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Phenylalanine hydroxylase (PheH), tyrosine hydroxylase (TyrH),
and tryptophanhydroxylase (TrpH) form a small family of non-
heme iron monooxygenases which catalyze the insertion of an
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 watérTheir catalytic
domains are homologous, with each containing a single iron atom
bound to two conserved histidines and a glutamate, suggesting that ;
all three share a common catalytic mechanism. Despite the structural PheH A117PheH TyrH  TrpH

similarities, t'he thrge Clgarly differ in Substra.te. specificitiescin Figure 1. Product distribution with 4-Ckiphenylalanine as substrate for
values, and in the identity of the rate-determining SteépAll three the aromatic amino acid hydroxylases: 4-HO@enylalanine (dark gray),
catalyze benzylic hydroxylation of methylated aromatic amino 3-CHs-4-HO-phenylalanine (light gray), and 3-HO-4-gHhenylalanine
acids57 In the case of TyrH, the intrinsic kinetic isotope effects (white). Reactions were carried out and the products analyzed by HPLC as

: . : : described in ref 6. Conditions: 25 mM sodium phosphate buffer, pH 7.0,
for this reaction are consistent with the removal of a hydrogen atom 30 uM ferrous ammonium sulfate, 1.2 mM 4-Gighenylalanine, 10:M

from the methyl grou.In the present study, a detailed analysis of ~ gnzyme, and 15aM 6-methyltetrahydropterin at 3tC.
the intrinsic primary andi-secondary deuterium isotope effects for

benzylic hydroxylation by all three enzymes has been carried out Scheme 1

% amino acid products

as a probe of the relative reactivities of the iron centers. Hy NHg ™
Figure 1 shows the distribution of products when 4;€H .o FeV}O +yHOHzCOC 33;
phenylalanine is used as substrate for wild-type TyrH and PheH HpNHe™ PH, H, NH3 o
and for A117PheH and TrpHoy-416* mutant forms of PheH and Hsc@c 232— H3°O° gg{\ y COEZ i
TrpH lacking the N-terminal regulatory domains. For PheH, the ke ¢ co5
p_ercentage of 3-HO-4-CJ=phenyIaIani_ne is extremely low, con- HC * 1y N
sistent with a strong preference of this enzyme for hydroxylation HOOC CH_
Co;

of the 4-position. The other two enzymes are less specific. Deletion

of the regulatory domain of PheH has no effect on the product o ) )
Table 1. Intrinsic Isotope Effects on Benzylic Hydroxylation by the

composition. Aromatic Amino Acid Hydroxylases?
D(o - - = (P isotope

(% 4-CHOH-phe)= (°ky + ky/k)/(1 + kyfkp) (1) substrate effect PheH A117PheH WT TyrH TrpHioz—a15

When 4-CHz-phenylalaningis used as substrate, there is a large 4"CHzphe Pk 124£1.1 121+11  138£12 13.0£17

d . ;p y f b lic hvd lati d 9 4-CH2H-phe Pk¢  NDd 95+04  95+06 10.9+04
ecrease in the amount of benzylic hydroxylation and a com- N 1124005 120L008 1.09%003

mensurate increase in the amount of aromatic hydroxylation, such4-cHeH,-phe Pk¢  ND 7.1+0.2 7.6£0.3 7.5£0.1
that the total amount of hydroxylated amino acids remains the same. “ke ND 1.31+£0.03 1.35:0.05 1.31£0.02

The isotope effect on benzylic hydroxylation can be calculated from . . ] ] ]

the change in product composition using the model shown in ¢ Conditions as_ln Fl_gure P.I_:)eter_mlned from the glﬁerence in product
) . - istribution with 4-CH- and 4-CHs-phe using eq 1< Determined from

Scheme B2 Here, the different hydroxylated amino acid products  the difference in H ofH loss by mass spectrometry as described in ref 6.

are formed upon partitioning of the hydroxylating intermediate, ¢ Not determined.

proposed to be a ferryl-oxo species resembling that of the heme-

based cytochrome P450 in reactivitif In this model, the fraction

of 4-HOCH,-phenylalanine produced g/(k; + k), and the isotope

effect on the percent of benzylic hydroxylation is related to the

intrinsic isotope effect ol by eq 1. The value df;/k; is readily

determined from the products with 4-Gighenylalanine. The

deuterium isotope effects for benzylic hydroxylation of &g

phenylalaninePk,;, by TyrH, PheH,A117PheH, and Trpkz>-416

are listed in Table 1. The values for all the enzymes are similar.

