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ABSTRACT: Peptidylglycinea-hydroxylating monooxygenase (PHM) and dopamihemonooxygenase
(DSM) 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 theHCbond of substrate has been the subject of numerous
studies, and various mechanisms have been put forth. From the magnitifif® isbtope effects as a
function of substrate structure ing®, an active site tyrosine had been proposed to function in the reductive
activation of Cu(ll>OOH to generate a reactive copp@xo species [Tian et al. (19948Biochemistry

33, 226]. The presence of a tyrosine residue, Y318, in the active site of PHM was subsequently confirmed
from crystallographic studies [Prigge et al. (19%8ience 2781300]. 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 hydrogeA®@nisotope 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-& 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)
Am. Chem. Sod 24, 8194], necessitate a reexamination of plausible mechanisms for this unique class of
copper enzymes.

A posttranslational, C-terminal amidation of peptides is Scheme 1: Overall Reaction Catalyzed by the
commonly required for the generation of a large class of Peptidylglycinea-Amidating Monooxygenase

bioactive, signaling molecules. This modification is carried 2Asc +0p —» 2SDHAsC + H0
out by the bifunctional enzyme peptidylglycineamidating
monooxygenase (PAMEC 1.14.17.3). The first enzyme ﬂ _COOH
activity, peptidylglycineo-hydroxylating monooxygenase Peptide =~ \f\ 2Cu (Il
(PHM), derives from a copper-containing protein that catal- H\“‘ W PHM
e S R

yzes an oxygen- and ascorbate-dependent stereospecific
hydroxylation at theo carbon of the C-terminal glycine Peptide-NH,
(Scheme 1). This hydroxylated intermediate is converted to H\ _COOH +
the final product by the action of the second enzyme activity, Peptids”™ \\C\ Zn () /ﬁ\
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Scheme 2: Previously Postulated Mechanism for Dopamine

p-Monooxygenase (BM) in Which an Active Site Tyrosine

Reacts with a Copper Hydroperoxide To Generate a Y318
Copper-Oxo Species
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identical but exhibit an even greater degree of homol@&yy (

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 abstraction5—9). The mechanism by which these H244

enzymes activate both oxygen and thekCbond of substrate

hasybeen studied extensiillgly. Various chemical mechanism{'GURE 1. Peptide substrate binding to the active site of PHM.
epresentation df-a-acetyl-3,5-diiodotyrosylglycine (Ac-Dil-YG)

have been postulated@-14), but a consensus has yet to pound near the CuM site of PHMcc in the oxidized PHMz
be reached. Dil-YG crystal structure 13). Hydrogen-bonding interactions and

The participation of a tyrosine residue in the catalytic Cu—ligand bonds are indicated with dotted lines.
mechanism of [PM has been previously proposed on the i ) i
basis of mechanism-based inhibitidrs(16) andO isotope catalytic role for th|s_ residue. In the present work, we turned
effect studies11). In the latter case, a mechanism was put [© & detailed analysis of the role of Y318 in the mechanism
forth in which tyrosine is required for the reductive activation °f PHM by performing extensive kinetic and isotope effect
of Cu(Il)—OOH to generate a COPPEOX0 SPECies respon- studies on the Y318F mutant form of the enzyme. These

sible for the hydrogen atom abstraction from substrate studies include initial rate characterizations with labeled
(Scheme 2). peptide and oxygen substrates, allowing us to determine both

The recent crystal structures of the analogous enzymeintrinsic rate constants and isptope effects for Y318F anq to
PHM have confirmed the presence of two tyrosine residues, Compare these parameters with those previously determined
tyrosines 79 and 318, near the active sitg, (13). These  for the wild-type enzyme. The results indicate (i) only-843
two tyrosine residues are conserved in all PHM aggvp  fold reduction in the rate constant for-Gi bond cleavage
known sequences. In PHM, both tyrosines have been mutated” Y318F and (ii) intrinsic hydrogen andO isotope effects

to phenylalanine (Y79F and Y318F), and the mutant enzymesthat are within experimental error of the yvild-type enzyme.
have been preliminarily characterizet] 17). Initial kinetic As a result of the data presented herein, the tyrosine near

