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Abstract—It is well known that activated alkene derivatives react with thiol groups according to a
Michael’s addition reaction. On the basis of the presence of at least one thiol group essential for the
activity of catechol-O-methyltransferase (COMT), several 1-vinyl derivatives of nitrocatechol and
nitroguaiacol were synthesized and tested as potential irreversible active site-directed inhibitors of
COMT. All the synthesized products were potent inhibitors of partially purified pig liver COMT.
However, the inhibition was reversible in most cases, with the exception of 3-(3-hydroxy-4-methoxy-5-
nitrobenzylidene)-2,4-pentanedione (compound 2) which inhibited COMT in an irreversible manner.
When the inhibition of COMT was measured as a function of the length of time of pre-incubation with
2, biphasic kinetics were observed, suggesting the modification of at least two thiol groups which are
essential for COMT activity. The analysis of the two parts of the inhibition curve as a function of the
inhibitor concentration showed that compound 2 modified the more reactive group in a non-specific
manner, while it behaved as an active site-directed inhibitor on the second slow-reacting thiol group.
Importantly, a saturating concentration of S-adenosyl-L-methionine (AdoMet) in the pre-incubation
mixture gave pseudo-first order kinetics, suggesting total protection of one thiol group. Magnesium ions
had no effect on the protection of COMT by AdoMet. In the presence of 3,5-dinitrocatechol (DNC) slight
protection of COMT was observed; when the inactivation of both groups was analysed independently,
protection of the specifically modified group was detected, while the reaction with the other group was
faster in the presence of DNC. When both AdoMet and DNC were present, inactivation of COMT by

2 was not observed, suggesting that both reacting groups are located at or near the active site.

Catechol-O-methyltransferase (EC 2.1.1.6;
COMT4) plays animportant rolein the extraneuronal
inactivation of catecholamine neurotransmitters and
exogenous catechol compounds [1,2]. The lack of
COMT inhibitors for clinical use, mainly in the
treatment of Parkinson’s disease [3, 4], has generated
considerable research interest in the study of COMT
inactivation. In addition, the study of COMT
inhibition should improve our knowledge of the
structure and composition of the active site of the
enzyme.

At present, Parkinson’s disease is alleviated by
combination therapy with levodopa (L-Dopa), an
active dopamine precursor, together with a peripheral
inhibitor of L-Dopa decarboxylase (as carbidopa or
benserazide) [5, 6]. However, in this case the major
plasma metabolite of levodopa is the O-methylation
product, 3-O-methyldopa. The accumulation of this
metabolite in plasma may be detrimental to patients
because it competes with the active transport of L-
Dopa through the intestinal mucosa and the blood-
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Abbreviations: AdoMet, S-adenosyl-L-methionine;
COMT, catechol-O-methyltransferase; DMSO, dimethyl
sulfoxide; DNC, 3,5-dinitrocatechol; DTT, dithiothreitol.

brain barrier [7-9]. Thus, selective inhibition of
COMT would improve the bio-availability of L-Dopa
and its transport into the brain. The administration
of a peripheral COMT inhibitor in combination with
L-Dopa and carbidopa (or benserazide) would
notably reduce the effective dose of L-Dopa and the
concentration of 3-O-methyldopa in plasma [10].

Since the existence of O-methyltransferase activity
was first reported [11] several compounds have been
described to inhibit COMT, but most of them were
not very effective and showed high toxicity in vivo
[1]. The inactivation of COMT by several sulthydryl
reagents suggested the presence of at least one thiol
group essential for COMT activity [11]. Several
active site-directed inhibitors that follow pseudo-
first order kinetics have been described [12-17]. The
inhibition of COMT by N-ethylmaleimide suggested
the existence of at least two thiol groups that were
modified with different rate constants {18]. On the
basis of these studies, several maleimide, succinimide,
maleamic acids and succinamic acid derivatives were
synthesized and assayed as COMT inhibitors, and
some of the maleimide derivatives were shown to
act as irreversible active site-directed inhibitors of
the more reactive thiol group [19, 20].

Recently, two research groups have reported
independently the synthesis of potent and selective
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COMT inhibitors bearing a 1-substituted 5-nitro-
catechol structure [21, 22]. Previously reported data
indicated that the presence of electron withdrawing
substituents at position 5 was very important for the
activity of the dihydroxybenzaldehyde derivatives
{22, 23]. However, we have observed that substitution
at this position is not essential, instead substitution
at an ortho position relative to one of the two
hydroxyl groups increases the activity of the
compound as a COMT inhibitor [24]. Moreover, the
presence of a carbonyl group at position 1, directly
conjugated with the aromatic ring or through a
carbon—carbon double bond, increased the potency
of the nitrocatechol derivatives as inhibitors of
COMT isolated from rat brain [21].

Having these previous works in mind, our goal
was to synthesize new, activated 1-vinyl derivatives
of nitrocatechol and nitroguaiacol and to test their
potential activity as irreversible active site-directed
inhibitors of partially purified pig liver COMT. The
activated vinyl group conjugated with the benzene
ring would be able to react covalently with SH
group(s) present at, or near, the active site of
COMT, through a Michael-type addition reaction.
The catechol or guaiacol structure was substituted
at different positions by a nitro group, in order to
increase the potency and selectivity of the compounds
towards COMT.

