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Abstract: Tyrosine hydroxylase converts tyrosine to dihydroxyphenylalanine utilizing a tetrahydropterin cofactor
and molecular oxygen. Previous deuterium isotope effect studies have raised the possibility that the activation
of oxygen might be the rate-limiting step for this reaction. To test the validity of this proposal, we have
measured thé®O kinetic isotope effects for the tyrosine hydroxylase reaction as a function of amino acid
substrate, tetrahydropterin derivative, and pH. The meas@@otope effects are nearly constant in every
condition tested with an average value of 1.0475.0019. These results are consistent with a change in the
bond order to oxygen in the rate determining step. Furthermore, the isotope effects measured with the coupled
substrate 4-methoxyphenylalanine and the completely uncoupled substrate 4-aminophenylalanine are identical,
implying the same rate determining step independent of whether oxygen activation is coupled to substrate
hydroxylation. The results of these studies provide strong support for a rate limiting reductive activation of
molecular oxygen, most likely via a one-electron transfer from the tetrahydropterin to form superoxide anion
as the first reactive intermediate.

Introduction Scheme 1.Overall Reaction Catalyzed by Tyrosine
Tyrosine hydroxylase [EC 1.14.16.2] catalyzes the hydroxy- Hydroxylase
lation of tyrosine to form dihydroxyphenylalanine (dopa) HO
HOGCHZ CH-COO"

(Scheme 1), the first and rate-limiting step in the biosynthesis HO_QCHZ_CH,COO-
of catecholamine neurotransmittérsTogether with phenyla- NHg* 0, NH5
+

lanine hydroxylase and tryptophan hydroxylase, they constitute \ +
a small family of non-heme iron enzymes which catalyzes the H H H
. . . . . I

hydroxylation of aromatic amino acids, using molecular oxygen H HN N\YNHZ HN /NYNH
and tetrahydropterin as the additional substrates. Ri I NH RiN NH
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additionally, a dead-end enzyme tyrosine complex fotms.
There is no primary deuteritimor solvent kinetic isotope
effect onVmax or VIKty,. These results rule out a rate-limiting

hydrogen transfer step under steady-state conditions, suggesting; 5

instead the possibility of a rate limiting conformational change
or a slow activation of molecular oxygen.

If the formation of the hydroxylating intermediate for the
reaction catalyzed by tyrosine hydroxylase is the rate-limiting
step, it is expected that the measuremenrfofkinetic isotope
effects can provide evidence for the validity of this proposal.
A technique for the measurement’8® isotope effects has been
presented by Tian and Klinm&and employed for the measure-
ment of equilibrium isotope effects on oxygen binding to its

biological carriers. Subsequent kinetic isotope effects measure-

ments were carried out with the enzymes dopanfirgo-
nooxygenaseand lipooxygenasé.

We now extend this methodology to tyrosine hydroxylase,
providing direct evidence for a rate-limiting reductive activation

of molecular oxygen. Among the mechanistic alternatives, a

limiting one-electron transfer from tetrahydropterin to form
superoxide anion appears most probable.

Materials and Methods

Materials. 4-Methoxyphenylalanine, 4-aminophenylalanine, sheep
liver dihydropteridine reductase, and NADH were from Sigma Chemical
Co., St. Louis, MO. 4-Methoxyphenylalanine was further purified by
using a 19x 300 mm Waters C1@8Bondapak column in 6% CITN.
Tetrahydropterin (Pk) was from Dr. B. Schircks (Jona, Switzerland).
6-Methyltetrahydropterin (MPk) was synthesized as described previ-
ously?
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Table 1.
pH

1§V/K) Isotope Effects for Tyrosine Hydroxylase
ptefin 18(V/K)

6MRPH1.0175+ 0.0010
6MEPH1.0185+ 0.0012
6MPH1.0175+ 0.0012
6MRPH1.0162

amino acid substrate

4-methoxyphenylalanine (0.6 mM)
4-methoxyphenylalanine (2.0 mM)
4-methoxyphenylalanine (3.8 mM)
4-methoxyphenylalanine (10 mM)
4-methoxyphenylalanine (2.0 mM) PH 1.01864 0.0002
.0 4-methoxyphenylalanine (2.0 mM) 6MPH1.0161+ 0.0037
6.5 4-aminophenylalanine (100M) 6MPH, 1.0171+ 0.0017

aThe conditions for thé&V/K) isotope effects measurements are
described under Method3The concentration of 6MPHand PH used
was 25 to 5quM.