analysis of the spent medium from stably transfected CHO Pound substrate (Y318 in rat PHM and the equivalent Y484
cells expressing the mutant enzymes demonstrated that thé? bovine B3M) can be unambiguously eliminated from
apparenKy values of Y79F and Y318F far-N-acetyl-Tyr- playlng a rqle in d|o_xyg_en act|vat|on_. The participation of
Val-Gly were increased approximately 4- and 8-foid, re- @n active site tyrosine in the reductive cle_avage of a (_Zu-
spectively, compared to wild-type PHM. In addition, the (1) —OOH species is concluded to be an unlikely mechanism
Y79F mutant was found to have a slightly redudégs, and for this class of enzymes. As we @scuss, the previously
the Y318F mutation was found to have little impact on the OPserved trends in experimentdD isotope effects as a
apparent Vs for the hydroxylation of the tripeptide. function of substrate structuréX) must be reinterpreted in '
However, the known contribution of multiple Steps\M@ax the context of _the_pres_ent study_ and th_e recent demonstration
precluded a quantification of the impact of the conserved that C—H activation in PHM is dominated by quantum
tyrosines on steps involving substrate and oxygen activationMechanical tunneling2().
(18, 19).

Tyrosine 318 is found to reside near the CuM site, the MATERIALS AND METHODS
site of peptide and oxygen binding, as shown in Figure 1  Materials. NBenzoylglycine (hippuric acid)\-[benzoyl-
(12, 13). This residue forms a hydrogen bond with the peptide 2-°H,]glycine, N-[ring-U-**C]benzoylglycine,N-[ring-3H]-
backbone of the substraléo-acetyl-3,5-diiodotyrosylgly- benzoyl-(H)-[2-°H,]glycine, and N-benzoyl-R9-[2-3H]-
cine in the oxidized (inactive) PHMsubstrate crystal glycine were synthesized as previously describ&8).(
structure, providing evidence for a structural but not a [2-°H,]Glycine was purchased from Cambridge Isotope
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Laboratories, Inc. (Andover, MA), catalase was from Boering- _ VAB 1
er Mannhein Corp. (Indianapolis, IN), and Ecolite)(liquid V= KK, + K,A+ AB (1)
scintillation cocktail was from ICN Pharmaceuticals, Inc.

(Costa Mesa, CA). All other reagents from commercial _ VAB >
sources were of the highest purity available and were used V= KK, + KA+ KB+ AB (2)

without further purification.

Enzyme Preparation and Purificatiofhe cell lines used  \yhere A and B are the substrate concentrationsjs the
to express and purify PHMcc and the mutant Y318F PHMcc yaximal velocity K. andKs, are the Michaelis constants for
were constructed and kindly provided by Drs. Aparna S. A and B, respectively, anti, is the dissociation constant
Kolhekar, Richard E. Mains, and Betty A. Eipper (Depart- 4 o
ment of Neuroscience, The Johns Hopkins School of  competitie Kinetic Isotope Effects and Intrinsic Isotope
Medicine. Mains and Eipper are currently at the Neuroscience gtfects The measurement of the competitive primary deu-
Department, University of Connecticut Health Center). Full iarium P(V/K)ua], primary tritium [[(V/K)ua], and secondary
details of the construction of the cell lines have been reported itium [~ T(V/K)ua] isotope effects ov/K for hippuric acid
previously (7). PHMcc and Y318F were isolated and g performed in 100 mM MES (pH 6.0), 30 mM KCI, 10
purified following a previously described protocdd). The mM sodium ascorbate, 15 mM potassium iodide, and 100
Y318F mutant was further purified by chromatofocusing on ug/mL catalase under an atmosphere of oxygen, as described
a Pharmacia Mono P (HR 5/20) column. The column was peviously (8). Primary andx-secondary deuterium intrinsic
ethbratgd with 0.025 M bis-Tris-HCI buffer (pH 7.1) and isotope effects were calculated using Northrop’s meti2@ (
eluted with 10% polybuffer 74 (pH 5.0). The Y318F- fom deuterium and tritium isotope effects WfK measured
containing fractions were collected, pooled, and concentrated;, 4 competitive fashion as describetBY; this calculation
in a Centricon concentrator (Amicon). Protein was measured 55sumes that primary ang-secondary hydrogen isotope
by the bicinchoninic acid (BCA) protein assay (Pierce gffects arise from the same step.
Chemicql_ Co.) using bovine serum aIbL_Jmin as a standard. Oxygen Kinetic Isotope EffectThe experimental ap-
The purified sample was 95% pure as judged by SBS  naratus designed for oxygen isotope effect experimelts (
PAGE. _ _ _ ~ 23) was used with slight modifications. THEO isotope