MATERIALS AND METHODS

Biological methods

COMT isolation. COMT was partially purified
from pig liver according to Nikodejevic et al. [25].
All the steps were performed at 4°. The tissue was
first homogenized in 2% KCl (w/v) and centrifuged
at 12,000 g for 30 min. The pellet was discarded and
the supernatant was adjusted to pH5.0 with 1M
acetic acid and stirred for 15 min. The mixture was
centrifuged as above and the new supernatant
was carefully neutralized with 1M NaOH, then
fractionated with 30-50% of (NH,),SO4. The
precipitated protein was sedimented at 17,000 g for
20 min, resuspended in 10 mM phosphate buffer
(pH7.0) and desalted through a Sephadex G25
column, previously equilibrated with the same
buffer. The eluted protein was concentrated by
ultrafiltration to about 50mL and applied to a
Sephadex G200 column (5 X 90 cm); the protein was
then eluted and tested for COMT activity and UV
absorbance at 280 nm. The fractions which showed
COMT activity were pooled and stored at —30°.
Protein concentration was determined using the
Benedict reagent [26].

COMT assay. Enzyme activity was determined
using the one-step radiochemical method described
by Ziircher and Da Prada [27] slightly modified by
us [20]. Briefly, in a model assay the reaction mixture
(0.25 mL) contained: enzyme (1 U is defined as the
amount of protein that catalyses the transformation
of 1 nmol of substrate per min), 20 mM pyrocatechol
(Fluka, Buchs, Switzerland), 0.9 mM [*H]S-ade-
nosyl-L-methionine (AdoMet) (1.6 Ci/mol) (Amer-
sham, U.K., Boehringer Mannheim, Germany),
1.5 mM MgCl, and 2.5 mM dithiothreitol (DTT) in
125mM phosphate buffer pH7.6. Blanks were
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prepared without enzyme. The mixture wasincubated
at 37° for 10 min and 0.25 mL of 1M ice-cold citric
acid was added to stop the reaction. Then, 1.5mL
of hexane—toluene (4:1), containing 0.4% 2,5-
diphenyloxazole and 0.01% 1,4-bis[2-(5-phenyl
oxazolyl)]benzene, was added and the mixture was
vortexed vigorously for 30sec. The radioactivity
present in the organic phase was directly counted in
a LKB Rackbetta scintillation counter.

The production of guaiacol was shown to be linear
with protein concentration and with incubation time.
In all cases, the amount of transformed substrate
was not higher than 5% of the initial concentration,
ensuring that initial velocities were measured.
Suitable controls were always performed.

Analysis of the kinetic data. The kinetic data were
first analysed graphically according to a Lineweaver—
Burk representation. A linear relationship was
obtained in all cases. The kinetic constants were
then calculated on a personal computer using the
Fortran IV program described by Cleland [28].

The analysis of the rate constants for the
irreversible inactivation of COMT was performed
according to the equation described by Ray and
Koshland [29] and the graphical approximation used
by Borchardt and Thakker [18]. Once the values of
ki, k, and F were estimated, a non-lineal regression
computer program was used to calculate the real
values of the rate constant of inactivation.

Chemical methods

TLC was performed on aluminium sheets
precoated with silica gel (Merck, Darmstadt,
Germany; Kieselgel 60, F254). Column chroma-
tography separations were carried out on silica gel
(Merck, Kieselgel 60, 230-240 mesh) under pressure.
Melting points were measured on a Kofler hot-stage
apparatus and are uncorrected. Infrared spectra
were obtained with a Perkin—-Elmer 681 spectrometer
and the frequencies are given in cm™! units. 'H-
NMR spectra were recorded in a Varian XL-300
(300 MHz), and '*C-NMR spectra were recorded on
a Bruker AM-200 (50 MHz) or a Bruker WP-80
(20 MHz). 6 values are in ppm relative to internal
standard tetramethylsilane; coupling constants (J)
are in Hz. The compounds were dried over P,Os in
vacuo and analysed on a Perkin—-Elmer 240. The
correct elemental analysis for compounds 4, 8 and
11 could not be obtained; however, their spectral
data (I.R., 'H-NMR and '*C-NMR) were satis-
factory. The syntheses of compounds 1, 6, 10 and
12 were as described elsewhere [24].

3-(3-Hydroxy-4-methoxy-5-nitrobenzylidene)-2 ,4-
pentanedione (2). A mixture of S-nitroisovanillin
(0.5g, 2.54mmol) [30] and 24-pentanedione
(0.26 mL, 2.54 mmol) in tetrahydrofuran (3 mL) was
saturated with hydrogen chloride. After stirring
overnight at 4°, the solvent was removed to dryness
in vacuo. The crude product was chromatographed
by flash chromatography on silica gel with ethyl
acetate: hexane (2:1) to afford 2 (0.49 g, 69%). m.p.
167-169°. i.r.: 3500-3000, 1710, 1645, 1615, 1540.
'H-NMR (DMSO-dg): 2.29 (s, 3H), 2.43 (s, 3H),
2.92 (s, 3H) 7.21 (d, 1H, J = 2.0Hz), 7.47 (d, 1H,
J=2.0Hz), 762 (s, 1H). C-NMR (20 MHz,
CD;COCD;): 26.28, 62.08, 117.72, 121.31, 130.17,
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137.61, 143.37,144.74, 145.76, 152.74,197.60. Anal.
calcd for C;3H;304N: C55.91, H4.65, N 5.01; found
C 55.83, H 4.90, N 5.29.

