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ABSTRACT: The bifunctional peptidylglycine--amidating enzyme catalyzes the C-terminal amidation of
glycine-extended peptides. The first enzyme activity, peptidylglyaifgydroxylating monooxygenase,
catalyzes the oxygen-, ascorbate-, and copper-dependent formatidrydfoxyglycine derivatives. These

are substrates for the second enzyme activity, peptidylamidoglycolate lyase, which catalyzes their breakdown
to the corresponding C-terminal amidated peptide and glyoxylate as final products. Kinetic and isotope
effect studies were carried out willtbenzoylglycine as a substrate at pH 6.0 using monofunctional and
bifunctional monooxygenase activities. Kinetic data indicate an equilibrium ordered mechanism, with
hippuric acid binding first followed by oxygen. A potentially important difference between the two
monooxygenase activities is that product release occurs more slowly from the bifunctional enzyme,
indicating an influence of the lyase domain on release-bf/droxyglycine product to solution. Intrinsic
isotope effects for the €H bond cleavage were measured for the monofunctional form of the enzyme
using a double-label tracer method, yielding 18.6.8 and 1.26t 0.03 for the primary and.-secondary
deuterium intrinsic isotope effects, respectively. These values are identical to previous measurements for
the analogous enzyme system, dopanfir@onooxygenase [Miller, S. M., and Klinman, J. P. (1985)
Biochemistry 242114-2127]. The identity of intrinsic isotope effects for peptidylglyciedydroxylating
monooxygenase and dopamiftanonooxygenase with substrates of comparable reactiMitlyghzoylg-

lycine and dopamine, respectively) extends similarities between the two enzymes significantly beyond
sequence homology and cofactor requirements.

Many neuropeptide hormones require an amidated car-enzyme, peptidylamidoglycolate lyase (PAL) (EC 4.3.2.15),
boxyl terminus for full biological activity I). These which catalyzes the breakdown of thehydroxyglycine
amidated hormones are synthesized by the posttranslationatierivative to produce the corresponding C-terminal amidated
modification of peptide precursors carrying a glycine residue peptide and glyoxylate as the final products.
in thg C terr_ninus by. thg action of the bifunctional enzyme  1he reaction catalyzed by peptidylglycineamidating
peptidylglycinea-amidating monooxygenase (PAMJEC monooxygenase is similar to the reaction catalyzed by
1.14.17.3) as shpwn in Scheme 1 (for recent reviews, Se€gopamine-monooxygenase (BM). This latter enzyme
refs 1—3). The first enzyme, peptidylglycine-hydroxy-  cata)yzes the conversion of dopamine to norepinephrine in
lating monooxygenase (PHM), catalyzes the copper-, 8sCor-, conner. ascorbate-, and molecular oxygen-dependent
bate-, and molecular oxygen-dependent stereospeeific  (oaction, The amino acid sequences of PHM afiare
hydroxylation of glycine extended precursors. Thesy- 32% identical 4, 5). Both enzymes bind two coppers atoms
droxyglycine derivatives are then substrates for the second(6_8) and cycle through Cu(ll) and Cu(l) redox states during

s rod by National Institutes of Health Grants GM 25765 t catalysis —12). The crystal structure for the catalytic core
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Foundation. The kinetic mechanism of PAM has yet to be fully
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I Oregon Graduate Institute of Science and Technology. substrate and the stoichiometry and products of the reaction

o Department of Molecular and Cell Biology, University of Cali- between ascorbate and enzyrid<16). These experiments
fornia. have shown that ascorbate binds first, reducing Cu(ll) to Cu-

! Abbreviations: PAM, peptidylglycine--amidating monooxyge- ; i ;
nase: PHM. peptidylglycine.-hydroxylating monooxygenase; PAL, (1) with the release of semidehydroascorbate, before peptide

