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ABSTRACT: PeptidylglycineR-hydroxylating monooxygenase (PHM) and dopamineâ-monooxygenase
(DâM) are homologous copper-containing enzymes that catalyze an oxygen-dependent hydroxylation of
peptide-extended glycine residues and phenethylamines, respectively. The mechanism whereby these
enzymes activate molecular oxygen and the C-H bond of substrate has been the subject of numerous
studies, and various mechanisms have been put forth. From the magnitude of18O isotope effects as a
function of substrate structure in DâM, an active site tyrosine had been proposed to function in the reductive
activation of Cu(II)-OOH to generate a reactive copper-oxo species [Tian et al. (1994)Biochemistry
33, 226]. The presence of a tyrosine residue, Y318, in the active site of PHM was subsequently confirmed
from crystallographic studies [Prigge et al. (1997)Science 278, 1300]. We now report extensive kinetic
and isotope effect studies on the Y318F mutant form of PHM, analyzing the role of this tyrosine in the
catalytic mechanism. It is found that the Y318F mutant has intrinsic hydrogen and18O isotope effects
that are within experimental error of the wild-type enzyme and that the mutation causes only a slight
reduction in the rate constant for C-H bond cleavage. These findings, together with the recent demonstration
that C-H activation in PHM is dominated by quantum mechanical tunneling [Francisco et al. (2002)J.
Am. Chem. Soc. 124, 8194], necessitate a reexamination of plausible mechanisms for this unique class of
copper enzymes.

A posttranslational, C-terminal amidation of peptides is
commonly required for the generation of a large class of
bioactive, signaling molecules. This modification is carried
out by the bifunctional enzyme peptidylglycineR-amidating
monooxygenase (PAM;1 EC 1.14.17.3). The first enzyme
activity, peptidylglycineR-hydroxylating monooxygenase
(PHM), derives from a copper-containing protein that catal-
yzes an oxygen- and ascorbate-dependent stereospecific
hydroxylation at theR carbon of the C-terminal glycine
(Scheme 1). This hydroxylated intermediate is converted to
the final product by the action of the second enzyme activity,

peptidyl-R-hydroxyglycine R-amidating lyase (PAL; EC
4.3.2.15). For recent reviews on C-terminal peptide amidation
and the structure, mechanism, and function of PHM, see refs
1 and2.

PeptidylglycineR-hydroxylating monooxygenase is similar
in many respects to the enzyme dopamineâ-monooxygenase
(DâM; EC 1.14.7.1). Their sequences are approximately 30%
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Scheme 1: Overall Reaction Catalyzed by the
PeptidylglycineR-Amidating Monooxygenasea

a In this scheme theR-hydroxylating monooxygenase (PHM) is
analogous to dopamineâ-monooxygenase (DâM). The hydroxylated
intermediate is cleaved by peptidyl-R-hydroxyglycineR-amidating lyase
(PAL). Asc is ascorbate and SDHAsc is semidehydroascorbate.
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identical but exhibit an even greater degree of homology (3,
4). Both enzymes contain two copper atoms and depend on
dioxygen and ascorbate for the hydroxylation of an unacti-
vated C-H bond which is believed to proceed via hydrogen
atom abstraction (5-9). The mechanism by which these
enzymes activate both oxygen and the C-H bond of substrate
has been studied extensively. Various chemical mechanisms
have been postulated (10-14), but a consensus has yet to
be reached.

The participation of a tyrosine residue in the catalytic
mechanism of DâM has been previously proposed on the
basis of mechanism-based inhibition (15, 16) and18O isotope
effect studies (11). In the latter case, a mechanism was put
forth in which tyrosine is required for the reductive activation
of Cu(II)-OOH to generate a copper-oxo species respon-
sible for the hydrogen atom abstraction from substrate
(Scheme 2).

