteriums to that with one
is given by equation 9. Values of R; and R, were determined by mass spectrometry and

are given in Table 8.

Pp/Ph = R} = Pkoa(ka1/ka2) (8)

Pp2/Pp = Ry = Pkai(kaa/ka)) )

These two equations contain three unknowns, Dk21, Dkzz, and k»i/ky, and cannot
be solved explicitly with the data given here. However, they can be solved in two
limiting cases. If k; equals koo, then Pks, equals Ry and Pk, equals Rs. In this case, if
Pk,, the intrinsic isotope effect on ki, is taken as 0.92 + 0.03, the Pkeat value of 1.19 +
0.06 for [4-"H]-phenylalanine and equation 2 yield a value for kyi/k; of 2.6 + 1.1. A
similar analysis can be done for [3,5-*H,]-phenylalanine using equation 7, to obtain a
kai/k; value of 1.1 £ 0.6. Equations 8 and 9 can also be used to obtain the isotope effects
and ratios of rate constants if both ky; and ky, are affected to the same extent by
deuterium substitution, i. e., “ky; equals "k,,. Then, the isotope effect on either is given
by VRR,; the data of Table 4 for A117PheH give a value for this isotope effect of 5.1 +
0.3. In addition, if Pka; equals Pkss, then ky1/ka; equals VR /R,, 0.75 + 0.04. Under these
conditions, equation 6 and the "k value for [4-°H]-phenylalanine yield a value for
ka1/k; of 1.6 + 0.9, while equation 7 and the keq value for [3,5-*Hz]-phenylalanine yield

a value for ky1/k; of 1.4 + 1.0. The values for the second case are in better agreement,
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suggesting that °k,; and Pk, are equivalent, but there is a slight (~34%) preference for
loss of the hydrogen originally present at C4. Both analyses are consistent with the
overall rate constant for tautomerization (ky; + kz») being about 4-fold (3.8 + 2.2) faster
than that for initial reaction of the hydroxylating intermediate with the aromatic ring.

The relative values of the tautomerization and hydroxylation steps can also be
calculated from the "k, value for [*Hs]-phenylalanine by using equation 10 and 5.1 and
0.92 as the intrinsic isotope effects for these steps. This yields a value for (ky; + kao)/k;
of 7.5 + 1.0. Thus, the key values for all three ring-deuterated phenylalanines are

consistent with tautomerization being 6-7 fold faster than hydroxylation.

ko + k21)

P(ka1tkan) + Pk ( "
1

D _
kcat -

(10)
n kot + koo

1 K

In order to determine if the normal ke, values with phenylalanine as a substrate

for A117PheH are solely dependent on the substrate, the enzyme, or both, isotope effects
were determined with TrpH2.416 using phenylalanine as a substrate and with A117PheH
using tryptophan as a substrate. With *Hs -tryptophan as a substrate for A117PheH, there
is an inverse isotope effect on “key equal to that seen with TrpH (38). The stoichiometry
shows that 6MePH,4 oxidation is well coupled with amino acid hydroxylation; thus, k; >
k, in Scheme 7. This suggests that tautomerization of a common intermediate is no

longer rate limiting when tryptophan is the substrate for A117PheH. The eighteen-fold
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lower ke, value when tryptophan is the substrate and the inverse isotope effect on Pk cat
establish that the reaction of the Fe(IV)O intermediate with the indole ring of tryptophan
is rate limiting in A117PheH, as is the case for TrpH (90). The identity of the rate-
limiting step is clearly substrate dependent. If the rate constants for hydroxylating
intermediate attack were dependent exclusively on the intrinsic reactivity of the amino
acid; one would expect an inverse ke, value with phenylalanine and not tryptophan,
since the latter would be more reactive in an electrophilic aromatic substitution. The
simplest explanation is that interactions of the enzyme with bound tryptophan are
different from those with phenylalanine.

While the substrate inhibition with phenylalanine as a substrate for TrpHoz-416
greatly limited the precision with which the isotope effects could be measured, the "key
values are clearly smaller with deuterated phenylalanine as substrates for TrpHjoz-416
than is the case with A117PheH. This suggests that the reaction of the Fe(IV)O
intermediate with the amino acid substrate is slower in TrpHjp2.416 than A117PheH and
may be rate-limiting with phenylalanine in addition to tryptophan.

The results presented here are consistent with the mechanism for aromatic amino
acid hydroxylation shown in Scheme 3 for PheH. Tetrahydropterin, O, and amino acid
bind to the active site of the enzyme, triggering the activation of O, to form a high
valence Fe(IV)O intermediate. Next, this intermediate attacks the amino acid, forming a
cationic intermediate. An NIH shift occurs, resulting in high retention of the deuterium
initially present at the site of hydroxylation. Lastly, a partially rate limiting proton loss

from a tetrahedral intermediate occurs to regenerate the ferrous form of the enzyme and
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the hydroxylated product. The results presented here show that the transition state
structure for aromatic hydroxylation for PheH is similar to that of the other two
enzymes. This study also provides estimates of the relative values of individual rate

constants in the reaction of PheH.
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CHAPTER V
INVESTIGATION OF THE CHEMICAL MECHANISM OF
PHENYLALANINE HYDROXYLASE BY STOPPED-FLOW ABSORBANCE
SPECTROSCOPY, MOSSBAUER SPECTROSCOPY AND RAPID-QUENCH

PRODUCT ANALYSIS

INTRODUCTION

The non-heme enzyme phenylalanine hydroxylase (PheH) belongs to the small
family of aromatic amino acid hydroxylases (/7). PheH catalyzes the aromatic
hydroxylation of phenylalanine utilizing tetrahydropterin and molecular oxygen
(Scheme 2) (2, 3, 18). PheH has been extensively studied over the years primarily
because mutations that impair its catalytic activity result in phenylketonuria (PKU), a
genetic disease that leads to mental retardation (24, 7135). The crystal structure of the
300 amino acid catalytic domain of PheH is similar to the structures of the catalytic
domains of tyrosine hydroxylase (TyrH) and tryptophan hydroxylase (TrpH) (37-33).
All three enzymes have similar active sites and contain a Fe(II) center facially
coordinated by two histidines and a glutamate ((His).(Asp/Glu)-facial triad motif)
(Figure 1 (B)). This arrangement of ligands on the Fe(II) center is found in a large
number of non-heme dependent enzymes and is essential for molecular oxygen
activation and substrate oxidation (6, 10).

The proposed chemical mechanism for aromatic hydroxylation by PheH is

typically divided into two partial reactions (/8), the irreversible activation of O, and the
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hydroxylation of the amino acid (Scheme 3). In the first partial reaction O, is
irreversibly activated by the Fe(II) center utilizing two electrons from a tetrahydropterin
to form a high valence Fe(IV)O intermediate and 4a-6MePH3;0H, the first product. With
TyrH the 'O kinetic isotope for this reaction is independent of the character of the
amino acid, suggesting that O, activation does not involve the amino acid (35). The
Fe(IV)O intermediate in the second partial reaction reacts with the side chain of the
aromatic amino acid though electrophilic aromatic substitution, forming a new carbon-
oxygen bond (38, 41). Tyrosine is formed following a hydride shift from carbon three to
carbon four and tautomerization (Scheme 8) (39, 128, 136).

Evidence from absorbance spectroscopy for transient intermediates for several
non-heme enzymes that share the (His),(Asp/Glu)-facial triad motif has emerged over
the years (/37-139). In several cases the identity, oxidation state and role in catalysis of
these intermediates have been examined more explicitly (45, 140-143). Direct
spectroscopic evidence for the involvement of a Fe(IV)O intermediate in the reactions of
the aromatic amino acid hydroxylases was lacking until recently. Rapid freeze-quench
>"Fe Mossbauer spectroscopy and rapid-chemical quench experiments for TyrH detected
a Fe(IV) species which decays concurrently with formation of dihydroxyphenylalanine
(dopa) (45). The Mossbauer parameters associated with the Fe(IV) intermediate in TyrH
are nearly identical to those previously reported in several members of the alpha-
ketoglutarate-dependent family, most notably taurine:a-ketoglutarate dioxygenase
(TauD), alpha-ketoglutarate halogenase (CytC3) and prolyl-4-hydroxylase (P4H) (739,

140, 144, 145).
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In the present study using A117PheH, the catalytic core of rat phenylalanine
hydroxylase, an analysis of the chemical mechanism of this important enzyme using pre-
steady state kinetic methods is presented. The goal here is to detect intermediates under
single turnover conditions. In addition, the intrinsic rate constants obtained from these
data can be related to the mechanistic picture presented in Schemes 3 and 8 in order to

address the nature of the rate-limiting step in the hydroxylation of phenylalanine.

EXPERIMENTAL PROCEDURES

Materials. 6-Methyltetrahydropterin (6MePH4) was from B. Schircks
Laboratories (Jona, Switzerland). Ampicillin was from USB Corporation (Cleveland
Ohio). Dithiothreitol (DTT) and isopropyl B-thiogalactopyranoside were from Inalc
(Milano, Italy). L-Tyrosine, L-phenylalanine, ethylenediamine tetraacetic acid (EDTA),
nitrilotriacetic acid (NTA), glycerol, sodium chloride, sodium hydroxide, and monobasic
and dibasic sodium phosphate were from Sigma-Aldrich Chemical Co. (Milwaukee,
WI). Ferrous ammonium sulfate, ammonium sulfate, ferric chloride, LB broth and
Hepes were from Fisher (Pittsburgh, PA). The analytical GEMINI reverse-phase C18
column was purchased from Phenomenex (Torrance California).

Expression and purification of A117PheH. A117PheH, the catalytic domain of
rat phenylalanine hydroxylase, was expressed and purified according to previously
published methods (39, 54, 90, 91) with several modifications. Typically, a single
colony from the bacterial strain BL21DE3 which contains the vector pERPHA117 (54)

was allowed to grow in one hundred milliliters of LB broth containing 100 wg/mL
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ampicillin for about 12 hours; 10 mL of the overnight culture was used to inoculate 2
liters of LB broth containing 100 wg/mL ampicillin, 1 mM ferric chloride and 4 mM
magnesium sulfate. Supplementing the media with ferric chloride and magnesium
sulfate resulted in a thirty to forty percent increase in the weight of the cell pellet (/46).
The cultures were grown until the Agyp of the cells was between 0.3 and 0.5. The
temperature was decreased to 20 °C, and the cells were permitted to grow until the
optical density was 1.0-1.3. At this point isopropyl-p-thiogalactoside was added to a
final concentration of 500 uM; induction and growth continued for 20 hours. Typically
1-1.3 grams of enzyme were obtained from 24 liters following the protocol outlined
above. Unless otherwise stated, all purification steps for PheH were performed at 4 °C
and have been described previously (39, 56, 90).

Preparation of apo-PheH. Purified PheH was precipitated with 65% ammonium
sulfate and resuspended in 100 mL of 150 mM Hepes/NaOH, 200 mM sodium chloride,
20% glycerol, 20 mM NTA, and 20 mM EDTA, pH 7.0 (buffer A). The enzyme pellet
was dialyzed against 1 L of buffer A three times over 24 hours. To remove the metal
chelators, the enzyme was dialyzed four times over 24 hours against 800 mL of 150 mM
Hepes/NaOH, 100 mM sodium chloride, 20% glycerol, pH 7.0 (buffer B). PheH treated
this way has about 10 percent residual activity in the absence of ferrous ammonium
sulfate in the assay mix.