peptidylamidoglycolate lyase; M, dopamine f-monooxygenase; and dioxygen bindY7). This is in agreement with the kinetic
PHMcc, catalytic core of PHM; HA, hippuric acid. mechanism of BM (10, 18, 19), although [¥BM has also
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been shown to support copper reduction in the enzyme of Chen and Benoitor?@). To a vigorously stirred solution
product complex under conditions of high ascorbét@).( of [2-°H;]glycine (0.77 g, 10 mmol) and NaOH (0.40 g, 10
There are no kinetic data available concerning the relative mmol) in 30 mL of water at °C were added benzoyl
order of binding of molecular oxygen and peptide to either chloride (1.28 mL, 11 mmol) and diisopropylethylamine
PAM or PHM. (1.98 mL, 11 mmol) alternately in small portions over the
Isotope effect measurements provide a valuable tool in course of 30 min. The mixture was stirred for an additional
the determination of the kinetic mechanism of enzymes. The 30 min, then cooled again, and acidified vé N HCI until
order of addition of reactants can be obtained from the a white solid precipitated. The crud¥-benzoyl[22H,]-
magnitude of the isotope effects on the kinetic parametersglycine was collected by filtration, triturated in boiling CGCI
for the various substrateg@, 21). To date, there has been (30 mL), and collected again by filtration. The product was
only one report of an isotope effect on the PAM reaction. further purified by recrystallization from 4@: yield 1.26 g
Kizer et al. (L4) reported a primary deuterium isotope effect (70%); mp 186-189 °C (lit. mp 186-187 °C); MS (EI*)
on Vmax Of approximately 6 for the substrate pyro-Glu-His- vz (relative intensity) 181 (43), 137 (47), 105 (100), 77 (67).
Pro-Gly. Synthesis of N-[ring-U4C]BenzoylglycineZ). N-[ring-
Hippuric acid (-benzoylglycine) has been shown to be U-14C]Benzoylglycine benzyl ester was synthesized by
the smallest amide substrate for PARD). Although this adding triethylamine (1&L, 0.092 mmol) and 1,3-dicyclo-
peptide analogue haskan value higher than those of the hexylcarbodiimide (19 mg, 0.092 mmol) to a mixture of
larger peptide substrates, the ease of synthesis of isotopicallyglycine benzyl estgp-toluenesulfonate (31 mg, 0.092 mmol)
labeled variants made it an ideal candidate for a complete and fing-U-14C]benzoic acid (1 mCi, 10 mCi/mmol) in GH
kinetic study. We now report an extensive kinetic and Cl, (1 mL). The reaction mixture was stirred afG for 1
isotope effect StUdy of the monofunctional and bifunctional h and at room temperature for 18 h and filtered and the
forms of the peptidylglycinex-amidating monooxygenase precipitate washed with Ci€l, (2 mL). The filtrate was
using hippuric acid as a substrate. Labeled hippuric acidswashed with HO (2 x 1 mL), dried (NaSQy), filtered, and
were synthesized, and isotope effects were measured orevaporated. The benzyl protecting group was removed by
initial rates as a function of substrate and oxygen concentra-a modification of the procedure of Anantharamaiah and
tion. Deuterium and tritium isotope effects were also Sjvanandaiah24). To the crudeN-[ring-U-4C]benzoylg-
measured competitively to determine the intrinsic isotope |ycine benzyl ester was added a mixture of ethanol (5 mL),
effect for the C-H bond cleavage. The relationship of these cyclohexene (2.5 mL), and 10% palladium on charcoal (10
findings to the analogous copper enzyme doparnfimeo- mg), and the mixture was refluxed with stirring for 3 h. The
nooxygenase is discussed. Although the kinetic mechanismcatalyst was removed by filtration and washed with hot
of PAM differs somewhat from that of M, the structure  ethanol (5 mL). The solvent was removed in vacuo to yield
of the activated complexes for these enzymes appears to bghe crude product which was purified by semipreparative
identical when substrates of similar catalytic efficiency are reversed-phase HPLC on a Dynamax 300 A C18 column
compared. (Rainin) with an isocratic system of 2% GEN in 50 mM
ammonium acetate (pH 5.5). The collected fractions were
MATERIALS AND METHODS pooled, lyophilized, redissolved in 1% ethanol, and stored

Materials. [2-2H,]Glycine (98%2H) was purchased from fro;en. The final specific activity of the product was 9.5
Cambridge Isotope Laboratories, Inc. (Andover, MA)ng- uCi/mmol.
U-1“C]Benzoic acid (55 mCi/mmol) and sodiurfH]boro- Synthesis of N-[ringH]Benzoyl-(2S)-[22H,]glycine (3).
hydride (100 mCi/mmol) were from American Radiolabeled (29-[2-?°H;]Glycine was prepared by a modification of the
Chemicals, Inc. (St. Louis, MO). Tritiated water (TOH, 90 method of Gani et al.25). To a solution of [22H,]glycine
mCi/mmol) and Ecolitet) liquid scintillation cocktail were (100 mg, 1.30 mmol) in 2 mL of 100 mM potassium
purchased from ICN Pharmaceuticals, Inc. (Costa Mesa, CA). phosphate (pH 7.6) was added glutamate-pyruvate transami-
Glutamate-pyruvate transaminase and catalase were frormase (100 units), and the reaction mixture was incubated at
Boeringer Mannheim Corp. (Indianapolis, IN). Dowex 37°C inthe dark. No pyridoxal'Sphosphate was added to
50WX8-400 ion-exchange resin and 1,3-dicyclohexylcarbo- the mixture as suggested by Gani et &5)(to avoid any
diimide were from Aldrich Chemical Co. (St. Louis, MO). nonenzymatic hydrogen exchange. After 24 and 48 h,
MES and sodium ascorbate were from Sigma (St. Louis, another portion of glutamate-pyruvate transaminase (100
MO). Glycine benzyl estep-toluenesulfonate was from  units) was added to the mixture. The solution was incubated
Fluka Chemical Corp. (Ronkonkoma, NY). All other for a total of 96 h, after which the enzyme was denatured
reagents from commercial sources were of the highest purity by boiling for several minutes. The mixture was centrifuged
available and were used without further purification. and the supernatant solution frozen and lyophilized to yield