6.5
6.5
6.5

were used to calculate the extent of reactipmnd the isotope ratios
were used to calculaf@/R,. The'fO isotope effect was then calculated
with eq 1.

BVIK) = 1/[1 + IN(RIR)/N(L — )] 1)

Results and Discussion

The formation of the hydroxylating intermediate in the
reaction catalyzed by tyrosine hydroxylase has been suggested
to be rate limiting, based on steady-state kinetics and deuterium
kinetic isotope effect experimems. Therefore, it was antici-
pated thatl®0 isotope effects could provide valuable insight
into the validity of this proposal and possibly the nature of the
hydroxylating intermediate.’®0 kinetic isotope effects have
now been measured for the tyrosine hydroxylase reaction as a
function of amino acid substrate, tetrahydropterin derivative,

Recombinant rat tyrosine hydroxylase was purified as described and pH. The results of tH&O kinetic isotope effect experiments

previously® The enzyme concentration was determined with use of
an ey value of 10.4 and a subunit molecular weight of 56800.
Catalase was from Boehringer Mannheim, Indianapolis, IN.
Methods: O Isotope Effects. 80 effects were measured by a
competitive method described by Tian efallhis method involves
the isolation of @ remaining in the reaction mixture followed by
determination of the extent of reaction and the isotope ratio in the
isolated oxygen. First, samples of 125 mL of 50 mM MES (pH 6.5)
or 50 mM Hepes (pH 8.0), 7885 mg of NADH, and variable amounts

of substrate (4-methoxyphenylalanine or 4-aminophenylalanine) were

saturated with @by bubbling pure @through the buffer solution for
ca. 20 min. The @saturated buffer was then transferred to the vacuum
apparatus. To the transferred solution, 300 of catalase (20 mg/
mL), 500uL of dihydropteridine reductase (1.4 mg/mL), and 1.5 mL
of tyrosine hydroxylase (2:55.5 mg/mL) were added before the

are summarized in Table 1. It can immediately be noted that
the measured®O kinetic isotope effects are large under all
experimental conditions studied. These results are consistent
with a change in the bond order to oxygen in the rate
determining step.

Tyrosine hydroxylase catalyzes the hydroxylation of a variety
of aromatic amino acids and phenylalanine derivatives, the
majority of which afford multiple products. 4-Methoxyphenyl-
alanine is an excellent substrate for the study of the tyrosine
hydroxylase for two main reasons: (1) its enzymatic oxidation
affords 4-methoxy-3-hydroxyphenylalanine as the only product
and (2) the oxidation of the amino acid is completely coupled
to the oxidation of the tetrahydropterin cofactbr.For these

reaction vessel was sealed with a rubber plunger. The total volume reasons, 4-methoxyphenylalanine was chosen as the amino acid

was ca. 75 mL. The first sample removed was a blank. The/&s
isolated and converted to GO The total CQ concentration was
measured by transferring the @&ample to a pressure transducer. A
solution of tetrahydropterin or 6-methyltetrahydropterin was injected
into the reaction container to start the reaction. After a certain period
of time, a sample was removed and thev@s isolated and converted

to CO,.. Three time point samples were usually taken per experiment.
The CQ samples were analyzed fo®O content at Geochron
Laboratories in Cambridge, MA, by isotope ratio mass spectrometry.
The relative pressure values of €om blank and reaction samples

(2) Fitzpatrick, P. FBiochemistry1991, 30, 3658-3662.

(3) Fitzpatrick, P. FBiochemistry1991, 30, 6386-6391.

(4) Tian, G.; Klinman, J. PJ. Am. Chem. S0d.993 115 8891-8897.