All kinetic and isotope effect experiments described herein offects were measured at 20 in 100 mM MES (pH 5.5 or
were conducted with PHMcc, a truncated version of PHM 6.0), 30 mM KCI, 10 mM sodium ascorbate, 109/mL
containing residues 42356. Kinetic and pH dependence catalase, 1% ethanol, and 10 mM hippuric acid (protiated
studies of this truncated version of the protein have been g, dideuterated). The final reaction volume was approxi-
reported to yield results similar to those obtained with wild- mately 40 mL, which allowed for the collection of two
type PHM and other truncated, but larger, PHM protei8.(  samples of approximately 15 mL each per experiment. The
Therefore, the notation PHM and PHMcc is used inter- first sample was used to determine the quantity and isotopic
changeably in this report. N composition of dioxygen at the beginning of the experiment.

Noncompetitie Kinetic Isotope Effectsnitial rates were T start the enzymatic reaction, various amounts of enzyme
measured from the rate of oxygen consumption at varied (PHMcc or Y318F) were injected into the vessel through a
oxygen and protiated or dideuterated hippuric acid concen- septum immediately after the first time point was collected.
trations. The decrease of oxygen concentration was measureghe second sample was collected after a given time period
with a YSI model 5300 biological oxygen monitor. The o determine the quantity and isotopic composition of
temperature of the chamber was maintained a37.1°C  dioxygen corresponding to various extents of conversion.
with a Neslab circulating water bath. Reaction mixtures (1 |solation of unreacted dioxygen, conversion to £@nd
mL) contained 100 mM MES (pH 6.0), 30 MM KCI, 10 MM  jsotopic analysis have been described elsewhete 33).

sodium ascorbate, 10g/mL catalase, kM CuSQ, and  The data were fitted to eq 3 by nonlinear regression using
various amounts of hippuric acid substrate 226 mM) at the program Mathematica:

a range of concentrations of dissolved oxygen{800uM).
Individual reaction mixtures were made from stock solutions
with addition of concentrated solutions of ascorbate, catalase,
and CuSQ The oxygen concentration was varied by stirring i . .
the reaction mixtures for at least 15 min with premixed O WhereRandR, are the isotope ratio$50/°0) in the sample

N, mixtures in the appropriate proportions to yield the desired @nd the blank, respectively, arfids the extent of reaction.

O con<_:entrati0n. The resulting oxygen c_oncentra_tion WaS Ko LTS AND DISCUSSION

determined from the known concentration of dissolved

oxygen in air-saturated water (2L® at 37 °C). Reactions Kinetic Mechanism for Y318F PHMInitial velocity
were initiated by the addition of enzyme«3 uL). Velocities measurements were performed with Y318F as a function of
of both unlabeled and dideuterated substrates at a givenhippuric acid (protiated and deuterated) and oxygen. The
concentration were obtained in a single experiment using double-reciprocal plots of the initial rate versus 1/[HA] and
the same stocks of the other reaction components to minimizel/[O,] intersect on the left of the Z/axis above the horizontal
fluctuations in experimental conditions. Data obtained by axis, characteristic of steady-state-ordered or -random mech-
varying the concentration levels of the two substrates were anisms (data not shown). However, since the kinetic order
fitted to egs 1 and 2 describing an equilibrium-ordered for HA with WT-PHM is equilibrium ordered(@), the initial
mechanism and a two-substrate steady-state mechanisnvelocity data were fitted to eqs 1 and 2 (Materials and
respectively, using the programs of Clelarad)( Methods) describing an equilibrium-ordered and a steady-

RIR,= (1 — f)[1/(180//K))]—1 3)
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Table 1: Kinetic Parameters for Y318F and Wild-Type PHM with Hippuric Acid (HA) as Substrate