Synthesis of N-[benzoyl?H,]Glycine (1). The synthesis  (29-[2-?Hj]glycine and buffer. (8)-[2-°H;]Glycine was
was performed according to a modification of the procedure purified by ion-exchange chromatography by dissolving the
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reaction mixture in 0.1 N HCI and loading it onto a Dowex
50WX8-400 column (H form, 1 x 10 cm). The column
was washed with kO (100 mL), and the glycine was eluted
with 3 M NH,OH (50 mL). The ninhydrin-positive fractions

Francisco et al.

cal oxygen monitor. The temperature of the chamber was
maintained at 34 0.1 °C with a Neslab circulating water
bath. Reaction mixtures (1 mL) contained 100 mM MES
(pH 6.0), 30 mM KCI, 10 mM sodium ascorbate, 10 mg/

were pooled and lyophilized. The glycine was characterized mL catalase, 1uM CuSQ, and various amounts df-

as its camphanic aci®$). For theN-camphanoyl-(R)-[2-
2H,]glycine derivative, stereochemical purity 809% and
deuterium content of99 at. % was found by NMR and
mass spectrometry analysis, respectiveljng-H]Benzoic
acid was synthesized by the rhodium(lll) chloride-catalyzed
exchange procedure for the TOH titration of aromatic
carboxylic acids 26). [ring-*H]Benzoyl chloride was pre-
pared from fing-3H]benzoic acid using cyanuric chloride
(27). [ring-*H]Benzoic acid (18 mg, 0.15 mmol) and
cyanuric chloride (13.8 mg, 0.075 mmol) were dissolved in
acetone (1 mL), and the mixture was stirred at room
temperature. Triethylamine (24, 0.15 mmol) was added,
and a white precipitate formed immediately. The reaction
mixture was stirred for 2 h, the acetone removed in vacuo,
and the precipitate extracted with GG# x 1 mL). The
combined CCJ fractions were filtered, and the CQlas
removed in vacuo to yieliH]benzoyl chloride. The®H]-

benzoylglycine oMN-benzoyl[22H,]glycine (0.1-20 mM).
Individual reaction mixtures were made from stock solutions
with addition of concentrated solutions of ascorbate, catalase,
and CuSQ@ Oxygen concentrations were varied by stirring
reaction mixtures for at least 15 min with premixed/I
mixtures in the appropriate proportions to yield the desired
O, concentration. The resulting oxygen concentration was
determined from the known concentration of dissolved
oxygen under conditions of air-saturated water (20 at
37°C). Stock solutions of-benzoylglycine substrates were
obtained by weighing samples and dissolving these up to
known volumes of 100 mM MES (pH 6.0) and 30 mM KCl
buffer. Reactions were initiated by the addition of enzyme
(2—5 uL). Velocities for both unlabeled and dideuterated
substrates at a given oxygen concentration were obtained in
a single experiment using the same stocks of the other
reaction components to minimize fluctuations in experimental

benzoyl chloride was placed in an ice bath, and a solution conditions.

of (29-[2-?H4]glycine (11.3 mg, 0.15 mmol) in 0.5 M NaOH
(600uL, 0.30 mmol) was added and the mixture stirred at O
°C for 15 min and at room temperature for 1 h. The reaction
mixture was cooled in an ice bath and acidified with 1 N
HCI. The crudeN-[ring-*H]benzoyl-(2)-[2-?H,]glycine was

purified by semipreparative reversed-phase HPLC on a

Dynamax 300 A C18 column with an isocratic system of
2% CHCN in 50 mM ammonium acetate (pH 5.5). The
collected fractions were pooled, lyophilized, redissolved in
1% ethanol, and stored frozen. The final specific activity
of the product was 11.#ZCi/mmol.

Synthesis of N-Benzoyl-(RS){R]glycine 4). (R9-[2-
%H]Glycine was synthesized by sodiuniH]borohydride
reductive amidation of glyoxylate as described by Denu and
Fitzpatrick @8). To a vigorously stirred solution oR9-
[2-2H]glycine (15 mg, 0.2 mmol) in 0.8% NaOH (2.25 mL,
0.45 mmol) at 0°C was added benzoyl chloride (38,
0.30 mmol), and the reaction mixture was stirred &Cdor
15 min and at room temperature for 1 h. The reaction
mixture was cooled to OC and acidified wih 1 N HCI.
The crudeN-[ring-*H]benzoyl-R9-[2-*H]glycine was puri-

Data from the initial velocity experiments were fit directly
to eq 1 using the program Kaleidagraph. Pi{€/K,,y) and
PV,pp Values at a giveN-benzoylglycine or oxygen concen-
tration were calculated by direct comparison of YHE and
V values for the protiated and dideuterated substrates.

_ VS

“K+s @)

v
Data obtained by varying the concentration levels of the two
substrates were fitted to eqs 2 or 3 using the programs of
Cleland B2).