The recent crystal structures of the analogous enzyme
PHM have confirmed the presence of two tyrosine residues,
tyrosines 79 and 318, near the active site (12, 13). These
two tyrosine residues are conserved in all PHM and DâM
known sequences. In PHM, both tyrosines have been mutated
to phenylalanine (Y79F and Y318F), and the mutant enzymes
have been preliminarily characterized (4, 17). Initial kinetic
analysis of the spent medium from stably transfected CHO
cells expressing the mutant enzymes demonstrated that the
apparentKM values of Y79F and Y318F forR-N-acetyl-Tyr-
Val-Gly were increased approximately 4- and 8-fold, re-
spectively, compared to wild-type PHM. In addition, the
Y79F mutant was found to have a slightly reducedVmax, and
the Y318F mutation was found to have little impact on the
apparent Vmax for the hydroxylation of the tripeptide.
However, the known contribution of multiple steps toVmax

precluded a quantification of the impact of the conserved
tyrosines on steps involving substrate and oxygen activation
(18, 19).

Tyrosine 318 is found to reside near the CuM site, the
site of peptide and oxygen binding, as shown in Figure 1
(12, 13). This residue forms a hydrogen bond with the peptide
backbone of the substrateN-R-acetyl-3,5-diiodotyrosylgly-
cine in the oxidized (inactive) PHM-substrate crystal
structure, providing evidence for a structural but not a

catalytic role for this residue. In the present work, we turned
to a detailed analysis of the role of Y318 in the mechanism
of PHM by performing extensive kinetic and isotope effect
studies on the Y318F mutant form of the enzyme. These
studies include initial rate characterizations with labeled
peptide and oxygen substrates, allowing us to determine both
intrinsic rate constants and isotope effects for Y318F and to
compare these parameters with those previously determined
for the wild-type enzyme. The results indicate (i) only a 3-4-
fold reduction in the rate constant for C-H bond cleavage
in Y318F and (ii) intrinsic hydrogen and18O isotope effects
that are within experimental error of the wild-type enzyme.

As a result of the data presented herein, the tyrosine near
bound substrate (Y318 in rat PHM and the equivalent Y484
in bovine DâM) can be unambiguously eliminated from
playing a role in dioxygen activation. The participation of
an active site tyrosine in the reductive cleavage of a Cu-
(II)-OOH species is concluded to be an unlikely mechanism
for this class of enzymes. As we discuss, the previously
observed trends in experimental18O isotope effects as a
function of substrate structure (11) must be reinterpreted in
the context of the present study and the recent demonstration
that C-H activation in PHM is dominated by quantum
mechanical tunneling (20).

MATERIALS AND METHODS

Materials. N-Benzoylglycine (hippuric acid),N-[benzoyl-
2-2H2]glycine, N-[ring-U-14C]benzoylglycine,N-[ring-3H]-
benzoyl-(2S)-[2-2H2]glycine, and N-benzoyl-(RS)-[2-3H]-
glycine were synthesized as previously described (18).
[2-2H2]Glycine was purchased from Cambridge Isotope

Scheme 2: Previously Postulated Mechanism for Dopamine
â-Monooxygenase (DâM) in Which an Active Site Tyrosine
Reacts with a Copper Hydroperoxide To Generate a
Copper-Oxo Speciesa

a See ref11.

FIGURE 1: Peptide substrate binding to the active site of PHM.
Representation ofN-R-acetyl-3,5-diiodotyrosylglycine (Ac-DiI-YG)
bound near the CuM site of PHMcc in the oxidized PHMcc‚Ac-
DiI-YG crystal structure (13). Hydrogen-bonding interactions and
Cu-ligand bonds are indicated with dotted lines.
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Laboratories, Inc. (Andover, MA), catalase was from Boering-
er Mannhein Corp. (Indianapolis, IN), and Ecolite (+) liquid
scintillation cocktail was from ICN Pharmaceuticals, Inc.
(Costa Mesa, CA). All other reagents from commercial
sources were of the highest purity available and were used
without further purification.

