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ABSTRACT. The steady-state kinetic data show that 3-hydroxy-4-phenylthiazolg}2fBone (3H4PTT)

is a potent tight-binding inhibitor for dopamiffemonooxygenase (BM) with a dissociation constant of

0.9 nM. Ackermann-Potter plots of the enzyme dependence of the inhibition revealed that the stoichiometry
of the enzyme inhibition by 3H4PTT is 1:1. Pre-steady-state progress curves at varying inhibitor with
fixed reductant and enzyme concentrations clearly show the slow binding behavior of the inhibitor. The
observed kinetic behavior is consistent with the apparent direct formation of the tightly bdtiedraplex.

Thekon andkes for 3H4APTT which were determined under pre-steady-state conditions at variable inhibitor
concentrations were found to be (1.850.07) x 10° M~' st and (1.9+ 0.6) x 103 s™%, respectively.

The dissociation constant calculated from these rates was similar to that determined under steady-state
conditions, confirming that 3H4PTT is a kinetically well-behaved inhibitor. The steady-state as well as
pre-steady-state kinetic studies at variable DMPD concentrations show that the inhibition is competitive
with respect to the reductant, demonstrating the exclusive interaction of 3H4PTT with the oxidized form
of the enzyme. The kinetic behavior and the structural properties of 3H4PTT are consistent with the
proposal that the 8H4PTT complex may mimic the transition state for the product (protonated) release
step of the enzyme. Therefore, 3H4PTT could be used as a convenient probe to examine the properties
of the EP complex of the [BM reaction and also as an active site titrant for the oxidized enzyme.

Dopamine-monooxygenase (EM;* EC 1.14.17.1), a  inhibitors and alternate substrates have been characterized
copper-containing mammalian enzyme, catalyzes the converfor DM (17—21). For example, 1-benzylimidazole-2-thione
sion of dopamine to norepinephrine in the chromaffin (17) and 3-phenyl-1,5-bis(thioglutarimide} &) and related
granules of the adrenal medulla and the large dense-coredderivatives are shown to be moderately potent, reversible
synaptic vesicles of the sympathetic nervous systen#. inhibitors for DAM. The kinetic and spectroscopic studies
DAM in the adrenal chromaffin granules exists in both have shown that these inhibitors interact with the reduced
soluble and membrane-bound forms with an approximately form of the enzyme and behave as bisubstrate inhibitors
equal distribution 1—3). In addition to the physiological = mimicking the oxygen and phenylethylamine substrai&s (
benzylic hydroxylation reaction, M has also been shown  18). In addition, 3-amino-2-phenylpropene derivativég)(
to catalyze a wide variety of monooxygenations, including phenylpropargylamine derivativesd), benzyl cyanides?),
ketonization of phenylethanolamines) @nds-halophenyl- and N-phenylethylenediaminesl@, 11) are shown to be
ethylamines@, 7), oxygenation of sulfides3j and selenides  potent mechanism-based irreversible inhibitors for the en-
(9), epoxidation of olefinsX0), N-dealkylation of benzylic zyme. Detailed pharmacological characterizations of a num-
N-substituted analogues(, 11), allylic hydroxylation (L2), ber of these agents have also been repo28¢28). In the
and oxidative aromatization of cyclohexadien&8)( Due present studies we describe the characterization of 3-hydroxy-
to the central role in the catecholamine metabolism, the 4-phenylthiazole-2(8)-thione (3H4PTT) as the first slow-
chemistry, biochemistry, and pharmacology gf\D have tight binding inhibitor for pM, which is probably the most
been extensively studied4—16). potent inhibitor known for the enzyme. The kinetic behavior

