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Tyrosine hydroxylase (TyrH) catalyzes the hydroxylation of Scheme 1

tyrosine to dihydroxyphenylalanine (DOPA) using, @Qnd a MR N Ny HE W HH 0
tetrahydropterin (Pk) as cosubstratésTyrH belongs to a family ::’: L;NVH ;‘i :E(TH ;‘i :E(NH
of aromatic amino acid hydroxylases which also includes pheny- 0N i aNo
lalanine hydroxylase (PheH) and tryptophan hydroxylase (TrpH); 0, © — 0° . HO

. . . . . . Fe(ll
all three contain virtually identical mononuclear iron sites. In the o) -
3

mechanism proposed for TytM(Scheme 1), the attack on the H0©0H2-é—co;
aromatic ring by an Fe(lV)O intermediate causes a change in :
hybridization at the site of oxygen addition; however, no secondary l

isotope effect is found for wild-type TyrH when 32bk-tyrosine HE NN " HH N__NH

is used as a substratén contrast, &V, value of 0.93 is seen :i :KWNH Ri LVNH

when 52H-tryptophan is used as a substrate for TrpH, consistent o ol HHN 95
-

with a change in hybridization in that cas&his suggests that this

chemical step in the TyrH reaction is masked by slower stéps.
In wild-type TyrH, there is a 1:1 stoichiometry between ;°H

oxidation and amino acid hydroxylation. Recently, several active

site mutations of TyrH have been characterized which alter this > 2

P . k4 TyrH + DOPA
stoichiometry, such that a Ia_rge excess oﬁFrH—t:_ons_umed relative TyrH + O, TyrH-0, M N0
to the amount of amino acid hydroxylatéd\ kinetic model for +PHy +tyr P -PHgtyr T TyrHyrX T

. . . . \ yrH + tyr
such uncoupling is shown in Schemé lere, TyrH binds all three ko +PH, +H,0,

substrates before the hydroxylating intermediate (X) is formed. The
reaction may then follow one of two paths, amino acid hydroxy-
lation with k; as the net rate constant or unproductive breakdown

Table 1. |sotope Effects for Uncoupled TyrH Mutant Enzymes

oC

TyrH ca OV D,0Ce D0V,

of the hydroxylating intermediate witk, as the net rate constant.
The stoichiometry of amino acid hydroxylation to Pékidation,

or couplingC, is equal toky/(k; + k;), independently of whether
slow steps precede these chemical steps. An isotope effdgt on
will be reflected in the coupling ik, > k;; the magnitude of the

isotope effect onk; as k, becomes much greater than.®

F309A 0.20+0.01 0.93+0.03 0.97+0.04 0.77+0.05 0.87+0.10
E326A 0.13+0.01 0.93+0.04 0.88+0.03 0.49+0.02 0.53+ 0.03

H336E 0.04+ 0.01 0.98+ 0.20 0.90+ 0.03 nd

0.62t 0.05

aNanomoles of DOPA produced per nanomole ofsRitidized. An
HPLC-based assay similar to that previously descfilexs used to measure
observed isotope effect should increase to the value of the intrinsicdirectly the stoichiometry of amino acid hydroxylation and 6-MaPH
oxidation.® Isotope effects on the rate of DOPA formation were determined
by direct comparison of the initial rates using 3t5-tyrosine or tyrosine

Consequently, isotope effects which are masked in the wild-type as the substrate; the data were analyzed assuming ideficahd P°V/K
enzyme could be unmasked by measuring product formation for values. ¢ Solvent isotope effects on thénax value for DOPA formation
enzymes which exhibit substantial uncoupling ofRiidation and were determined by direct c‘omparisqn of the rates _of DOPA formation in
tyrosine hycroxylation. n the present study, this approach has beenf 20,31 10 severe oL spanning the o optinu (6E6) he
applied to detect kinetic isotope effects on the hydroxylation of
tyrosine by TyrH.