Rapid reaction kinetics. These experiments were performed using an Applied
Photophysics SX-18MV stopped-flow spectrophotometer. Solutions of water and

buffers were made anaerobic using 30 cycles of argon and vacuum. The stopped-flow
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instrument was initially flushed with anaerobic water several times and then it was
incubated for 1 to 2 hours with 50 mM sodium dithionite. The instrument was flushed
with anaerobic water followed by anaerobic buffer B immediately prior to use. Apo-
PheH was placed in a tonometer with one to two equivalents of amino acid. The enzyme
sample was made anaerobic by performing 20 to 30 cycles of vacuum and argon gas at 5
°C. The anaerobic apo-PheHephenylalanine complex was then mixed with a
stoichiometric amount of ferrous ammonium sulfate prepared in 5 mM HClL. 6MePH4
was prepared by weight and either one or two equivalents were exposed to vacuum and
argon cycles for several minutes. The anaerobic 6MePH,4 was dissolved in buffer B and
placed in the side arm of the tonometer. Additional vacuum and argon cycles were
performed prior to mixing with the PheHeFe(Il)*phenylalanine complex. The anaerobic
PheHeFe(Il)sphenylalanines6MePH4 complex was then mounted on the stopped flow
instrument. The solution containing the complex was mixed with buffer containing
different concentrations of O,. These different O, concentrations were obtained by
mixing argon and O, with a modified MaxBlend medical oxygen blender (Maxtec) and
bubbling the mixture of gasses directly into the buffer. Data were collected at multiple
wavelengths and typically three to four different shots were acquired per wavelength.
Rapid freeze-quench Mdssbauer spectroscopy. For these experiments, an
anaerobic solution containing 2.6 mM PheH« ’Fe(II)*6 mM L-phenylalanines6 mM
6MePH, was prepared in an anaerobic glove box. This solution was loaded into a
syringe and moved to the rapid-quench apparatus. An oxygen-saturated solution of 150

mM Hepes/NaOH, 100 mM sodium chloride, 20% glycerol, pH 7.0 was placed in the
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second syringe. The two solutions were then mixed together, allowed to react for a
predetermined amount of time, and then rapidly quenched by freezing it to -150 °C with
cryosolvents. The frozen samples were then transferred to a Mdssbauer sample cup.
Samples ranging from 0-390 ms were collected and analyzed.

Pre-steady state formation of tyrosine. Rapid chemical-quench reaction measu-
rements were performed at 5 °C with a BioLogic quench-flow QFM-400 instrument
calibrated using the reaction of dinitrophenylacetate with hydroxide (/47). The
instrument and the PheHeFe(Il)phenylalaninec6MePH, complex were prepared
anaerobically as described for the stopped-flow experiments. The reaction was initiated
by mixing equal volumes of the PheH<Fe(Il)sphenylalanines 6MePH4 complex with
buffer B equilibrated with approximately 1.9 mM O, at 5 °C. The reaction was
quenched using 5 M HCI after specified aging times. Control samples were also
collected in which the ternary complex was reacted with anaerobic buffer B for different
times. For the control samples in the absence of O,, the amount of tyrosine from O,
contamination did not vary with aging time, but 10-15 % turnover was always present.
This amount of tyrosine was subtracted from the reaction samples with O,. The time of
the reaction ranged from 30 milliseconds to 5 seconds; two to four samples were
collected for each time point. The precipitated enzyme was removed from the quenched
sample by centrifugation. The supernatant (100 uL) was diluted 10-20 fold with 1 M
HCI. It was subsequently injected into the C18 Phenomenex HPLC column (250 x 4.60
mm) using a 350 uL sample loop. Tyrosine and phenylalanine were separated with a

mobile phase of 15 mM sodium phosphate, pH 7.0, at a flow rate of 1.0 ml/min.
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Tyrosine and phenylalanine were detected using a Waters 2475 Multi A Fluorescence
Detector with excitation at 270 nm and emission at 310 nm.

Analysis of data. The single wavelength stopped-flow kinetic traces were
analyzed globally using the program Spectfit32 (spectrum Software Associates) with the
model in Scheme 9 in which three intermediates accumulate in consecutive irreversible
steps. The program KaleidaGraph (Synergy Software) was utilized for linear regression
analysis of the chemical quench data and for single or double exponential analysis of
single wavelength stopped-flow traces. The program KinTek (Explorer Pro) was used

for kinetic simulations.

Scheme 9

k4 ko ks
PheH-Fe(ll)*6MePH saminoacid+ 0, ——» | —— Il ——» |l

RESULTS

Stopped-flow kinetic analysis of the reaction between PheH*Fe(ll)*6MePH,
sphenylalanine and O,. Stopped-flow experiments were performed to establish the
kinetics of O, addition to PheH and to investigate its chemical mechanism in the
transient state. Rather high concentrations (400-1000 uM) of PheHeFe(Il) were
normally prepared in a tonometer anaerobically with 1.0-1.5 equivalent of L-
phenylalanine and 1.5-2 equivalents of 6MePH,. The reaction was initiated by mixing

the anaerobic PheHeFe(Il)»«6MePH4sphenylalanine complex with buffer equilibrated
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with different O, concentrations. The reactions were monitored at 248, 318, 335, 400
and 450 nm. Figure 11 (A) shows the absorbance change at 248 nm where the 4a-
hydroxypterin (4a-6MePH3OH) product absorbs maximally (43, 90, 148). The
wavelengths 318 and 335 nm were specifically selected for the potential appearance of a
Fe(IV)O intermediate (/39, 149). However, the single wavelength traces at 318 and 335
nm (Figure 11 (B-C)), exhibit decreases at early time scales; this is consistent with the
decrease in extinction coefficient for the enzymatic conversion of 6MePH, to 4a-
6MePH;0H. Kinetic traces at 400 and 450 nm did not reveal any significant transient
intermediates (not shown).

The absorbance traces at 248, 318, and 335 nm for each O, concentration were fit
globally to Scheme 9 using the program Spectfit32 (solid lines Figure 11 (A-C)).
Addition of a 4™ step resulted in a poor fit and worse residual plots, suggesting that the
full kinetic course for the PheH reaction at the selected wavelengths is composed
primarily of three phases. The global fit allowed for an estimate of the rate constants and
their variation with O,. In Figure 11 (A-C) pseudo-first-order conditions were not
employed since the concentration of O, and the quaternary complex are comparable.
Despite this limitation, the rate constant (k;) for the first phase (Scheme 9) showed a
linear dependence on the concentration of O, (Figure 11 (D)). A second order rate
constant of 1.00 = 0.08 x 10° M s™' and an off rate constant of 23 + 5 s were obtained
from a fit of these data to a linear equation. The linear dependence suggests that the
reaction between O, and the quaternary complex is strictly second order. The lack of

saturation kinetics suggests that a non-covalent complex between the quaternary
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complex and O, prior to the first chemical step is not formed. Nevertheless, saturation at
higher O, concentrations cannot be ruled out at this point. The second step k, (Scheme
9) for the kinetic traces at 248, 318 and 335 nm (Figure 11 (A-C)) is accommodated by a
significant change in absorbance (90% of the total amplitude) at 248 nm likely due to the
enzymatic conversion of 6MePH, to the first product 4a-6MePH3;OH. However, the
value of k, decreases hyperbolically with O, from a value of about 11 s to 2 s™ at 1.0
mM O, (Figure 11 (E)). This is readily apparent at 248 and 318 nm (Figure 11 (A-B))
where the absorbance at later time scales decreases (248 nm) and vice versa (318 and
335 nm), but is delayed as the O, concentration increases. A plot of the total amplitude
change corresponding to the second phase versus O, at 248 nm (Figure 11 (E) inset)
reveals a poor correlation to a linear equation, but a good fit to a hyperbola, arguing
against the second exponential phase being solely due to the formation of 4a-
6MePH;OH (vide infra). The third exponential phase (ks) is accompanied by a decrease
in absorbance at 248 nm with a simultaneous increase at 318 and 335 nm (Figure 11 (A-
C)). The value of ks is 0.32 + 0.10 s™" and does not depend on the O, concentration. The
value for ks is less than the turnover number of 1.1 = 0.2 s at 5 °C for PheH. Therefore,
it is likely to be a non-enzymatic reaction associated with the 4a-6MePH3;OH product
(see discussion).

In order to validate the non pseudo-first-order approximation used to fit the data;
the O, concentration dependence for the first rate constant k; (Figure 11 (D)) obtained
from fitting Figures 11 (A-C) to Scheme 9 was estimated by generating kinetic traces

with the program KinTek. Similar analysis have been done previously for other
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enzymatic systems with excellent results (/50, 151). The conditions and constraints
used here in generating the theoretical traces were as follows: the

PheHeFe(Il)*phenylalanine®*6MePH,4 complex was 0.4 mM and the O, concentration
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Figure 11: A-C. Stopped-flow single wavelength kinetic traces for the reaction between 0.40 mM PheHeFe(I)0.70 mM
L-phenylalanine*1.5 mM 6MePH, and 1.0 mM (@), 0.75 mM (M), 0.48 mM (4), 0.240 mM (A) and 0.120 mM (V) O,
at 5 °C (final concentrations are listed). The solid lines are global fits to Scheme 9 using Spectfit32. D. plot of the k,
values obtained from 11 (A-C) versus the concentration of O, (@). The line is fit to a linear equation with a slope of 1.0
x10° M-! sl and y intercept of 23 s!. The open circles are k; values obtained by simulating the reaction using Scheme 9
and fitting the resulting traces to three first-order processes (see text for details). E. Oxygen concentration dependence of
the second phase (k,). Inset: The change in amplitude at 248 nm for the second phase versus O,; the solid lines are fits to
a hyperbolic or a linear equation.

varied as shown in Figure 11 (D). For the theoretical traces the values for k, ranged from
9to 2 s and kywas 0.30 s'. The simulated traces were subsequently fit individually
using Kintek to three sequential first order processes (Scheme 9) with k; as the only

variable. The k; values obtained (Figure 11 (D), open circles) closely match the
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experimental (k) values (Figure 11 (D), solid circles). The analysis shows that while
the conditions for the reactions in Figure 11 (A-C) do not satisfy pseudo-first order
conditions, the k; values obtained from the theoretical analysis match very close those
obtained from the global fit using Specfit32. This shows that the values of the second
order rate constant and the dissociation constant (slope, y-intercept Figure 11 (D)) are
unlikely to be affected significantly by violating pseudo-first order conditions.

As noted above the second phase (I — II Scheme 9) contributes to about 90
percent of the total absorbance change at 248 nm; therefore, this step can be assigned to
the formation of the 4a-6MePH3;OH product from the reactive PheHeFe(I)»6MePH,e
phenylalanine*O, complex (vide supra). However, as discussed previously, the
magnitude of k, decreases inversely with the O, concentration (Figure 11 (E)). This
inverse dependence can be attributed to several possibilities: multiple turnovers, the
oxidation of the Fe(Il) center or the oxidation of free 6MePHs by O,. In order to
determine k, more accurately, stopped-flow experiments were performed in which the
concentration of the PheHeFe(Il)»6MePH4*phenylalanine complex exceeded that of O,.
Figure 12 shows two such experiments monitored at 248 nm (open symbols) and 318 nm
(closed symbols), in which 500 or 300 uM PheH<Fe(Il)s6MePH, *phenylalanine was
reacted with buffer containing 90 or 180 uM O, (final concentrations). These conditions
should allow one turnover, but more importantly the amount of 4a-6MePH3;0H formed
should equal the concentration of the limiting reactant O,. The absorbance traces in
Figure 12 were modeled using Kintek and Scheme 10. Scheme 10 is a variation of

Scheme 9, but the absorbance from intermediates I, II and the product III from Scheme 9
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are related to the different pterin species that absorb at 248 and 318 nm (43, 90, 148).
The model assumes that the first step is reversible formation of a non-covalent complex
between the PheHeFe(Il)»6MePH,sphenylalanine complex and O, for which the
extinction coefficient change is negligible. The second step is the formation of the 4a-
6MePH;OH product and the high valence Fe(IV)O intermediate. No spectral signature
is associated with the Fe(IV)O intermediate, but the mechanism in Scheme 3 predicts
that it forms concurrently with the 4a-6MePH3;OH product. The third step is not
catalytically competent; (ks < keq) therefore, this step must be non-enzymatic, and can be
attributed to a rearrangement of the 4a-6MePH;OH product which gives rise to a
decrease at 248 nm concurrently with an increase in absorbance at 318 nm respectively
(Figures 11 (A-B), 12). The rate constant corresponding to the decay of the Fe(IV)O
intermediate and tyrosine formation are not included, but as indicated above the turnover
number for PheH is 1.1 = 0.2 s™ at 5 °C; therefore, ks must follow hydroxylation and
regeneration of the free enzyme. In addition, the absorbance traces in Figures 11 (A-C)
do not reveal spectral changes associated with tyrosine formation (hydroxylation).