Enzyme Preparation and Purification.The cell lines used
to express and purify PHMcc and the mutant Y318F PHMcc
were constructed and kindly provided by Drs. Aparna S.
Kolhekar, Richard E. Mains, and Betty A. Eipper (Depart-
ment of Neuroscience, The Johns Hopkins School of
Medicine. Mains and Eipper are currently at the Neuroscience
Department, University of Connecticut Health Center). Full
details of the construction of the cell lines have been reported
previously (17). PHMcc and Y318F were isolated and
purified following a previously described protocol (14). The
Y318F mutant was further purified by chromatofocusing on
a Pharmacia Mono P (HR 5/20) column. The column was
equilibrated with 0.025 M bis-Tris-HCl buffer (pH 7.1) and
eluted with 10% polybuffer 74 (pH 5.0). The Y318F-
containing fractions were collected, pooled, and concentrated
in a Centricon concentrator (Amicon). Protein was measured
by the bicinchoninic acid (BCA) protein assay (Pierce
Chemical Co.) using bovine serum albumin as a standard.
The purified sample was>95% pure as judged by SDS-
PAGE.

All kinetic and isotope effect experiments described herein
were conducted with PHMcc, a truncated version of PHM
containing residues 42-356. Kinetic and pH dependence
studies of this truncated version of the protein have been
reported to yield results similar to those obtained with wild-
type PHM and other truncated, but larger, PHM proteins (17).
Therefore, the notation PHM and PHMcc is used inter-
changeably in this report.

NoncompetitiVe Kinetic Isotope Effects.Initial rates were
measured from the rate of oxygen consumption at varied
oxygen and protiated or dideuterated hippuric acid concen-
trations. The decrease of oxygen concentration was measured
with a YSI model 5300 biological oxygen monitor. The
temperature of the chamber was maintained at 37( 0.1 °C
with a Neslab circulating water bath. Reaction mixtures (1
mL) contained 100 mM MES (pH 6.0), 30 mM KCl, 10 mM
sodium ascorbate, 10µg/mL catalase, 1µM CuSO4, and
various amounts of hippuric acid substrate (2.5-20 mM) at
a range of concentrations of dissolved oxygen (60-970µM).
Individual reaction mixtures were made from stock solutions
with addition of concentrated solutions of ascorbate, catalase,
and CuSO4. The oxygen concentration was varied by stirring
the reaction mixtures for at least 15 min with premixed O2/
N2 mixtures in the appropriate proportions to yield the desired
O2 concentration. The resulting oxygen concentration was
determined from the known concentration of dissolved
oxygen in air-saturated water (217µM at 37°C). Reactions
were initiated by the addition of enzyme (2-5 µL). Velocities
of both unlabeled and dideuterated substrates at a given
concentration were obtained in a single experiment using
the same stocks of the other reaction components to minimize
fluctuations in experimental conditions. Data obtained by
varying the concentration levels of the two substrates were
fitted to eqs 1 and 2 describing an equilibrium-ordered
mechanism and a two-substrate steady-state mechanism,
respectively, using the programs of Cleland (21):

where A and B are the substrate concentrations,V is the
maximal velocity,Ka andKb are the Michaelis constants for
A and B, respectively, andKia is the dissociation constant
of A.

CompetitiVe Kinetic Isotope Effects and Intrinsic Isotope
Effects.The measurement of the competitive primary deu-
terium [D(V/K)HA], primary tritium [T(V/K)HA], and secondary
tritium [R-T(V/K)HA] isotope effects onV/K for hippuric acid
was performed in 100 mM MES (pH 6.0), 30 mM KCl, 10
mM sodium ascorbate, 15 mM potassium iodide, and 100
µg/mL catalase under an atmosphere of oxygen, as described
previously (18). Primary andR-secondary deuterium intrinsic
isotope effects were calculated using Northrop’s method (22)
from deuterium and tritium isotope effects onV/K measured
in a competitive fashion as described (18); this calculation
assumes that primary andR-secondary hydrogen isotope
effects arise from the same step.