DﬁM has been an attractive target for the rational design and the structural prOpertieS of 3H4PTT are consistent with
of adrenergic modulators for therapeutic purposes. Thethe proposal that the -BH4PTT complex may mimic the
inhibition of DAM activity in vivo has been shown to directly ~ transition state for the product (protonated) release step of
and gradually modulate the sympathetic nerve function. As the enzyme. Therefore, 3H4PTT could be used as a

a result, a number of potent reversible as well as irreversible convenient probe to examine the properties of th& E
complex of the [BM reaction and also as an active site titrant

for the oxidized enzyme.
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Beef liver catalase (65000 units/mg of protein) was from where varying volumes of inhibitor were added, an additional
Boehringer-Mannheim. All other chemicals and reagents volume of ethanol was added to the assay mixtures to
were purchased from various commercial sources at themaintain a constant concentration of ethanol throughout the

highest level of purity available. SolublefM was purified
(specific activity = 25—35 units/mg) according to the
procedure of Ljones et al2) with minor modifications

experiments.

Kinetic StudiesAll kinetic experiments were carried out
in 0.2 M potassium phosphate buffer, pH 5.5, containing 10

using freshly prepared bovine adrenal chromaffin granules mm fumarate, 10Q:g/mL catalase, and 50 nM Cu$@sing

(30, 31). All spectrophotometric measurements were carried
out on a Varian CARY 300 Bio UVvisible spectropho-
tometer equipped with a temperature-regulated multicell
compartment’H NMR spectra were recorded on a Varian
XL-300 (300 MHz) NMR spectrometer using tetramethyl-
silane (TMS) as the internal standard.

Syntheses. (A) 2-Bromo-1-phenylethanone Oxifitnés

the previously described DMPD-based spectophotometric
assay of [BM (35). The enzymatic reactions were usually
initiated with the reductant, DMPD, unless otherwise stated.
The rate of increase in absorbance at 515 nm due to the
enzyme-mediated formation of the DMPD cation radical was
measured against a reference identical to the enzymatic
reaction mixture minus the enzyme, as previously described

compound was prepared by the method of Korten and Scholl(35). The rates of the enzymatic reactions were calculated

(32). *H NMR (DMSO-dg): 6 4.55 (s, 2H), 7.397.73 (m,
5H).

(B) O-Ethyl-S-[-2¢hydroxyimind-2-phenylethyl] Carbono-
dithioic Acid Ester.This was synthesized as previously
reported 83). Briefly, the above 2-bromo-1-phenylethanone
oxime (0.25 g, 1.17 mmol) was dissolved in 10 mL of 96%
methanol and 4% water, and a solution of potassixethy!

on the basis of an extinction coefficient of 5620 Mem™!

(pH 5.5) for the DMPD cation radical at 515 nr85). In

assays where DMPD was the variable substrate, tyramine

was kept at a constant concentration of 10 mM.
Steady-State Kinetic Studid$he dissociation constant for

the interaction of 3H4PTT with BM (K;) was determined

under steady-state conditions. Variable concentrations of the

xanthate (0.21 g, 1.31 mmol) in the same methanol/water jnhipitor were preincubated for-3 min in the assay mixture

solution (10 mL) was added with stirring, as previously
reported. The reaction mixture was stirred for 2 h, filtered,

containing constant concentrations of tyramine, fumarate,
CuSQ and DSM (14.5 nM). After the preincubation period,

and evaporated to dryness in vacuo. The residue wasihe reactions were initiated by the addition of 10 mM DMPD,

dissolved in ether and washed with water X3100 mL).
The ether layer was dried over anhydrous MgSand
evaporated in vacuo to yield a viscous &il. NMR (DMSO-
dg): 0 1.31 (t,J = 7.1 Hz, 3H), 4.34 (s, anti isomer), 4.59
(q,J = 7.1 Hz, 2H), 7.33-7.68 (m, 5H).