In fitting the data in Figure 12 to Scheme 10, the dissociation constant (K4) of
230 uM for O, determined from Figure 1 (D) was held constant. The solid lines in
Figure 12 show the simulated data, which superimpose reasonably well on the actual

data (symbols). The value of k; is 7.4 and 5.4 s at 90 and 180 uM O, respectively. The
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Scheme 10
105 M-1 s
PheH-Fe(ll)*6MePH,+phe + O, PheH-Fe(ll):6MePH4-phe-O,
23T
Ko

PheH-Fe(ll)*6MePHy-phe:O, ~ —»~  PppeH-Fe(IV)0-4a-6MePH;OH-phe

k
PheH-Fe(ll) + 4a-6MePH30H + tyr 43> PheH-Fe(ll) + 4a-6MePH;OH* + tyr

value of ks is 0.45 s and 0.26 s™' at these concentrations. These two values agree well
with the rate constant of 0.32 = 0.10 s™' determined from the initial multiple exponential
fitting using Spectfit (vide supra). The values for k, and k3 from the two independent
experiments are slightly different; this is likely due to experimental discrepancy. It is

logical to propose that the actual values are the averages (k, = 6.4 s and ks = 0.32 s7).
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Figure 12: Stopped-flow single turnover experiments monitored at 248 (open symbols) and 318
nm (closed symbols). For the first experiment, 500 uM PheH+Fe(II)»1000 uM 6MePH,+800 uM
phenylalanine was mixed with an equal volume of buffer containing 90 uM O, (circles). For the
second experiment 300 uM PheH+Fe(I1)+600 uM 6MePH,+600 uM phenylalanine was mixed with
an equal volume of buffer containing 180 uM O, (triangles) at 5 °C (all concentrations listed are
final). The absorbance traces (symbols) were fit to the mechanism in Scheme 10 with a K, value
for O, set constant at 230 uM (Figure 11(D)). The lines are the fits generated by the model.
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The simulations enable the calculation of changes in molar extinction
coefficients corresponding to the second phase at 90 and 180 uM O,: Agxg = 5.5 and 6.1
mM™" ecm™, Aesjg =-0.42 and -0.47 mM™ ecm™. It is important to note that as long as O,
is the limiting reactant, the kinetic traces can be modeled by Scheme 10, and by that
account Scheme 10 is a reasonable model of the single turnover reaction catalyzed by
PheH. Furthermore, the ability to simulate the stopped-flow kinetic traces at two
different wavelengths strongly suggests that the changes in absorbance at 248 and 318
nm are due solely to the formation of 4a-6MePH3;OH. The changes in the molar
extinction coefficients at 248 and 318 nm at pH 7.0 in solution for the conversion of
6MePH, to 4a-6MePH3;0H have been determined previously to be 10-13 mM™' cm™ at
248 nm and -2 mM"' cm” at 318 nm (38, /48). The molar extinction coefficients
determined in these experiments at 248 and 318 nm are about one half and one fourth of
the published values. It is reasonable to propose that the spectrum of 4a-OH6MePH3 has
a much higher absorbance in solution and the protein environment attenuates its
absorbance to some extent.

Rapid freeze-quench Mossbauer spectroscopy. The rapid freeze-quench
Mossbauer spectroscopy experiment in which 1.3 mM PheH<'Fe(Il)3 mM L-
phenylalanines3 mM 6MePH, reacted with 1 mM O, (final concentrations). The
spectrum at 0 ms (Figure 13) contains two obvious features, both of which are consistent
with an S=2 Fe(Il) species. Only one of these features (~30%) appears to be reactive;
yielding accumulation to about 8% at 0.02 seconds of a signal corresponding to the

Fe(IV) oxidation state. By 0.1 seconds half of the Fe(IV) signal is left and by 0.390
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seconds it has decayed completely (Figure 13). A major reason for low Fe(IV) yields
observed in the time-course is the low yield of the reactive complex. From these
experiments it is difficult to assign a specific character to the unreactive form of the
enzyme; however, it seems to be the final state after turnover (Figure 13: 0.390 seconds).
The quadrupole doublet and the isomer shift (0) could not be determined accurately, but
appeared to be similar to those determined for TyrH (45). The same experiment carried
out with 0.5 mM of the PheHeFe(Il)»6MePH4*phenylalanine complex revealed no

change in the quadruplet doublet of the resting enzyme (not shown).
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Figure 13: Mdssbauer spectra for the reaction between the anaerobic 1.3 mM PheH+*"Fe(11)*3 mM 6MPH,*3
mM L-phenylalanine complex with 1 mM oxygen (final concentrations listed). The time course shows the
development and decay of a signal corresponding to the Fe(IV) oxidation state with the Mdssbauer parameters
listed. The time point at 0 ms clearly shows the Fe(Il) oxidation sate corresponding to the reactive and
unreactive complexes. The arrow denotes the position of the signal from the proposed Fe(IV) intermediate.
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The formation of tyrosine was monitored by rapid-chemical quench experiments
under conditions where the phenylalanine and 6MePH4 were in excess and the final
concentration of PheH was 1 or 0.5 mM respectively. The initial rate of tyrosine
formation was only 0.28 = 0.03 sec” and 0.59 = 0.07 sec” respectively. These values
are 30 and 60 percent of the expected value of 1.3 = 0.1 sec” (vide infra). This shows
that the failure to detect higher accumulation of the intermediate is due to PheH
becoming inactive at higher concentrations.

Pre-steady state and multiple turnover kinetics for the formation of tyrosine by
rapid-mixing chemical quench. In order to determine if steps subsequent to hydroxy-
lation are rate limiting, rapid quench experiments were performed. An anaerobic
solution containing 150 uM PheHe<Fe(II)*3 mM phenylalanines3 mM 6MePH,4 complex
was mixed with an equal volume of buffer equilibrated with approximately 1.0 mM O,
(final concentrations). Reactions were rapidly quenched between 0.03 and 5 seconds
with 5 M HCL. Figure 14 shows a time course obtained from a typical chemical quench
experiment. The data were well fit by a straight line yielding a rate constant of 1.3 = 0.1
sec”' with a y-intercept of 0.066 = 0.005. Fitting the data in Figure 14 (not shown) with
the y-intercept as zero does not alter the slope of 1.3, suggesting that the value of 0.066
is more or less zero. The pre-steady state rate of 1.3 sec” agrees well with the turnover
number of 1.1 = 0.2 sec” at 5 °C. The lack of a burst rules out the release of either of the
two products (4a-6MePH;OH or tyrosine) or a slow conformational change following

hydroxylation as rate limiting for turnover.
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Figure 14: Pre-steady state and multiple turnovers for the formation of
tyrosine by rapid-mix chemical quench for a reaction in which 150 uM
PheHeFe(II)+1.5 mM phenylalanine*1.5 mM 6MePH, and approximately
1 mM O, reacted at 5 °C (concentrations listed are final).

DISCUSSION

In the present study the reaction mechanism of PheH was investigated using a
transient kinetic approach with the goal of detecting intermediates. The proposed
chemical mechanism for the hydroxylation of phenylalanine by PheH (Scheme 3) and
the identification of the rate limiting step has come about from experiments involving
the three aromatic amino acid hydroxylases (/8). These experiments entailed steady-
state kinetics, steady-state kinetics, isotope effects and the use of alternate substrates
(38-41). Experimental evidence for a hydroxylating intermediate other than a
tetrahydropterin-based species comes from studies with the mutant S395A in TyrH and
the use of 4-methyl-phenylalanine as a substrate for the wild type enzymes (42, 43, 52).
S395A-TyrH catalyzes the formation of 4a-6MePH3;0H in the same manner as wild type

TyrH, but does not form dihydroxyphenylalanine suggesting that a species, most likely a
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Fe(IV)O intermediate, forms following heterolysis of the O-O bond and is responsible
for electrophilic aromatic substitution (Schemes 3 and 8) (43). The use of 4-methyl-
phenylalanine as a substrate for TyrH, PheH and the catalytic cores of PheH and TrpH
allowed the determination of the intrinsic kinetic isotope effects for benzylic
hydroxylation (Table 3). The intrinsic kinetic isotope effects are consistent with a
mechanism involving hydrogen atom abstraction by a high valence iron-based
intermediate (Scheme 5) (42, 52). These experiments strongly support the involvement
of an Fe(IV)O species and not a tetrahydropterin derived intermediate as the
hydroxylating species. In spite of this, direct spectroscopic evidence for the involvement
of an Fe(IV)O intermediate for the aromatic amino acid hydroxylases was lacking until
recently. Rapid freeze-quench *'Fe Mdssbauer spectroscopy and rapid-chemical quench
experiments for TyrH detected an Fe(IV) signal, whose decay correlated well with the
formation of dopa (45). A similar intermediate has been detected by Mdssbauer and
stopped-flow absorbance spectroscopy in several members of the a-KG-dependent
family, most notably taurine:a-ketoglutarate dioxygenase (TauD), alpha-ketoglutarate-
dependent halogenase (CytC3) and prolyl-4-hydroxylase (P4H) (139, 140, 145).

In the present study a kinetic analysis of the reaction between the reactive
PheHeFe(Il)s6MePH4ephenylalanine complex and O, in the transient state was carried
out. The linear dependence on the first step from Scheme 9 on the concentration of O,
suggests that this step corresponds to O, binding to the PheHeFe(Il)«6MePH4e
phenylalanine complex. Furthermore, the linear dependence and lack of a lag in the

stopped-flow kinetic traces displayed in Figure 11 (A-C) suggests that phenylalanine and



98

6MePH4 do not have to dissociate for O , to react. At this point, there is no consensus
agreement on the steady-state kinetic mechanism of PheH (/52, 153). X-Ray absorption
spectroscopy experiments on PheH support a model in which the coordination number
changes from 6 to 5 only when L-phenylalanine and a tetrahydropterin are bound,
suggesting that once the PheHsFe(II)+tetrahydropterinephenylalanine complex is formed
a coordination site becomes available for the binding of O, (/73). The stopped-flow
absorbance experiments reported here suggest that O, is the last substrate to bind to
PheH.

The magnitude of the second order rate constant reported here for O, addition is
nearly identical to that of (4-hydroxyphenyl)-pyruvate dioxygenase (HPPD), extradiol
dioxygenase homoproto-catechuate 2,3-dioxygenase and the novel diiron enzyme myo-
inositol oxygenase (138, 139, 154, 155). Once bound, the fate of O, in the corres-
ponding reactive complex in the reactions catalyzed by HPPD, homoprotocatechuate
2,3-dioxygenase, and PheH diverge significantly. It is reasonable to propose that when
substrate and/or co-substrate are bound the initial collisional binding reaction of the first
iron-oxygen species is probably not very different among HPPD, homoprotocatechuate
2,3-dioxygenase and PheH. For homoprotocatechuate 2,3-dioxygenase the dissociation
constant for O, of the reactive Fe(I) center is about 340 uM compared to 230 uM for
PheH. However, for the former the reported dissociation constant is for an active site
mutant with a substrate analog (/38). For homoprotocatechuate 2,3-dioxygenase, O, is
proposed to bind end-on to the ferrous center followed by electron transfer from the

catechol substrate to form ferric superoxide Fe(II1)O,” (Scheme 1) (738, 156). The
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transient ferric superoxide, can be detected at 450 nm and is proposed to subsequently
initiate substrate oxidation (/38). Accordingly, a plot of the first relaxation time versus
O, for the homoprotocatechuate 2,3-dioxygenase active site mutant with 3,4-
dihydroxyphenylacetate, the natural substrate, is linear with a y-intercept that crosses the
origin, consistent with the irreversible formation of the ferric superoxide. For PheH, O,
most likely binds end-on to the ferrous center, but in this case an inner sphere electron
transfer will most likely occur from 6MePH,. A species with the formal oxidation state
of Fe(III)O,"™ with electron transfer from the Fe(II) center is unlikely to form transiently.
We expect that formation of Fe(II1)O," should result in a change in absorbance over the
visible region (>450 nm) as seen in homoprotocatechuate 2,3-dioxygenase and such an
intermediate is expected to be irreversibly formed, in contrast to what is observed with
PheH.

