DOI:10.1111/bcp.12169

BJCP British Journal of Clinical

Pharmacology

Correspondence

Dr Baojian Wu PhD, Division of
Pharmaceutics, College of Pharmacy, Jinan
University, Guangzhou 510632,
Guangdong, China.

Tel.:+86 186 1732 7322

Fax: +86 020 8522 0482

Email: bj.wu@hotmail.com

Structure-based drug design
of catechol-O-
methyltransferase inhibitors

Keywords
catechol-O-methyltransferase, COMT,
crystal structure, drug discovery, drug
metabolism

for CNS disorders

Zhiguo Ma, Hongming Liu & Baojian Wu

Received
5 February 2013

Accepted
25 April 2013

Accepted Article
Published Online
29 May 2013

Division of Pharmaceutics, College of Pharmacy, Jinan University, Guangzhou, Guangdong, China

Catechol-O-methyltransferase (COMT) is of great importance in pharmacology because it catalyzes the metabolism (methylation) of
endogenous and xenobiotic catechols. Moreover, inhibition of COMT is the drug target in the management of central nervous system
(CNS) disorders such as Parkinson’s disease due to its role in regulation of the dopamine level in the brain.The X-ray crystal structures
for COMT have been available since 1994.The active sites for cofactor and substrate/inhibitor binding are well resolved to an atomic
level, providing valuable insights into the catalytic mechanisms as well as the role of magnesium ions in catalysis. Determination of
how the substrates/inhibitors bind to the protein leads to a structure-based approach that has resulted in potent and selective
inhibitors. This review focuses on the design of two types of inhibitors (nitrocatechol-type and bisubstrate inhibitors) for COMT using

the protein structures.

Introduction

Catechol O-methyltransferase (COMT, EC 2.1.1.6) catalyzes
the methylation reaction (generally classified as phase I
metabolism) whereby a methyl group from the cofactor
S-adenosyl-L-methionine (SAM) is transferred to one of
the catecholic hydroxyls [1]. COMT exists in two forms.
The soluble form (S-COMT) is located in cytosol and the
membrane-bound form (MB-COMT) is anchored to the
rough endoplasmic reticulum.The two forms differ only by
a 50 residue long extension in the MB-form, which is the
signal sequence for membrane anchoring [2]. S-COMT is
the predominant form in most tissues (highest levels are
found in the liver and kidney) with the exception that
MB-COMT predominates in the brain [3, 4]. MB-COMT may
be more relevant in inactivation of catecholaminergic
neurotransmitters, whereas S-COMT plays a more impor-
tant role in inactivation of endogenous and xenobiotic
catechols in other tissues. The methylation reaction by
COMT occurs via a sequentially ordered mechanism [2].
The binding sequence of SAM, the Mg?* ion and the sub-
strate to the enzyme is strictly maintained in a catalytic

circle. SAM firstly binds to the enzyme, followed by the
Mg?* ion and the substrate [5, 6].

COMT is the primary enzyme that inactivates the
catechol neurotransmitter dopamine and the drug L-dopa
[7]. L-dopa is used in the clinical treatment of central
nervous system (CNS) disorders such as Parkinson’s
disease [8] and possibly others (e.g. schizophrenia [9, 10]
and depression [11].1ts efficacy is associated with the level
of dopamine converted from the drug.Studies have shown
that inhibition of COMT activity results in marked reduc-
tion of the body clearance of L-dopa and dopamine [1],
leading to a sustained level of dopamine in the brain and
improved efficacy (Figure 1A,B) [12,13].The important role
of COMT in treatment of Parkinson’s disease has promoted
an area wherein the aims are to design potent and selec-
tive COMT inhibitors. Several of these inhibitors have been
used as adjuncts to L-dopa therapy.

A number of crystal structures are available for human
and rat COMTs (Table 1). The rat and human COMTSs share
81% sequence identity and both belong to the highly
structurally conserved SAM-dependent methyltransferase
fold family (class 1) [14]. The crystal structures have
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provided rationales why COMT accepts a wide range of
structurally variable substrates with the only strict require-
ment that the substrate must have a catechol structure.
More importantly, these structures have been used for
searching and designing COMT inhibitors that would
enhance the L-dopa treatment of Parkinson’s disease.