A similar analysis was carried out with 4-Glghenylalanine
containing one or two deuterium atoms in the methyl grbuip;
each case, the decrease in benzylic hydroxylation was less than
that seen for the trideuterated substrate, and the resulting isotope
effects were also smaller. When the trideuterated substrate is used,
hydroxylation requires that a carbedeuterium bond be broken,
and the deuterium isotope effect is a product of a primary and two
a-secondary effect®k(*Pk)2. When the monodeuterated or dideu-
terated substrate is used, the product 4-hydroxymethylphenylalanine
* Departments of Biochemistry and Biophysics. can result from loss of deuterium o'r'hydrogen, so that the obser.ved
8 Department of Chemistry. isotope effects on product composition are more complex combina-
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4 T T T T Table 2. |sotope Effects on Pre-exponential Factors and
Differences in Activation Energies for Benzylic Hydroxylation by
st 4 the Aromatic Amino Acid Hydroxylases?
X . _ &
ﬂc s 2 enzyme AnlAp AE,q (kcal/mol)
T 2% 1 PheH 0.18t 0.08 2.4+0.3
A117PheH 0.13: 0.06 2.6+£0.3
10 T TyrH 0.11+ 0.05 2.9+ 0.3
3 3.2 3.111 3.6 TrpHi02-416 0.10+ 0.05 2.9+0.3
1000/T (K™)

Figure 2. Deuterium kinetic isotope effects for benzylic hydroxylation as ? Conditions as describeq for Fiqures land 2. .
a function of temperature fok117PheH. Isotope effects were determined hydrogen atom abstraction, with coupled motion and quantum

from the effects on product composition with 4kG-phenylalanine. The  mechanical tunneling contributions. The similarities of the isotope
line is from a fit to the Arrhenius equation. effects and of the contribution of tunneling suggest that the
tions of primary and secondary effects. These effects were reactivities of the hydroxylatir)g intermediates are very similar
deconvoluted by determining the relative amounts of hydrogen @mong the three enzymes, irrespective of the presence of a
versus deuterium loss in the 4-hydroxymethylphenylalanine "€gulatory domain.

product?™** In the case of 4-ChtH-phenylalanine, the ratio of Acknowledgment. We thank Dr. Shane Tichy of the TAMU
4-HOCHH-phenylalanine to 4-HOCHphenylalanine is 2k/°°k. LBMS for assistance with the mass spectrometry, and Drs. Patrick
For 4-CH2H2-pheny|aIanine, the ratio of the dideuterated to the Frantom and Graham Moran for the generous gifts of TyrH and
monodeuterated product #/2*Pk. Consequently, the iSOtopiC  TrpH,g, 416 respectively. This work was supported by NIH Grant
composition of the 4-hydroxymethylphenylalanine and the intrinsic GM47291 and Welch Foundation Grant A1245.

isotope effect on benzylic hydroxylation for the trideuterated Note Added after ASAP Publication. A change was made on
substrate allows calculation of the intrinsic primary and Secondary revision in paragraph 5 that should have been made in paragraph
isotope effects. In addition, the results with the mono- and 4 instead. After this paper was published ASAP November 2, 2005,
dideuterated substrates provide independent values. These intrinsi¢he fourth and fifth paragraphs were corrected, and a correction
isotope effects are listed in Table 1. The results from the two \as made to the labeling in Figure 1. The corrected version was

partially deuterated substrates are different, but similar results werepyplished ASAP November 9, 2005.

obtained for all three enzymes. Intrinsic primary isotope effects of
about 10 andx-secondary isotope effects of about 1.1 were found
with 4-CH,2H-phenylalanine. In contrast, the use of 4<4Eh
phenylalanine results in intrinsic primary isotope effects less than
8 ando-secondary isotope effects of 1.3 or greater. These isotope
effects are consistent with the previously proposed mechanism for
benzylic hydroxylation, in which a hydrogen atom is abstracted in
a transition sate with significant $pharactef. The isotope effects
when one deuterium is present in the methyl group 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 inflatedecondary isotope
effect and a decreased primary eff&t* The intrinsic primary
anda-secondary kinetic isotope effects for TyrA117PheH, and
TrpHi02-416are indistinguishable, suggesting that the transition states
for CH bond cleavage are similar; this requires that the ferryl-oxo
intermediates in all three have similar reactivities.

The intrinsic primary isotope effects with the monodeuterated
substrate are greater than the upper limit of about 7 predicted by
transition state theory. Such large kinetic isotope effects are often
interpreted as indicating quantum mechanical tunneling of the
hydrogen aton>~17 Figure 2 shows the temperature dependence
of the intrinsic kinetic isotope effect fak117PheH. The data from
this and similar analyses for TyrH, Phek\117PheH, and
TrpHi02-416 Were fit to the Arrhenius equation to obtain the isotope
effects on the Arrhenius pre-exponential factods/fp) and the
differences in activation energiesAE,:). In the absence of
tunneling,A/Ap will fall in the range of 0.7 1.4, andAE, should
not exceed 1.4 kcal mo}.16:18-20 For all three aromatic amino acid
hydroxylases, the values 8f/Ap andAE,.are outside these ranges
(Table 2). SinceAy/Ap < 0.7, the tunneling can be described as
moderate, with protium tunneling to a much greater extent than
deuteriumt’21 The values for all three enzymes agree well,
suggesting that the extent of tunneling is very similar.

Supporting Information Available: Arrhenius plots for TyrH,
PheH, and Trphh.-416 and tables of isotope effects and of the isotopic
content of the hydroxymethylphenylalanine products. This material is
available free of charge via the Internet at http://pubs.acs.org.
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