As demonstrated above Scheme 10 accounts well for the single turnover reaction
catalyzed by PheH. In the model O; can bind reversibly to the PheHeFe(Il)»6MePH4¢
phenylalanine complex. It is reasonable to assume that O, binds directly to the Fe(Il)
center in the vacant coordination site (vide supra). This assumption is reasonable for the
following reasons: the inability to observe saturation kinetics on the plot of k; versus O,
suggests that O, reacts directly with the Fe(Il) center in a second order reaction that is
limited by the diffusion of O, into the active site. Divergence of second order behavior
in the form of saturation kinetics would imply the accumulation of a non-covalent
complex between the PheHeFe(Il)*6MePH4ephenylalanine complex and O, prior to a

slower first order process likely to be the reaction between O, and the Fe(Il) center. The
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significant value for the y-intercept on the plots in Figure 11 (D) and the reproducibility
of the k; values by modeling kinetic traces to three first order processes (Scheme 9)
suggests that O, can readily dissociate from the PheHeFe(Il)»«6MePH4*phenylalanine+O,
complex. This implies that electron transfer to O, or a subsequent irreversible step is
slower than the dissociation rate of O,. This is consistent with the limiting value of 6 s™
for the activation of O, determined from the single turnover experiments (Figure 12).
The rate constant k, in Scheme 10 is written as a microscopic rate constant, but it
is reasonable to assume that it is a series of irreversible steps in which O, is reduced by 2
electrons provided by 6MePH,. This leads directly to the formation of 4a-6MePH3;0OH
and the Fe(IV)O intermediate. Therefore, it is safe to propose that k; is an irreversible
rate constant and should be independent of the concentration of O,. The magnitude of k,
was determined readily when single turnover conditions were forced by limiting the
concentration of O, relative to that of the quaternary complex (Figure 12). In contrast
fitting kinetic traces for each O, concentration independently to Scheme 9 reveals an
inverse dependence of k, on the O, concentration. The inverse dependence is unlikely
due to multiple turnovers, as the concentration of L-phenylalanine is nearly
stoichiometric with that of PheHeFe(II). At this point the simplest explanation for the
variation of k, with O is the non-enzymatic oxidation of free 6MePH4 and/or the
oxidation of the ferrous center in PheH to the ferric state. Even though the latter two
reactions are known to be slower than 2 s at | mM O, (157, 158), they depend on O,

and probably affect the spectral changes at 248, 318 and 315 nm. A kinetic mechanism,
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which included conformational changes, additional steps, and two forms of the enzyme,
also failed to fit the data properly.

In the model (Scheme 10) the rate constant ks is attributed to the non-enzymatic
conversion of 4a-6MePH3;OH to 4a-6MePH3;OH*. This rate constant as noted above is
not catalytically competent and on the stopped-flow traces is readily noticeable at later
times when the absorbance at 248 nm decreases with simultaneous increases at 318 and
335 nm. The oxidation state or the character of the species denoted as 4a-6MePH;OH*
cannot be inferred utilizing stopped-flow absorbance spectroscopy only. We can only
hypothesize that 4a-6MePH3;OH* is the ionized form (4a-6MePH30"). A proton transfer
to the 4a-position is likely to be essential for its dehydration to the quinonoid 6-
methyldihydropterin (q-6MePH,) and H,O. The rate constant ks is unlikely to be
dehydration of 4a-6MePH;0H to g-6MePH, and H,O even though this reaction is also
associated with decreases and increases in absorbance at 248 and 318 nm, respectively.
This is because the rate constant for dehydration at 15 and 25 °C, varies slightly and has
been determined to be 0.0125 s at pH 7.0 (90, 159). This value is about 24-fold slower
than the value for ks determined in this work.

The decay of the Fe(IV)O intermediate (hydroxylation) is not included in
Scheme 10. The formation of tyrosine can readily be monitored at 275 nm for steady-
state kinetic assays, since reducing conditions are utilized and 6MePH4 is rapidly
regenerated (54, 126). For the experiments described here the changes in extinction
coefficient for the different pterin species prevent the use of 275 nm as a probe to

monitor tyrosine formation. Regardless, the turnover number for PheH at 5 °Cis 1.1 =
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0.2 sec” (39); and tyrosine must form with a rate constant of at least that magnitude.
Therefore, these experiments do not report on the hydroxylation of the amino acid. The
data suggest that hydroxylation of the amino acid and regeneration of the free enzyme
precede formation of 4a-6MePH;0H* (k).

Schemes 3 and 10 make several predictions regarding the chemical mechanism
of PheH and the fate of the proposed Fe(IV)O intermediate. Heterolysis of the O-O
bond results in simultaneous formation of 4a-6MePH;0O™ and Fe(IV)O. The formation of
the former species is 5-7 fold faster than the turnover number and should also account
for formation of the Fe(IV)O intermediate. The lack of a burst in tyrosine formation for
the first turnover (Figure 14) strongly supports hydroxylation as the overall rate-
determining step. More importantly, the value of 1.3 = 0.1 s for formation of tyrosine
under pre-steady conditions must be the rate constant for decay of the Fe(IV)O
intermediate. Steady state kinetic isotope effects for hydroxylation of deuterated
phenylalanines by PheH are consistent with the overall rate-determining step being a
combination of formation of a new C-O bond and cleavage of a C-H bond, with the
former step being 5-7 times slower than the latter (Chapter IV) (39). The single turnover
stopped-flow experiments and rapid chemical quench experiments reported here suggest
that the Fe(IV)O intermediate should form with a first order rate constant of about 5-7
sec”' and decay with a first order rate constant of about 1.3 s, consistent with its
detection by freeze-quench °’Fe Mossbauer spectroscopy.

The Fe(IV)O intermediate in TauD has a molar extinction coefficient at 318 nm

of about 1550 M cm™ (/39) and one that is even higher at 365 nm (150). A molar
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extinction coefficient change of that magnitude should result in significant perturbations
in the stopped-flow kinetic traces at 318 and 335 nm for PheH. Simulations of the
kinetic traces in Figure 12 to Scheme 10 suggest that the spectral changes corresponding
to k, are attributed solely to the conversion of 6MePH,4 to 4a-6MePH3;OH. The change
in extinction coefficient at 318 is about -400 M ¢cm™ as 6MePHy is oxidized to 4a-
6MePH;0H by PheH:; a change much lower than the expected -2000 M ¢cm™. This
suggests that if the Fe(IV)O intermediate in PheH has an spectral signature at 318 nm,
then its extinction coefficient change at 318 nm must be lower than the value of 1550 M
"em™ for TauD. In TauD a-ketoglutarate chelates the Fe(II) center directly and taurine
binding perturbs the spectrum of the enzyme (/60). Therefore, it is probable that bound
substrates or the active site environment in TauD contributes to the absorbance spectrum
of the Fe(IV)O intermediate over the UV and the visible regions. In PheH,
phenylalanine does not chelate the iron center nor is the absorbance spectrum of the
enzyme perturbed upon binding. This may be a reason for the lack of a spectral
signature corresponding to a Fe(IV)O intermediate in PheH versus TauD. A low change
in extinction coefficient coupled with the spectral changes as 6-MePHy, is converted to
4a-6MePH3;0H will make detection of the Fe(IV)O intermediate in PheH nearly
impossible.

In conclusion the transient kinetic analysis reported here provide further insight
into the chemical mechanism and the identity of the rate limiting step for PheH. The
reaction is initiated by the reversible binding of O, to the five coordinate Fe(II) center.

The subsequent step(s) is the irreversible activation of O,, which occurs with a limiting
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value of about 5-7 s”'. The hydroxylation of phenylalanine to form tyrosine occurs with
a rate constant of about 1.3 s that matches k.. This establishes directly that
hydroxylation of the amino acid is fully rate limiting. The step of about 0.30 s is not
catalytically competent and most likely involves a unimolecular rearrangement of the 4a-
6MePH;0H or protonation of the 4a-hydroxyl prior to its dehydration to q6MePH, and

H,O0.
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CHAPTER VI
DISSECTION OF THE CHEMICAL MECHANISM OF TRYPTOPHAN
HYDROXYLASE BY STOPPED-FLOW ABSORBANCE SPECTROSCOPY AND
RAPID-QUENCH PRODUCT ANALYSIS: DETERMINATION OF INTRINSIC
RATE CONSTANTS FOR THE ADDITION OF O, AND EVIDENCE FOR A

NOVEL TRANSIENT INTERMEDIATE

INTRODUCTION

Tryptophan hydroxylase (TrpH) physiologically catalyzes the formation of 5-
HO-trp from tryptophan. This is the first and rate-limiting step in the biosynthesis of
melatonin and serotonin (/61, 162). TrpH belongs to the family of non-heme
tetrahydropterin dependent aromatic amino acid hydroxylases that also includes
phenylalanine hydroxylase (PheH) and tyrosine hydroxylase (TyrH) (/9). These three
enzymes catalyze aromatic hydroxylation of their corresponding substrates utilizing a
tetrahydropterin and molecular oxygen (O,) (Scheme 2) (2, 3, 18). The eukaryotic forms
of each enzyme are homotetramers, and alignment of sequences from different
organisms reveal that each monomer is composed of an N-terminal regulatory domain
and a C-terminal catalytic domain (30). The latter domains of about 300 amino acids are
similar for the three enzymes, and contain the active site where each enzyme has a Fe(Il)
center facially coordinated by two histidines and a glutamate ((His)(Glu)-facial triad
motif) (Figure 1 (A-B)). Non-heme iron dependent enzymes use this (His)»(Asp/Glu)-

facial triad motif to irreversibly activate (O,) for substrate oxidation (6, 10, 163).
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Scheme 3 shows the proposed chemical mechanism for the hydroxylation of
tryptophan by TrpH (/8). The initial steps in this mechanism require the irreversible
activation of O, by the (His)(Glu)-facial-Fe(Il) center utilizing two electrons from a
tetrahydropterin to form a high valence Fe(IV)O intermediate and 4a-hydroxypterin (4a-
6MePH;0OH), the first product (/8). The 18 (kea/Kim) value for O, for TyrH is independent
of the identity of the amino acid substrate and the amount of productive turnover (35).
This shows that the reaction up to the first irreversible step in the activation of O, does
not include amino acid hydroxylation. The Fe(IV)O intermediate subsequently reacts
with the side chain of the aromatic amino acid through electrophilic aromatic
substitution, forming a new carbon oxygen bond. 5-Hydroxytryptophan is formed
following a hydride shift from carbon 5 to 4 and the loss of a proton. In a quantitative
structure-activity study, when a series of para-substituted amino acids were used as
substrates for TyrH the relative amounts of hydroxylated products (productive turnover)
versus the o parameter of the substituent yielded a negative p value (47). This strongly
suggests that the transition state during formation of the new carbon-oxygen bond is
cationic. In addition, the kinetic isotope effect on the ("key) value when L-indole-"Hs-
tryptophan or L-5-"H-tryptophan is a substrate for TrpH is inverse (38). This is also
consistent with formation of a carbocation as the hybridization of carbon 5 of tryptophan
changes from sp” to sp’ during formation of a new carbon-oxygen bond.

The experiments outlined above are consistent with the mechanism in Scheme 3,
but do not provide insight into the nature of the hydroxylating intermediate. The

involvement of the Fe(IV)O intermediate (Scheme 3) in the reactions of the aromatic
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amino acid hydroxylases was confirmed by rapid freeze-quench >’Fe Mdssbauer
spectroscopy and rapid-chemical quench experiments for TyrH (45), and PheH (Chapter
V). These experiments detected the development and disappearance of a Fe(IV) signal
which for TyrH, decays concurrently with formation of dihydroxyphenylalanine (45).
The quadrupole doublet and the isomer shift (8) determined for the Fe(IV) intermediate
in TyrH and PheH are similar to those previously characterized for several members of
the alpha-ketoglutarate-dependent family of non-heme enzymes (139, 140, 145).
TrpHi2-416 1s a form of TrpH having just the amino acids of the catalytic domain,
and has been demonstrated previously to be suitable for mechanistic studies (38, 39, 90).
In the present study a detailed analysis of the chemical mechanism of this important

enzyme using pre-steady state kinetic methods is presented.

