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Bisubstrate Inhibitors of the Enzyme
Catechol O-Methyltransferase
(COMT): Efficient Inhibition Despite
the Lack of a Nitro Group

Ralph Paulini,® Christian Lerner,®

Roland Jakob-Roetne,™ Gerhard Ziircher,®
Edilio Borroni,”! and Francois Diederich*

Catechol O-methyltransferase (COMT) catalyzes the O-methyl-
ation of catechols by S-adenosylmethionine (SAM) in the pres-
ence of Mg?>* ions.l" Inhibition of COMT offers a therapeutic
handle to reduce catecholamine metabolism, therefore provid-
ing a valuable complement for the treatment of CNS (central
nervous system) disorders, such as Parkinson’s disease™ and
possibly schizophrenia.”! The most efficacious therapy for Par-
kinson’s disease uses L-Dopa.”’ The introduction of COMT-in-
hibitors (tolcapone (Tasmar®)® and entacapone (Comtan®)®)
as adjuncts to this treatment has resulted in considerable ther-
apeutic improvement, helping to substantially prolong the effi-
cacy of L-Dopa dosage by preventing its catabolism through
O-methylation.

On the other hand, in some cases, adverse effects of hepato-
toxicity have been associated with the use of tolcapone.”® It
has been hypothesized that the hepatotoxic effect may be re-
lated to the nitrocatechol core structure of the drug.”’ There-
fore, the preparation of COMT inhibitors lacking the nitro
group might be of advantage. However, this group is regarded
as a key element for tight and reversible binding to the sub-
strate pocket in the active site Substitution of the nitro
group by weaker electron-withdrawing substituents drastically
reduces the affinity of catechols to COMT. Furthermore, the
electron-withdrawing effect of the nitro group is reflected by a
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dramatic fall in the pK, value, which is paralleled by a strongly
reduced nucleophilicity of the corresponding catechol OH
group, thereby greatly reducing substrate behavior, that is, O-
methylation. In contrast, bisubstrate inhibitors"” that block
both the SAM and catechol binding sites of COMT might offer
the opportunity to circumvent this prerequisite for a nitro
group.

Recently, we described the potent bisubstrate inhibitor 1a
(Table 1; I1C5,=9 nMm: IC;,=concentration of inhibitor at which
50% maximum initial velocity is observed) and demonstrated
by crystal-structure analysis and enzyme kinetics that its ade-
nosine and nitrocatechol moieties bind to the SAM and sub-
strate sites of COMT, respectively."" Here we report that the bi-
substrate inhibition approach eliminates the need for nitro-
substituted catechols, and describe the synthesis and in vitro
evaluation of a new generation of potent COMT inhibitors that
lack the nitro group.

Analysis of the crystal structure of the ternary complex
formed between 1a, COMT, and a Mg?* ion,""*" by using the
molecular modeling package MOLOC,"'? suggested that ana-
logues of 1a could take advantage of a hydrophobic cleft® at
the enzyme surface that extends in the direction of the nitro
group that we wished to replace. The modeled complex of the
4-methylphenyl derivative 1c (Figure 1) shows that Trp38,
Leu198, Val173, and Pro174 form a pocket™'¥ in which the
hydrophobic residue departing from position 5 of the catechol
moiety is well accommodated. A series of substituents of suita-
ble size and spanning a wide range of electron-withdrawing
capacities, as exemplified by their Hammett substituent con-
stants o,,/" was selected (Table 1). According to the modeling,
all proposed inhibitors 1b-t fully maintain the favorable inter-
actions of the adenosine, linker, and catechol moieties with the
protein and the Mg?* ion that had been observed in the crys-
tal structure of the ternary complex formed by 1a (Figure 1).

The synthesis of the new inhibitors"® takes advantage of a
convergent, two-building-block strategy, in which the allylic
amine 2" js coupled with the N-hydroxysuccinimide esters
3b-t, featuring diphenylmethylketal or di(4-methoxyphenyl)-
methylketal moieties as catechol-protecting groups,'” to give
amides 4 b-t. Deprotection of the catechol and ribose residues
finally yielded the desired inhibitors 1b-t. This protocol is illus-
trated in detail in Scheme 1 for the preparation of 4-methyl-
phenyl derivative 1c.