Y318R wild-type PHMP
parameter H2HA [2H2]HA IE® [*H2]HA [2Hz]HA IE®
Keat (s71)d 276+ 1.2 13.6+ 2.9 2.03+0.44 39.1+ 0.5 25.0+£ 1.1 1.56+ 0.07
KealKm (HA) (MM ~1 s 1yd 1594+ 2.9 1.91+ 0.40 8.32+2.32 NA® NA® NA®
kealKm (Oz) (MM~ 577) 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) 220+ 14 7.0+11 3.15+ 0.54 29+0.1 45+ 0.4 0.64+ 0.06

aKinetic parameters obtained by fitting the initial velocity data to the equation describing a sequential mechanism (eq 2) using the programs of
Cleland @1). Experimental conditions: 100 mM MES, pH 6.0, 30 mM KCI, 4@/mL catalase, kM CuSQ, 10 mM ascorbic acid, and varying
amounts of protiated and dideuterated hippuric acid and oxygen a€37Taken from Francisco et al1§). ¢ IE, isotope effectd Ky, (O) for
[2H]hippuric acid is ca. 1 mM, the highest concentration achievable. Hencekhgahdk:./Kv at infinite O, can only be achieved by extrapolation,
leading to larger errors than with protiated substratéA, not applicable.

Scheme 3: Random Kinetic Mechanism for the Y318F

. . . . Table 2: Competitive Hydrogen Isotope Effects for Y318F and
Variant of Peptidylglycinen-Hydroxylating Monooxygenase y yerod P

BHM Wild-Type PHM
( ) £ HA parameter Y318F wild-type PHMP
ka0 D(V/K)na 451+ 0.07 3.88+ 0.05
k1[y 3 T(VIK)na 11.17+0.39 9.73+0.19
ko Ka K Kiq “T(V/K)na 1.114+0.02 1.09+ 0.01

E E.HA.O,

a Experimental conditions: 100 mM MES (pH 6.0), 30 mM KClI,
10 mM sodium ascorbate, 15 mM potassium iodide, and 100 mg/mL
catalase under an atmosphere of oxygen at@7 Taken from ref
18

H

3
k

ks[Of K
ke

E.O,

kg

state-ordered mechanism, respectively [using the programsrate constant for peptide substrate and a decrease in the rate
of Cleland @1)]. A much better fit to the equation describing constant for substrate release. In the case of extended tri-
a steady-state-ordered mechanism (eq 2) was found for theand tetrapeptides, in which the interactions of the substrate
kinetic data of Y318F with both protiated and dideuterated with the active site are likely to be greater than with hippuric
hippuric acid, as determined by the statistical parameter acid, peptide binding remains ordered, but with a faster
the square root of the residual least squa2és Theo values binding rate constant and higher affinity; this latter property
for the fitto eqs 1 and 2 are 0.71 and 0.03, respectively, for results in a steady-state-ordered rather than equilibrium-
the protiated hippuric acid data and 0.53 and 0.09, respec-ordered kinetic mechanism (Francisco et al., in preparation).
tively, for the dideuterated hippuric acid data. The kinetic From the studies herein, it appears that loss of the H-bond
parameters obtained from the fit to eq 1 of the Y318F data between Y318 and the peptide is sufficient to generate
are summarized in Table 1. These data also allowed for theindiscriminate substrate binding, such that oxygen competes
calculation of the isotope effects d@uy, KealKm (HA), Keaf effectively with hippuric acid for the free form of Y318F.
Km (Oo), andK; (HA) (Table 1). As mentioned in the introduction, PHM andsM are
Although initial velocity measurements alone do not similar in numerous respects. The kinetic mechanismg#D
provide enough information to differentiate between a steady- had been found to be dependent on the presence of the
state-ordered or steady-state-random kinetic mechanismactivator fumarate. For example, at pH 6.0, the kinetic
these can be easily distinguished from the magnitude of themechanism of [BM changes from steady-state ordered to

deuterium isotope effect on the kinetic param&fé¢. It has
been demonstrated that the isotope effectVdk for the
substrate that binds firs(V/K)a] is equal to 1 at high
concentrations of the second substré2d, 25). From the

steady-state random by elimination of the anion activator
fumarate §). The observation of identical kinetic mechanisms
with the Y318F PHM mutant and &M (in the absence of
fumarate) extends the similarity between these two enzymes

data in Table 1, it can be seen that the isotope effects onto their kinetic mechanisms.