(C) 3-Hydroxy-4-phenylthiazolet2H)-thione (3H4PTT).
This was prepared fronD-ethyl S[2-(hydroxyimino)-2-
phenylethyl] carbonodithioic acid ester as described by
Barton et al. 84). Briefly, a solution of O-ethyl S[2-
(hydroxyimino)-2-phenylethyl] carbonodithioic acid ester
(1.0 g, 4.0 mmol) in dry ether (20 mL) was added to a
stirring, ice-cooled suspension of dry zinc chloride (1.02 g,
7.5 mmol) in dry ether (30 mL) under nitrogen over 5 min.
The reaction mixture was stirred for 12 h at room temper-

ature, and the solvent was decanted. The residue, after bein

washed thoroughly with ether, was stirred overnight in a two-
phase system of HCI (6 M, 50 mL) and GEl, (25 mL).
Filtration of the solvent yielded a solid product which was
recrystalized from chloroformethanol: yield 0.30 g (41%);
mp 151°C. *H NMR (CDCk): 6 6.75 (s, 1H), 7.3-8.0 (m,
5H), 11.8 (s, 1H, br).

Enzyme Assay®ll enzyme assays were carried out in
0.2 M potassium phosphate buffer, pH 5.5 at°Z5 in a
final volume of 1.0 mL unless otherwise stated. The
chromophoric [BM reductant, DMPD, was dissolved in the

and the initial rates of the reactions were monitored continu-
ously for 3 min.

Pre-Steady-State Kinetic Studi®&ariable concentrations
of the inhibitor were incubated in reaction mixtures contain-
ing constant concentrations of tyramine, fumarate, CG41SO
and DMPD for 3 min, and the reactions were initiated by
the addition of 10uL of a 1.6 uM solution of DSM (16
nM). Oxidation of DMPD was immediately followed con-
tinuously by UV-vis at 515 nm for 10 min. In a second set
of experiments, the inhibitor concentrations were kept
constant while DMPD was varied to examine the effect of
increasing DMPD concentration under the same experimental
conditions.

Cuw?+ Dependence of the Inhibition ofAM by 3H4PTT.

gl'he effect of C&" on the inhibition of the enzyme by

3H4PTT was examined under steady-state conditions. The
steady-state velocities of thefBl reaction were measured,
in the presence (20 nM) and in the absence of the inhibitor,
with varying concentrations of Gt (0—500 nM) and
constant concentrations of tyramine, fumarate, and DMPD.
Data Analysis All data were analyzed by nonlinear
regression analysis using the indicated equations with the
aid of the commercial Sigma Plot software package (SPSS
Science USA) that was run on an IBM-compatible computer.

same degassed buffer just prior to each experiment. The stock Analysis of the Steady-State Kinetics of the Inhibition of

solutions of the inhibitor, 3H4PTT (M), were freshly
prepared for each experiment in absolute ethanol. All
inhibitor solutions were stored in plastic ware to minimize

DM by 3HAPTT The steady-state initial velocities obtained
after preincubation of varying concentrations of 3H4PTT and
a fixed concentration of enzyme and substrates were analyzed

adherence to the surface of glass containers. The inhibitoraccording to the Williams and Morrison equatidy:

solutions were aliquoted into Eppendorf tubes to prevent the

evaporation of ethanol due to opening and closing of the
tubes. All inhibitor solutions were protected from light by
covering with aluminum foil. Whenever the inhibitor was

olo={[E] ~ [ — K+
VUE] = 1 — K + 4[EIK P} /2[E] (1)

present, the ethanol concentration of the assay solution was

kept to a minimum usually below 5%. In the experiments

where [E] is the active enzyme concentration, [l] is the total
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Ficure 1: (A) Plot of steady-state fractional velocity as a function of 3H4PTT. Steady-state initial velocities were measured, as described
in Experimental Procedures. The reaction mixtures contained 10 mM fumarate, 50 nM, CifS@M tyramine, and 14.5 nM M.
Reactions were initiated by addition of 10 mM DMPD. The solid curve shows the least-squares fit of the data to the Morrison equation (eq
1). (B) DMPD dependence of the inhibition. The fractional velocities were determined as a function of 3H4PTT at varying DMPD
concentrations as in (A) above. TKg#*P values were determined by fitting the data to the Morrison equation.