Oxygen Kinetic Isotope Effects.The experimental ap-
paratus designed for oxygen isotope effect experiments (11,
23) was used with slight modifications. The18O isotope
effects were measured at 20°C in 100 mM MES (pH 5.5 or
6.0), 30 mM KCl, 10 mM sodium ascorbate, 100µg/mL
catalase, 1% ethanol, and 10 mM hippuric acid (protiated
or dideuterated). The final reaction volume was approxi-
mately 40 mL, which allowed for the collection of two
samples of approximately 15 mL each per experiment. The
first sample was used to determine the quantity and isotopic
composition of dioxygen at the beginning of the experiment.
To start the enzymatic reaction, various amounts of enzyme
(PHMcc or Y318F) were injected into the vessel through a
septum immediately after the first time point was collected.
The second sample was collected after a given time period
to determine the quantity and isotopic composition of
dioxygen corresponding to various extents of conversion.
Isolation of unreacted dioxygen, conversion to CO2, and
isotopic analysis have been described elsewhere (11, 23).
The data were fitted to eq 3 by nonlinear regression using
the program Mathematica:

whereRandR0 are the isotope ratios (18O/16O) in the sample
and the blank, respectively, andf is the extent of reaction.

RESULTS AND DISCUSSION

Kinetic Mechanism for Y318F PHM.Initial velocity
measurements were performed with Y318F as a function of
hippuric acid (protiated and deuterated) and oxygen. The
double-reciprocal plots of the initial rate versus 1/[HA] and
1/[O2] intersect on the left of the 1/V axis above the horizontal
axis, characteristic of steady-state-ordered or -random mech-
anisms (data not shown). However, since the kinetic order
for HA with WT-PHM is equilibrium ordered (18), the initial
velocity data were fitted to eqs 1 and 2 (Materials and
Methods) describing an equilibrium-ordered and a steady-

ν ) VAB
KiaKb + KbA + AB

(1)

ν ) VAB
KiaKb + KbA + KaB + AB

(2)

R/R0 ) (1 - f)[1/(18(V/K))]-1 (3)
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state-ordered mechanism, respectively [using the programs
of Cleland (21)]. A much better fit to the equation describing
a steady-state-ordered mechanism (eq 2) was found for the
kinetic data of Y318F with both protiated and dideuterated
hippuric acid, as determined by the statistical parameterσ,
the square root of the residual least squares (21). Theσ values
for the fit to eqs 1 and 2 are 0.71 and 0.03, respectively, for
the protiated hippuric acid data and 0.53 and 0.09, respec-
tively, for the dideuterated hippuric acid data. The kinetic
parameters obtained from the fit to eq 1 of the Y318F data
are summarized in Table 1. These data also allowed for the
calculation of the isotope effects onkcat, kcat/Km (HA), kcat/
Km (O2), andKi (HA) (Table 1).

Although initial velocity measurements alone do not
provide enough information to differentiate between a steady-
state-ordered or steady-state-random kinetic mechanism,
these can be easily distinguished from the magnitude of the
deuterium isotope effect on the kinetic parameterV/K. It has
been demonstrated that the isotope effect onV/K for the
substrate that binds first [D(V/K)A] is equal to 1 at high
concentrations of the second substrate (24, 25). From the
data in Table 1, it can be seen that the isotope effects on
V/K for both substrates are large and different from unity at
infinite concentration of the alternate substrate. These results
eliminate the possibility of a steady-state-ordered mechanism,
implicating instead a steady-state-random mechanism for the
Y318F mutant of PHM.

The steady-state-random mechanism (Scheme 3) for the
Y318F mutant is in contrast to the equilibrium-ordered
mechanism for the wild-type enzyme, where the small
peptide analogue, hippuric acid, was found to bind first
(Scheme 3 withk5, k6, k7, andk8 ) 0, k2 > k9). The substrate-
bound structure of wild-type PHM shows that tyrosine 318
forms a hydrogen bond with the C-terminal carboxylate
group of the peptide substrate (Figure 1). This 2.6 Å H-bond
interaction of Y318 with the peptide substrate, in addition
to other protein interactions that include the salt bridge to
R240, may be expected to result in an increased association

rate constant for peptide substrate and a decrease in the rate
constant for substrate release. In the case of extended tri-
and tetrapeptides, in which the interactions of the substrate
with the active site are likely to be greater than with hippuric
acid, peptide binding remains ordered, but with a faster
binding rate constant and higher affinity; this latter property
results in a steady-state-ordered rather than equilibrium-
ordered kinetic mechanism (Francisco et al., in preparation).
From the studies herein, it appears that loss of the H-bond
between Y318 and the peptide is sufficient to generate
indiscriminate substrate binding, such that oxygen competes
effectively with hippuric acid for the free form of Y318F.