3D structure of COMT

The crystal structures of human and rat COMTs reveal that
the enzymes adopt a similar structural fold [15, 16]. Specifi-
cally, the COMT enzyme is composed of a seven-stranded
B-sheet core (arranged in an order of 3214576) sand-
wiched between two sets of o-helices (helices a1-05 on
one side and helices 0.6-08 on the other side) (Figure 1C).
In the PB-sheet, strand 7 is antiparallel to the others
(Figure 1C). The cofactor SAM interacts with conserved
residues along the first half of the core B-sheet (B1-B4)
(Figure 2A) [16]. E90 (B2) forms hydrogen bonds with the
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ribose hydroxyl groups of SAM (Figure 2A). The adenine
ring of SAM forms hydrogen bonds with $119 and Q120
(06) and van der Waals interactions with residues 191 (32),
A118 (33-06 loop) and W143 (B4-a.7 loop) (Figure 2A).The
methionine portion of SAM is coordinated through the
hydrogen bonds with residues V42 (0.2-03 loop), S72 (04),
D141 (B4) and the hydrophobic interactions with M40,V42,
and Y68 (Figure 2A). The methyl group (CHs) attached to
the methionine sulfur atom in SAM is oriented toward
the substrate binding site and specifically towards the
catechol oxygen atom to be methylated (Figure 2A).

The substrate-binding site is a shallow pocket defined
by M40, L198, W143 and ‘gatekeeper’ residues W38 and
P174 (Figure 2A). All these residues are hydrophobic, sug-
gesting that van der Waals contacts are the main forces for
ligand binding (Figure 2A). The magnesium ion (Mg*), a
necessary cofactor for the methylation, is present in all the
COMT crystals complexed with a ligand [15-24]. The Mg**
ion is octahedrally coordinated in the active site by the side
chains of D141,D169,N170, the two hydroxyl groups of the

L-dop + COMT inhibitor

Dopamine or L-dopa blood
concentration

Time

A/B) COMT inhibitors can modulate the pharmacokinetics of L-dopa. A) COMT- mediated methylation is the major clearance pathway for L-dopa and
dopamine in peripheral tissues. B) Schematic representation of the changes in the pharmacokinetic profile of L-dopa, showing increased bioavailability and
elimination half-life. MEC: minimal effective concentration. C) The tertiary structure of the COMT enzyme (using human COMT (PDB code: 3BWM) as an

example), depicting the overall fold of a COMT structure
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Table 1

List of available crystal structures for COMT registered at http://www.pdb.org

NAT PDB entries
Human COMT (108V) 3BWM
Human COMT (108 M) 3BWY
Rat COMT 1VID
Rat COMT 27V
Rat COMT 2CL5
Rat COMT 1JR4
Rat COMT 1H1D
Rat COMT 3HVH
Rat COMT 3HVI
Rat COMT 3HVJ
Rat COMT 3HVK
Rat COMT 3NW9
Rat COMT 30E4
Rat COMT 30E5
Rat COMT 30ZR
Rat COMT 3078
Rat COMT 30ZT
Rat COMT 3NWB
Rat COMT 3NWE
Rat COMT 3U81
Rat COMT 3568
Rat COMT 3R6T
Rat COMT 27TH
Rat COMT 2718

In complex with

SAM, Mg?*, DNC

SAM, Mg?*, DNC

SAM, Mg?*, DNC

SAM, Mg?*, 4-phenyl-7,8-dihydroxycoumarin

SAM, Mg?*, SAM, Mg?*, BIA 8-176

SAM, Mg?*, ‘bisubstrate’

SAM, Mg?*, BIA 3-335

Mg?*, N6-methyladenine-containing bisubstrate
Mg?*, N6-ethyladenine-containing bisubstrate

Mg?*, N6-propyladenine-containing bisubstrate

Mg?*, purine-containing bisubstrate

Mg?*, methylpurine-containing bisubstrate

Mg?*, purine-containing bisubstrate inhibitor

Mg?*, a pyridylsulfanyl-containing inhibitor

Mg?*, a bisubstrate (no substituent in the adenine site)
Mg?*, a trifluoromethyl-imidazolyl-containing inhibitor
Mg?*, a 4-oxo-pyridinyl-containing inhibitor

Mg?*, a fluorinated desoxyribose-containing bisubstrate
Mg?*, a methylated desoxyribose bisubstrate

SAH

Mg?*, SAM and Tolcapone

Mg?*, a bisubstrate inhibitor

Mg?*, SAM

Reference

[16]
[16]
[15]
[17]
[22]
[24]
[23]
[19]
[19]
[19]
[19]
[20]
[20]
[20]
[20]
[20]
[20]
[21]
[21]
[21]
[21]
[21]
[18]
[18]

Figure 2
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S-adenosyl-L-methionine (SAM)

3,5-Dinitrocatechol (DNC)