. VAB @
KK, + KA+ KB+ AB
) VAB @)

T KK, + KA+ AB

where A and B are the substrate concentratioNsjs the
maximal velocity K, andK, are the Michaelis constants for
A and B, respectively, an#{, is the dissociation constant

fied by semipreparative reversed-phase HPLC on a Dynamaxof A.

300 A C18 column with an isocratic system of 2% {CH

in 50 mM ammonium acetate (pH 5.5). The collected
fractions were pooled, lyophilized, redissolved in 1% ethanol,
and stored frozen. The final specific activity of the product
was 2.8uCi/mmol.

Enzyme PreparationChinese hamster ovary cells which
secrete recombinant type A rat medullary carcinoma PAM
into the culture medium were grown in a Wheaton stirred
tank bioreactorZ9). The bifunctional 75 kDa enzyme was
purified as described by Miller et al3Q). Catalytic core
PHM (PHMcc) was purified as described by Kolhekar et al.
(3D).

Noncompetitie Kinetic Isotope Effectslnitial velocities
were measured at varied oxygen axéenzoylglycine or
N-benzoyl[22H;]glycine concentrations by the rate of oxygen
consumption at 37C and pH 6.0. The decrease in oxygen
concentration was measured with a YSI model 5300 biologi-

Competitve Kinetic Isotope EffectsThese experiments
were performed in 2100 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. All reaction
mixtures were stirred with the aid of a stir bar and an air-
driven magnetic stirrer. The temperature was kept at-37
0.1 °C with a Neslab water bath. The final concentration
of hippuric acid was 10 mM, with &H:C ratio of
approximately 10. In each experiment, threebhOsamples
att = 0 and six to eight 5L samples at various reaction
times were removed and the reactions quenched with 1 M
HCIO,4 (10 uL). Samples were then frozen and stored at
—70 °C until they were analyzed by HPLC. The samples
were thawed, centrifuged for 5 min immediately before
HPLC analysis, and injected into a Beckman’s Ultrasphere
C18-IP column (4.5 mmx 250 mm) equilibrated with 1%
CHsCN in 50 mM ammonium acetate (pH 5.5). After



o-Amidating Enzyme: Kinetics and Isotope Effects Biochemistry, Vol. 37, No. 22, 1998247

Table 1: Kinetic Parameters for PAM and PEM

PAM PHM
parameter H2HA [2H2]HA IE® [*Hz]HA [2H2]HA IE
Vinax (S7%) 36.8+ 0.09 36.6+ 2.8 1.00+ 0.08 39.1+ 0.5 25.0+£ 1.1 1.56+ 0.07
V/Kg, (MM~1s71) 136.8+ 8.0 443+ 3.1 3.08+ 0.28 185.0+ 0.6 58.3+ 3.9 3.17+£0.21
Ki(HA) (mM) 5.0+ 0.4 8.5+ 0.8 0.59+ 0.07 2.9+ 0.1 45+0.4 0.64+ 0.06

aKinetic parameters obtained by fitting the initial velocity data to the equation describing an equilibrium ordered mechanism (eq 3) using the
programs of Cleland32). Experimental conditions were as follows: 100 mM MES (pH 6.0), 30 mM KCI, 10 mg/mL catalagd, QuSQ,, 10
mM ascorbic acid, and varying amounts of protiated and dideuterated hippuric acid and oxygeiCaP &, isotope effect.

injection of the sample, the same eluent was used for 25 [O,] uM
min, foIIovyed by a 10 min 1 to 20% acetonitrile gradient 0 200 400 600 800 1000
and a 5 min 20% acetonitrile. Tritiated water eluted at the 7.00 . , . .
dead volume (2.6 min), followed by-hydroxyhippuric acid A
(12 min), hippuric acid (23 min), and benzamide (38 min). 6.00 F
No benzamide was detected in experiments with PHM. The
lack of benzamide formation using PHM is consistent with < 5.00 } }
model studies of carboxamide dealkylation at pH &8, ( S
34). Fractions (1.5 mL) were collected and mixed with e 4.00 i} % %
Ecolite() liquid scintillation cocktail (12 mL) and measured <}
in a LKB Wallac model 1209 Rackbeta liquid scintillation 3.00
counter (5 min/sample). Isotope effects were calculated
according to eq 4 2-00o 5 10 15 20 25
Ky In(1— f) @ [Hippuric Acid] mM
k. inl1 - Ry [O,]uM
R, . 00o 2?0 4?0 SCI)O 8(I)O 1000

where L represents D or T,s the fractional conversion of
substrates to products, af§ and R, are 3H:1“C ratios in
products at fractional conversions and 100% conversion,

respectively. The fractional conversion was determined from 5.00F } }
the ratio of*“C in product to the total*C in product and t

substrate. SincB, routinely equaled Rfor the deuterium 4.00r % % ?

6.00

D(V/K)

isotope effect experiment afd/2 equaled=., for the tritium
isotope effect experiments, the average of tHReevalues
(or Ry/2 for ku/kr) was used a&. in eq 4.