As mentioned in the introduction, PHM and DâM are
similar in numerous respects. The kinetic mechanism of DâM
had been found to be dependent on the presence of the
activator fumarate. For example, at pH 6.0, the kinetic
mechanism of DâM changes from steady-state ordered to
steady-state random by elimination of the anion activator
fumarate (5). The observation of identical kinetic mechanisms
with the Y318F PHM mutant and DâM (in the absence of
fumarate) extends the similarity between these two enzymes
to their kinetic mechanisms.

Intrinsic Hydrogen Isotope Effects for Y318F. The intrinsic
isotope effect for an enzymatic reaction can be determined
from the measured deuterium and tritium isotope effects on
V/K under identical conditions (22). Competitive deuterium,
tritium, and R-deuterium isotope effects on (V/K)HA were
measured for the Y318F mutant enzyme and are summarized
in Table 2 together with previously measured values for the
wild-type enzyme. The larger values with Y318F indicate
that chemistry is somewhat more rate limiting than for the
wild-type enzyme.

The competitively measured (V/K)HA isotope effects were
used in the calculation of the primary andR-secondary
deuterium intrinsic isotope effects (18), which are shown in
Table 3. The calculated primary intrinsic isotope effect for
the Y318F mutant of 9.4( 0.6 is similar to the one
calculated for the wild-type enzyme of 10.7( 0.4. The

Table 1: Kinetic Parameters for Y318F and Wild-Type PHM with Hippuric Acid (HA) as Substrate

Y318Fa wild-type PHMb

parameter [1H2]HA [ 2H2]HA IE c [1H2]HA [ 2H2]HA IE c

kcat (s-1)d 27.6( 1.2 13.6( 2.9 2.03( 0.44 39.1( 0.5 25.0( 1.1 1.56( 0.07
kcat/Km (HA) (mM-1 s-1)d 15.9( 2.9 1.91( 0.40 8.32( 2.32 NAe NAe NAe

kcat/Km (O2) (mM-1 s-1) 99.2( 5.8 12.3( 1.2 8.10( 0.91 185.0( 0.6 58.3( 3.9 3.17( 0.21
Ki (HA) (mM) 22.0( 1.4 7.0( 1.1 3.15( 0.54 2.9( 0.1 4.5( 0.4 0.64( 0.06
a Kinetic parameters obtained by fitting the initial velocity data to the equation describing a sequential mechanism (eq 2) using the programs of

Cleland (21). Experimental conditions: 100 mM MES, pH 6.0, 30 mM KCl, 10µg/mL catalase, 1µM CuSO4, 10 mM ascorbic acid, and varying
amounts of protiated and dideuterated hippuric acid and oxygen at 37°C. b Taken from Francisco et al. (18). c IE, isotope effect.d Km (O2) for
[2H2]hippuric acid is ca. 1 mM, the highest concentration achievable. Hence, bothkcat andkcat/KM at infinite O2 can only be achieved by extrapolation,
leading to larger errors than with protiated substrate.e NA, not applicable.

Scheme 3: Random Kinetic Mechanism for the Y318F
Variant of PeptidylglycineR-Hydroxylating Monooxygenase
(PHM)

Table 2: Competitive Hydrogen Isotope Effects for Y318F and
Wild-Type PHM

parameter Y318Fa wild-type PHMb

D(V/K)HA 4.51( 0.07 3.88( 0.05
T(V/K)HA 11.17( 0.39 9.73( 0.19
R-T(V/K)HA 1.11( 0.02 1.09( 0.01

a Experimental conditions: 100 mM MES (pH 6.0), 30 mM KCl,
10 mM sodium ascorbate, 15 mM potassium iodide, and 100 mg/mL
catalase under an atmosphere of oxygen at 37°C. b Taken from ref
18.
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calculatedR-secondary deuterium intrinsic isotope effects
for the Y318F and the wild-type enzyme are 1.17( 0.02
and 1.21 ( 0.01, respectively, and are almost within
experimental error of one another.