inhibitor concentrationsK#® is the overall dissociation represented by the equatiofi2(-44):
constant, v is the initial reaction velocity at inhibitor ,
concentration [l], andy is the initial velocity in the absence kon = Korif (K +9) ©)

of the inhibitor. If the inhibitor and the substrate compete . . ) . )
for the same active sit&@ is related to the dissociation whereSis the substrate concentration afiglis the Michaelis

constant of the inhibitorK;) by the equation37): constant foiS TheK,, for DMPD was determined separately
by fitting the initial velocity data to the MichaekdMenten
K2P= K (1+ [S]/K 2 equation.
! ( [SIK) 2) The progress curves obtained at increasing concentrations
of | and a constant concentration of the reductant, DMPD,

whereK, is the Michaelis constant and [S] is the competing _ .
substrate concentration. were analyzed using eqs 3 and 6 to obtajnandky (37,

Analysis of Progress Cues The first-order rate constant 45-47).
(kobg for the transition of the initial ratevg) to the steady- — + (1 + ISVK 6
state rates) was obtained by progress curve analysis. The Kabs = Korr * Kol [SIKem) ©
progress curves of DMPD oxidation by3M in the presence  RESULTS

of inhibitor were analyzed by nonlinear regression using the o _ _
equation 88, 39): Preliminary experiments showed that 3H4PTT is a very

potent inhibitor for M. For example, at equal concentra-

p=ud+ M(1 — e fd) 1 offset (3) Ho
kobs O\N__/<
wherep represents the absorbance at 515 nm at any time @S
vo and vs are the initial and steady-state velocities of the
reaction in the presence of the inhibitor, respectively, and SHAPTT

kobsis the rate of transition from to vs. For accurate analysis
of the data, the experimental progress curves were correctedjons of the enzyme and 3H4PTT, the enzyme was signifi-

for the time delay between the start of the reaction and the cantly inhibited by 3H4PTT under standard assay conditions.
onset of the absorbance measurements using the correctiofys, kinetic analysis of the enzyme inhibition by simple

factor “offset” (40). The rate constantsd, that were derived  ¢|assical treatment was no longer appropriate, and therefore
from eq 3 at a constant concentration lofind varying  344PTT was treated as a tight-binding inhibitor. The
concentrations of DMPD were analyzed by eq 4 to obtain gjissociation constant for 3H4PTK was determined under

an estimate ok, Since small inhibitor concentrations were  steady-state conditions by titrating a constant concentration
used, the equation contains a term for the reduction of the of the enzyme with varying amounts of the inhibitor. The
total inhibitor concentration by formation of the enzyme velocity of the DBM reaction was measured as a function of

inhibitor complex €0, 41): 3H4PTT (in the concentration range 6£100 nM 3H4PTT;
15—-18 points) in the presence of constant concentrations of
Kops = kon'\/(Ki +E+1)*—4E 4) the reductant, DMPD (10 mM), tyramine (10 mM), and

enzyme (14.5 nM) as detailed in Experimental Procedures.
where K; is the dissociation constant of the enzyme The steady-state velocity data were analyzed according to
inhibitor complex andE and | are the total concentra- the Morrison equation (eq 1) for tight-binding inhibitors. As
tions of enzyme and inhibitor, respectively. If the substrate shown in Figure 1A, the experimental data fitted well to eq
and inhibitor bind competitively to the active site ofiM, 1 and yielded a value of 18 0.1 nM for K;#Pand 13.9+
the dependence df,, on the substrate concentration is 0.4 nM forE at a constant 10 mM concentration of DMPD.
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FiGURe 2: (A) Progress curves for the inhibition ofdM by 3H4PTT. The reaction mixtures contained 10 mM DMPD, 10 mM tyramine,

50 nM CuSQ, 10 mM fumarate, and varying concentrations of 3H4PTT. The enzymatic reactions were initiated by the addition of 16 nM
DM, and the product formation was monitored as detailed in Experimental Procedures. The 3H4PTT concentrations (from top to bottom)
were 0, 8, 12, 16, 20, 25, 30, 35, 40, and 50.r{B) Dependence df,,son 3H4PTT concentration. The progress curve data were analyzed

using egs 3 and 6 as detailed in Data Analysis to olitajinas a function of 3H4PTT concentrations.