[2-(3- Hydroxy-4-methoxy -5 - nitrophenyl)vinyl]-
phenyl ketone (3). The reaction of 5-nitroisovanillin
and acetophenone was carried out in a similar
manner as described for compound 2, but with
methanol as solvent. After stirring overnight at 4°,
a precipitate was obtained, which was filtered and
dried affording 3 (67%). m.p. 180-182°. i.r.: 3600—
3120, 1660, 1600, 1540. 'H-NMR (DMSO-dg): 3.90
(s, 3H), 7.53 (d, 1H, J =2.0Hz), 7.57 (t,2H, J =
7.4Hz), 7.64 (d, 1H, J =16 Hz), 7.67 (t, 1H, J =
7.4Hz), 7.89 (d, 1H, J =16 Hz), 7.94 (d, 1H, J =
2.0Hz), 8.14 (dd, 2H, J = 1.3 Hz, J = 7.4 Hz). *C-
NMR (20 MHz, DMSO-d¢): 61.29, 113.81, 120.92,
123.39, 128.49, 128.69, 130.75, 133.17, 137.33,
141.55, 145.20, 151.67, 188.89. Anal. calcd for
Ci6H1305N: C 64.21, H 4.35, N 4.68; found: C
64.36, H 4.34, N 5.11.

(3-Hydroxy-4-methoxy-5-nitrobenzylidene)nitro-
acetic acid (4). The condensation of 5-nitroisovanillin
and ethyl nitroacetate was also carried out in
methanol as reported for 3. The mixture was stirred
at 25° for 10 days. The reaction mixture then was
diluted with water and extracted with ethyl acetate.
The organic phase was dried (Na,SO,), filtered and
the solvent was removed in vacuo. The residue was
crystallized three times from methanol-water, to
afford 4 (17%). m.p. 138-141°. i.r. 3650-3000, 1530,
1350, 1320. 'H-NMR (DMSO-dg): 3.87 (s, 3H), 7.43
(d, 1H, J=1.8Hz), 7.45 (d, 1H, J = 1.8 Hz), 8.09
(s, 1H), 10.63 (bs, 1H), 11.43 (bs, 1H). '*C-NMR
(S50MHz, CD;COCD;): 62.14, 114.17, 116.50,
130.56, 142.68, 147.38, 152.83.

2,5-Bis(3-hydroxy-4-methoxy-5-nitrobenzylidene)-
cyclopentanone (5). The reaction of 5-nitrovanillin
(1.01 mmol} and cyclopentanone (0.72 mmol) was
performed as described for compound 3 to afford 5
(0.205 g, 46%) as a yellow solid. m.p. desc. 290°.
i.r. 3650-3050, 1625, 1540, 1325. 'H-NMR (DMSO-
de): 2.49 (s, 4H), 3.91 (s, 6H), 7.33 (s, 2H), 7.47
(d, 2H, J = 2 Hz) 7.57 (d, 2H, J = 2 Hz). 3C-NMR
(50 MHz, DMSO-d,): 25.68, 61.20, 116.38, 121.50,
130.49, 131.08, 138.50, 141.01, 144.93, 151.76,
194.79. Anal. caled for C,H;gN,Oy: C 57.01,
H 4.07, N 6.33; found C 56.86, H 4.14, N 6.41.

[2 - (3,4 - Dihydroxy - 2 - nitrophenyl)vinyllphenyl
ketone (7). The condensation reaction of 3,4-
dihydroxy-2-nitrobenzaldehyde [31] and aceto-
phenone was carried out as reported for 3. The
crude product was crystallized from methanol-water
affording 7 (75%) as a red solid. m.p. 170-173°. i.r.
3480, 3320-2900, 1650, 1590, 1565, 1530. 'H-NMR
(DMSO-d¢): 7.01 (d, 1H, J = 8.5 Hz), 7.32 (d, 1H,
J=15.3Hz), 7.56 (td, 2H, J = 7.3 Hz, J = 1.5 Hz),
7.62 (d, 1H, J = 8.5Hz), 7.67 (tt, 1H, J = 7.3 Hz,
J=13Hz), 7.81 (d, 1H, J = 15.3Hz), 8.09 (dd,
2H, J=7.3Hz, J =1.3Hz). *C-NMR (50 MHz,
CD;COCD,): 118.02,119.99,120.30, 124.29,129.27,
129.54, 133.80, 137.50, 138.79, 139.45, 141.63,
149.44. Anal. calcd for C;sH;,OsN: C63.16, H 3.86,
N 4.91; found C 63.11, H 3.81, N 4.90.

(3,4 - Dihydroxy - 2 - nitrobenzylidene)nitroacetic
acid (8). This compound was prepared from 3,4-
dihydroxy-2-nitrobenzaldehyde and ethyl nitro-
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acetate as in the case of compound 4. After stirring
the reaction mixture at 25° for 10 days, the crude
obtained was washed with water and filtered, giving
8 (32%). m.p. desc. 190°. i.r.: 3490, 3475-3100,
1550, 1250. 'H-NMR (DMSO-dg): 6.93 (d, 1H, J =
8.5Hz), 6.98 (d, 1H,J = 8.5 Hz), 7.87 (s, 1H), 10.60
(bs, 1H), 10.61 (bs, 1H), 11.33 (s, 1H). *C-NMR
(50MHz, CD;COCD;): 117.64, 117.88, 120.05,
139.59, 144.68, 148.36.