EXPERIMENTAL PROCEDURES

Materials. 6-Methyltetrahydropterin (6MePH4) was from B. Schircks Labo-
ratories (Jona, Switzerland). Ampicillin was from USB Corporation (Cleveland Ohio).
Dithiothreitol (DTT) and isopropyl B-thiogalactopyranoside were from Inalc (Milano,
Italy). L-Phenylalanine, L-tryptophan, D,L-5-hydroxytryptophan (5-HO-trp),
ethylenediamine tetraacetic acid (EDTA), nitrilotriacetic acid (NTA), glycerol, sodium
chloride, sodium hydroxide, and monobasic and dibasic sodium phosphate were from
Sigma-Aldrich Chemical Co. (Milwaukee, WI). Ferrous ammonium sulfate, ammonium

sulfate, ferric chloride, LB broth and Hepes were from Fisher (Pittsburgh, PA). The
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analytical GEMINI reverse-phase C18 column was purchased from Phenomenex
(Torrance California).

Expression and purification of TrpH. TrpH, the catalytic core of rabbit
tryptophan hydroxylase lacking 101 and 28 residues from the amino and carboxyl
termini respectively, was purified according to previously published methods (38, 39,
90), with several modifications in order to maximize the final yield of the enzyme. The
plasmid pPEWOHA101AH encoding TrpH o2-416 (90) was transformed into a bacterial cell
strain that allows for a higher growth density (C41DE3). The cells were incubated
overnight in a plate containing 100 ug/mL ampicillin at 37 °C. A single colony from the
plate was allowed to grow in one hundred milliliters of LB broth containing (100 ug/mL
ampicillin) for about 12 hours (overnight) at 37 °C; 15 mL of the overnight culture was
used to inoculate 2 liters of LB broth containing 100 ug/mL ampicillin, I mM ferric
chloride and 4 mM magnesium sulfate. Supplementing the media with ferric chloride
and magnesium sulfate resulted in a thirty to forty percent increase in the weight of the
cell pellet (/46). The cultures were grown until the Agy was between 0.3 and 0.5. At
this point the temperature was decreased to 20 °C, and the cells were permitted to grow
until the Agoo reached a value of 1.0-1.3. At this point isopropyl-p-thiogalactoside was
added to a final concentration of 500 uM. Induction and growth continued for 20-24
hours. All subsequent purification steps for TrpH were performed at 4 °C and have been
detailed described previously (39, 56, 90). Typically between 1.2 and 1.5 grams of pure

enzyme were obtained from 24 L following the protocol outlined above.
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Preparation of apo TrpH. The purified enzyme obtained from 24 L of LB broth
was precipitated with 60% ammonium sulfate. The enzyme pellet was resuspended in
50 to 80 mL of 150 mM Hepes/NaOH, 200 mM ammonium sulfate, 20% glycerol, 20
mM NTA, and 20 mM EDTA, pH 7.0 (buffer A). TrpH was dialyzed with three 1 L
changes over 24 h against buffer A. The enzyme was subsequently dialyzed against 800
mL of 150 mM Hepes/NaOH, 100 mM ammonium sulfate, 20% glycerol, pH 7.0 (buffer
B) four times in a 28 hour period. TrpH treated this way had no detectable activity in the
absence of ferrous ammonium sulfate in assays.

Stopped-flow absorption spectroscopy. Kinetic measurements were performed
using an Applied Photophysics SX-18MV stopped-flow spectrophotometer. Solutions
of water and buffers were made anaerobic by alternating between argon and vacuum for
30 to 50 cycles over 1 h. The stopped-flow instrument was initially flushed with
anaerobic water several times and then incubated for 1 to 2 h with 50 mM sodium
dithionite. At this point apo-TrpH was placed in a tonometer without or with 1.3 to 1.8
equivalent of amino acid. The TrpH or the TrpHeamino acid sample was made
anaerobic by alternating 20 to 30 vacuum and argon gas cycles at 5 °C for at least 30
min. The anaerobic apo-TrpH or apo-TrpHeamino acid sample was then mixed with a
stoichiometric amount of ferrous ammonium sulfate prepared in 5 mM HCI. Additional
vacuum and argon gas cycles were performed at this stage. The 6MePH, was prepared
by weight and it was placed in a 2 mL Eppendorf tube. The tube was sealed tightly with
a rubber septum and was exposed to vacuum and argon cycles for at least 10 min. The

anaerobic 6MePH,4 was dissolved in 1 mL of buffer B (final concentration 50-80 mM),
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and a volume corresponding to 1.5 to 2 equivalents 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
TrpHeFe(Il)*amino acid complex. At this point the sodium dithionite was removed from
the stopped-flow instrument by flushing it with anaerobic water followed immediately
by anaerobic buffer B. The anaerobic TrpHeFe(Il)eamino acid*6MePH4, TrpHeFe(Il)*
tryptophan or TrpHeFe(Il) complex was then mounted on the stopped-flow instrument.
The reaction was initiated by mixing the respective complex with buffer B containing
different concentrations of O,. The different O, concentrations were obtained by mixing
argon and O, with a modified MaxBlend medical oxygen blender (Maxtec) and bubbling
the mixture of gases directly into an airtight syringe.

Rapid-mix chemical-quench. 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 dinitrophenylacetate and hydroxide (/47). The
instrument and the TrpHeFe(Il)eamino acid*6MePH; complex were prepared
anaerobically as described for the stopped-flow experiments. The 2 mM O,
concentration for these experiment was obtained by placing buffer B in a stirring round
bottom flask with a sealed septum in ice and bubbling with 100 % O, for at least 30 min.
The reaction was initiated by mixing the TrpHeFe(Il)»amino acid*6MePH, complex with
O, at 5 °C using a 216 uL sample loop. The reaction was quenched with 5 M HCI.

Control samples were also collected in which the quaternary complex was

reacted with anaerobic buffer B at different aging times. For the control samples the
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amount of 5-HO-trp or tyrosine formed did not vary significantly with aging time, but
about 10-20 % turnover was always present. The percent of turnover for the different
anaerobic samples was averaged and subtracted from the actual quenched samples. Two
to four samples were collected for each time point. The precipitated enzyme was
removed from the samples by centrifugation at 15000 g for at least 10 min. The
supernatant (100 uL) was diluted 15-30 fold with 2 M HCI and injected into a C18
Phenomenex HPLC column (250 x 4.60 mm). Tryptophan and 5-HO-trp or
phenylalanine and tyrosine 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 a Waters
2475 Multi A Fluorescence Detector with excitation at 270 nm and emission at 310 nm.
Analysis of data. The stopped-flow kinetic traces obtained at multiple
wavelengths were analyzed globally using the program Spectfit32 (Spectrum Software
Associates) using a model with four irreversible steps (Scheme 11). The program
KinTek (Explorer Pro) was used for kinetic simulations. The program KaleidaGraph
(Synergy Software) was utilized for analysis of stopped-flow kinetic traces at single
wavelengths. Equation 11 was used to analyze single or multiple exponential traces;
here, A(t) is the absorbance at time t, i is the number of transients, A;is the amplitude of
the ith transient, k; is the observed rate constant (kops) for the ith transient, and A, is the
absorbance at infinite time. Equation 12 was used to analyze stopped-flow kinetics
traces for a reaction in which intermediate (II) accumulates and decays in a sequence of
two irreversible steps (R— [— II), where reactant (R) and product (II) do not contribute

to the change in absorbance and the amplitude change (R,)*(Ag&nm) is only associated
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with intermediate (I) (164, 165). Chemical-quench experiments showing a burst in
product formation were fit to equation 13, where (aa-OH/TrpH) is the burst amplitude,
kpurst 18 the rate constant for the burst and kiinear is the steady state rate. Mathematically,
the burst amplitude (aa-OH /TrpH), kpurst and kiinear are related to ks, ks, the catalytically
active enzyme concentration, [TrpH],, and the initial concentration, [TrpH]o, by

equations 14-16 (166, 167).

Scheme 11
K ko
TrpH-Fe(ll)*6MePH samino acid + O, ——— > | — 5 |l

ks kg
I > Il > |V
At =Y, A(1-e™) + A, (11)
A(t) = Ag+ Ro(Aenm)*[ki/(Kk; - ko)]e[e™"- ™ (12)
aa-OH/TrpH, = (aa-OH /TrpH)o®(1-¢™™™") + Kiincart (13)
(aa-OH/TrpH) = [TrpH]./[TrpH]o® {ka/(ks + k3)}> (14)

kburst =k3 + k4 (15)
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klinear = [TrpH]a/[TrpH]O' [k3 'k4 /(k3 + k4)] (16)

RESULTS

Stopped-flow studies of the reaction between TrpH*Fe(Il) and O,. The UV-vis
spectrum of the non-heme iron center of TrpH is nearly identical to that of TyrH (/68).
The difference of about 1000 M cm™ extending from 300 to about 400 nm for
conversion of the ferrous to the ferric state serves as an excellent spectroscopic probe.
To determine the reactivity of O, against the binary TrpHeFe(Il) or the ternary
TrpHeFe(Il)stryptophan complex, the change in absorbance at 315 nm was utilized.
Typically, an anaerobic solution containing 400-600 uM TrpHeFe(II) was mixed with an
equal volume of buffer containing 85-625 uM O; (final concentrations). For some
experiments stoichiometric concentrations of L-tryptophan were included to determine
the effect of the amino acid on the kinetics of TrpHeFe(Il) oxidation. Figure 15 shows
stopped-flow traces recorded at 315 nm in the absence (A) or presence (B) of L-
tryptophan. These experiments did not use simple pseudo-first-order conditions since
the concentrations of O, were close to that of TrpHeFe(Il). The absorbance traces in
Figure 15 were initially fit to equation 1 with one exponential term to yield estimates of

rate constants for the oxidation of TrpHeFe(II) by O,.
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Figure 15: Stopped-flow absorbance traces for the reaction of 300 uM TrpHeFe(Il)
containing no (A) or 400 uM L-tryptophan (B) with 600 uM (O), 300 uM (Q), 125 uM ()
or 80 uM (A) O, (all concentrations listed are final) at 5 °C. The solid lines over the data
are from simulations to a second order irreversible reaction.

The resulting values were plotted versus the final O, concentration (not shown).
Linear fits to the data yielded slopes of 155+ 17 M s™ and 137 + 30 M"' s and finite y
intercepts of 0.010 + 0.006 s™ and 0.015 + 0.010 s, in the absence or presence of L-
tryptophan, respectively. The stopped-flow kinetic traces were then modeled as a
bimolecular reaction using the program KinTek with 140 M sec™ as an initial guess for
the second order rate constant. The data were fit well (Figure 15) with second order rate
constants of 143 M s™' and 104 M s in the absence and presence of L-tryptophan,
respectively.

Stopped-flow studies of the reaction between TrpH*6MePH Fe(ll)* tryptophan and

0,. Stopped-flow experiments were performed to examine the kinetics of O, addition to
TrpH under single turnover conditions. A solution containing 200 to 400 uM of the

TrpHeFe(Il)*6MePH4eL-tryptophan was mixed with buffer containing 85-625 uM O, (final
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concentrations). Absorbance traces were recorded at wavelengths extending from 240 to
500 nm. Figure 16 (A-D) shows selected single wavelength traces at 248, 318, 335 and
400 nm. The wavelength at 248 nm was selected to monitor the formation of the product
4a-hydroxypterin (4a-6MePH;OH) (43, 90, 148); an increase at this wavelength is clearly
seen. A high valence Fe(IV)O intermediate has been detected at 315 to 365 nm in
taurine:o-ketoglutarate dioxygenase (TauD), a mononuclear non-heme enzyme with a
Fe(II) center similar to that of TrpH (139, 149, 150), so the reaction was followed at 318

and 335 nm. The traces at 318 and 335 nm (Figure 16 (B-C)) do not show evidence of the
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Figure 16: A-D. Absorbance changes during the reaction of 380 uM TrpHeFe(II) 700 uMeL-tryptophan®1000 uM 6MePH,
and 625 uM (Q), 400 uM (Q), 165 uM (V) and 85 uM (A) O, at 5 °C (all concentrations listed are final). The solid lines are
from global fits to Scheme 11 using Spectfit32 with rate constants k,, k; and k, at fixed values of 11.0 5!, 1.2 s™! and 0.20 s!
respectively. E. Plot of the first rate constant values (k) versus the concentration of O, (solid circles) obtained from the
global fits of A-D; the line is a fit to a linear equation. The open circles are k;; values obtained by simulating the reaction
using Scheme 11 and fitting the resulting traces to four first-order processes (see text for details). Inset: the O, concentration
dependence of k ;.
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transient Fe(IV)O intermediate. Instead, the spectral changes are consistent with the
decrease in absorbance accompanying the formation of 4a-6MePH3;OH (78) or a
different pterin species with similar spectral properties. At longer times (> 1 sec) the
absorbance at 318 and 335 nm increases, likely due to the formation of the quinonoid
dihydropterin (q-6MePH,) by dehydration of the 4a6MePH;0H (/69). The 400 nm
wavelength was randomly selected, but at early times reveals the formation of a novel
intermediate that clearly depends on the O, concentration (Figure 16 (D)). Following
the decay of the intermediate, the absorbance increases in a manner similar to 318 and
335 nm.