5e-8 | 3e+6
A —
=
- 3e+6
4e-8 e e
E //// ~ //,// -
g 3e-8 1 oie - o Ty 28461
= o T _
g o g
B 28 7 A &
o 7
7 e
1084 / ) Py e 1e+6
Y o T e T T
//;r:: -
=
0 . 5e+5 4
0 100 200 300 400 500 600 0.000 0.002 0.004 0.006 0.008 0.010
Time (s) [DMPD] (M)

Ficure 3: Reductant (DMPD) dependence of the inhibition gi\Dby 3H4PTT. The enzymatic reactions were carried out in the presence
of 10 mM tyramine, 10 mM fumarate, 50 nM Cug@nd varying concentrations of DMPD. The reactions were initiated by addition of 16
nM DpM to the reaction mixture, and the formation of product was monitored continuously as described in Experimental Prqégdures
Progress curves for thedM reaction at varying concentrations of DMPD in the presence of 20 nM 3H4PTT. DMPD concentrations were
(from bottom to top) 1, 2, 3, 4, 6, 7, 8, and 9 mM. (B) DMPD dependendgfThek,,s values were obtained from the fitting of progress
curve data to eq 3 at various DMPD concentrations.

To determine the dependence Kf*® on the DMPD concentration of the inhibitor. The nonlinear regression
concentration under steady-state conditions, a series ofanalysis of the progress curves using eq 3 showedkthat
experiments similar to that shown in Figure 1A were carried increases steadily with increasing concentrations of the
out with different concentrations of DMPD. These experi- inhibitor. As shown in Figure 2B, the replot d¢fys as a
ments revealed thd¢;?°P steadily increased with increasing function of inhibitor concentration yielded a straight line with
DMPD in the concentration range tested (219 mM; Figure an intercept of (1.9 0.6) x 103 s 1 and a slope of (5.&
1B). The DMPD dependency &P was further analyzed 0.2) x 1® Mt s™L. Therefore, according to eq & for
by using eq 2. These analyses yielded a value of @87 the 3H4PTTFD/AM complex is (1.9+ 0.6) x 103 st and
0.13 nM forK; and 4.2+ 1.0 mM for theK,, of DMPD Kon is (1.85+ 0.07) x 10° M~1s "1 (S= 10.0 mM; Ky, =
under the experimental conditions. Th§, determined 4.4 mM), yielding a value of 1.6« 10°° M for K;, which is
independently by simple assay for DMPD under similar in good agreement with the value determined by steady-state
experimental conditions was 4# 0.1 mM, which is in kinetic analysis (0.9< 10°° M). Although the independent
excellent agreement with the above determined value. Indetermination ofk.s by diluting the enzymeinhibitor
addition, the average active enzyme concentration determineccomplex and measuring the rate of regain of the enzyme
from the inhibition assays was 12430.9 nM, which is also activity was attempted, results were not satisfactory due to
in excellent agreement with the theoretical value (based onthe technical difficulties associated with the slbwy rate
the literature extinction coefficient) of 14.5 nM, assuming and oxygen depletion in the assay solution.
that the stoichiometry of the interaction of 3H4PTT an@\D The above steady-state kinetic analysis indicates that the
is 1:1 (see below). interaction of 3H4PTT with [PM is competitive with respect

The preliminary experiments indicated that the enzyme to DMPD under steady-state conditions. Therefore, 3H4PTT
inhibition by 3H4PTT was time dependent and slow enough was also expected to show competitive behavior with respect
to be monitored by traditional U¥vis spectroscopy. The to DMPD under pre-steady-state conditions. As shown from
progress curves of the inhibition of the enzyme by 3H4PTT the progress curves in Figure 3A, the inhibition steadily
which were initiated with the enzyme under the standard decreased with increasing DMPD concentration at a constant
assay conditions are shown in Figure 2A. The data clearly concentration of the inhibitor under pre-steady-state condi-
show that the inhibition is dependent on the time and tions. Thek.ps values obtained from eq 3 were further
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Ficure 4: Effect of total enzyme concentration on the inhibition
of DSM by 3H4PTT (Ackermans Potter plot). Steady-state initial
velocities were measured, as described in Experimental Procedure
The reaction mixtures contained 10 mM tyramine, 10 mM fumarate
10 mM DMPD, 50 nM CuSQ@ (a) O, () 16, and @) 32 nM
3H4PTT, and varying concentrations of® (0—70 nM).