2,5-Bis(3,4-dihydroxy-2-nitrobenzylidene)cyclo-
pentanone (9). The reaction was carried out using
3,4-dihydroxy-2-nitrobenzaldehyde as described for
compound 5. The reaction was finished after stirring
at 4° for 30 min. This process gave a precipitate
which was filtered and dried, affording 9 (75%) as
an orange solid. m.p. desc. 250°. i.r. 3700-3000,
1650-1560, 1545. 'H-NMR (DMSO-d): 3.00 (s,
4H), 6.95 (s, 2H), 7.05 (d, 2H, J = 8.7 Hz), 7.19 (d,
2H,J = 8.7 Hz). 13*C-NMR (50 MHz, CD;COCD>):
26.97,117.44,120.48,121.97, 125.75, 139.38, 140.00,
142.19, 148.53, 194.65. Anal. caled for C,oH,4,O¢N,:
C 55.07, H 3.38, N 6.76; found C 55.33, H3.75, N
6.54.

(2,3 - Dihydroxy - 4 - nitrobenzylidene)nitroacetic
acid (11). The reaction of 2,3-dihydroxy-4-nitro-
benzaldehyde [15] and ethyl nitroacetate was carried
out as reported for 4, except that the mixture was
stirred at room temperature for 7 days. The crude
product was crystallized from water to give 11 (78%).
m.p. 185-187°. i.r.: 3600-3100, 1535, 1170. 'H-NMR
(CD;COCD3): 7.16 (d, 1H, J =9 Hz), 7.61 (d, 1H,
J=9Hz), 8.46 (s, 1H). *C-NMR (50 MHz,
CD;COCD3): 115.47,119.68,123.92,135.56,145.05,
148.07, 149.72.

(3,4 - Dihydroxy - 5 - nitrobenzylidene) - 2,4 - pen-
tanedione (13). This compound was obtained as
reported previously [8] from 3,4-dihydroxy-5-
nitrobenzaldehyde and 2,4-pentanedione. m.p. 175-
178° (reported m.p. 175-178°).

RESULTS AND DISCUSSION

A series of 1-vinyl derivatives of catechol and
guaiacol, substituted with a nitro group at the ortho
position with respect to one of the hydroxyl groups
(catechol derivatives) or the methoxy group (guaiacol
analogues), were synthesized by condensation of the
adequate nitrobenzaldehydes with an activated
methyl or methylene group under acidic conditions
[21]. The starting nitrobenzaldehydes were obtained
by protection of the hydroxyl group of the appropriate
hydroxymethoxybenzaldehyde, followed by nitration
and cleavage of the protective group [24]; the
dihydroxynitrobenzaldehyde  derivatives  were
obtained by cleavage of the ether group using
published methods [24]. The vinyl derivatives of
nitrocatechol or nitroguaiacol were obtained by
condensation of the corresponding nitro-
benzaldehydes with a compound carrying an active
methyl or methylene group. Scheme 1 shows the
general synthetic process of these products. The
compounds thus obtained have an activated vinyl
group at position 1 conjugated with the aromatic
ring, which can be expected to react with thiol
groups.
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Table 1. Inhibition of COMT by several nitrocatechol and nitroguaiacol 1-substituted derivatives

R3
Compound R; R, R, iCs0 (M)
1* —CHO 4-OCH, 5-NO, 3.4x10°3
2 —CH = C(COCH3)2 4'OCH3 S'NOZ 55x% 10_5
3 —CH = CHCOCH; 4-OCH; 5-NO, 1.5x 1073
4 —CH = C(NO,)COOH 4OCH,  5NO, 1.9 % 1075
—€0—
5 —CH = CCH,CH,C = CH— 4-OCH; 5-NO, 8.0 x 1077
—C H,-3-OH-4-OCH;-5-NO,
6* —CHO 4-OH 2-NO, 1.5x10°¢
7 —CH = CHCOC¢H; 4-OH 2-NO, 3.2x 107
8 —CH = C(NO,)COOH 4-OH 2-NO, 1.1 x107®
O—
9 —CH = CCH,¢H,C = CH— 4-OH 2-NO, 2.3x 1077
—C(H,2.3-(OH)-4-NO,
10* —CHO 2-OH 4-NO, 1.5%x 107
11 —CH = C(NO,)COOH 2-OH 4-NO, 1.1 x107°
12* —CHO 4-OH 5-NO, 2.0x10°¢
13 —CH = C(COCH), 4-OH 5-NO, 8.0 x 107
* Ref. 24.

The ICs, values were calculated from a plot of the percentage of inhibition as a function of
inhibitor concentration. Results are mean values of two experiments.