3.00

2.00 t L 1 1 L

RESULTS [Hippuric Acid] mM

Steady-State KlnetICS and |SOt0pe EffeCTSD determlﬂe FIGURE 1: Dependence d:f(V/K)HA (.) and D(V/K)02 (o) on the
the kinetic mechanism of PAM and PHM, initial velocities concentrations of oxygen and hippuric acid, respectively, for PAM

were measured as a function of oxygen and protiated and(A) and PHM (B).
dideuterated hippuric acid. The initial rate patterns obtained
for both PAM and PHM (data not shown) are characteristic
of an equilibrium ordered mechanis85). The lines on
the 1/[Q] versus 1/ plot intersect on the 2/axis, indicating

a value of 0 forK/V for hippuric acid. The 1/[HA] plot
intersects to the left of the 4 &xis above the horizontal axis
with a 1f coordinate equal to Y. (data not shown).
Secondary plots for both enzymes are also indicative of an
equilibrium ordered mechanism. The plot of the slope of
1/[HA] versus 1/[Q] is linear with an intercept at the origin
(data not shown).

The initial velocity data as a function of protiated and
dideuterated hippuric acid and oxygen obtained for both
PAM and PHM were fitted to eqs 2 and 3 describing a
steady-state ordered and an equilibrium ordered mechanism
respectively 82). TheK, values obtained when fitting the
initial velocity data to eq 2 are either extremely small or D(V/K) 1 D — 1
negative with standard errors larger than the corresponding =
values, indicating a lack of significance for this term. The T(VIK)—1 Pk+*2-1

kinetic parameters obtained from the fit to eq 3 of the PAM
and PHM data are summarized in Table 1.

The isotope effects oR(V/K) for either substrate as a
function of the other for PAM and PHM are shown in Figure
1. P(V/K) values for both substrates are approximately equal
and remain relatively constant as a function of the concentra-
tion of the alternate substrate.

Intrinsic Isotope Effects.Northrop 86) has provided an
elegant method for the determination of the intrinsic isotope
effect from the measured deuterium and tritium isotope
effects onV/K under identical conditions. In cases where
the reverse commitment to catalysis is near zero (i.e.,
irreversible reactions), it is possible to calculate a unique
solution to the intrinsic isotope effedk, as described in eq
5.

)
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Scheme 2
A. D(V/K) Competitive Isotope Effect Experiment
Q "o Q ore 2 29
-NH-C-C- —>'C-NH-C—C-OH C-NHz + H-C-C-
g S-nr-6-8-on o gy o Far™ (G é-tre + n-c-c-on
H H
+
9 b9 O OHO o 00
C-NH-C-C-OH 3 (" MC-NH-C—C-OH ——> C=NH, + H-C-C-
Q ' PHM i PAL 2+ H=C-C-OH
T H T H
B. T(V/K) and *T(V/K) Competitive Isotope Effect Experiment
o Ho o oo Q 22
C-NH-C-C-OH ———> -NH:C=C-OH——> : -c-cC-
H H
+
TOH o o
o] TO o) OHO o)
" 1N " ] " " 1}
l PHM [ PAL
H H
+
o] H O O OHO o o Q
@E_NH.(';_E-OH —>®0-NH-C—C-0H—>®-C-NH2+ T-C—C-OH
1 PHM 1 PAL
T T
This transcendental equation suffers from the disadvantage 121
that the errors in the measured parameters are inflated in i ]
the propagation of errors. For this reason, it is important to 10+ b o of Go9F s8F 3
measure the deuterium and tritium isotope effects with high g [ )
precision. To accomplish this, a double-isotope technique 3 8r ]
was used, as has been done previously with dopamine o
f-monooxygenasel({), among other systems. “g’. 6t ]
Hippuric acid was found to be an excellent candidate for 5 [ ]
the determination of the intrinsic isotope effect for the i€ 2 4 e 008 epesme © 0000 7
bond cleavage since it shows a measurglé)a. Doubly I ]
labeled hippuric acid substrates were synthesized as described 2r ]
in Materials and Methods and used for the measurement of o 1 a8 ]” ey f“’ v
o NSNS S B B B i ledd dod

the deuterium and tritium isotope effects. While in the
noncompetitive isotope effect measurements dideuterated . .
hippuric acid was used due to the availability of the precursor fractlonal conversion

dideuterated glycine, for the competitive isotope effect FIGURE 2 P(V/K) (circles), (V/K) (squares), and~T(V/K) (tri-

oo : : . angles) vs fractional conversion for the reaction of hippuric acid
measurements, stereospecifically deuterated hippuric aci ith PHM. Independent experiments are represented by different

was synthesized and used. Stereospecifically_Iabeled subsympols. Experimental conditions are described in Materials and
strate offers the advantage that the measured isotope effeckethods.