FiGURE 5: CW** dependence of the inhibition ofd by 3H4PTT.

The steady-state velocities were measured under standard condi-
Stions. Parallel reactions were carried out in the absence and in the
' presence of 20 nM 3H4PTT in reaction mixtures containing 10

mM tyramine, 10 mm fumarate, 16 nMAM, 10 mM DMPD, and

varying concentrations of CuSQas described in Experimental

Proceduresy; and vp are the steady-state rates of reaction in the

presence and absence of the inhibitor, respectively.

analyzed by eq 4 to obtaik,, for the inhibitor, which is
dependent on the DMPD concentration as shown in eq 5.
The fit of thek,, data as a function of DMPD concentration
yielded a value of (2.6 0.2) x 10° M~* s for kon and 4.8

+ 0.8 mM forK,,. ThisKy value is in good agreement with
the Ky, value determined (for DMPD) under steady-state

conditions. E+1 LU

The dose-response curves for the inhibition ofsM by Koty
3HA4PTT are shown in Figure 4 for 16 and 32 nM concentra-
tions of the inhibitor. These plots show that the velocity
versus concentration of M for different concentrations of
3H4PTT was curved with an asymptote suggesting a tight-
binding inhibition @8). In addition, at 16 and 32 nM inhibitor
concentrations the asymptotes intersectxaxis approxi-
mately at 17 and 35 nM enzyme concentrations (Figure 4).
These results (i.e.E: ~ lww at x-intersection) clearly
demonstrate that 3H4PTT makes a 1:1 tightly bound complex
with the enzyme. However, dialysis experiments indicated
that the enzyme inhibition by 3H4PTT is freely reversible
(data not shown).

The possibility that the high inhibition potency of 3H4PTT
is due to the chelation and removal of active site copper
atoms of the enzyme was examined by measuring the relativ
inhibition of the enzyme at 20 nM 3H4PTT in the presence
of varying concentrations of Ctiin the assay solution. The
data presented in Figure 5 demonstrate that the inhibition g1 ' respectively. The dissociation constant calculated from
potency |s_not_S|gn|f|cantIy affe(_:ted by the increase of Cu these parameters was in excellent agreement with the
concentration in thg assay solution upto a_bout 25-fold EXCeSSyissociation constant determined from the steady-state kinet-
of CLe* (500 nM) with respect to the inhibitor concentration ics, confirming that 3H4PTT is a kinetically well-behaved
(20 nM). These results show that the inhibition of the enzyme inh,ibitor. The steady-state (Figure 1) as well as pre-steady-

is not reversed by having excess?Cin the solution. state (Figure 3) kinetic studies at variable DMPD concentra-
tions show that the inhibition is competitive with respect to
the reductant. These findings clearly demonstrate that
The steady-state kinetic data obtained in the presence of3H4PTT is a well-behaved slow- and tight-binding inhibitor
constant concentrations ofiM and varying concentrations  for DM which exclusively interacts with the oxidized form
of 3H4PTT fit well to the Morrison equation (eq 1) showing of the enzyme.
the tight-binding behavior of the inhibitor (Figure 1A). The In comparison to the other structurally related classes of
dissociation constantk() determined under steady-state D/AM inhibitors, the behavior of 3H4PTT is highly unex-
conditions was 0.9 nM, demonstrating that 3H4PTT is one pected. For example, well-characterized thione-containing
of the most potent inhibitors known for the enzyme. The DpM inhibitors, including 1-benzylimidazole-2-thion&?)
tight-binding behavior of 3H4PTT is further confirmed by and 3-phenyl-1,5-bis(thioglutarimidel®) derivatives, are