These products were evaluated as potential
inhibitors of partially purified COMT from pig liver;
all of them behaved as COMT inhibitors. Table 1
shows the ICs; values obtained for the inhibition of
COMT by these compounds, without pre-incubation
of the enzyme with the inhibitor, under the standard
conditions for the COMT assay, except that DTT
was absent. The ICs; values obtained with the 1-vinyl
nitrocatechol and nitroguaiacol derivatives were
similar or lower than those obtained for the
correspondent aldehyde precursors [24], with the
exception of 3-(3-hydroxy-4-methoxy-5-nitroben-

zylidene)-2 ,4-pentanedione (compound 2); this result
is in agreement with that reported in the literature
for a similar substitution in S-nitrocatechols, which
generally increases the activity of the compounds as
COMT inhibitors [21]. Remarkably, the con-
densation of the corresponding nitrobenzaldehyde
with cyclopentanone, resulting in the bis-adducts §
and 9, led approximately to a 100-fold decrease in
the 1C5y for these compounds towards COMT.
However, the condensation of the aldehyde group
with ethylnitroacetate (4, 8 and 11) did not produce
a lower ICs value. Comparing these results with
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Fig. 1. Inhibition of COMT as a function of inhibitor concentration for compounds 2, 3 and 7. The

inhibition of COMT was determined at different concentrations of inhibitor without pre-incubation (@)

or with pre-incubation for 1 hr at 37° of a 62-fold concentrated mixture of enzyme and inhibitor ().
Plotted data are the mean values of two determinations.

those reported [21] for other 5-nitro derivatives with
related structures, we have observed higher ICs
values; the same phenomena was reported with
several dihydroxybenzaldehyde derivatives [24]. This
may be due to a lower affinity of these compounds
for the pig liver enzyme, used in this work, as
compared with enzymes from other sources. In fact,
the enzyme from pig liver shows a significantly lower
affinity for catechol as the substrate (K, =
2 x 1073 M) [20] than the enzyme isolated from rat
liver (K,,=4 x10"*M) [27] or human placenta
(K, =4x10°M) [32].

We decided to synthesize the 3-(3,4-dihydroxy-
S5-nitro-benzilidene ) -2, 4-pentanedione 13 (nite-
capone), previously reported [8], and to assay it as
inhibitor of COMT from pig liver under the
conditions for compounds in Table 1. Compound 13
showed the same ICsy value as compound 5 and
similar values as 7 and 9 (Table 1). This value was
800 nM, i.e. 40-fold higher than the value reported
when rat brain COMT was used with 3,4-
dihydroxybenzoic acid as acceptor substrate (1Csy =
18 nM) [21].

Our goal was to obtain new irreversible and
selective inhibitors of COMT. To test if the inhibition
of COMT was time dependent, the compounds were
pre-incubated with the enzyme for 15 min at 37° and
the remaining activity was determined. Surprisingly,
the results showed no time dependence for most of
the compounds (with the exception of 2 and 3),
suggesting a reversible inhibition of COMT. To
confirm the reversibility of the process, a dilution
assay was then carried out. According to these
results, all compounds inhibited COMT reversibly,
with the exception of 2 and 3 which behaved as
apparent irreversible inhibitors. Figure 1 shows the
results with some of these compounds (2, 3 and 7).

To confirm that 2 and 3 inhibition of COMT was
irreversible, the activity of a pre-incubated mixture
of enzyme and inhibitor was measured before and
after filtration through a Sephadex G25 column.
While the inhibition afforded by 2 persisted after
the gel filtration, we observed a partial recovery of
the activity of COMT that had been pre-incubated
with 3 (data not shown). These results suggest that
2 behaves as an irreversible inhibitor, while 3 seems
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Fig. 2. Inactivation of COMT by 2 as a function of
incubation time. COMT was incubated at 37° in 150 mM
phosphate buffer pH 7.6 with different concentrations of
2. Aliquots of 15 uL (containing 1U of enzyme) were
removed at determined time intervals and assayed for the
remaining activity of COMT. The inhibitor concentrations
were: (@) 0.07mM; (M) 0.10mM; (A) 0.15mM; (O)
0.20mM; (O) 0.25mM; (A) 0.30mM. Plotted data are
the mean values of four determinations.

to act as a reversible slow-dissociating inhibitor. Our
interest was then centered on the inhibition of
COMT by 2.

Kinetics of the irreversible inhibition of COMT by 2

In order to study the mechanism of the irreversible
inactivation of COMT by 2, the enzyme was pre-
incubated with the inhibitor in the absence of DTT,
and the remaining activity was determined after
different lengths of time of pre-incubation after a
25-fold dilution. Figure 2 shows the inhibition of
COMT as a function of the pre-incubation time in
the presence of several concentrations of 2. When
the logarithm of the net percentage of remaining
activity was plotted versus the pre-incubation time,
biphasic kinetics were observed. According to Ray
and Koshland [29}, these kinetics suggest the reaction
of 2 with two or more essential thiol groups [18-20].
However, itis also possible that the inhibitor modifies
essential residues of different forms of COMT which
could exist in pig liver, as has been shown to be the
case in rat liver [33]. These kinetics obey the
equation:

In A/Ay = (1-F)e ~kitkd 4 Fek!

where A is the remaining activity at time ¢ and A,
is the activity with no pre-incubation; k, and k,
are the first-order apparent rate constants for
modification of groups 1 and 2, respectively, and F
is the fraction of active enzyme when the more
reactive group (1) is completely modified.

The values of k; and k, were first estimated
according to the graphical method of Borchardt and
Thakker [18] and then calculated using a non-linear
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regression computer program. When the values of
k; were plotted against the inhibitor concentration,
a straight line with a positive intercept on the x-axis
was obtained (Fig. 3A). This result suggested that
the most reactive group was modified following a
non-specific, random mechanism:

k
COMT + I - COMT*-1

where k, is the first-order rate constant of inactivation
of group 1. Under our experimental conditions, the
apparent first-order rate constant will be given by
ky = k, {1}, and k, could be calculated from the slope
of a plot of k, against inhibitor concentration (Table
2). The positive intercept on the x-axis may be due
to the reaction of 2 with other thiol groups present
on COMT (which are not essential for COMT
activity) or with other contaminant proteins in the
enzymatic preparation that are able to react with 2.
However, when the k, values were plotted against
the concentration of inhibitor, saturation kinetics
were observed (Fig. 3B), suggesting that 2 modified
the slow-reacting group according to a specific
mechanism, through the formation of anintermediate
non-covalent complex:

K k
COMT + I =* COMT-I — COMT*-I.

