
Subscriber access provided by American Chemical Society

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Communication

Intrinsic Isotope Effects on Benzylic Hydroxylation by
the Aromatic Amino Acid Hydroxylases:  Evidence for

Hydrogen Tunneling, Coupled Motion, and Similar Reactivities
Jorge Alex Pavon, and Paul F. Fitzpatrick

J. Am. Chem. Soc., 2005, 127 (47), 16414-16415• DOI: 10.1021/ja0562651 • Publication Date (Web): 02 November 2005

Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 3 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja0562651


Intrinsic Isotope Effects on Benzylic Hydroxylation by the Aromatic Amino
Acid Hydroxylases: Evidence for Hydrogen Tunneling, Coupled Motion, and

Similar Reactivities

Jorge Alex Pavon‡ and Paul F. Fitzpatrick*,‡,§

Departments of Biochemistry and Biophysics, and Department of Chemistry, Texas A&M UniVersity,
College Station, Texas 77843-2128

Received September 12, 2005; E-mail: fitzpat@tamu.edu

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 water.1,2 Their 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
similarities, the three clearly differ in substrate specificities, inkcat

values, and in the identity of the rate-determining step.1-4 All three
catalyze benzylic hydroxylation of methylated aromatic amino
acids.5-7 In the case of TyrH, the intrinsic kinetic isotope effects
for this reaction are consistent with the removal of a hydrogen atom
from the methyl group.6 In the present study, a detailed analysis of
the intrinsic primary andR-secondary deuterium isotope effects for
benzylic hydroxylation by all three enzymes has been carried out
as a probe of the relative reactivities of the iron centers.

Figure 1 shows the distribution of products when 4-CH3-
phenylalanine is used as substrate for wild-type TyrH and PheH3

and for∆117PheH3 and TrpH102-416,4 mutant forms of PheH and
TrpH lacking the N-terminal regulatory domains. For PheH, the
percentage of 3-HO-4-CH3-phenylalanine is extremely low, con-
sistent with a strong preference of this enzyme for hydroxylation
of the 4-position. The other two enzymes are less specific. Deletion
of the regulatory domain of PheH has no effect on the product
composition.

When 4-C2H3-phenylalanine6 is used as substrate, there is a large
decrease in the amount of benzylic hydroxylation and a com-
mensurate increase in the amount of aromatic hydroxylation, such
that the total amount of hydroxylated amino acids remains the same.
The isotope effect on benzylic hydroxylation can be calculated from
the change in product composition using the model shown in
Scheme 1.8,9 Here, the different hydroxylated amino acid products
are formed upon partitioning of the hydroxylating intermediate,
proposed to be a ferryl-oxo species resembling that of the heme-
based cytochrome P450 in reactivity.2,10 In this model, the fraction
of 4-HOCH2-phenylalanine produced isk1/(k1 + k2), and the isotope
effect on the percent of benzylic hydroxylation is related to the
intrinsic isotope effect onk1 by eq 1. The value ofk1H/k2 is readily
determined from the products with 4-CH3-phenylalanine. The
deuterium isotope effects for benzylic hydroxylation of 4-C2H3-
phenylalanine,Dk1, by TyrH, PheH,∆117PheH, and TrpH102-416

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

A similar analysis was carried out with 4-CH3-phenylalanine
containing one or two deuterium atoms in the methyl group;6 in
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 carbon-deuterium bond be broken,
and the deuterium isotope effect is a product of a primary and two
R-secondary effects,Dk(RDk)2. When the monodeuterated or dideu-
terated substrate is used, the product 4-hydroxymethylphenylalanine
can result from loss of deuterium or hydrogen, so that the observed
isotope effects on product composition are more complex combina-
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Figure 1. Product distribution with 4-CH3-phenylalanine as substrate for
the aromatic amino acid hydroxylases: 4-HOCH2-phenylalanine (dark gray),
3-CH3-4-HO-phenylalanine (light gray), and 3-HO-4-CH3-phenylalanine
(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,
30 µM ferrous ammonium sulfate, 1.2 mM 4-CH3-phenylalanine, 10µM
enzyme, and 150µM 6-methyltetrahydropterin at 30°C.