VIK for both substrates are large and different from unity at  Intrinsic Hydrogen Isotope Effects for Y318Fhe intrinsic
infinite concentration of the alternate substrate. These resultsisotope effect for an enzymatic reaction can be determined
eliminate the possibility of a steady-state-ordered mechanism,from the measured deuterium and tritium isotope effects on
implicating instead a steady-state-random mechanism for theV/K under identical condition®@). Competitive deuterium,

Y318F mutant of PHM.

tritium, and o-deuterium isotope effects oV/K)na were

The steady-state-random mechanism (Scheme 3) for themeasured for the Y318F mutant enzyme and are summarized

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 wittks, K, kz7, andks = 0, k. > ko). The substrate-

bound structure of wild-type PHM shows that tyrosine 318
forms a hydrogen bond with the C-terminal carboxylate

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 measure/K)ua isotope effects were
used in the calculation of the primary amdsecondary

group of the peptide substrate (Figure 1). This 2.6 A H-bond deuterium intrinsic isotope effect$§), which are shown in

interaction of Y318 with the peptide substrate, in addition

Table 3. The calculated primary intrinsic isotope effect for

to other protein interactions that include the salt bridge to the Y318F mutant of 9.4 0.6 is similar to the one
R240, may be expected to result in an increased associatiorcalculated for the wild-type enzyme of 10# 0.4. The
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Table 3: Comparison of Intrinsic Hydrogen Isotope Effects for Table 4: Intrinsic Rate Constants for Y318F and Wild-Type PHM
Y318F and Wild-Type PHM with Hippuric Acid as Substrate and According to Scheme 3
DM with Dopamine as Substrate According to Scheme 3

constant Y318F wild-type PHMP
parameter Y318F wild-type PHMP DAM ks (MM*5Y) 330+ 130 2271 7
Pko 9.4+ 0.6 10.7+£ 0.4 109+ 1.9 ke (s7h) 635+ 320 185+ 28
a-Dq 1.17+0.02 1.21+ 0.01 1.19+ 0.06 k7 (mMM1s79) (59 + 59F NAd
—1 d
a Experimental conditions: 100 mM MES (pH 6.0), 30 mM KCI, kg(s,l) (720 870F NA
. —> P ko (572) 268+ 114 8104 120
10 mM sodium ascorbate, 15 mM potassium iodide, and AdgenL ket (5°D) 3142 A1+ 1
catalase under an atmosphere of oxygen at@7 Taken from ref 1
18. ¢ Taken from ref19. 4 Taken from ref10. a Calculated from the equations derived in Befeqs -8, Table 6)

using the product of the intrinsic primary andsecondary isotope

. . effect, 11.0+ 0.7 for Y318F and 12. 1.0 for wild-type PHM, as
calculatedo-secondary deuterium intrinsic isotope effects giscussed in refl8 ® Taken from ref18. cThese parameters are

for the Y318F and the wild-type enzyme are 1470.02 underdetermined due to the large propagated eftdt8, not applicable.

and 1.21+ 0.01, respectively, and are almost within

experimental error of one anOth_er‘ . Table 5: ¥V/K) Isotope Effects for Wild-Type and Y318F PHM
As has been pointed out earlier for wild-type PHM, the ang ppm

primary deuterium intrinsic isotope effect exceeds the

. . . : substrate PH® Y318 DAMP
semiclassical maximum value of 7, while thesecondary od 1017 00009 1OL6% 00014 L0197 0.0003

; IR S ; protiate . . . . . .
deuterium intrinsic isotope effect of 1.2 is close to the deuterated  1.0212 00018 ND 10256 0.0003