In this case, K] is the steady-state constant for the
dissociation of the reversible complex COMT-I and
k, is the first-order rate constant of the irreversible
step. The apparent first-order rate constant (k;) is
related to the inhibitor concentration by the
relationship: k, = k, [I}/(K;+ {I]) [34]. This result
is surprising in the sense that the group reacting
more slowly is the one specifically modified. Contrary
to this, our previous work [20] with a series of N-(4-
hydroxy-3-methoxyphenylalkyl) maleimides showed
that the more reactive group was or was not
specificaily modified, depending on the distance
between and relative orientation of the aromatic
ring and the reactive moiety of the inhibitor.
However, the slow-reacting group was in all
cases non-specifically modified [20]. Moreover, the
reactivity of the maleimide ring with the essential
thiol groups of COMT, measured in terms of the
rate constant of modification, was much higher than
the reactivity observed for 2. This could be due to
the different intrinsical properties of both SH-
reacting double bonds. The differences in the
reactivity of the two sulfhydryl groups with the
above-mentioned maleimides and compound 2 seems
difficult to explain. However, these compounds may
be considered theoretically as analogues of the
products of the enzymatic reaction with 3-O-
methylation in the case of maleimide and 4-O-
methylation in the case of compound 2, bound to
the enzyme with different spatial orientation of the
reactive double bond.

Reaction of 2 with DTT and reversible inhibition of
COMT by the adduct DTT-2

The high reactivity of compound 2 toward thiol
groups is shown by the fact that 2 reacts
instantaneously and quantitatively with DTT, as
observed by TLC, forming a stable adduct DTT-2.
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Fig. 3. Analysis of the first order rate constants for the modification of residues 1 and 2 as a function

of the concentration of compound 2. (A) Plot of k,,,

observed for group 1 (k) vs 2 concentration; k,

was calculated from the slope according to the equation &, = k,[I]. (B) Plot of k,,, for group 2 (k,) vs
2 concentration; inset shows Lineweaver-Burk plot, and the values of &, and K, could be calculated
from the ordinate axis intercept and the slope values, respectively.

Table 2. Irreversible inhibition of COMT by compound 2

Group modified Inhibition mechanism Inhibition constant + SE
1 Non-specific k,=5.57*0.34 M x sec™!
K;=473x107* = 0.67M
2 Specific k,=5.78 x 107* + 0.58 sec™!

ky/K;=1.2M7! x sec™!

Rate constants for the modification of both reactive groups of COMT by 2 were

calculated from the data shown in fig. 2.

ky/K; gives an estimate of the global rate for the reversible and irreversible steps in
the specific mechanism, for comparison with the rate constant observed for the non-

specific process.

Data are the means of four experiments.

The inhibition of COMT by 2 was studied in the
presence of a great excess of DTT in the enzymatic
assay. As expected, the adduct DTT-2 inhibits
COMT following a reversible process. A mixed
pattern was observed when pyrocatechol was the
variable substrate (K;=5.32 X 1075+ 0.92M; K, =
2.27 x 107% + 0.21 M) and an uncompetitive pattern
when AdoMet was the variable substrate (K =
1.79 x 1073 £ 0.09 M). With the parent aldehyde 1
the inhibition was non-competitive with pyrocatechol
asthe variable substrate (K; = 1.71 X 107 = 0.23 M)
and uncompetitive (K; = 1.35 x 107% = 0.07 M) with
AdoMet as the variable substrate [24]. This
experiment shows first that the presence of DTT in
the enzymatic assay protects the enzyme from
irreversible inhibition by 2and second that compound
2 needs its reactivity towards thiol groups for
inhibiting the enzyme irreversibly.

Substrate protection studies
Substrate protection studies were carried out in

order to elucidate further the nature of the interaction
between 2 and the active site of COMT. When the
inactivation rate of COMT by 2 was determined in
the presence of saturating AdoMet, first order
kinetics were observed (Fig. 4), with a slope (k,p, =
0.78 X 1073 min~!) lower than that obtained for the
modification of thiol groups 1 or 2 in the absence
of this substrate (k;=1.1X10"'min"!, k,=
5.8 x 103 min™!). This result suggests that 2, in the
presence of AdoMet, modifies just one thiol group
of COMT, presumably group 1, with a rate constant
lower than that obtained in the absence of the methyl
donor.

In contrast to what was observed with the
inactivation of COMT by some maleimide derivatives
[19, 20], Mg?* ions had no significant effect on the
protection afforded by AdoMet (Table 3). The total
protection of one thiol group (presumably group 2)
by the substrate against modification by 2 suggested
that this group is located at, or near to, the binding
site of AdoMet. However, in the presence of 3,5-
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Table 3. Substrate protection of COMT from inactivation by compound 2

Residual activity (%) + SE*

1470 = 1.14
11.79 £ 2.33
21.51 £ 0.40
40.90 = 1.48
23.98 +2.16
3424 + 4,01

COMT was pre-incubated at 37° for 2 hr with 0.135 mM 2 in the presence of
several concentrations of AdoMet and/or MgCl, before determination of the

* Residual activity was calculated with respect to the activity without pre-

The mean values of four independent experiments are shown.