Scheme 1
E+I El E.I*

Scheme 2

E.I* Ki = knﬁ/kon

the nonlinear enzyme dependence of the inhibition at a fixed
concentration of the inhibitor (Figure 4). AckermarfPotter
plots of the enzyme dependence of the inhibition (Figure 4)
revealed that the stoichiometry of the enzyme inhibition by
3H4PTT is 1:1. Pre-steady-state progress curves at fixed
DMPD and enzyme and at varying inhibitor concentrations
clearly show the slow-binding behavior of the inhibitor. In
addition, the linear dependencelgfs with the total inhibitor
concentration is inconsistent with the formation of an initial
bimolecular association complex,-IE followed by the
unimolecular rearrangement to the tightly bound*E
complex (Scheme 1). Instead, the observed kinetic behavior
of 3H4PTT is consistent with the apparent direct formation
of the tightly bound B* complex (Scheme 237, 49, 50).
®The kon and ks for 3HAPTT which were determined under
pre-steady-state conditions at variable inhibitor concentrations
were (1.85+ 0.07) x 1®* Mt s tand (1.94+ 0.6) x 103

DISCUSSION
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Scheme 3: Proposed Chemical Mechanism for tjf¢1D

Reactior
Scul) 0 \C“(")\o
3 (')\H Ks \Cu(ll)\(-) o-y
—_— —_— r
H H . H
= = + 5 +
Q_/;\Nm Q_:\ NHa @T NH;
E.S;.S,
AN
cu(ll) ~cuq B
k7 AN

[¢)

OH -—
Ficure 6: Overlay of the energy-minimized (using a PM3 @—?ﬁm Q_/’;\ﬁm

parameter set) structures of 3H4PTT ai}-2-amino-1-phenyl-
ethanol. Initially, energies of both molecules were minimized using
a PM3 parameter set, and optimized structures were overlaid by
using the overlay mode of Chem 3D (Cambridge Software Corp.).  *See refss5 and56 and footnote 2. The second copper center has
Two phenyl rings and hydroxyl groups were aligned during the been omitted for clarity.

overlay procedure.

E+P E.P

is analogous to the initial Fe(IHO—O—H species proposed
shown to interact with the reduced form of the enzyme with for cytochrome B, monooxygenasesg®), has been pro-
moderate affinities as bisubstrate inhibitors with respect to Posed as the activated copper oxygen species in tid D
the amine and oxygen substrates. In addition, numerousreaction (see Scheme 3). This species is responsible for
experimental evidence indicates that their preferential inter- abstractig a H atom from the benzylic position of the
action with the reduced form of the enzyme is a consequencesubstrate with the concomitant homolytic cleavage of the
of the high affinity of the thione group toward Cu(l) in O—O bond to generate a Cu(lHOr, a substrate-derived
comparison to Cu(ll)17, 18). However, although 3H4PTT  radical species, and wate&s3-55). Subsequent fast recom-
also contains an isolated thione functionality similar to other bination of the Cu-O radical to the substrate carbon radical
thione-containing inhibitors, the kinetic studies clearly results in the formation of a Cu-bound alkoxide (Scheme 3)
demonstrate that it exclusively interacts with the oxidized Which is hydrolyzed in a rate-determining step and released
form of the enzyme. Furthermore, the copper dependencyfrom the active site§4, 55).2
as well as other solution studies (data not shown) clearly The absolute stereoselectivity of thegld reaction for
shows that 3H4PTT does not interact with solution Cu(ll) (R)-hydroxylation has been shown to be a consequence of
with high affinity. Therefore, the unexpected high inhibition the stereospecific abstraction of tipeo-(R)-H from the
potency, slow-tight binding behavior, and exclusive interac- benzylic position of the substrate followed by the binding
tion with the oxidized enzyme must be closely associated of oxygen with the retention of configuratio). Our recent
with the unique structural features of 3H4PTT. studies show that the specifipro-(R)-H abstraction is