maximum equilibrium isotope effect expected for the con- - .
version of an 1o 7 center. These two observations vere e e coleces o 1550/ 50,28 1 400 T VES, 30
taken as suggestive of th? Comr'buno.n Qf t_unnellng in the ethanol with 10 mM hippuric acid ofifi;]hippuric acid as substrates.
C—H bond cleavage reactiod ). The similarity of results b pata from ref11 collected at pH 5.5, 28C, and 10 mM fumarate
with both DM (10, 19) and now Y318F PHM (Table 3)  using 3-hydroxytyramine and [22M;]-3-hydroxytyramine as substrates.
implicates consistently analogous behavior. This tunneling “ND, not detemined.
hypothesis has been further pursued by investigation of the
temperature dependence of the intrinsic isotope effect in wild- is comparable to the rate constants themselves, in large part
type PHM. The finding that the intrinsic isotope effects are due to the errors if(ka/Km)na andPkea that result from a
nearly temperature independent now provides direct evidencelargeKm (Oz) for [*Hz]hippuric acid of approximately 1 mM
for nonclassical behavior in the reaction catalyzed by PHM (the highest concentration of dissolved oxygen attainable at
(20). The magnitudes of the parameters describing the 37 °C and atmospheric pressure).
hydrogen-transfer step in wild-type PHM have been inter- Oxygen-18 Kinetic Isotope Effect¥® KIEs). Oxygen-
preted in the context of an en\/ironmenta”y Coup|ed hydrogen 18 kinetic isotope effects, as a function of deuteration of
tunneling model that is described by a ligand reorganization the substrate dopamine, have been reported for the reaction
term and a gating frequency for the heavy atoms that catalyzed by [BM (11). These isotope effects were measured
modulate the hydrogen tunneling ever®0) The small competitively with a technique that allows the precise
reduction in the magnitude of the intrinsic primary isotope determination of*O KIEs using natural abundané®. In
effect for the Y318F mutant of PHM may indicate a greater this study, the same technique was used to mea%drigIEs
role for gating than with the wild-type enzyme. It would in the reaction catalyzed by PHM with protiated and
appear that the more open and less organized an active sitedideuterated hippuric acid, indicating values f&{v/K) of
the greater the role for gating in achieving the internuclear 1.0173= 0.0009 and 1.0212 0.0018, respectively (Table
distances required for tunneling@). 5). These experimental isotope effects are similar to those
Impact of Y318F on Binding and Chemical Stdpgrinsic measured previously for/fM using protiated and deuterated
rate constants for the minimum kinetic mechanism shown dopamine (Table 5)1(1). Tian et al. have presented a method
in Scheme 3 can be calculated from the measured kineticfor the calculation of the intrinsié®0 isotope effect k)
parameters, their isotope effects, and the intrinsic isotope from the measured deuterium al¥® kinetic isotope effects
effects. This methodology has been previously used for the on V/K, as shown belowl(l), where the increase #%(V/K)
calculation of the rate constants of the reactions catalyzedWith deuteration is ascribed to an overall increased rate
by DAM (5) and wild-type PHM 18). The microscopic rate  limitation by chemistry:
constants calculated for the Y318F mutant are shown in b 18 18
Table 4. It can be seen that the Y318F mutation affects the 18, — (VIK) ™ (VIK)p = “(VIK),
rate of most steps, but most notabty and k. An ap- D(V/K) -1
proximately 3-fold increase is seen in the dissociation
constant for @ from the ternary complex and an ap- This equation assumes that the-B bond cleavage is
proximately 3-fold decrease is seen in the rate of theHC irreversible, which has been demonstrated f@givD(19).
bond cleavage step. As described above, the kinetic mech-Note that!® reflects all changes in bond order at Gp
anism for this mutant is steady-state random compared tothrough the irreversible €H cleavage step. A value fétk
the rapid-equilibrium-ordered mechanisms reported for the of 1.0230+ 0.012 can be calculated for PHM with hippuric
wild-type enzyme. As a result, two more rate constalgts, acid. Despite the large propagated error, this is seen to be
and kg in Scheme 3, corresponding to the association andidentical to the value of 1.028H% 0.0012, previously
dissociation of hippuric acid from the-8, binary complex, calculated for [BM with dopamine as substratd1). It
can be calculated. The error in these rate constants, howeverappears that PHM and M, working with different sub-

(4)
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strates, have conserved the size of both the intrinsic reactants¢x) (cf. ref 26). The heavy atom isotope effects
deuterium {8; Table 3) and®O kinetic isotope effectsi(,; are, thus, expected to reflect any preequilibrium chemical
Table 5). steps that occur at the molecular oxygen, together with