is a function of the primary intrinsic isotope effect and not

0 0.2 0.4 0.6 0.8 1

of the product of the intrinsic primary and intrinsicsec- Table 2: Competitive Isotope Effeéts

ondary isotope effects. The use of a randomly labeled parameter PAM PHM

trmated substrate provided _the ad_dltlonal advantage that the DVIK)nn 3821 0.06 3835 0.05
primary and secondary tritium isotope effects could be TOV/K)wia nee 9.73+ 0.19
measured in a single experiment. The labeled substrates and  “T(V/K)ua nd 1.094+ 0.01

the corresponding products are shown in Scheme 2. The a Experimental conditions were as follows: 100 mM MES (pH 6.0),
measured primary deuteriurd([//K)] and primary J(V/K)] 30 mM KCl, 10 mM sodium ascorbate, 15 mM KI, 100 mg/mL catalase,

and secondary tritium*{T(V/K)] isotope effects for PHM  and 1uM CuSQ under an atmosphere of oxygen at ¥7. * nd, not

are shown in Figure 2 as a function of fractional conversion determined.

and summarized in Table 2. It can be clearly observed that

the measured isotope effects are independent of the fractionaknzyme in the tritium isotope effect experiment are TOH,

conversion and that this method allowed for the very precise glyoxylate, ando-hydroxyhippuric acid (Scheme 2). To

measurement of isotope effects, with relative errors 8%. separate glyoxylate from TOH amdhydroxyhippuric acid,
The isotope effects for PAM were also measured in the derivatization of glyoxylate with phenylhydrazine was

same way. The tritiated products with the bifunctional required. Consistently, we were unable to obtain a quantita-
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Table 3: Comparison of Intrinsic Parameters fg#NDand PHM Scheme 3
with Dopamine and Hippuric Acid as Substrates kq[HA] ks[Os) ks ky
E E.HA E.HA.O; E.P E+P
parameter BM PHM? ke ke

Pks 109+ 1.9 10.6+ 0.8 . L . L
Dl 1.19+ 0.06 1.20+ 0.03 of peptidyl amidating enzyme to determine the kinetic
ks (s79) 12004+ 540 810+ 120 mechanism and the intrinsic isotope effect for thekCbond
BDE? (kcal/mol) 8% 87m cleavage.

a Experimental conditions were as follows: 100 mM MES (pH 6.0), The conventional method for determining an enzyme
30 (;n;/l l'\(/IC(I: 1g (r]TM sdodium ast,corbathe, 15 ran K, 1ootrrgrgl}citalase, kinetic mechanism makes use of initial velocity studies in
an u under an atmospnere of oxygen al . aken i ihi
fr_om rp_éf _37. ¢ Taken from ref39. ¢ g’aken fromygef47. ¢BDE, bond %!]he absenpe and plreSeCTCbe O;Kﬁducgaga&eadfend mh.lé)lltors'
dissociation energy.Taken from ref48. 9 Taken from ref49. N regctlon catalyzed by A an IS 'rrevers,' e

precluding the use of product inhibition and other techniques
such as isotopic exchange, commonly used for this purpose.
Fortunately, isotope effects have been shown to be a powerful
tool for the determination of kinetic mechanisn),(21).

Initial velocity patterns obtained with PAM and PHM are
indicative of an equilibrium ordered mechanism (Scheme 3
with k; > ks). For this mechanism, the addition of the first
substrate A (in this case, hippuric acid) is at equilibrium and
the intercepts of the 1/[B] reciprocal plot (in this case) O
are not affected by changes in the concentration 083).(

In other words, double-reciprocal plots intersect on the
ordinate when [B] is varied, with the slope replot passing
through the origin. The initial velocity data for both PAM
and PHM were fitted to the equation describing an equilib-
rium ordered mechanism (eq 3) (Table 3), and a good fit to
this equation was found.

For the kinetic mechanism shown in Scheme 3, the
expressions for the isotope effect WfK for each substrate
are shown below:

tive recovery of the tritiated glyoxylate as the glyoxylate
phenylhydrazone, either due to incomplete derivatization or
due to degradation of the glyoxylate product before deriva-
tization. For this reason, the tritium isotope effects measured
with the bifunctional form of the enzyme were not reproduc-
ible. The deuterium isotope measurements did not suffer
from this problem since the only labeled products were
o-hydroxyglycine and benzamide (Scheme 2) and no de-
rivatization was needed for the HPLC separation. The results
of the deuterium isotope effects for PAM are also shown in
Table 2. Itis clear that the(V/K)ua values measured with
PAM and PHM are identical.