1980
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Fig. 4. Inactivation of COMT by compound 2 in the

presence of AdoMet, DNC or both. COMT was pre-

incubated as in Fig. 2, with 0.135mM 2 alone (@) or in

the presence of: 1.5 uM DNC (B); 2.5 mM AdoMet (A)

or 1.5 uM DNC plus 2 mM AdoMet (V). Plotted data are
the means of two determinations.

dinitrocatechol (DNC), a competitive and reversible
inhibitor of COMT with respect to catechol as the
variable substrate (K; = 30.8 nM), some protection
could be detected, although biphasic kinetics were
still observed. The independent analysis of k; and
k, showed a slight increase in k; (0.15min™"!, in
contrast to 0.1 min~! in the absence of DNC), while
the specifically slow-reacting thiol group was
partially protected against modification by 2 (k; =
3.9 X 103 min~!, compared with 5.8 X 1073 min™!
with no DNC present). Again, the presence of Mg?*
ions had no effect on the result obtained (data not
shown).

Remarkably, when the enzyme was incubated
with 2 in the presence of both AdoMet and DNC
(Fig. 4), either in the presence or in the absence of
Mg?*, inactivation of COMT was not observed; this
suggested that not only the specifically slow-reacting
thiol group but also the unspecifically modified one

is located at, or near to, the active site of COMT.
Thus, although compound 2 seems to “open” the
active site making group 1 more easily accessible to
the inhibitor while slightly protecting group 2, the
presence of both AdoMet and DNC completely
blocks the access of compound 2 to the active site
of COMT. Similar results were obtained with N-
(4-hydroxy-3-methoxyphenylalkyl)maleimides [20],
suggesting that the same thiol groups were modified
in both cases. A possible model of the active site of
COMT would show group 2 located near the AdoMet
binding site and group 1 located near the catechol
or guaiacol binding sites. According to this, 2 could
react specifically with group 2 after the formation of
a reversible complex through the guaiacol site.
However, once the reversible complex is formed,
the double bond of 2 can not react with group 1,
this reaction being only possibie by a non-specific,
random mechanism, with no formation of the
reversible complex.

Acknowledgements—We thank Dr J. Cafiada and Dra. M,
D. Pérez-Sala for critical reading and correction of this
manuscript. R. A. Pérez has a predoctoral fellowship from
the Spanish Ministerio de Educacion y Ciencia. This work
was supported by the Comisién Asesora de Investigacion
Cientifica y Técnica (Far 88-0194/1) and the Consejeria de
Educacién de la Comunidad de Madrid (C 126/91).

REFERENCES

1. Guldberg HC and Marsden CA, Catechol-O-methyl-
transferase: pharmacological aspects and physiological
role. Pharmacol Rev 27: 135-206, 1975.

2. Creveling CR, On the nature and function of catechol-
O-methyltransferase. In: Perspective in Psycho-
pharmacology, A collection of papers in honor of Earl
Usdin, pp. 55-64. Alan R. Liss, New York, 1988.

3. DaPrada M, Keller HH, Pieri L, Kettler R and Haefely
WE, The pharmacology of Parkinson’s disease: basic
aspects and recent advances. Experientia 40: 1165
1172, 1984.

4. Minnisté PT and Kaakkola S, Rationale for selective
COMT inhibitors as adjuncts in the drug treatment of
Parkinson’s disease. Pharmacol Toxicol 66: 317-323,
1990.

5. Papavasiliou PS, Cotzias GC and Duby SE, Levodopa
in Parkinsonism: potentiation of central effects with a
peripheral inhibitor. N Engl J Med 285: 8-14, 1972.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Synthesis of new COMT inhibitors

. Bartholini G and Pletscher A, Decarboxylase inhibitors.

Pharmacol Ther 1: 407-421, 1975.

. Muenter MD, Dinapoli RP, Sharpless NS and Tyce

GM, 3-O-methyldopa, L-dopa and trihexyphenidyl in
the treatment of Parkinson’s disease. Mayo Clin Proc
48: 173-183, 1973.

. Reches A, Mielke CR and Fahn S, 3-O-Methyldopa

inhibits rotation induced by levodopa in rats after
unilateral destruction of the nigrostriatal pathway.
Neurology 32: 887-888, 1982.

. Mena MA, Muradas V, Bazan E, Reiriz J and de

Yebenes JG, Pharmacokinetics of L-dopa in patients
with Parkinson’s disease. Adv Neurol 45: 481486,
1986.

Cerdarbaum JM, Leger G and Guttman M, Reduction
of circulating 3-O-methyldopa by inhibition of catechol-
O-methyltransferase with OR-611 and OR-462 in
cynomolgus monkeys: implications for the treatment
of Parkinson’s disease. Clin Neuropharmacol 14: 330
342, 1991.

Axelrod J and Tomchick F, Enzymatic O-methylation
of epinephrine and other catechols. J Biol Chem 233:
702-705, 1958.