As has been pointed out earlier for wild-type PHM, the
primary deuterium intrinsic isotope effect exceeds the
semiclassical maximum value of 7, while theR-secondary
deuterium intrinsic isotope effect of 1.2 is close to the
maximum equilibrium isotope effect expected for the con-
version of an sp3 to sp2 center. These two observations were
taken as suggestive of the contribution of tunneling in the
C-H bond cleavage reaction (18). The similarity of results
with both DâM (10, 19) and now Y318F PHM (Table 3)
implicates consistently analogous behavior. This tunneling
hypothesis has been further pursued by investigation of the
temperature dependence of the intrinsic isotope effect in wild-
type PHM. The finding that the intrinsic isotope effects are
nearly temperature independent now provides direct evidence
for nonclassical behavior in the reaction catalyzed by PHM
(20). The magnitudes of the parameters describing the
hydrogen-transfer step in wild-type PHM have been inter-
preted in the context of an environmentally coupled hydrogen
tunneling model that is described by a ligand reorganization
term and a gating frequency for the heavy atoms that
modulate the hydrogen tunneling event (20). The small
reduction in the magnitude of the intrinsic primary isotope
effect for the Y318F mutant of PHM may indicate a greater
role for gating than with the wild-type enzyme. It would
appear that the more open and less organized an active site,
the greater the role for gating in achieving the internuclear
distances required for tunneling (20).

Impact of Y318F on Binding and Chemical Steps. Intrinsic
rate constants for the minimum kinetic mechanism shown
in Scheme 3 can be calculated from the measured kinetic
parameters, their isotope effects, and the intrinsic isotope
effects. This methodology has been previously used for the
calculation of the rate constants of the reactions catalyzed
by DâM (5) and wild-type PHM (18). The microscopic rate
constants calculated for the Y318F mutant are shown in
Table 4. It can be seen that the Y318F mutation affects the
rate of most steps, but most notablyk4 and k9. An ap-
proximately 3-fold increase is seen in the dissociation
constant for O2 from the ternary complex and an ap-
proximately 3-fold decrease is seen in the rate of the C-H
bond cleavage step. As described above, the kinetic mech-
anism for this mutant is steady-state random compared to
the rapid-equilibrium-ordered mechanisms reported for the
wild-type enzyme. As a result, two more rate constants,k7

and k8 in Scheme 3, corresponding to the association and
dissociation of hippuric acid from the E‚O2 binary complex,
can be calculated. The error in these rate constants, however,

is comparable to the rate constants themselves, in large part
due to the errors inD(kcat/Km)HA andDkcat that result from a
largeKm (O2) for [2H2]hippuric acid of approximately 1 mM
(the highest concentration of dissolved oxygen attainable at
37 °C and atmospheric pressure).

Oxygen-18 Kinetic Isotope Effects (18O KIEs). Oxygen-
18 kinetic isotope effects, as a function of deuteration of
the substrate dopamine, have been reported for the reaction
catalyzed by DâM (11). These isotope effects were measured
competitively with a technique that allows the precise
determination of18O KIEs using natural abundance18O. In
this study, the same technique was used to measure18O KIEs
in the reaction catalyzed by PHM with protiated and
dideuterated hippuric acid, indicating values for18(V/K) of
1.0173( 0.0009 and 1.0212( 0.0018, respectively (Table
5). These experimental isotope effects are similar to those
measured previously for DâM using protiated and deuterated
dopamine (Table 5) (11). Tian et al. have presented a method
for the calculation of the intrinsic18O isotope effect (18k)
from the measured deuterium and18O kinetic isotope effects
on V/K, as shown below (11), where the increase in18(V/K)
with deuteration is ascribed to an overall increased rate
limitation by chemistry:

This equation assumes that the C-H bond cleavage is
irreversible, which has been demonstrated for DâM (19).
Note that18k reflects all changes in bond order at O2 up
through the irreversible C-H cleavage step. A value for18k
of 1.0230( 0.012 can be calculated for PHM with hippuric
acid. Despite the large propagated error, this is seen to be
identical to the value of 1.0281( 0.0012, previously
calculated for DâM with dopamine as substrate (11). It
appears that PHM and DâM, working with different sub-