A global analysis of the data was carried out using the program Spectfit32. The
kinetic traces for each O, concentration were fit globally to four sequential first order
processes (Scheme 11). A sequence consisting of three sequential first order processes
did not fit the data well. The global fit allowed for initial estimates of the rate constants
and their variation with O,. The first phase is associated with small changes in
absorbance at 248, 318 and 335 nm, but has a significant increase in absorbance at 400
nm (Figure 16 (D)). A plot of kos1 versus the O, concentration is linear with a finite y-
intercept, consistent with reversible binding of O, (Figure 16 (E) solid circles). The
linear dependence suggests that this step is associated with an O, binding reaction with a
value 0of 9.8 = 1.0 x 10*M™" s ! for ko, (slope) and kos of 15 + 4 57! (y-intercept) yielding

a dissociation constant (Kg4) of 153 + 56 uM.
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The effect of the O, concentration on the rate constants for the second phase of
the reaction (I — II Scheme 11), which derives primarily from the decay of the 400 nm
intermediate, fits to a hyperbola with a limiting value of 11 + 1.5 s™ and a K4 of 62 = 38
uM (Figure 16E inset). This type of kinetic behavior suggests that the first and second
steps are connected (166, 170, 171). Furthermore, the K4 determined for the first and
second step are not significantly different. The third phase of the reaction (II — III
Scheme 11) is associated with a significant increase in absorbance at 248 nm (50 percent
of the total amplitude) and appears to be isosbestic at 318, 335 and 400 nm. The rate
constant for this phase appears to be independent of the O, concentration, with an
average value of 1.2+ 0.2 s™'. The fact that this rate constant does not depend on the O,
concentration suggests that this step is irreversible and decoupled from the O, binding
reaction. The fourth phase of the reaction (III — IV Scheme 11) is readily seen at later
times as an increase in absorbance at 335 and 400 nm that does not depend on the O,
concentration. The average value of 0.20 + 0.02 sec™ for ky agrees with the turnover
number of 0.30 = 0.10 sec’. Overall, Scheme 11 can account for the absorbance
changes occurring in a single turnover reaction by TrpH.

In Figures 16 (A-D) pseudo-first-order conditions were not employed since the
concentrations of O, used were less than ten-fold over the quaternary complex. This
limitation would have the greatest effect on the values determined for ko, and ko
(Figure 16E). To validate these two rate constants, the traces at each O, concentration in
Figures 16 (A-D) fit independently to Scheme 3 for each O, concentration setting k, =

11.0s, ks = 1.2 s, and ky = 0.20 s™' (Figure 16 (E)). The fits (solid lines, Figure 16
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(A-D)) reveal that the data can be fit well without significantly altering the value of the
rate constants for the first phase (Figure 16 (E) open circles). Furthermore, this analysis
strongly supports the conclusion that steps following the O, binding reaction are indeed
irreversible.

Absorbance spectrum of a novel intermediate. In order to characterize further the
intermediate detected at 400 nm, an experiment was carried out in which an anaerobic
solution containing 350 uM of the TrpHeFe(Il)»6MePHyetryptophan complex was mixed
with 625 uM O, (final concentrations). Three to four shots were collected at 5 nm
intervals from 360-500 nm. A spectrum of the intermediate from 360 to 470 nm (Figure
17 (A)) was generated by globally fitting all the data from 0.002 to 0.3 seconds to two
irreversible sequential first order processes. The rate constants obtained from the global
fit are 77 = 2 s™' for formation and 10 = 2 s for decay. Figure 17 (B) shows selected
single kinetic stopped-flow absorbance traces at 380, 400, 420 and 460 nm (closed
symbols) and the fit (lines over the symbols). These same traces were fit independently
to equation 12 and average values of 66 = 4 s and 6 = 2 s were obtained for k; and ko,
respectively. The values for k; and k, from using equation 12 are in reasonable
agreement with the values obtained from the global fit. It is logical to assume that the
evolution and decay of the absorbance between 360 and 470 nm are due to a single
intermediate. Overlapping absorbance features due to different species can yield
different values for k; and k, at different wavelengths. The intermediate has its
maximum absorbance at about 420 nm with an extinction coefficient of 200 M cm™,

The molar extinction coefficient at 420 nm determined from using equation 2 is 180 M
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cm™. The global fit was performed only up to 0.3 seconds to eliminate contributions
from the third and fourth phases of the reaction, since these last two phases have much
higher absorbance changes between 360 and 480 nm. The concentration profile
generated from the fit (Figure 17 (C)) reveals that the intermediate accumulates
maximally at about 40 ms. Overall, the values of k; and k; from this experiment match

those obtained from the global fit to Scheme 11.
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Figure 17: A. Calculated absorbance spectrum of the first intermediate. An experiment similar to that in Figure
16 was performed in which 350 uM TrpHFe(II)500 pM tryptophan1000 pM 6MePH, and 625 uM O, (final
concentrations) were mixed in the stopped-flow instrument. The absorbance was monitored at 5 nm intervals from
360 to 470 nm. The data were fit globally to a two step sequential mechanism using Specfit32 to obtain the
spectrum of the starting TrpHFe(II)L-tryptophan6-MePH,0, complex (O), the spectrum of the intermediate (®)
and the absorbance spectrum following the decay of the intermediate (). B. Single wavelength stopped-flow
absorbance traces at 380 (W), 400 (@), 420 (#) and 460 nm (A). The solid lines are from fitting the data to a two
step sequential mechanism. C. Fractional accumulation of the intermediate I on the basis of the reactant
concentrations and the rate constants from the global fit to the two step sequential mechanism: TrpHFe(II)L-
tryptophan6MePH, (®), Intermediate I (#) and formation of intermediate II (A).
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Studies of the reaction between TrpH*6MePH Fe(Il)*phenylalanine and O,. In
order to determine if the identity of the amino acid has an effect on the reaction between
TrpH and O,, similar stopped-flow experiments were performed with L-phenylalanine as
the amino acid substrate. Previous studies have shown that L-phenylalanine is a good
substrate for TrpH, given that all the reducing equivalents from 6MePH, are utilized in
productive turnover (90). For these experiments, 350 uM TrpHeFe(Il) was anaerobically
combined with 1.5 equivalent of both L-phenylalanine and 6MePH,; (final
concentrations). The reaction was initiated by mixing the anaerobic TrpHeFe(II)*
6MePH4ephenylalanine complex with buffer containing different O, concentrations.
Absorbance traces were recorded at 248, 318, 335 and 400 nm. The absorbance
decreases at 248 nm at times greater than one second, in contrast to the results with L-
tryptophan (Figure 18 (A)). This decrease in absorbance is consistent with a change in
extinction coefficient for the dehydration of the 4a-6MePH;OH product to quinonoid 6-
methyldihydropterin (q-6MePH,) and H,O (43, 90, 148). However, the fact that the
kinetic traces at 248 nm are different for the two amino acids and the decrease in
absorbance at 248 nm is not seen with tryptophan suggests that hydroxylation of the
amino acid is also contributing to the spectral changes at 248 nm. The traces at 318 and
335 were similar to those obtained with L-tryptophan. This shows that the conversion of
6MePH, to 4a-6MePH3;OH dominates the changes in absorbance at early time scales (<
Is) and the bound amino acid perturbs the spectral changes slightly, given that the

decrease in amplitude at early time scales is slightly less with phenylalanine (Figure 18

(B)).
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The intermediate detected at 400 nm with L-tryptophan has a much lower
absorbance with L-phenylalanine (Figure 18 (C)); this suggests that the identity of the
amino acid bound contributes significantly to the spectrum of the intermediate. The
inset in Figure 18 (C) shows the difference in absorbance at 400 nm under the same
experimental conditions with L-tryptophan versus L-phenylalanine. The solid lines are
fits to equation 12. The values for k; and k, are 61 + 2 s and 7.2 = 0.3 5™ for
tryptophan, while for phenylalanine the values are 54 = 3 s' and 2.1 = 0.1 s7,
respectively. The calculated extinction coefficients at 400 nm for the intermediate with
tryptophan and phenylalanine under these conditions are 180 M ¢cm™ and 35 M cm™,
respectively. A complete analysis from 360 to 470 nm of the intermediate with
phenylalanine was not carried out. Overall, the data show that the intermediate has a
lower extinction coefficient with phenylalanine. It forms and decays with rate constants
that are considerably faster than the respective turnover numbers with both amino acids.
This strongly suggests that the intermediate is not directly involved in the hydroxylation
of the amino acid, but O, activation (vide infra).

The data at 248, 318, 335 and 400 nm were fit globally to Scheme 11 for each O,
concentration. As with tryptophan as the substrate, the rate constant for the first phase of
the reaction (kops1) shows a linear dependence on the concentration of O,. A plot of k gbs;
versus the concentration of O, yields a second order rate constant of 8.9 = 0.5 x 10* M
s, and an off rate (ko) of 26 = 2 5™, yielding a Ky = 290 = 40 uM (Figure 18 (D)). The
second phase of the reaction (kobs2) fits very well to a hyperbolic equation (18 (D) inset)

with a limiting value of 9 = 1 s (K4 =120 = 30 uM). Unlike with tryptophan, the Kq
g
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value with phenylalanine is well above the lowest O, concentration and is better defined.

These data also fit to a hyperbolic equation with an offset of 3.2 sec™’ = 0.8 and a K4
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Figure 18: Stopped-flow absorbance traces recorded at 248 nm (A), 335 nm (B) and 400 nm (C)
for the reaction of 350 uM TrpHeFe(I[)*550 uM L-phenylalanine®550 uM 6 MePH, with 625
uM (Q), 450 uM (Q), 300 uM (V), 165 uM (A) or 80 uM () O, at 5 °C (all concentrations
listed are final). The lines in A-C are from global fits for each individual O, concentration to a
model with four irreversible first-order processes (Scheme 11) using Spectfit32, with the values
of the rate constants ky, k;and ksset to 6.4 s, 1.6 s'and 0.36 s, respectively. C Inset:
Absorbance traces at 400 nm versus time when 350 uM TrpHeFe(1)*700 uM 6 MePH, and 750
uM tryptophan (O) or 550 uM phenylalanine (®) are mixed anaerobically with 625 uM O,
(final concentrations). D. Solid symbols show the effect of the concentration of O, on of the
first rate constant (ko) obtained from the global fits of A-C and 318 nm to Scheme 11. The
open circles are kyps; values obtained by simulating the reaction using Scheme 11 and fitting the
resulting traces to four first-order processes (see text for details) Inset: O, concentration
dependence of kgs; the line is a fit to a hyperbola.



123

value greater than 750 uM. However, it is difficult to reconcile a mechanism where the
K for the second step is significantly larger than the Kq4 for the initial first fast reaction.
Furthermore, a finite y-intercept would mean that O, activation is reversible, which is
highly unlikely. The hyperbolic dependence on kops» is consistent with the first kinetic
phase being connected to the second, just as is the case when L-tryptophan is the
substrate. The rate constants for the third and fourth phases do not depend on the
concentration of O,, with average values of k3 = 1.6 = 0.2 s'and ks = 0.36 £ 0.05 s7";
revealing that these steps are unimolecular and decoupled from the O, binding reaction.
As is the case with L-tryptophan, all four rate constants are catalytically competent. The
value for k4 agrees reasonable well with the turnover number (ke = 0.50 + 0.15 5.