Scheme 1

Table 1. Intrinsic Isotope Effects on Benzylic Hydroxylation by the
Aromatic Amino Acid Hydroxylasesa

substrate
isotope
effect PheH ∆117PheH WT TyrH TrpH102-416

4-C2H3-phe Dk1
b 12.4( 1.1 12.1( 1.1 13.8( 1.2 13.0( 1.7

4-CH2
2H-phe Dkc NDd 9.5( 0.4 9.5( 0.6 10.9( 0.4

RDkc ND 1.12( 0.05 1.20( 0.08 1.09( 0.03
4-CH2H2-phe Dkc ND 7.1( 0.2 7.6( 0.3 7.5( 0.1

RDkc ND 1.31( 0.03 1.35( 0.05 1.31( 0.02

a Conditions as in Figure 1.b Determined from the difference in product
distribution with 4-CH3- and 4-C2H3-phe using eq 1.c Determined from
the difference in H or2H loss by mass spectrometry as described in ref 6.
d Not determined.
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tions of primary and secondary effects. These effects were
deconvoluted by determining the relative amounts of hydrogen
versus deuterium loss in the 4-hydroxymethylphenylalanine
product.9-11 In the case of 4-CH22H-phenylalanine, the ratio of
4-HOCH2H-phenylalanine to 4-HOCH2-phenylalanine is 2Dk/RDk.
For 4-CH2H2-phenylalanine, the ratio of the dideuterated to the
monodeuterated product isDk/2RDk. Consequently, the isotopic
composition of the 4-hydroxymethylphenylalanine and the intrinsic
isotope effect on benzylic hydroxylation for the trideuterated
substrate allows calculation of the intrinsic primary and secondary
isotope effects. In addition, the results with the mono- and
dideuterated substrates provide independent values. These intrinsic
isotope effects are listed in Table 1. The results from the two
partially deuterated substrates are different, but similar results were
obtained for all three enzymes. Intrinsic primary isotope effects of
about 10 andR-secondary isotope effects of about 1.1 were found
with 4-CH2

2H-phenylalanine. In contrast, the use of 4-CH2H2-
phenylalanine results in intrinsic primary isotope effects less than
8 andR-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 sp2 character.6 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 inflatedR-secondary isotope
effect and a decreased primary effect.12-14 The intrinsic primary
andR-secondary kinetic isotope effects for TyrH,∆117PheH, and
TrpH102-416are 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 atom.15-17 Figure 2 shows the temperature dependence
of the intrinsic kinetic isotope effect for∆117PheH. The data from
this and similar analyses for TyrH, PheH,∆117PheH, and
TrpH102-416 were fit to the Arrhenius equation to obtain the isotope
effects on the Arrhenius pre-exponential factors (AH/AD) and the
differences in activation energies (∆Eact). In the absence of
tunneling,AH/AD will fall in the range of 0.7-1.4, and∆Eact should
not exceed 1.4 kcal mol-1.16,18-20 For all three aromatic amino acid
hydroxylases, the values ofAH/AD and∆Eact are outside these ranges
(Table 2). SinceAH/AD < 0.7, the tunneling can be described as
moderate, with protium tunneling to a much greater extent than
deuterium.17,21 The values for all three enzymes agree well,
suggesting that the extent of tunneling is very similar.

The data presented here are consistent with all three aromatic
amino acid hydroxylases catalyzing benzylic hydroxylation via

hydrogen atom abstraction, with coupled motion and quantum
mechanical tunneling contributions. The similarities of the isotope
effects and of the contribution of tunneling suggest that the
reactivities of the hydroxylating intermediates are very similar
among the three enzymes, irrespective of the presence of a
regulatory domain.
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Note Added after ASAP Publication.A change was made on
revision in paragraph 5 that should have been made in paragraph
4 instead. After this paper was published ASAP November 2, 2005,
the fourth and fifth paragraphs were corrected, and a correction
was made to the labeling in Figure 1. The corrected version was
published ASAP November 9, 2005.
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PheH, and TrpH102-416, and tables of isotope effects and of the isotopic
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Figure 2. Deuterium kinetic isotope effects for benzylic hydroxylation as
a function of temperature for∆117PheH. Isotope effects were determined
from the effects on product composition with 4-C2H3-phenylalanine. The
line is from a fit to the Arrhenius equation.

Table 2. Isotope Effects on Pre-exponential Factors and
Differences in Activation Energies for Benzylic Hydroxylation by
the Aromatic Amino Acid Hydroxylasesa

enzyme AH/AD ∆Eact (kcal/mol)

PheH 0.18( 0.08 2.4( 0.3
∆117PheH 0.13( 0.06 2.6( 0.3
TyrH 0.11( 0.05 2.9( 0.3
TrpH102-416 0.10( 0.05 2.9( 0.3

a Conditions as described for Figures 1 and 2.
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