The substrate-binding and SAM-binding sites in the COMT protein (PDB code: 3BWM). A) Molecular interactions of SAM and DNC with the binding site
residues. The dashed lines indicate hydrogen bonds. B) Chemical structures of SAM (S-adenosyl-L-methionine) and DNC (3,5-dinitrocatechol)

catechol substrate, and a water molecule [16].This is direct
evidence that Mg?*" participates in the enzymatic reaction
by facilitating the substrate binding. It thus explains why
the ion is required for COMT mediated catalysis. It is note-
worthy that the Mg*" ion also lowers the pK, of the
catechol hydroxyls, making them more easily ionized [5].
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The K., values for methylation of catechol substrates
are generally smaller in human COMT compared with rat
COMT [25]. Comparison of the active sites of rat and
human COMT provided a rationale why the two proteins
differ in K., value and other kinetic properties [16]. The
Mg?**-ligand distances in the crystal of human COMT are
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Binding mode of BIA 8-176 in the COMT protein (PDB code: 2CL5), showing that the inhibitor is bound in the ortho (in relation to the nitro group) pose. A)
Chemical structures of BIA 3-202, BIA 8-176 and BIA 3-228.B) Molecular interactions of BIA 8-176 with the binding site residues.The dashed lines indicate

hydrogen bonds

shorter than those in that of rat COMT, indicating that sub-
strate binding is stronger (smaller K., value) in human
protein [16]. Although most of residues are identical in the
SAM binding sites of the two proteins, three residues
are found to be different, namely, M89, M91 and Y95 in
the rat protein, but 189,191 and C95 in the human protein.
The residues in the rat protein are bulkier and thus interact
more closely with SAM compared with the human protein.
Moreover, the substrate-binding site contains two charged
substitutions (R201 and E202 in humans contrasting
with M201 and K202 in rats). Direct interactions of the
two residues with the substrate appear to be unlikely.
However, they may affect Vina.x as well as substrate binding
and release due to their location at the pocket entrance
[16].

Nitrocatechol-type inhibitors

Nitro-substituted catechols have been found to inhibit
COMT activity with varied inhibition potency.They possess
the same binding motif as the catechol substrates, but the
presence of the strong electron-withdrawing nitro func-
tion hinders their reactivity toward O-methylation [26].3,5-
dinitrocaatechol (DNC, Figure 2B) is a competitive inhibitor
of COMT. The crystal structure of the COMT-DNC complex
reveals how a nitrocatechol-type inhibitor interacts with
the protein. The DNC molecule occupies the substrate-
binding site, which is consistent with the competitive inhi-
bition mechanism (Figure 2A). The 3-nitro group of DNC
has favourable van der Waals interactions with W143,
whereas the benzene ring of DNC forms edge-to-face n-nt

interactions with W38 (Figure 2A). W38 is very important
for high affinity binding of catechols [15]. Substitution of
residue 38 from tryptophan to arginine in pig COMT
reduces the affinity of catechol compounds by 10~1000-
fold [27]. Tolcapone and entecapone are two
nitrocatechol-type inhibitors that have been introduced
into the drug market [1, 12]. They are used as adjuncts to
L-dopa therapy in the management of Parkinson'’s disease,
although each of them has problems either in phar-
macokinetics, clinical efficacy or in toxicity [28-30].
1-(3,4-dihydroxy-5-nitrophenyl)-2-phenyl-ethanone

(BIA 3-202, Figure 3A) is a potent nitrocatechol-type COMT
inhibitor that demonstrates selective inhibition of periph-
eral COMT [31].The potential benefits of the compound for
the treatment of Parkinsonian patients are under clinical
evaluation.The X-ray structures predicted that methylation
of BIA 3-302 and its analogues (e.g. tolcapone) occurred
preferentially at the catechol hydroxyl group in position
para (relative to the C1 substituent) over the hydroxyl in
position meta [32]. This prediction was confirmed by the
in vitro O-methylation experiments [32]. However, the
regioselectivity of O-methylation in vivo shifts towards
much higher meta : para ratios, with lesser or null amount
of the p-O-methylated products being formed [32]. An
explanation was proposed for this apparent paradox of
regioselectivity [32]. The compounds undergo in vivo
O-methylation by COMT at either meta or para catechol
hydroxyl groups. In a subsequent step, the p-O-methyl
derivatives are selectively demethylated by a microsomal
enzyme system. The overall balance is the accumulation
of the m-O-methylated metabolites over the para-
regioisomers.
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Molecular interactions of COMT with BIA 3-335 (PDB code: 1H1D). A) Chemical structures of BIA 3-335, showing its three components of the C1 substituent.