(5) Tian, G.; Berry, J. A.; Klinman, J. Biochemistryl994 33, 226—
234.

(6) Glickman, M. H.; CIiff, S.; Thiemens, M.; Klinman, J. B. Am.
Chem. Soc1997 119 1135711361.

(7) Fitzpatrick, P. FJ. Biol. Chem1988 263 16058-16062.

(8) Daubner, S. C.; Lauriano, C.; Haycock, J. W.; Fitzpatrick, PJ.F.
Biol. Chem 1992 267, 12639-12646.

(9) Haavik, J.; Andersson, K. K.; Petersson, L.; FlatmarkBibchim.
Biophys. Actal988 953 142-156.

substrate for the initidlfO kinetic isotope effect measurements.

The kinetic mechanism of tyrosine hydroxylase indicates that
oxygen binds after tetrahydropterin and before tyrosine and that
this binding is a rapid equilibrium proce$sThe magnitudes
of 180 kinetic isotope effects as a function of time and
4-methoxyphenylalanine concentration are shown in Figure 1
and summarized in Table 1. Itis evident that these effects are
independent of the amino acid concentration. This result is
consistent with the substrate concentration dependence of the
isotope effects in an equilibrium ordered mechanism, in which
the VIK isotope effects are the same regardless of which
substrate is varied, and regardless of the level of the second
substraté! If we consider the minimum kinetic mechanism
shown in eq 2, where oxygen binds to the enzyetehydropterin
complex before the amino acid, followed by an irreversible
isotopic sensitive step,

(10) Hillas, P. J.; Fitzpatrick, P. Biochemistryl996 35, 6969-6975.
(11) Cook, P. F.; Cleland, W. WBiochemistry1981 20, 1790-1796.
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Figure 1. §VIK) vs fraction conversion for the reaction of 4-meth-
oxyphenylalanine (0.6 mV&), 2.0 mM (&), 3.8 mM (¥), and 10 mM
(m) at pH 6.5 and 2.0 mM+€) at pH 8.0) with tyrosine hydroxylase.

k K K
E+PH, + O, 7= E-PH,O, + aag- E-PH,Oyaa— (2)

the expressions for tHéO kinetic isotope effect ok/K can be
easily derived as:

ks klaa]
e oy

1+ k—5(1 - k?’[aa])

(VIK)o, = €)

K, k,
where!®s is the®O intrinsic isotope effect. For an equilibrium

ordered mechanismnk;, is very fast with respect tds[aa].
Underthese conditions, the expressionf§¥/K)o, reduces to:

BVIK)o, = (ks + ke/kp)/(L + ke/ky) @
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the calculated®O equilibrium isotope effects. These calculated
equilibrium isotope effects can thus be used as a frame of
reference for the interpretation of th& kinetic isotope effects,

as has been done for dopamjfienonooxygenaseand lipooxy-
genasé. Although the calculated isotope effects could be
slightly different when the hydrogen bonded to oxygen has been
replaced by a carbon or a metal atom, there is indication that
the changes, if any, are very smalf

The 180 kinetic isotope effects measured for the tyrosine
hydroxylase reaction in every condition tested are nearly
constant, with an average value of 1.01%.0019 (Table 1).

The magnitude of this isotope effect rules out two very important
cases as rate limiting. These are the reactions of dioxygen that
involve a change in bonding without a concomitant change in
bond order, namely, the formation of either protonated super-
oxide (HG®) or hydrogen peroxide, for which the equilibrium
isotope effects have been calculated to be 1.0115 and 1.0089,
respectively. On the other hand, the results indicate a change
in the bond order to oxygen in the rate determining step. The
three possibilities to consider are the one-electron reduction of
oxygen to form superoxide, the two-electron reduction of oxygen
to form G2, and the two-electron reduced, protonated product,
HO,~. The equilibrium isotope effects calculated for these three
species (@, 027, HO;™) are 1.0331, 1.0496, and 1.0340,
respectivelyt

The principal kinetic barrier to direct reaction of dioxygen
with organic substrates is the spin-triplet ground state of
dioxygen. Since organic and biological molecules have paired
electrons and singlet ground states, their reactions with dioxygen
are spin forbidden. This kinetic barrier can be overcome by
exciting the Q molecule to the singlet state, by a free radical
pathway, or by complexation with a paramagnetic metal ion.
Tyrosine hydroxylase could utilize two of these three mecha-
nisms for the activation of oxygen: a free radical mechanism
involving the tetrahydropterin cofactor and the complexation
of O, to the non-heme iron. These two possibilities are
described below in detail.