Borchardt RT, Affinity labeling of catechol-O-
methyltransferase by the oxidation products of 6-
hydroxydopamine. Mol Pharmacol 11: 436-449, 1975.
Borchardt RT and Thakker DR, Catechol-O-methyl-
transferase. 6. Affinity labeling with N-haloacetyl-3,5-
dimethoxy-4-hydroxyphenylalkylamines. J Med Chem
18: 152-158, 1975.

Borchardt RT and Thakker DR, Affinity labeling of
catechol-O-methyltransferase by N-haloacetyl deriva-
tives of 3,5-dimethoxy-4-hydroxyphenylethylamine and
3,4-dimethoxy-5-hydroxyphenylethylamine. Kinetics
of inactivation. Biochemistry 14: 4543-4551, 1975.
Borchardt RT, Smissman EE, Nerland D and Reid JR,
Catechol-O-methyltransferase. 7. Affinity labeling with
the oxidation product of 6-aminodopamine. J Med
Chem 19: 30-37, 1976.

Elorriaga C, Fernindez-Alvarez E, Gonzalez F,
Montuenga C and Nieto O, Inhibidores enzimaticos.
XIV. Preparaci6n y ensayo de N-halogeno acetilaminas
como inhibidores de catecol-O-metiltransferasa. An
Quim 72: 1018-1025, 1976.

Borchardt RT and Bathia P, Catechol-O-methyl-
transferase. 12. Affinity labeling of the active site with
the oxidation products of 5,6-dihydroxiindole. J Med
Chem 25: 263-271, 1982.

Borchardt RT and Thakker DR, Evidence for
sulfhydryl groups at the active site of catechol-O-
methyltransferase. Biochim Biophys Acta 445: 598-
609, 1976.

Piedrafita FJ, Elorriaga C, Ferndndez-Alvarez E and
Nieto O, Inhibition of catechol-O-methyltransferase
by N-(3,4-dihydroxyphenyl)maleimide. J Enzyme Inhib
4: 43-50, 1990.

Piedrafita FJ, Fernindez-Alvarez E, Nieto O and

21.

22.

23.

24,

2s.

26.

27.

28.
29.

30.
31.

32.

33.

34.

1981

Tipton KF, Kinetic and inhibition studies on catechol-
O-methyltransferase. Affinity labeling by N-(3,4-
dihydroxyphenyl) maleimide. Biochem J 286: 951-958,
1992.

Bickstrom R, Honkanen E, Pippuri A, Kairisalo P,
Pystynen J, Heinola K, Nissinen E, Linden IB,
Minnistd PT, Kaakkola S and Pohto P, Synthesis
of some novel potent and selective catechol-O-
methyltransferase inhibitors. J Med Chem 32: 841-846,
1989.

Borgulya J, Bruderer H, Bernauer K, Ziirker G and
Da Prada M, Catechol-O-methyltransferase-inhibiting
pyrocatechol derivatives: synthesis and structure-
activity studies. Helv Chim Acta 72: 952-968, 1989.
Borchardt RT, Huber JA and Houston M, Catechol-
O-methyltransferase. 10. 5-Substituted 3-hydroxy-4-
methoxybenzoic acids (isovanillin acids) and 5-
substituted 3-hydroxy-4-methoxybenzaldehydes (iso-
vanillins) as potential inhibitors. J Med Chem 25: 258
263, 1982.

Pérez RA, Fernindez-Alvarez E, Nieto O and
Piedrafita FJ, Dihydroxynitrobenzaldehydes and
hydroxymethoxynitrobenzaldehydes: synthesis and
biological activity as catechol-O-methyltransferase
inhibitors. J Med Chem 35: 4584-4588, 1992.
Nikodejevic B, Senoh S, Daly JW and Creveling CR,
Catechol-O-methyltransferase. II. A new class of
inhibitors of catechol-O-methyltransferase; 3,5-dihy-
droxy-4-methoxybenzoic acid and related compounds.
J Pharmacol Exp Ther 174: 83-93, 1970.

Goal, A micro biuret method for protein determination.
Determination of total protein in cerebrospinal fluid.
Scand J Clin Lab Invest 5: 218-222, 1953.

Zircher G and Da Prada M, Rapid and sensitive single-
step radiochemical assay for catechol-O-methyl-
transferase. J Neurochem 38: 191-195, 1982.

Cleland W, Statistical analysis of enzyme kinetic data.
Methods Enzymol 63: 103-138, 1979.

Ray WI Jr and Koshland DE Jr, A method of
characterizing the type and numbers of groups involved
in enzyme action. J Biol Chem 236: 1973-1979, 1961.
Pschorr R and Stéhrer W, Ueber die Nitroderivate des
Isovanillins. Ber 35: 43934399, 1902.

Lee FGH, Dickson DE, Suzuki J, Zirnis A and Manian
AA, Synthesis of 5,7- and 6,7-disubstituted tryptamines
and analogs (1). J Heterocyclic Chem 10: 649654,
1973.

Nica’Bhéird N and Tipton KF, Behaviour and properties
of catechol-O-methyltransferase from human placenta.
J Neural Transm 32 (Suppl): 359-368, 1990.

Huh MM and Friedhoff AJ, Multiple molecular forms
of catechol-O-methyltransferase. Evidence for two
distinct forms, and their purification and physical
characterization. J Biol Chem 254: 299-308, 1979.
Kitz R and Wilson IB, Ester of methane sulfonic acid
as irreversible inhibitors of acetylcholinesterase. J Biol
Chem 237: 3245-3249, 1962.