The TyrH mutant enzymes F309A, E326A, and H336E oxidize
a large excess of PHelative to the amount of DOPA produced,;
for the first two enymes, thK, values for tyrosine and 6-MeRH
are changed less than 2-fold by the mutations, while Bgthalues
increase about 5-fold in the H336E enzyf&&d As shown in Table
1, the ratio of DOPA formed to PAtonsumed shows a significant
inverse isotope effect in the case of the F309A and E326A enzymes, The proposed heterolytic cleavage of the peroxypteffia bridge
while the highK, value for 6-MePH of the H336E enzyme results  in the mechanism of Scheme 1 will require the donation of a proton.
in very low precision for the isotope effect with that enzyme. The This could result in a normal solvent isotope effect on DOPA
unproductive breakdown of the hydroxylating intermediate can also formation. The solvent isotope effects on ttig.x values and on
result in isotope effects on the rate of DOPA formation if the rate the coupling of DOPA formation and Rigxidation for the mutant
constant for uncoupling exceeds all other first-order rate constantsenzymes are given in Table 1. While wild-type TyrH shows a
in the reaction. Consistent with this prediction, ¥g.x values for solvent isotope effect of unitythe mutant enzymes show inverse
DOPA formation by the E326A and H336E enzymes show solvent isotope effects. Figure 1 shows the proton inventory for

significant inverse deuterium isotope effects, while that for F309A
TyrH shows a small but statistically insignificant isotope effect.
Thus, use of mutant enzymes with altered product partitioning has
indeed allowed unmasking of chemical steps. The magnitudes of
the isotope effects are very similar to the value of 0.93 found for
TrpH,3 supporting the proposal that all three aromatic amino acid
hydroxylases share a common mechanism.
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Figure 1. Proton inventory for E326A TyrH. The curved line is from a fit

of the data to eq 1; the straight line is a fit to eq 2. The relative
stoichiometries of PiHoxidation and DOPA formation were determined
by HPLC as described for Table 1. Buffers were made up at pH 7.0 and
pD 7.4, the respective pH optima, and mixed to obtain the indicated mole
ratios of DO.

the solvent isotope effect on the ratio of amino acid hydroxylation
to PH, oxidation. The effect on the proton inventory of a solvent
isotope effect in the transition state knin Scheme 2 is given by
eq 1. A fit of the data to eq 1 yields a line which is concave up
(Figure 1). Alternatively, the effect of a solvent isotope effect on
ko is described by eq 2. A fit of the data to eq 2 yields a significantly
better fit, as shown by the straight line of Figure 1, with a solvent
isotope effect in 100% ED of 2.38+ 0.04 onk;.

1= n+ (0VP0%) + kyfk

nf@a hydroxylatio (1)
PH, oxidation 1+ k/k,
nfaa hydroxylatioh _ 1 —n+ (V"%) + ky/k; @
PH, oxidation 1+ ky/k,

There are two steps in Scheme 1 at which unproductive
breakdown of an intermediate would result in Rktidation without
amino acid hydroxylation. The first possibility is breakdown of the
peroxypterin intermediate due to protonation of the distal oxygen
to form a peroxypterin. Loss of peroxide would produce a quinonoid
pterin and HO,. This reaction would be similar to the uncoupling
of the flavin monooxygenastand the cytochrome P450 enzyrifes
and to the autoxidation of tetrahydropteriisAn alternate pos-
sibility is the unproductive decay of the putative Fe(IV)O inter-
mediate due to attack of a water molecule. Both possibilities are
consistent with the solvent inventory results. One characteristic that
distinguishes breakdown of the ferryl-oxo intermediate is that the

branch point occurs at the same step as amino acid hydroxylation.

As shown in Figure 2, there is a good correlation between the
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Figure 2. Correlation between secondary and solvent isotope effects for
wild-type TyrH>4 and mutant enzymes.

Glu326 in preventing access of solvent to the active site. When
the amino acid and Pfare both bound to PheH, a flexible loop
moves to cover the active sitéln the closed form, Ser137 forms

a water-mediated hydrogen bond with Glu280 (Glu326 of TyrH).
This serine is replaced by lysine in TyrH. Modeling of lysine in
place of Serl37 in PheH shows that it could form an ionic
interaction with Glu326 when the loop is closed over the active
site but not when the loop is open (results not shown). This suggests
that this glutamate plays a key role in keeping the active site closed,
preventing access of solvent to the active site.
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