Tyrosine hydroxylase contains an essential nhon-heme iron.

which is independent of the concentration of amino acid and The requirement of the iron has been demonstrated by the lack
equal to*¥(V/K)aa For such a mechanism, the full isotope effect of activity in apoenzym¥15 or in protein variants in which

on ks is seen when the amino acid substrate dissociates rapidlyligands to the iron have been mutaf€dNo other transition
relative to catalysis, i.e., the commitment to catalysis is small metals have been found to be catalytically active, implying that
(ks > ks). Although this has not been established for tyrosine the metal center is involved in catalysis and that it is not merely
hydroxylase, we note that increase of pH from 6.5 to 8.0 has structural. The isolated enzyme contains a high-spin iron(lll)
no effect on the measured isotope effects (Table 1), ruling out with S = 5/,, which is reduced before turnover to the active
a pH-sensitive external commitment. ferrous form by the tetrahydropterin cofacidr.

With nonphysiological substrates, the oxidation of tetrahy-  pue to the high affinity of Fe(ll) for dioxygeft it might be
dropterin can be uncoupled from the oxidation of the amino expected that oxygen would bind initially to the iron site. If
acid® When 4-aminophenylalanine is used as the amino acid this were the case, significant electron transfer from Fe(ll) to
substrate for terSine hydroxylase, the oxidation of tetrahy- 0O, would be anticipated to accompany binding’ producing a
dropterin is completely uncoupled and no hydroxylated product species with extensive H©,~ character (Scheme 2). The
is formed!? As shown in Table 1, thé®O isotope effects  formation of the iror-dioxygen complex would show an isotope
obtained with 4-aminophenylalanine are virtually identical to effect of <1.01 upon its formatioA,ruling out this step as rate

those of the fully coupled substrate 4-methoxyphenylalanine. determining. Subsequent one-electron transfer from the reduced
This implies the same rate determining step, independent of
whether oxygen activation is linked to substrate hydroxylation. 11((3173)1E132éger, R. M.; Tian, G.; Drlica, KJ. Am. Chem. S0d.995 117,
1 ilibri i — .
re dz(():tﬁ)qnu(l)“fbr:ilcj)ig éﬁ?;?giyegféictts tmaévspt;i?gs_coail_fglzaitg;gr the 1é:-L4) Fitzpatrick, P. FBiochem. Biophys. Res. Comm@89 161, 211~
HO,™, H,O,, and HO4 These authors also measured the  (15) Haavik, J.; LeBourdelles, B.; Martinez, A.; Flatmark, T.; Mallet, J.
equilibrium isotope effects of the reversible oxygen carriers Eur. J. Biochem1991 199 371-378. . , _
hemoglobin, myoglobin, hemerythrin, and hemocyanin and Sci(_lfgg%azszegégzjdg%?“b”er’ S. C.; Bhrlich, J. I.; Fitzpatrick, Prétein
found excellent agreement with the expected equilibrium isotope  (17) Ramsey, A. J.; Hillas, P. J.; Fitzpatrick, P.JFBiol. Chem1996

effects inferred from the known structures of bound oxygen and 271, 24395-24400. _
(18) Jones, R. D.; Summerville, D. A.; Basolo,Ghem. Re. 1979 79,
139-179.