The key building block for the synthesis of the diphenyl-
methylketal-protected catechol derivatives is the 5-bromo de-
rivative 7, obtained from 5-bromo-2,3-dihydroxybenzoic acid
(5)"® by esterification to give 6 and protection with dichlorodi-
phenylmethane. Starting from 7, the desired substituents at
position 5 are readily introduced either by using Pd-catalyzed
Suzuki and Heck cross-couplings or Br-Li exchange, followed
by treatment with an appropriate electrophile. For the synthe-
sis of 1¢, 7 was subjected to a Suzuki cross-coupling with 4-
methylphenylboronic acid to give 8c. The ester was hydro-
lyzed (LiOH, THF/H,0), and the resulting acid, 9¢, was trans-
formed into the N-hydroxysuccinimide ester 3 c. Coupling of 2
with the activated ester 3 c provided amide 4 ¢, which was fully
deprotected with TFA/H,0O to afford the desired inhibitor 1c.
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Table 1. Structures, biological activities (ICs, [nM], AG,,, (310K) [kJ
mol~']?"), Hammett substituent constants ,"" and pK, values®” of the bi-
substrate inhibitors 1a-t.
HO OH NH,
O
N X
N
4
HN < P
R — N N
(@]
HO  OH
Compound R 1Cso AG;, o, pK,
[nm] [kJmol™]
1a NO, 9 —47.8 0.78 4.42
F _
1b §@ 21 45.6 0.06 6.87
1c E@ 23 —453 —0.03 7.06
1d §@N 23 —453 023 6.89
N
1e % </ ] 27 —44.9 - 6.15
S
1f Br 28 —44.8 0.23 6.54
N
n 29 —447 029 618
19 IS
1h CN 29 —44.7 0.66 5.18
O
>_©7 34 —44.3 0.43 5.42
1i ad,
1j CF, 35 —44.3 0.54 6.22
e}
>\‘—CF3 39 —440 080 574
1k T,
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11 N 42 —438 - 6.95
4 N\
Tm cl 44 —43.7 0.23 6.65
O
>_<:> 83 —42.0 - 5.46
n o
o]
10 “‘(\)J\N/ 97  —416 005 634
|
0§
1p v‘q{" 213 —39.6 - 5.07
1q / < > 608 —36.9 —0.09 7.56
T,
1r §4< 1370 —34.8 —0.15 7.63
@]
1s E)J\N/ 2000 —33.8 0.36 6.25
|
1t H 2600 —33.1 0 7.37

The binding affinity (ICs, values) of the new inhibitors to-
wards COMT in the presence of Mg?* ions was determined by
using a radiochemical assay that has previously been reported
in full detail."® '™ Gratifyingly, 14 out of the 19 new inhibitors
tested showed IC;, values in the double-digit nanomolar
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Figure 1. a) Ball-and-stick and b) schematic representation of 1¢ modeled in
the active site of COMT in the presence of a Mg?* ion. a) Inhibitor skeleton:
green, C atoms of COMT: gray, O atoms: red, N atoms: blue, S atoms: yellow,
Mg atom: black; b) distances are given in pm.

range; this convincingly shows that the nitro group can be
successfully substituted in bisubstrate inhibitors. Kinetic studies
conducted to investigate the mechanism of enzyme inhibition
by ligands 1a-t confirmed that a competitive mechanism with
respect to the SAM binding site is operative in all cases.

Table 1 also shows the Hammett substituent constants o, for
residues R introduced at position 5 of the catechol moiety, as
well as the pK, values® measured for the most acidic catechol
OH group of the inhibitors. The data clearly reveal that no
linear free energy relationships (LFERs) exist between the free
enthalpy of inhibition (AG,,)*" and the Hammett parameters
or the pK, values. In other words, the electron-withdrawing ca-
pacity of the substituent R and the acidity of the catechol OH
group para to this substituent, are not the only determinants
of the relative potencies of inhibition displayed by 1a-t. On
the contrary, the 4-methylphenyl-substituted inhibitor 1cis a o
donor (0,=-0.03) and possesses one of the highest pK,
values (6.87) in the series; yet its affinity is one of the highest
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(ICs,=23 nm) and approaches that of the nitro derivative 1a
(ICsy=9 nMm, 0,=0.78, pK,=4.42).