Table 3: Comparison of Intrinsic Hydrogen Isotope Effects for
Y318F and Wild-Type PHM with Hippuric Acid as Substrate and
DâM with Dopamine as Substrate According to Scheme 3

parameter Y318Fa wild-type PHMb DâM
Dk9 9.4( 0.6 10.7( 0.4 10.9( 1.9c

R-Dk9 1.17( 0.02 1.21( 0.01 1.19( 0.06d

a Experimental conditions: 100 mM MES (pH 6.0), 30 mM KCl,
10 mM sodium ascorbate, 15 mM potassium iodide, and 100µg/mL
catalase under an atmosphere of oxygen at 37°C. b Taken from ref
18. c Taken from ref19. d Taken from ref10.

Table 4: Intrinsic Rate Constants for Y318F and Wild-Type PHM
According to Scheme 3

constant Y318Fa wild-type PHMb

k3 (mM-1 s-1) 330( 130 227( 7
k4 (s-1) 635( 320 185( 28
k7 (mM-1 s-1) (59 ( 59)c NAd

k8 (s-1) (720( 870)c NAd

k9 (s-1) 268( 114 810( 120
k11 (s-1) 31 ( 2 41( 1

a Calculated from the equations derived in ref5 (eqs 1-8, Table 6)
using the product of the intrinsic primary andR-secondary isotope
effect, 11.0( 0.7 for Y318F and 12.7( 1.0 for wild-type PHM, as
discussed in ref18. b Taken from ref 18. c These parameters are
underdetermined due to the large propagated errors.d NA, not applicable.

Table 5: 18(V/K) Isotope Effects for Wild-Type and Y318F PHM
and DâM

substrate PHMa Y318Fa DâMb

protiated 1.0173( 0.0009 1.0169( 0.0014 1.0197( 0.0003
deuterated 1.0212( 0.0018 NDc 1.0256( 0.0003

a Data were collected at pH 5.5 or 6.0, 25°C, in 100 mM MES, 30
mM KCl, 10 mM sodium ascorbate, 100µg/mL catalase, and 1%
ethanol with 10 mM hippuric acid or [2H2]hippuric acid as substrates.
b Data from ref11 collected at pH 5.5, 25°C, and 10 mM fumarate
using 3-hydroxytyramine and [2,2-2H2]-3-hydroxytyramine as substrates.
c ND, not detemined.

18k )
D(V/K)18(V/K)D - 18(V/K)H

D(V/K) - 1
(4)
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strates, have conserved the size of both the intrinsic
deuterium (18; Table 3) and18O kinetic isotope effects (11;
Table 5).

The PHM reaction is the second example of a measured
18O isotope effect that is dependent on substrate deuteration.
The significance of this observation deserves further con-
sideration. Given that18(V/K) reflects all steps from oxygen
binding through the first irreversible step, the sensitivity of
the oxygen isotope effect to substrate deuteration means that
C-H cleaVage must be connected to the actiVation of O2

through a series of fully reVersible steps. This has important
implications for the nature of the activated oxygen species
that precedes C-H cleavage and will be discussed in greater
detail below.

According to the mechanism put forth in Tian et al. for
the DâM reaction (11), a tyrosine residue in the active site
plays an essential role in the mechanism of oxygen activation
(where Y484 in bovine DâM corresponds to Y318 in PHM).
Although the mutagenesis experiments described above
indicate that Tyr 318 is not essential for chemistry in PHM,
it appeared possible that an alternate pathway with a different
mechanism for oxygen activation could come into play in
the absence of Y318. We therefore measured the oxygen
isotope effect with Y318F. As shown in Table 5, an18(V/K)
of 1.0169( 0.0014 is observed for protiated hippuric acid
with Y318F. This value is essentially identical to the 1.0173
( 0.0009 obtained with protiated hippuric acid and the wild-
type enzyme. Due to the large amounts of enzyme needed
for these measurements, it was not possible to determine the
18O KIE for the slower reaction of dideuterated hippuric acid
with Y318F, precluding an estimate of the intrinsic18O
isotope effect for the mutant enzyme. Nonetheless, the
identity of the measured isotope effects with both wild-type
and mutant enzymes indicates a similar mechanism for
dioxygen activation.