(12) Hillas, P. J. Ph.D. Thesis, Texas A&M University, 1997.
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Scheme 2.Proposed Mechanism for the Tyrosine Hydroxylase Reaction Involving Initial Binding of Oxygen to the Fe(ll)

Center
H
H N N _NH HE N_ _NH ”ﬁ N _NH
S 2 S 2 5 2
H X — X
s Y T
R—\y NH RNy NH R—y NH
H 0, H aa H
H O ( H O ( H O
—— Fe(ll) —— Fe(I)O, = Fe(ll)-0p —— Fe(I)O, == Fe(ll)O, ~
_ — da
slow
+o
H E N__NH H
: Hj: Z H* 2 H:I:NI N NH2
R
\ NH R—\y NH
H Hi§
H (IJ o fast H
. Fe()—O —— Fe(Il)0, ~ — Fe(ll)0,2
—— aa —— aa

pterin ring could, in principle, lead to a rate limiting decrease
in bond order at the oxygeroxygen bond by the formation of
Feé' 0,2~ and a kinetic isotope effect of the magnitude observed
in this study (1.0175).

The mechanism in Scheme 2 requires that the initial reaction
of Fe(ll) with O, be reversible and that Qlissociate rapidly
from the F&' O, complex k, > ks[aa], as needed for an
equilibrium ordered mechanism). An equilibritfO isotope
effect would occur on @binding, followed by a kinetic isotope
effect for the one-electron transfer from tetrahydropterin in the
presence of bound substrate. The expression fdé@ésotope
effect on1&V/IK)o, for the kinetic mechanism shown in eq 2
when Q binds to Fe(ll) is:

k_s) N

18K1(18k5 + ”
4,

Ks
Lt

" koke[aa]
Kok,
ks[aa ®)
Ky

BVIK), =

wherek;, kp, andks are isotope sensitive. This reduces to:

FVIK)o, ="Ky (s + kek)I(L + kefk) ()
in the case of an equilibrium ordered mechaniskK; is the

180 equilibrium isotope effect on oxygen bindingky = [(1%ky/
18,)/(18,/18;)]). The observed isotope effect in eq 6 will,
therefore, range frorffK; (ca. 1.01) to 18K;%s depending on
the ratio ofks to ka.

One difficulty with the mechanism in Scheme 2 is that it
requires that the overall rate determining step be the one-electro
transfer from tetrahydropterin to an already activated form of
oxygen (F&' O,7) resulting in the thermodynamically preferred
two-electron reduction of dioxygen, a condition we consider
unlikely. Although precise one-electron reduction potentials for
Fd!'O,~ and 6MPH are not available, we estimate 0.74 V for

the F&'O, /F€" 0,2~ couple (based on the reduction potential
for HOO to HOO™ at pH 7.39) and 0.26 V for 6MPH (based
on the pH 7.0 reduction potential for the 6,7-blocked pterin,
5,6,6,7,7-pentamethyl-5,6,7,8-tetrahydropterin semiquifpne
This leads to an estimate fé&xG° of —11.1 kcal/mol for the
one-electron reduction of P&, by tetrahydropterin.

Additionally, in the event that the mechanism depicted in
Scheme 2 were operative, it seems likely that formation of
Fe'"O,~ would be detectable by Msbauer and/or Raman
spectroscopy. Such species have been previously characterized
in other systems, including Fe(ll)-bleomyéland cytochrome
P450%22% |n the case of tyrosine hydroxylase, however,
Mossbauer spectra of the Fe(ll) form of tyrosine hydroxylase
in the presence and absence of tetrahydropterin are not
significantly differen* This argues against the formation of
an Fd&'O,~ species, at least in the absence of amino acid
substrate. Carbon monoxide and nitric oxide are known to bind
reversibly to Fe(ll) centers, often providing distinctive spec-
troscopic signatures for the formation of such complexes.
Investigation of the spectroscopic properties of tyrosine hy-
droxylase with CO and NO may provide valuable information
regarding a possible interaction of @ith iron when substrate
is bound.

We further note that the mechanism in Scheme 2 requires
that F&'O,2~ couple to the tetrahydropterin to form the
postulated Fe(ll}-peroxo 4a-tetrahydropterin intermediate (see

(19) Sawyer, D. TOxygen ChemistryOxford University Press: New
York, 1991.

(20) Eberlein G.; Bruice, T. C.; Lazarus, R. A.; Henrie, R.; Benkovic,
S. J.J. Am. Chem. S0d.984 106, 7916-7924.

n (21) Burger, R. M.; Kent, T. A.; Horwitz, S. B.; Mk, E.; Peisach, J.