The data in Table 1 provide additional useful pieces of infor-
mation for the design of future generations of COMT inhibi-
tors. The strong inhibition by 1b-g (IC5, 21-29 nm) with resi-
dues R that are weak o acceptors but feature large hydropho-
bic surfaces demonstrates the efficiency of favorable apolar in-
teractions of these residues in the hydrophobic cleft formed
by Trp38, Leu198, Val173, and Pro174 (see Figure 1).?? These
lipophilic bonding interactions clearly compensate for losses in
binding free enthalpy resulting from the increase in pK, values
of the catechol OH groups. In the absence of suitable lipophilic
residues, however, as in 1t (R=H, IC;,=2600 nm, pK,=7.37),
binding affinity deteriorates. While lipophilic residues R might
simply contribute to a better affinity by ensuring a more favor-
able partitioning of the inhibitor between water and protein,
an enhanced binding strength is only observed in the case of
proper molecular recognition of the residue in the hydropho-
bic cleft; inhibitors 1q (IC;,=608 nm) and 1r (IC;,=1370 nm)
possess large hydrophobic residues, yet their activity is low.
According to the modeling studies, the fit of the p-toluenesul-
fonyl (in 1p) and p-toluenemethyl (in 1q) residues to the hy-
drophobic cleft is less favorable. Both experimental and model-
ing data suggest that aromatic substituents connected to the
catechol through a biaryl-type linkage (1b-e, 1g), represent
some of the best replacements for the nitro group.

Some of the inhibitors show good activities (IC;, between 35
and 42 nwm) by benefiting from both the hydrophobic character
and the o-acceptor capacity of their substituent at position 5
of the catechol moiety (e.g. 1i, 1j, 1k, and 11). Remarkably,
others with similar acceptor capacity do not (e.g. N,N-dimethyl-
acetamido-substituted 1s; 1C;,=2000 nm). Good binding is
also observed for small electron-withdrawing substituents such
as Br (1), CN (1h), and Cl (1m).

In conclusion, the bisubstrate inhibition approach has, for
the first time, provided a family of inhibitors for the enzyme
catechol O-methyltransferase (COMT) that do not require a ni-
trocatechol core for high binding activity. Efficient inhibition
was achieved through analysis and exploitation of structural in-
formation, according to molecular-recognition principles, fol-
lowed by convenient synthesis. Further in vitro and in vivo
studies are underway to evaluate the pharmacokinetic proper-
ties of the new inhibitors, the optimization of which could ulti-
mately lead to new therapeutical entities for Parkinson’s dis-
ease and possibly other CNS disorders, such as schizophrenia.
We are at the same time focusing on structural variations of
the ribose and nucleobase moieties for a next generation of bi-
substrate inhibitors, and are exerting efforts to further validate
the proposed binding modes by crystal structure analysis.
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Scheme 1. Synthesis of inhibitor 1c. Reagents and conditions: a) SOCl,, MeOH, 12 h, reflux, 91 %; b) Ph,CCl,, 40 min, 160°C, 76 %; c) 4-methylphenylboronic acid,
[Pd(PPh;),], Na,CO,, benzene/EtOH/H,0, 12 h, reflux, 78%; d) LiOH, THF/H,0, 4 h, reflux, 89 %; e) N-hydroxysuccinimide (HOSu), EDC-HCI, CH,Cl,, 1.5 h, 20°C; f) 2,
CH,Cl, 12 h, 20°C, 57 % (two steps); g) TFA/H,O (1:1), 1 h, 20°C, 56 %. THF = tetrahydrofuran, EDC-HCI= 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-

ride,
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