Implications for the Chemical Mechanism of DâM and
PHM. The compelling sequence and chemical homology
between PHM and DâM support a highly conserved active
site structure and reaction mechanism within this enzyme
class. One of the major observations that led to the proposal
of reductive cleavage of hydrogen peroxide by an active site
residue (tyrosine) in DâM was the observed decrease in
measured18O kinetic isotope effects as a function of
decreasing substrate phenethylamine reactivity. As discussed
in the paper by Tian et al. (11), the magnitude of the18O
isotope effects was, in fact, expected to increase as the
reactivity of substrate decreased if the activating oxygen
species were Cu(II)-OOH. The reason for this expectation
was the Hammond postulate, which posits a correlation
between reaction driving force and the degree to which
transition state structure for hydrogen transfer is early or late.
The observation of a high degree of quantum mechanical
tunneling in the PHM reaction indicates, however, that this
is no longer an appropriate context in which to interpret
trends in the 18O isotope effects. In the case of the
environmentally modulated tunneling model that has been
used to model the behavior of PHM (20), the barrier to
reaction is the heavy atom motions that control tunneling.
There are three major factors that will impact the nature of
this heavy atom barrier; these are the reaction driving force
(∆G°), heavy atom ligand reorganizations (λ), and the gating
frequency for heavy atom modulation of the distance between

reactants (ωx) (cf. ref 26). The heavy atom isotope effects
are, thus, expected to reflect any preequilibrium chemical
steps that occur at the molecular oxygen, together with
changes in the heavy atom barriers that control tunneling.
Work is currently in progress to understand the origin of
18O isotope effects in outer-sphere electron-transfer processes
(Klinman and Roth, in preparation) and is expected to impact
the interpretation of the magnitude and trends of18O kinetic
isotope effects in the hydrogen transfer catalyzed by PHM
and DâM.

Thus, there are now three critical pieces of data that
“frame” our understanding of oxygen reactivity in PHM and
DâM. These are (i) that the transfer of hydrogen from
substrate to activated oxygen occurs by a tunneling process,
obviating the use of classical physical organic probes to
interpret trends in18O isotope effects, (ii) the finding that
replacement of the active site tyrosine by phenylalanine has
only a modest effect on the rate of the chemical step of
catalysis and practically no effect on the deuterium and
oxygen isotope effects, and (iii) that the deuterium substitu-
tion on substrate increases the measured18O isotope effect
for both PHM and DâM. These data call into question a
mechanism in which a Cu(II)-OOH is reductively cleaved
by an active site tyrosine (Scheme 2). In direct opposition
to the current observations, the mechanism in Scheme 2
predicts a significant effect of the conversion of Y318 to a
phenylalanine on both rate and isotope effects. Additionally,
reductive cleavage of a copper-hydroperoxy intermediate
to a copper-oxo species, involving oxidation of two copper
centers that lie ca. 10 Å apart (Figure 1) and the loss of a
water molecule, is expected to be irreversible. The resulting
uncoupling of dioxygen activation from C-H activation
would produce an18O isotope effect that is independent of
substrate deuteration, in contrast to the experimental observa-
tions.

Where do these observations lead us with regard to the
nature of the activated oxygen species in the DâM and PHM
reactions? As noted by Priegge et al. (12, 13), there is no
general acid in the active site of PHM, and a copper-
hydroperoxy anion, rather than copper hydroperoxide, was
proposed as the oxidizing species (2). One question that
needs to be addressed, however, is whether a long-range
electron transfer (ca. 10 Å) from the CuH side to a CuM-
dioxygen complex could occur in a reversible process and/
or be mediated by the movement of a one-electron form of
O2 (O2

•-) across the large cleft (14). If this is not the case,
then yet a different species must be responsible for C-H
activation in PHM and DâM. Work is currently in progress
in this laboratory to address this challenging question.
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