The inspection of the optimized structure of 3H4PTT facilitated by selective binding of the substrate in a con-
(using a PM3 parameter set) shows that it closely resemblesformation where the side chapro-(R)-H is perpendicular
the recently reported solid-state structure of ptghloro to the aromatic ring, resulting in a significant lowering of
derivative B1). Some of the important features of the the transition state energy through the delocalization of the
structure are the following: (a) the heterocyclic ring of the Penzylic radical character into the aromatic ribg)( Further
molecule is relatively planer; (b) the aromatic and hetero- I(_)glcal extension of this model suggests that the aromatic
cyclic rings are not coplaner, and the dihedral angle between'ing ©of the enzyme-bound product should also be perpen-
the rings is about 62 (c) the N-OH functionality is close  dicular to the newly formed €0—Cu(ll) bond (Scheme 3).
to perpendicular to the aromatic ring; (d) the acidic H of the Therefore, the structural features and the observed kinetic
molecule is associated with O but not with S. In addition, Pehavior of 3HAPTT suggest that it could be a good mimic
as shown in Figure 6, the optimized structures &)-2- for the EP complex of the [PM reaction. Since the NOH
amino-1-phenylethanol and 3H4PTT can be overlaid well, 970UP of 3H4PTT is relatively acidic, it could directly interact
while keeping the twe-OH groups and phenyl rings aligned wi_th .thg active site copper of the oxidized enzyme closely
with each other. Furthermore, theOH groups of overlaid ~ Mimicking the transition state for the product (pro-
structures are close to perpendicular to their aromatic rings. onated) release step of the enzyme. However, more direct
Similar modeling studies further showed that the thione group
of 3H4PTT could not be overlaid well with theOH of (R)- 2However, the chemical mechanism ofM is currently a contro-

[P . . versial subject. For example, on the basis of @ isotope effects,
2-amino-1-phenylethanol or with the thione groups of the Klinman et al. 68) have proposed a novel mechanism fg8\D in

previously kinetically well-characterized 1-benzylimidazole- which the -0 bond cleavage of the Cu(#O—OH species is assisted
2-thione inhibitors. These findings together with the previ- by a tyrosine residue in the active site and was proposed to occur prior

ously proposed models for the interaction of 1-benzylimid- to the hydrogen abstraction from the substrate. In addition, on the basis

. . L . of the structural and mechanistic similarities of@ and peptidyl-
azole-2-thiones with the enzyme indicate that the thione g, ine o-hydroxylating monooxygenase, Amzel et &9y favor a

group of 3H4PTT may not be a significant determinant for somewhat different mechanism in which the Cu@jiper oxide [Cu(F
the high inhibition potency of 3H4PTT. O—0-] species directly abstracts th@o-(R) hydrogen from the
. . . benzylic carbon of the substrate. In the subsequent steps of the reaction
On the basis of a large body of experimental evidence, acycje, the resulting substrate radical attacks the Cu-bound hydroper-

high-energy Cuperoxo species, i.e., Cu(tfO—O—H which oxide.
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spectroscopic evidence may be necessary to confirm this 24
proposal.
Taken together, the above results demonstrate that 3HAPTT ,¢
is a kinetically well-behaved, slow- and tight-binding inhibi-
tor that interacts exclusively with the oxidized form of the
enzyme. The kinetic behavior and the structural properties 26
of 3H4PTT are in agreement with the proposal that the E
3H4PTT complex may mimic the transition state for the
product (protonated) release step of the enzyme. To our
knowledge, this is the first example of a slow-tight binding
inhibitor characterized for any monooxygenase. We also note
that although traditional transition state analogue inhibitors
are designed to mimic the chemical step of the enzymatic
reaction, our findings show that they could also be designed
to mimic other steps along the catalytic pathway. Finally,
3H4PTT could be used as an excellent active site titrant for

the

oxidized enzyme and also as a convenient probe to

examine the properties of the-FE complex of the PM
reaction.
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