The traces at 248, 318, 335 and 400 nm were simulated to Scheme 11 with k, =9
s, its limiting value, k3 = 1.6 s, ky = 0.36 s”'. The fit (Figure 18 (A-C) lines)
reproduces the traces without altering significantly the value for the first kinetic phase
(Figure 18 (C) open symbols). This shows that the data can be effectively interpreted
with steps following the O, binding reaction as irreversible, but more importantly the
analysis also validates the binding constants determined from the non-pseudo first order
conditions. Overall, despite the subtle differences, the values of the rate constants
obtained with L-phenylalanine are essentially identical to those obtained with L-
tryptophan.

Rapid-mixing chemical quench studies. The rate constants for formation of 5-
HO-trp and tyrosine were determined under pre-steady state conditions to establish

directly if steps subsequent to hydroxylation limit turnover and to correlate the stopped-
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flow kinetic data with the hydroxylation of the amino acid. For these experiments 100
uM TrpHeFe(Il)*1.5 mM 6MePH4¢1 mM L-tryptophan or 150 uM TrpHeFe(Il)*1.5 mM
6MePH4+1.5 mM L-phenylalanine was mixed with an equal volume of buffer B
containing 0.9-1.0 mM O; at 5 °C (final concentrations). The reactions were rapidly
quenched at different times with 5 M HCI. The data in Figure 19 (A) show a clear burst
in the formation of 5-HO-trp. These data were fit to equation 13 to yield values for the
burst amplitude (aa-OH/TrpH) and kpus; of 0.46 = 0.19 and 1.3 = 0.6 s™', respectively.
The value for kpyrs is about 5-fold faster than the turnover number at 5 °C and correlates
well with the third phase obtained from the stopped-flow experiments. The value
determined for Kjinear is 0.25 £ 0.05 s and is equivalent to the value of 0.30 + 0.10 s for
keat. With phenylalanine the values for the burst amplitude (aa-OH/TrpH), kpust and
Kiinear are of 0.53 = 0.11, 2.6 = 1.2 s and 0.26 = 0.02 s™, respectively (Figure 19 (A)
inset). The value determined for Kjine,r 1S in close agreement with the turnover number
(0.50 + 0.15 s™") and the last phase of the stopped-flow data (0.36 + 0.05 s™). Taken as a
whole, the parameters obtained from fitting the chemical quench data to equation 13 for
tryptophan or phenylalanine are similar, with a significant burst magnitude that suggests
that hydroxylation of the amino acid is not fully rate limiting.

To establish the magnitude of the burst more accurately a series of chemical
quench experiments were performed with L-tryptophan, in which the final concentration
of TrpH varied from 100 to 300 uM. The concentrations of L-tryptophan and 6MePH,4
were 8 to 10-fold higher than that of TrpH, while the final O, concentration was at least

0.9-1.2 mM. The results from six different experiments reveal a burst amplitude (aa-
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OH/TrpH) of 0.33 + 0.15. Additionally, an experiment was performed in which 60 uM
TrpHeFe(I)*1.5 mM 6MePH4e1 mM L-tryptophan was mixed with buffer B containing
approximately 1.0 mM O, at 5 °C (final concentrations). The lower TrpH concentration
allowed for multiple turnovers. A linear regression analysis of these data allows for the
determination of Kjinear (slope) and the burst amplitude (y-axis) (Figure 19 (B)). The
slope of the line is 0.10 = 0.01 s™', which in close agreement with k.. More importantly
the magnitude of the burst is 0.34 = 0.05, which agrees well with the value, obtained
from averaging the different chemical quench experiments. Combining all these results
it is reasonable to conclude that the burst amplitude (aa-OH/TrpH) with tryptophan as
substrate is 0.3 = 0.1.

Using equations 14-16 and the parameters obtained from fitting each of the six
different chemical quench experiment to equation 13, the active TrpH concentration
[TrpH],, k3 and k4 were obtained (Table 9). This analysis reveals that in all cases TrpH
is not fully active ([TrpH]./[TrpH]o <1). The values for [TrpH], vary significantly; this

can be explained by taking into account that different preparations of [TrpH], were used

Scheme 12

ks
TrpH-Fe(IV)O-6MePHzOHtrp ——»  TrpH-+Fe(ll):6MePH3OH+5-OH-trp

Kq
TrpH+Fe(ll)*6MePH3;0H+5-OH-trp ———  TrpH-Fe(ll) + 6MePH3;OH + 5-OH-trp
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in these experiments. The parameters [TrpH],, k3 and k4 were subsequently used to

simulate each chemical quench experiment to Scheme 12, which assumes that kg, is

[5-HO-trp] (mM)

0.2
otsL o T .
o
S
%— ]
0.1 =
3 ]
-
0.05 T ]

0 375 75 1125 15 0 |
time (§)

0 1 2 3 4 5 0 5 10 15 20 25
time (s) time (s)

Figure 19: A. Rapid chemical quench analysis of the reaction between 100 uM TrpHFe(II)1.5
mM 6MePH,1 mM L-tryptophan and 1.0 mM O, at 5 °C (Final concentrations). The solid line
is from a fit to equation 13. The open squares are from simulation of the data to Scheme 12
using KinTek-Explorer with [TrpH], ... = 92 uM, k; = 1.17 s and k, = 0.34 5! (Table 9 and
text for details). Inset: Rapid chemical quench analysis of the reaction between 150 uM
TrpHFe(II)1.5 mM 6MePH,1.5 mM L-phenylalanine and 1.0 mM O, at 5 °C (Final
concentrations). The solid line is a fit to equation 13. B. Chemical quench analysis of the
reaction between 60 uM TrpHFe(II)1.5 mM 6MePH,1 mM L-tryptophan and 1.0 mM O, at 5
°C (Final concentrations). The line is a fit to a linear equation.

Table 9: Magnitudes of Rate Constants ks and k4 Derived from Rapid-
Chemical Quench Experiments

[TrpH] gt UM [TrpH] acive UM ks s™ ks s™
100 92 1.17 0.34
150 110 1.44 0.28
150 80 0.71 0.15
175 46 241 0.53
200 100 2.36 0.18
300 120 1.24 0.33

The values for [TrpH]active, k3 and ks were obtained from equations 13-16. Each
experiment was simulated to Scheme 12 with [TrpH]active, k3 and k4 as constants. A
typical result is shown in Figure 19A.
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limited by rate constants k3, the hydroxylation step, and k4, regeneration of free TrpH. A
typical result from a simulation is shown in Figure 19 (A) (open squares). The values of
k; and k4 for each experiment are listed in Table 9. The average from all of these
experiments reveals that k; is 1.6 + 0.7 s and k4is 0.30 = 0.14 s, This analysis shows

that formation of 5-HO-trp is 4-6 fold faster than regeneration of the free enzyme.

DISCUSSION

In the present study, the chemical mechanism of TrpH was investigated using
transient stopped-flow and rapid acid-quench approaches. The proposed chemical
mechanism for the hydroxylation of tryptophan and the determination of the rate limiting
step (Scheme 3) has relied on studies from steady state kinetics, steady state isotope
effects and alternate substrates (38, 39, 57/). The involvement of a hydroxylating
intermediate not involving a tetrahydropterin was established by analyzing the products
when tyrosine is the substrate; in this case 4a-6MePH3;OH is formed, but not
dihydroxyphenylalanine, demonstrating that O-O bond cleavage proceeds hydroxylation
(38). The intrinsic kinetic isotope effects for benzylic hydroxylation of 4-
methylphenylalanine by TrpH are consistent with a mechanism involving hydrogen atom
abstraction (Chapter 1) (42, 44, 52, 172). This is consistent with the requirement of a
more reactive hydroxylating intermediate than the peroxy-pterin. These results are
consistent with formation of a Fe(IV)O intermediate that reacts with the aromatic amino

acid (Scheme 3).
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Several intermediates in non-heme enzymes, including an Fe(IV)O intermediate,
have been detected by various spectroscopic means (/37-139). The Fe(IV)O
intermediates in TyrH, PheH and the alpha-ketoglutarate dependent enzyme TauD could
be detected by Mossbauer and absorbance spectroscopy (for TauD) when the reaction
with O, was carried out in the presence of the reducing substrate and co-substrate (45,
139). It is assumed that the Fe(IV)O intermediate forms only in the presence of all
substrates, so that reducing equivalents are only consumed in productive turnover.
Therefore, reactions between non-heme mononuclear enzymes and O, in which one or
both substrates are lacking tend to be sluggish. This is consistent with the Fe(Il) center
becoming much more reactive towards O, only when the reducing substrate and the
substrate to be oxidized are bound in the active site (/-3). For this reason, prior to
establishing whether a Fe(IV)O intermediate could be detected in TrpH, it was
imperative to determine that the Fe(II) mononuclear center reacts sluggishly when one or
both substrates are lacking and becomes reactive towards O, only in response to binding
of all the substrates. To establish this directly in TrpH a detailed stopped-flow study of
the kinetics in which O, reacts with the binary TrpHeFe(Il), ternary
TrpHeFe(Il)stryptophan and quaternary TrpHeFe(Il)»6MePHyetryptophan complexes was
carried out.

For TyrH and PheH the Fe(Il) center is readily oxidized by O, when no
substrates are bound (/68, 173). An irreversible bimolecular reaction best describes the
reaction of O, with TrpHeFe(Il) or TrpHeFe(Il)stryptophan. More importantly a

mechanism in which saturation kinetics are displayed would imply the presence of a
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non-metal binding site for O,, for which there is no precedent for any of the aromatic
amino acid hydroxylases. In TyrH the mechanism of Fe(II) oxidation is similarly a
bimolecular reaction (/68). In TrpH the binding of tryptophan does not change the
reactivity of the Fe(II) center for O,. The second order rate constant of 210 M™' s for
TyrH is similar to the values reported in the present work, although the reaction
temperature for the former was 20 °C versus 5 °C for the latter. A similar second order
rate constant for both enzymes suggests that O, diffuses into the active site without the
requirement for a binding site. In addition, it can be inferred that the redox potentials of
the non-heme Fe(II) centers in TrpH and TyrH are similar.

The oxidation by O, of the mononuclear Fe(Il) center in (4-hydroxyphenyl)-
pyruvate dioxygenase (HPPD), a member of the a-ketoglutarate-dependent dioxygenase
family, has been determined to be also an irreversible bimolecular reaction with a second
order rate constant of 46 M s (154, 174). This value is similar to the values
determined for TyrH and TrpH. In all three cases the reactions are too slow to support
the observed rate of catalysis even at O, concentrations exceeding physiological
concentrations. This suggests that the Fe(Il) center is probably never oxidized during
normal turnover. The low magnitudes of these second order rate constants suggest that
the coordination of the Fe(Il) center is not suitable for a reaction with O, in the absence
of one or both substrates and that its coordination changes only upon binding of both the
reducing substrate and the substrate, allowing its reactivity towards O, to be enhanced.

In the case of TrpH, binding of the amino acid alone does not change the coordination
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site of the Fe(Il) center; therefore, the reactivity of the Fe(Il) center with O; is still
sluggish, consistent with the requirement for the reducing substrate (6MePHy) (3, 175).

The results displayed in Figure 16 reveal that the reactivity of the mononuclear
Fe(Il) center with O, is indeed enhanced in the presence of the reducing substrate
(6MePH,4) and the target for oxidation (L-tryptophan). The kinetics for the reaction
between the quaternary complex TrpHeFe(II)s6MePH4+tryptophan and O; are drastically
different from those for TrpHeFe(Il) or TrpHeFe(Il)°tryptophan with O,. The difference
in magnitude of the second order rate constants reveals that the Fe(Il) center becomes
about 750-fold more reactive, suggesting that the Fe(Il) center in TrpH becomes suitable
to react with O, only in the presence of the reducing substrate and the target for
oxidation (3, 175).