The PHM reaction is the second example of a measuredchanges in the heavy atom barriers that control tunneling.
180 isotope effect that is dependent on substrate deuterationWork is currently in progress to understand the origin of
The significance of this observation deserves further con- 0 isotope effects in outer-sphere electron-transfer processes
sideration. Given tha®(V/K) reflects all steps from oxygen (Klinman and Roth, in preparation) and is expected to impact
binding through the first irreversible step, the sensitivity of the interpretation of the magnitude and trend$%6f kinetic
the oxygen isotope effect to substrate deuteration means thaisotope effects in the hydrogen transfer catalyzed by PHM
C—H cleavage must be connected to the aation of O, and D5M.
through a series of fully reersible stepsThis has important Thus, there are now three critical pieces of data that
implications for the nature of the activated oxygen species “frame” our understanding of oxygen reactivity in PHM and
that precedes €H cleavage and will be discussed in greater DSM. These are (i) that the transfer of hydrogen from
detail below. substrate to activated oxygen occurs by a tunneling process,

According to the mechanism put forth in Tian et al. for obviating the use of classical physical organic probes to
the DBM reaction (L1), a tyrosine residue in the active site interpret trends it®O isotope effects, (ii) the finding that
plays an essential role in the mechanism of oxygen activationreplacement of the active site tyrosine by phenylalanine has
(where Y484 in bovine PM corresponds to Y318 in PHM).  only a modest effect on the rate of the chemical step of
Although the mutagenesis experiments described abovecatalysis and practically no effect on the deuterium and
indicate that Tyr 318 is not essential for chemistry in PHM, oxygen isotope effects, and (iii) that the deuterium substitu-
it appeared possible that an alternate pathway with a differenttion on substrate increases the measuf€disotope effect
mechanism for oxygen activation could come into play in for both PHM and D¥M. These data call into question a
the absence of Y318. We therefore measured the oxygenmechanism in which a Cu(H)OOH is reductively cleaved
isotope effect with Y318F. As shown in Table 5, E(V/K) by an active site tyrosine (Scheme 2). In direct opposition
of 1.0169+ 0.0014 is observed for protiated hippuric acid to the current observations, the mechanism in Scheme 2
with Y318F. This value is essentially identical to the 1.0173 predicts a significant effect of the conversion of Y318 to a
+ 0.0009 obtained with protiated hippuric acid and the wild- phenylalanine on both rate and isotope effects. Additionally,
type enzyme. Due to the large amounts of enzyme neededreductive cleavage of a coppenydroperoxy intermediate
for these measurements, it was not possible to determine thdo a coppefr-oxo species, involving oxidation of two copper
180 KIE for the slower reaction of dideuterated hippuric acid centers that lie ca. 10 A apart (Figure 1) and the loss of a
with Y318F, precluding an estimate of the intrinsi%O water molecule, is expected to be irreversible. The resulting
isotope effect for the mutant enzyme. Nonetheless, the uncoupling of dioxygen activation from -€H activation
identity of the measured isotope effects with both wild-type would produce ar®O isotope effect that is independent of
and mutant enzymes indicates a similar mechanism for substrate deuteration, in contrast to the experimental observa-
dioxygen activation. tions.

Implications for the Chemical Mechanism oM and Where do these observations lead us with regard to the
PHM. The compelling sequence and chemical homology nature of the activated oxygen species in tif#vDand PHM
between PHM and PM support a highly conserved active reactions? As noted by Priegge et dl2,(13), there is no
site structure and reaction mechanism within this enzyme general acid in the active site of PHM, and a copper
class. One of the major observations that led to the proposalhydroperoxy anion, rather than copper hydroperoxide, was
of reductive cleavage of hydrogen peroxide by an active site proposed as the oxidizing specie®.(One question that
residue (tyrosine) in PM was the observed decrease in needs to be addressed, however, is whether a long-range
measured’®0 kinetic isotope effects as a function of electron transfer (ca. 10 A) from the CuH side to a CuM
decreasing substrate phenethylamine reactivity. As discussedlioxygen complex could occur in a reversible process and/
in the paper by Tian et al1@), the magnitude of thé*O or be mediated by the movement of a one-electron form of
isotope effects was, in fact, expected to increase as theO, (O;*~) across the large cleftld). If this is not the case,
reactivity of substrate decreased if the activating oxygen then yet a different species must be responsible feHC
species were Cu(HjOOH. The reason for this expectation activation in PHM and IPM. Work is currently in progress
was the Hammond postulate, which posits a correlation in this laboratory to address this challenging question.
between reaction driving force and the degree to which
transition state structure for hydrogen transfer is early or late. ACKNOWLEDGMENT
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