With the results of the deuterium and tritium isotope effect
experiments, it is possible to calculate the intrinsic primary
isotope effect for the €H bond cleavage using eq 5. An
intrinsic primary deuterium isotope effe®kj of 10.64 0.8
was obtained. The standard error for the intrinsic isotope
effect was calculated as previously describ@®).( With the

intrinsic isotope effect and the measured secondary tritium Ks
isotope effect, it is possible to calculate the secondary Dk5+
intrinsic isotope effect39). The a-secondary deuterium D(V/K) _ Kokal (ko + K5[O]) (6)
intrinsic isotope effect( Pk) was calculated to be 1.28 HA ks
0.03. These results are summarized in Table 3. We note 1+ kk,/(k, + kJO,])
that both the primary and secondary intrinsic isotope effects A
calculated for PHM are identical to those calculated for the ks
DM reaction 37, 39) (Table 3). The implications of this Dk,5 + —
result are discussed below. D(V/K)o _ Ky @)
2
DISCUSSION 1+E—L5
v

Kinetic Order. In earlier studies of peptidylglycine
o-amidating enzyme, it was shown that the reaction of For an equilibrium ordered mechaniska,is very fast with
ascorbate with the enzyme displays ping-pong kinefids-( respect toks[O] at any finite level of Q. Under these
16), with the one-electron oxidation of two molecules of conditions, the expression 8{V/K)ua can be reduced to
ascorbate reducing the two enzyme-bound copper atoms to

produce two molecules of semidehydroascorbate before D Ks
peptide binds17). In this study, we have determined the ks + K.
relative order of oxygen binding to the Cu(l) form of the D(V/K)HA = i (8)
enzyme. N-Benzoylglycine (hippuric acid) has previously 1+ k_5
been shown to be the smallest peptide analogue substrate k,

for the enzyme 22). This small molecule offers the

advantage of being easily synthesized, and labeled substrate$herefore, the isotope effect for an equilibrium ordered
were readily accessible (Scheme 2). Furthermore, initial mechanism will be constant, witb(V/K)ua equal toP(V/
deuterium isotope effect measurements with hippuric acid K)o, independent of the concentration of the alternate
showed moderate isotope effects on the kinetic parameterssubstrate that is varied. The concentration dependence of
These qualities made this small peptide analogue a perfecthe isotope effects ow/K for PAM and PHM (Figure 1) is
candidate for detailed kinetic and isotope effects studies. We consistent with such a mechanism.

have carried out extensive initial velocity and isotope effect ~ An equilibrium ordered mechanism is not unreasonable
measurements as a function of hippuric acid and oxygenfor such a small peptide analogue. The natural substrates
concentration with the monofunctional and bifunctional forms for peptidylglycinea-amidating enzyme are large peptides,
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and binding interactions between the enzyme and the pep.tidel'able 4: Microscopic Rate Constants for PHM According to
substrate may be expected to extend beyond the terminalscheme 3

glycine residue. Tamburini et ak4@) have shown that the
peptide structural elements for peptidylglycimemidating

enzyme substrate recognition are located within the terminal

pentapeptide segment. Furthermore, althoughwhg for
hippuric acid is comparable to those of larger peptide
substrates, the€/Kya is approximately 106500-fold smaller
than those measured for the larger peptides (i.e Kthéor
hippuric acid is increased about 10800-fold) @1, 42).
Thus, in the case of extended peptide substratek,trate
(Scheme 3) may be slowed sulfficiently to convert the kinetic
mechanism from one that is equilibrium ordered to steady-
state ordered.

One discrepancy with the equilibrium ordered mechanism
is that fitting the kinetic data to eq 3 (Table 1) leads to an
inverse isotope effect dfi, for hippuric acid [Kia([*Hz]HA)]/
[Kia([H2]HA)] is 0.59 & 0.07 for PAM and 0.64t 0.06 for
PHM]. An isotope effect of this magnitude for the dissocia-
tion of hippuric acid to peptidyl-amidating enzyme is
unexpected. It is commonly assumed that the binding of

isotopically labeled molecules to enzyme active sites is either

unaffected or little affected by the isotopic label. Although

there have been reports of isotope effects on binding of
substrates to enzymes, the isotope effects are small. Fol

example, LaReau et al48) reported an isotope effect of
1.1 for the binding of isotopically labeled NADto lactate
dehydrogenase. For a mechanism in which substrate bindin
is in rapid equilibrium, the binding interactions between the

substrate and the enzyme are expected to be weak and WoulﬁjI

be difficult to reconcile with a large isotope effect on binding.
The reason for the unexpected isotope effecKans not
known at this time and will require further analysis.

ks (mM~1s™) 227+ 7

ks (572 185+ 28
ks (s71) 8104 120
k7 (s79) 41+1

aCalculated from the equations derived in #ef (eq 18, Table
6), as they apply to an equilibrium ordered mechanism. The kinetic
parameters that lead t@, ks, ks, andk; were obtained with protio vs
dideuterio hippuric acids so that the intrinsic isotope effect used in
these calculations (12 1.0) is the product of the intrinsic primary
ando-secondary isotope effects. The value*dtk was obtained from
an*~ 'k measurement with protium in the primary (cleaved) position.
In the instance of tunneling and coupled motion (cf. 5&fand the
text), the magnitude of Pk may be reduced with deuterium in the
primary position. Using af~Pk of 1.10, for example, to calculate rate
constants, we obtain final values that are within experimental error of
those listed above.