B) Molecular interactions of BIA 3-335 with the binding site residues

BIA 8-176 and BIA 3-228 (Figure 3A) are regioisomeric
COMT inhibitors that contain the nitrocatechol core sub-
stituted with a benzoyl side chain.They differ structurally in
that BIA 3-228 contains the benzoyl fragment placed in
the meta position (relative to the nitro group), whereas
in BIA 8-176, the side chain is at the ‘non-classic’ ortho
position. The regioselectivity for O-methylation of the two
inhibitors were determined [22].The atomic interactions of
COMT with the inhibitors were compared to explain the
observed regioselectivity differences [22]. Structural analy-
ses and docking revealed that interactions involving both
the nitrocatechol moiety and the benzoyl side chain affect
the energetic balance between ortho and meta poses,
although the nitrocatechol moiety appears to play a more
important role [22].In the case of BIA 8-176, the effects of
the benzoyl and nitro substituents are additive in deter-
mining the binding geometry. Thus the ortho configura-
tion is greatly favoured (Figure 3B). By contrast, in the case
of BIA 3-228, the effects of the same substituents on the
binding geometry are partially self-compensatory and the
energy difference between ortho and meta poses is rela-
tively attenuated. Therefore, the regioselectivity of BIA
3-228is less pronounced compared with BIA 8-176.

BIA 3-335 (Figure 4A) is a potent, reversible and tight-
binding inhibitor of COMT (K; = 6.0 nm) [33]. It displays a
competitive inhibition towards the substrate binding site
and non-competitive inhibition towards the SAM binding
site [33]. The compound was identified as a promising can-
didate for clinical evaluation based on the evaluation of a
series of nitrocatechol inhibitors to which heteroatom-
containing substituents were introduced at C1 [33]. Struc-
tural variations of the substituents at C1 are predicted to
modulate greatly the inhibitory activity towards COMT
[31]. The crystal complex of COMT with BIA 3-335 reveals
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that the inhibitor binds into the catalytic site [33]
(Figure 4B). The C1 substituent has sufficient space to
accommodate within the protein structure.In fact, the sub-
stituent (side chain) lies within a long groove, where inter-
actions with the hydrophobic residues (e.g.W38 and M201)
are prevalent (Figure 4B). This structural knowledge is
expected to provide useful guidelines for the design of
better inhibitors.

Bisubstrate inhibitors

A bisubstrate inhibitor of enzymes is formed by covalently
linking a substrate analogue with a cofactor analogue.
The first series of bisubstrate inhibitors for COMT were
designed and synthesized by Masjost et al. on the basis of
the enzyme’s crystal structure and molecular docking [34].
Three binding pockets were defined: catechol pocket (for
binding catechol), adenosine pocket (for binding the
adenosine portion of the SAM cofactor) and methionine
pocket (for binding the methionine portion of the SAM
cofactor) (Figure 5A, B).The methionine pocket with a polar
nature was not considered in the design of the bisubstrate
inhibitor because it would be favourably filled with water
[34]. Bisubstrate inhibitors should incorporate the adeno-
sine and catechol portions that bind to the corresponding
pockets (Figure 5A, B). Connection of the two parts is
through an appropriate spacer (linker) [24]. Docking analy-
sis suggested that compound 1 (Figure 5A) provided best
fitting compared with other analogues by preserving all
original interactions of the catechol and adenosine with
the protein. This was confirmed by the activity determina-
tion showing that compound 1 has the lowest ICs, value of
2 uMm [34].The bisubstrate inhibitors display much stronger
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Binding mode of the bisubstrate inhibitor in the COMT protein. A) Chemical structures of the bisubstrate inhibitors 1-3.B) comparison of the binding sites
of the bisubstrate inhibitor 3 (PDB code: 1JR4) and the catechol inhibitor DNC (PDB code: 1VID). The bisubstrate-binding protein and DNC-binding protein
are indicated in cyan and white, respectively. The bisubstrate and DNC are also indicated in cyan and white (for carbons only), respectively. Arrows denote
the changes in residue conformation.C): Bisubstrate inhibitor binds to the SAM pocket prior to binding to the catechol pocket in COMT.S1 is the adenosine

portion of a bisubstrate inhibitor, whereas S2 is the catechol portion

affinity compared with the catechol inhibitors, confirming
that targeting of COMT inhibitors to both the catechol and
SAM binding site is a viable and more advantageous
approach [34].