As indicated above, the reaction between O, and the reactive TrpHeFe(II)e
6MePHgetryptophan complex follows second order kinetics (Figure 16 (E)); since
second order rate constants for O, addition have been reported previously for several
other non-heme enzymes that share the (His)»(Asp/Glu)-facial triad, a direct comparison
with TrpH can be made. The magnitudes of the second order rate constants for O,
addition to HPPD, taurine:a-ketoglutarate dioxygenase (TauD), homoprotocatechuate
2,3-dioxygenase, an extradiol dioxygenase, and more recently the novel diiron enzyme
myo-inositol oxygenase are very similar to that for TrpH (138, 141, 154, 155). One way
to reconcile these similarities is to assume that when O, binds to the corresponding
reactive complexes in HPPD, TauD, homoprotocatechuate 2,3-dioxygenase, and TrpH in

the presence of the reducing substrate and the target for oxidation, the initial non-
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covalent complex formed or the iron-oxygen species is probably not very different
among HPPD, TauD, homoprotocatechuate 2,3-dioxygenase and TrpH, even though the
fate of O, subsequently diverges significantly. Overall these data highlight that despite
the diverse functions of the non-heme enzymes mentioned above, their non-heme Fe(II)
centers appear to react initially with O, in an analogous manner.

As mentioned before it is clear that the reactivity of the Fe(Il) center in TrpH
with O, is enhanced in the presence of 6MePH4 and the amino acid. The first kinetic
phase of this reaction is the formation of a reversible complex between TrpHeFe(Il)e
6MePH,etryptophan and O, (Scheme 13). We proposed that formation of this complex
is associated with the intermediate whose absorbance is maximum at 420 nm (Figure
17). This intermediate to the best of our knowledge is the first one detected by
absorbance spectroscopy in the aromatic amino acid hydroxylases. General mechanistic
conclusions can be made about this intermediate and species II, IIl and 1V (Scheme 11)
associated with subsequent steps, whether the amino acid substrate is L-tryptophan or L-
phenylalanine. First, the clear first order dependence on O, suggests that the
development of the peak at 420 nm is directly coupled to the O, binding reaction; that is,
there are no irreversible steps between the O, binding reaction and the formation of the
420 nm intermediate (/76). Secondly, the significant y-intercepts in Figures 16 (E) and
18 (D), argue strongly in favor of a reversible reaction between O, and the quaternary
TrpHeFe(Il)»amino acid*6MePH, complex and suggests that electron transfer from the
Fe(IT) center or 6MePH4 to O, does not occur in this step. Third, the similar K4 values

for O, of 153 and 240 uM with tryptophan and phenylalanine suggest that the formation
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of the complex does not depend significantly on the character of the amino acid bound.
Lastly, since the rate constants k; and k, for the development and decay of the
intermediate with tryptophan or phenylalanine are similar and with k, being at least 20
fold faster than the respective turnover numbers of 0.50 + 0.15 and 0.30 + 0.10 s™ with
tryptophan and phenylalanine, it is reasonable to propose that decay of the intermediate
is the first step in O, activation. At this point it is not clear why the extinction
coefficient of the intermediate at 400 nm with L-phenylalanine is drastically diminished.
It may be that the absorbance with tryptophan is enhanced due to the chromophoric

character of L-tryptophan.

Scheme 13
kon= 98000 M !
TrpH-Fe(ll)*6MePH, trp + O, === TrpH-Fe(ll)*6MePH,*trp+O,
koff =15 S-1

ko=10s"
TrpH-Fe(ll)*6MePH,4*trpe Oy, ———» TrpH+<Fe(IV)O+-4a6MePH3;OH-trp

kg=1.4s"
TrpH-Fe(IV)O-4a6MePH;0OHtrp ——» TrpH+Fe(ll)*4a6MePH30H+5-OH-trp

ky=0.35s"
TrpH-Fe(ll)+4a6MePH;0H+5-OH-trp ——— > TrpH-Fe(ll) + 6MePH;0H + 5-OH-trp

The TrpHeFe(II)s6MePH,etryptophan+O, complex decays with rate constant k,
which has a limiting value of about 10 s for tryptophan and 9 s for phenylalanine.
The absorbance change at 248 and 318 nm suggest that first product 4a6MePH;0H is

formed in this step. Therefore, intermediate II from Scheme 11 is assigned to the
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TrpHeFe(IV)O+*4a6MePH;0He tryptophan complex (Scheme 13). Scheme 3 predicts
that activation of O; results in the formation of the TrpHeFe(IV)O+4a6MePH;0H
stryptophan intermediate complex; thus, a series of irreversible steps is likely to be
between the formation of the initial O, complex and the TrpHeFe(IV)O+4a6MePH;0OH
stryptophan complex. Formation of the latter is expected to proceed through a peroxy-
pterin-iron bridged species (Scheme 3). However, the data suggest that additional steps
for the activation of O, including the formation and decay of the peroxy-pterin-iron
bridged species, do not have absorbance changes at the selected wavelengths or are
likely to proceed much faster that 10 s™.

The TrpH<Fe(IV)O+4a6MePH3;0OH-tryptophan intermediate complex is assigned
as intermediate II. The rapid mix chemical quench experiments and the kinetics
simulations further support this. The stopped-flow data show that the decay of the
TrpH+Fe(IV)O+ 4a6MePH;0Hetryptophan complex occurs with a rate constant of 1.2 s
or 1.6 s with phenylalanine or tryptophan, respectively. These values are in excellent
agreement with the average value for k3 of 1.6 = 0.7 sec”' determined from the kinetic
simulations. This analysis strongly supports the conclusion that hydroxylation of the
amino acid occurs in this step. Therefore, k3 in Scheme 13 is assigned to the decay of
the Fe(IV)O intermediate and the formation of 5-HO-trp (TrpHeFe(II)*4a6MePH;0H <5-
HO-trp).

The last steps of the reaction with phenylalanine and tryptophan are also
catalytically competent and in both cases the rate constants agree reasonably well with

the respective turnover numbers. The value for the last step from the stopped-flow
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kinetic traces is in excellent agreement with the value for k4 obtained from analysis of
the chemical quench experiments. This shows that a step following hydroxylation of the
amino acid, likely release of 4a6MePH;OH, limits k., for TrpH with either amino acid
substrate (Scheme 13).

Overall, Scheme 13 can account for all the results from stopped-flow absorbance
spectroscopy and the rapid-quench product analysis and for that reason is a reasonable
model of the single turnover reaction catalyzed by TrpH. Scheme 13 needs to be put in
the context of previous results obtained from steady state kinetic isotope effects and the
used of tryptophan analogs. An inverse kinetic isotope effect on the turnover number
(Pkea) with *Hs-indole-tryptophan or 5-*H-tryptophan suggests that amino acid
hydroxylation is at least partially rate-limiting (38). The greater rate for unproductive
consumption of tetrahydropterin with different tryptophan analogs in relationship to that
for tryptophan suggests that O, activation is fast and the Fe(IV)O intermediate decays
unproductively due to the at least partially rate limiting hydroxylation reaction with
tryptophan or the analogs (57). This is consistent with the relative magnitudes of the
rate constants in Scheme 13.

Based on the present data, however, the previously observed inverse ke, value
with “Hs-indole-tryptophan or 5-*H-tryptophan is not the intrinsic isotope effect on the
turnover number, since ks (hydroxylation) is 4-6 fold faster than k4 (regeneration of free
TrpH). This will result in a “key value less inverse than the intrinsic isotope effect for
formation of the new C-O bond. The kinetic mechanism of Scheme 13 assumes that the

keat value is limited by k; and ks4. The relationship between these two rate constants and
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keat 1s given by equation 17. Equation 18 gives the relationship of k3, k4 and the isotope

effect on the turnover number ("key) to the intrinsic isotope effect (k).

keat = (k3*ks)/( ks + ks) 17)

Pkeat = (Cks + ka/ks)/(1 + ks/ks) (18)

If the Pkey value is taken to be 0.95 (38) and ks, the rate constant for formation of
the new C-O bond is 4-6 faster than ks, the rate constant for conformational change
and/or the release of 4a6MePH;0H, then the intrinsic isotope effect for C-O bond
formation is between 0.75 and 0.65. The former value is in reasonable agreement with
the calculated equilibrium isotope effect of 0.80 for this reaction (38), while the latter
value is too inverse. Although, the available data support a ratio for ks/ks between 4-6, it
is very unlikely that the kinetic isotope effect for formation of the C-O bond in
tryptophan can be as low as 0.7 when one considers that the equilibrium isotope effect
for a reaction is generally accepted as the theoretical limit for a secondary kinetic isotope
effect (69). Therefore, it is more reasonable to propose that the ratio of ks/k4 is closer to
4 than 6.

In conclusion the results presented here reveal that TrpH is only suitable to react
with O, in the presence of both the co-substrate and the amino acid. When both
substrates are bound in the active site the ternary TrpHeFe(II)s6MePHytrp complex

reacts rapidly and reversibly with O, forming a species with an absorbance signature that
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peaks at 420 nm. This intermediate decays with a rate constant of 9-11 s, independent
of the identity of the amino acid bound. The value of 9-11 s is the lower limit for O,
activation since no other intermediates accumulate between the initial TrpHeFe(II)
*6MePHyetrpeO, complex and the formation of the 4a6MePH;OH product and the
Fe(IV)O intermediate. The turnover number of the reaction appears to be limited by
hydroxylation of the amino acid and release of a product, likely the 4a6MePH3;0OH, with

the former step being about 4-fold faster than the latter.
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CHAPTER VII

SUMMARY

The studies presented here have focused on studying the intrinsic properties of
the (His),(Glu)-facial triad Fe(II) center in the aromatic amino acid hydroxylases.
Chapter II showed the advantage of using the unnatural amino acid substrate 4-
methylphenylalanine and the isotope effects on the benzylic hydroxylation reaction as a
probe to compare the reactivity of the (His),(Glu)-facial triad Fe(Il) center in the three
enzymes. The nearly identical isotope effects and their temperature dependence clearly
show that the transition state for the benzylic hydroxylation reaction is the same for the
three enzymes. Chapter III focused on the activation of H,O, in comparison to normal
turnover. The kinetics of the reactions for all three enzymes are slow but similar,
revealing that, steps leading to the formation of the Fe(IV)O intermediate from H,O, are
the same. The H,O, dependent intermediate that forms catalyzes aromatic, benzylic and
aliphatic hydroxylation, suggesting that it is indeed the same Fe(IV)O formed under
normal turnover. The results from chapters II and III show that the intrinsic reactivity of
the (His),(Glu)-facial triad Fe(II) center and by that account the Fe(IV)O intermediates
that result from 6MePH, and O, or H,O; activation are the same.

Chapters IV and V focused on the chemical mechanism of PheH. These two
chapters show the power of combining steady state kinetics and rapid reaction
techniques, including stopped-flow, rapid-quench product analysis and freeze-quench

Mossbauer spectroscopy, to identify the rate-limiting step in the complex reaction
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catalyzed by PheH. The ability to carry out the reaction under single turnover conditions
and to measure intrinsic rate constants coupled with steady state isotope effects confirms
that the irreversible activation of O, by PheH is fast relative to turnover. The Mdssbauer
spectroscopy experiments reveal the existence of a Fe(IV)O intermediate in the catalytic
cycle of PheH. Furthermore, the chemical-quench experiments effectively show that the
rate-limiting step in the hydroxylation of phenylalanine is the formation of a new C-O
bond.

Chapter VI focused on the reactivity of the (His),(Glu)-facial triad Fe(II) center
in TrpH in the absence and presence of substrate(s). In this case the intrinsic rate
constants obtained from stopped-flow absorbance spectroscopy and rapid-quench
product analysis were put in the context of the state state parameters. The results from
this chapter are exciting because for the first time, to the best of my knowledge a
transient intermediate was detected in these enzymes by absorbance spectroscopy. The
ability to measure intrinsic rate constants via two methods (stopped-flow and rapid-
quench) clearly shows the advantage of combing different rapid reaction techniques in
order to assign with more confidence the nature of chemical steps. Furthermore, just as
is the case with PheH (Chapters IV and V), the rate-limiting step of the reaction in TrpH
was identified. In this case, the rate-limting step is a combination of two steps, and the
isotope effect on the turnover number determined with steady state kinetics (0.95) is not

devoid of kinetic complexity.
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