When the magnitude of the intrinsic isotope effeiths)
is known, kinetic isotope effects measurements can provide
individual rate constants. Ahn and Klinmaa7} derived
equations for the calculation of the microscopic rate constants
for a steady-state random mechanism. These equations can
also be applied to an equilibrium ordered mechanism
(Scheme 3). This technique requiresPdmax parameter
isotope effect different from unity and, thus, in this study
has only been useful for PHM. Calculated rate constants
and their corresponding errors for PHM are summarized in
Table 4.

9" Ahn and Klinman 47) were able to determine the

icroscopic rate constants fosM as a function of pH and
e activator fumarate. Data fordM at pH 6.0 indicated a
change in kinetic order depending on whether the anionic
activator fumaric acid was present. With fumarate in the
assay buffer, dopamine is the “stickier” substrate, dissociating

tha_t the two substrate_s combine with the enzyme _in an complex; however, in the absence of fumarate, oxygen
obligate order: @can bind only to the EHHA complex. This  gissociates approximately 2-fold faster than dopamine. In
could be, for example, the result of a conformational change other words, the steady-state random kinetic mechanism for
in the enzyme induced by the binding of the peptidic pgMm at pH 6.0 in the presence of fumarate becomes steady-
substrate. Carbon monoxide has commonly been used as &tate ordered, with dopamine binding first followed by. O
probe of dioxygen binding to Fe(ll) and Cu(l) centers in As noted above, in the case of glycine extended peptides
proteins because it has an electronic structure and a modeyith additional binding interactions, the kinetic mechanism
of binding similar to those of ©® Dopamine-monooxy-  for PHM may become steady-state ordered instead of the
genase has been shown to be competitively inhibited by CO equilibrium ordered mechanism seen with hippuric acid. It
with respect to @(44); further, CO was concluded to bind  may be significant that the net charge for bound dopamine
specifically at the Cy center 45). Boswell et al. 46) plus fumarate{1) is the same as that for preferred peptide
extended the study of the binding of CO to reduced PAM substrates<{1) of PAM and PHM.

and found the stoichiometry of CO binding to be identical A comparison of isotope effects for PAM and PHM
to that of IBM, 0.5 CO per Cu(l). Characterization of the provides possible insight into functional differences between
PAM-CO complex by FTIR further supported the similarity  these two monooxygenating forms. While the isotope effects
between the carbonyl complexes formed witl¥ND and on V/K for both hippuric acid and oxygen are similar, the
PAM. One difference betweend and PAM is that M isotope effect oVmais different. In the case of PHMVmax
shows a random steady-state mechanism in the absence ofquals 1.56t 0.07; for PAM, there is no isotope effect, with
fumarate (see below) such that kinetic data support aPV,,equalto 1.00k 0.08. The smalle?Vyaxisotope effect
productive binding of @(CO) to enzyme in the absence of with the bifunctional PAM implicates a release of product
substrate. In the case of PAM, the formation of a productive slower and more rate-determining than that for the mono-
CO complex in the absence of peptide substrate would notfunctional enzyme PHM. This is an intriguing result,
be predicted from the kinetic mechanism described herein. suggesting a possible channeling of the hydroxylated peptide
It could be argued that £binding to PAM can occur in a  product from the monooxygenase to the lyase domain within
catalytically competent mode but that the rate of substrate the bifunctional PAM.

binding always exceeds that of,®inding under turnover Comparison of Intrinsic Parameters to Those ¢giND. For
conditions. systems in which the €H bond cleavage is essentially
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irreversible, Northrop’s method for determining the intrinsic this study, Grant and Klinmarb8) have shown that quantum
isotope effects provides a single soluti@®), The irrevers- contributions to H transfer can significantly affect the
ibility of the C—H bond cleavage for peptidyl-amidating relationship between measured H/T and D/T isotope effects
enzyme has not been determined, as was done for dopaminevith relatively little impact on the H/T and H/D comparison.
B-monooxygenases{); however, we consider this an excel- Furthermore, since deviations from the Swa$chaad

lent assumption. In this study, the intrinsic isotope effect relationship appear almost exclusively in secondary isotope
for the C-H bond cleavage catalyzed by PHM was deter- effect measurement$9), they are not expected to affect
mined using hippuric acid as a substrate. A competitive the calculation of intrinsic isotope effects using eq 5. For
method using remote radiolabeled substrates yields verythe future, it will be very important to confirm and quantitate
accurate measurements of the isotope effect¥/@pa, in any tunneling contribution to the PHM ang3®l reactions.

most cases, with errors of3%. The primary deuterium In light of our established protocol for the accurate deter-
intrinsic isotope effect for PHM is thus 105 0.8, and the mination of intrinsic isotope effects with PHM at 3T, it
a-secondary deuterium intrinsic isotope effect is 1420.03 may be possible to measure the temperature dependence of
(Table 3). The intrinsic isotope effects for the-&8 bond Pks (both primary and secondary) directly as a probe of the
cleavage were determined previously for dopangirmo- tunneling behavior in this system.

nooxygenase with dopamine as a substrate using a similar

methodology 87, 39). The magnitudes for the primary and ACKNOWLEDGMENT
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