J. Biol. Chem1983 258, 1559-1564.

(22) Sharrock, M.; Muack, P. G.; Debrunner, P. G.; Marshall, V.;
Lipscomb, J. D.; Gunsalus, |. ®iochemistryl973 12, 258-265.

(23) Bangcharoenpaurpong, O.; Rizos, A. K.; Champion, P. M.; Jollie,
D.; Sligar, S. GJ. Biol. Chem.1986 261, 8089-8092.

(24) Meyer-Klaucke, W.; Winkler, H.; Scmemann, V.; Trautwein, A.
X.; Nolting, H.-F.; Haavik,J. Eur. J. Biochem241, 432—439.
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Scheme 3.Proposed Mechanism for the Tyrosine Hydroxylase Reaction Involving an Initial Rate Limiting One-Electron

Transfer from Tetrahydropterin to Oxygen
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In both of the mechanisms shown (Schemes 2 and 3), the
rate-limiting step is the one-electron transfer from tetrahydro-
pterin to either @ or F&"O,~. We therefore anticipated that
e ) ) ) altering the tetrahydropterin structure would affect the rate of

Another possibility for the reaction of Owith tyrosine  the reaction between tetrahydropterin and either oxygen species,
hydroxylase is that oxygen binds weakly to a hydrophobic site which could then have an effect on the measured isotope effects.
on the protein, Scheme 3. Weak binding would be consistent Consequently, a number of alternate 6-substituted tetrahydro-
with the rapid equilibrium interaction of 0 enzyme. Under pterins were examined as substrates. Among these (6,7)}£CH
this condition, the rate determining step becomes the one-PHs, 6-phenyl-PH, 6-HOCH:-PH,, and tetrahydropterin), PH
electron transfer from tetrahydropterin to dioxygen to forgrO ~ had kinetic parameters most different from those of 6MPH
For this step, &G° of 9.7 kcal/mol can be calculated from the  With V/K values reduced 4-fold (results not shown). However,
one-electron reduction potentials of oxyéemand 5,6,6,7,7- the180 |sotope effects measured with Pate |.dent|callto those
pentamethyl-5,6,7,8-tetrahydropterin semiquirtSree pH 7.0. measured with 6MPHi(Table 1). We attr|bute2th|s o the
The isotope effect expression for this mechanism is shown in _unchanged standard reduction potential (.)f 60.0 ﬁfdr_P_l—|4

. . : in relation to 6MPH. Unless tetrahydropterins with sufficiently
eq 4 where itis assumed thiatandk involve little orno change  yiterent rates and reduction potentials become available as
in bond order to @ If the commitment to catalysis is small  gypsirates, it appears unlikely that it will be possible to observe
(ks > ks), the magnitude of the observed isotope effect reflects ajtered isotope effec. This comparison between Rtnd
185, which could be as large as 1.0331 in the case of a late 6MPH, does suggest that differences in binding interactions
transition staté. We note that tetrahydropterins undergo au- between enzyme and cofactor are not affecting transition state
toxidization in neutral aqueous solutions to form quinonoid structures significantly.
dihydropterin and hydrogen peroxide. Model studies with  In deciding between Schemes 2 and 3, there are a number of
tetrahydropterin analogues have led to the conclusion that thefactors that point toward Scheme 3: (1) There is no evidence
reaction with dioxygen proceeds through an initial one-electron for a'dlrect Interaction betweenoQuith the Fe(ll) center of
transfer from the tetrahydropterin t0,O This one-electron tyrosine hydroxylase in the absence of substrate. (2) Thermo-

transfer is slow and rate controllifd. It has been proposed dynamic arguments indicate that the first electron transfer to
hat th . losel ) bl ph % _ O, to form superoxide is a far less favorable process than
that .t e transition ste_lte cos_ey resgm es a tetrahy I’Optel’lnreduction of F¥ O, to Fé”Ozzf. (3) Coupling the reduced
semiquinone-superoxide radical, which must couple to form @ gyygen to the pterin radical cation is expected to be more facile
4a-peroxytetrahydropterin intermedi&feThis is analogous to  with O~ than with FEO,™, since the latter is expected to have
the mechanism proposed for the reaction of reduced flavin a large degree of H&D,2~ character. Various experimental
analogues with oxygéhand for the oxygen activation by flavin- (27) Archer, M. C.; Scrimgeour K. GCan. J. Biocheml97Q 48, 526—
dependent phenol hydroxylasés. 527.

P P y y (28) The range of tetrahydropterins which could be used for the analyses
was limited by the need to minimize the amount of nonenzymatic
autoxidation. Consequently, low (250 M) concentrations were used and
the quininoid dihydropterin was recycled with use of dihydropteridine
reductase and NADH. Tetrahydropterins which were poor substrates for
the reductase or for which the autoxidation was too rapid were thus ruled
out.

below). As indicated in Scheme 2, this can only occur from a
reduced iron species, ¥®,~, which is expected to be a minor
contributor to the ground-state electronic configuration.

(25) Kemal, C.; Chan, T. W.; Bruice, T. @. Am. Chem. S0d977, 99,
7272-7286.

(26) Ballou, D. P. InFlavins and Flaoproteing Massey, V., Williams,
C. H., Jr., Eds.; Elvesier: New York, 1982; pp 36310.
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observations are consistent with the cofactmxygen intermedi- activation would not appear i#¥(V/K)o,, which measures steps
ates shown in Scheme 3. The initial oxidized pterin product in up to and including the first irreversible step. NMR studies of
the reaction of tyrosine hydroxylase, as well as in the reaction the binding of the 6MPH to a cobalt-substituted tyrosine
of phenylalanine hydroxylase, is the 4a-carbinolamf®. hydroxylase have shown that the metal center and the pterin
Experiments with80, have unambiguously demonstrated that are in very close proximity, approximageb A apart34 This
the source of the oxygen atom in the tyrosine hydroxylase distance is appropriate for the formation of the postulated Fe-
reaction is dioxygef! One of the oxygen atoms of,@ found (i) u-peroxo 4a-tetrahydropterin. In the absence of direct
in the hydroxylated product and the other in the carbinolamine spectroscopic evidence, however, the formation of such a species
4a-hydroxytetrahydropterin, which slowly dehydrates to quinon- must remain speculative.
oid dihydropterin and water. In the phenylalanine hydroxylase  In conclusion,'®O kinetic isotope effect measurements for
from Chromobacteriumviolaceum isotope effect studies have the tyrosine hydroxylase have provided, for the first time, direct
provided evidence for a rate determining step before the hydride evidence of activation of molecular oxygen as rate limiting in
shift, most likely the formation of an oxygerpterin intermedi- the reaction catalyzed by tyrosine hydroxylase. While two
ate®? possible mechanisms have been presented and described above,
In the context of Scheme 3, what role would the iron play in @ slow one-electron transfer from the tetrahydropterin cofactor
oxygen activation and substrate hydroxylation? One important t0 0xygen to form superoxide anion (Scheme 3) is in better
reactivity difference between pterin- and flavin-dependent accordance with the available data. We note that earlier model
hydroxylases is the ability of the former to hydroxylate studies of the oxidation of pteﬁ?land flavire® analogues and
unactivated aromatic and aliphatic-€ substrates. In this  Studies of the related flavoprotein systéfisave postulated a
respect, the chemistry of these non-heme iron pterin enzymessimilar rate determining step.
is more similar to the cytochrome P450. It is possible that the
formation of an Fe(llu-peroxo 4a-tetrahydropterin intermediate

serves to activate further the oxygen with the formation of a X
higher valent iron oxo species as the hydroxylating species, as(P-F.F.) and Robert A. Welch Foundation Grant A-1245 (P.F.F.).

has been previously propos&.Since the formation of the W.A.F. was supported by postdoctoral feI'Iowships from the NIH
pterin hydroperoxide is expected to be irreversible, any further (F32 GM 17026) and the Ford Foundation.
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