The mechanism of enzyme inhibition by compound 1
was determined [34, 35]. The compound exhibits competi-
tive kinetics for the SAM and non-competitive kinetics for
the catechol binding site. Dialysis assay indicated that the
inhibitor binds reversibly but its dissociation from the
enzyme is rather slow, a feature of a tight binding inhibitor
[34]. The non-competitive inhibition pattern (with respect
to the catechol binding site) appears to be contradictory to
the fact that the inhibitor binds to the catechol site the
same as the substrates. Two possible reasons have been
proposed to explain the observed kinetics [34]. First,
binding of the bisubstrate inhibitor to the SAM binding
pocket induces alterations in the binding characteristics of
the catechol site compared with when SAM is bound. This
leads to a non-competitive mechanism for the binding of
the bisubstrate inhibitor 1 to the catechol binding site.
Second, the bisubstrate nature of the inhibitor influences
the affinity of its catechol residue for the catechol binding
site. This could result in a situation where the catechol
residue of inhibitor 1 is ‘locked’ into the binding site. In
both cases, the bisubstrate inhibitor must dock into the
SAM binding site before it binds to the catechol binding
pocket (Figure 5C).

Lerner et al. determined the effects of the linker struc-
ture on the affinity of the bisubstrate inhibitors [24]. The
authors found that compound 3 with a propene as the

linker is the most potent inhibitor (ICso = 9 nm), followed by
compounds 2 and 1 (Figure 5A). Kinetic analysis shows a
competitive inhibition mechanism for compound 3 with
regard to the SAM binding site and a more complex inhi-
bition mechanism with regard to the catechol binding site.
The crystal complex of COMT with compound 3 reveals
that the inhibitor occupies, as predicted, both the SAM
and catechol binding sites (Figure 5B). Binding of the
bisubstrate inhibitor requires only small structural changes
of the protein at residues W143 and M40 compared with
the protein with the substrate and SAM bound (Figure 5B)
[24]. The side chain of W143 is shifted by only 1.2 A and
M40 is rotated by 79°. These small changes are sufficient to
make space for the fitting of the linker of the bisubstrate
inhibitor in the protein (Figure 5B).

Paulini et al. synthesized a series of bisubstrate inhibi-
tors that lack the nitro group on the catechol moiety [36].
In order to enhance the binding affinity, large hydrophobic
groups (e.g. 4-fluorophenyl ring) were used to replace the
nitro group. This was based on the structural analyses of
the COMT-inhibitor complex [36], which suggested that
the replacements are able to form favourable apolar inter-
actions with the hydrophobic cleft formed by W38, V173,
P174 and L198.The structure-based predictions were con-
firmed by the experimental data [36]. The inhibitors dem-
onstrated strong inhibitory potency with an 1Cs, value of
21-29 nm, highlighting that the 5-nitrocatechol anchor is
not required for high affinity inhibition [36]. Those inhibi-
tors that lack a nitrocatechol core are of considerable inter-
est due to less toxicity concerns [37].
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The bisubstrate-COMT crystal (pdb code: 1JR4) shows
that the adenine moiety forms two hydrogen bonds to a
water molecule [19]. It was reasoned that replacement
of this water by a hydrophobic residue of the ligand
would result in a free energy gain and a higher binding
affinity [19, 38]. To test the hypothesis, novel bisub-
strate inhibitors were synthesized that contain N6-alkyl
substituents. The N6-alkyl substituents were predicted to
displace the water molecule. Crystal structures of COMT
with the inhibitors revealed that the water indeed was
replaced by the substituents (methyl, ethyl, propyl and
hydroxyethyl) (Figure 6A) [19]. Also a gain, albeit not sig-
nificant, in the binding affinity was achieved [19]. The ICs
and K; values for N6-alkylated ligands are slightly lower
than those measured for the unsubstituted ones. The
Né-alkylated inhibitors bind with similar strength as
the non-alkylated ligand, although energetic gain was
attained by displacement of the water molecule [19]. This

is because the Né6-alkylated ligands are bound in an
s-trans conformation that is energy unfavourable. The
energy costs (~1.8 kcal mol™) of the unfavourable confor-
mation must be compensated by the energetic gains
resulting from the replacement of water. As a result, the
net energy is not altered and there is no significant
improvement in the binding affinity of the N6-alkylated
ligands [19].

The effects of ribose modification on ligand affinity
were investigated [21, 39]. Surprisingly, the minor change
from the ribose ether oxygen atom to the CH, unit of a
carbocyclic cyclopentane core,in most cases, leads to com-
plete loss of the binding affinity. Although the exact reason
is unknown, it was speculated that steric congestion in the
ribose binding site (a narrow channel) that connects the
adenine and catechol sites, as well as conformational
changes upon replacement of the ribose moiety may play
an important role [39].

X

3

Not necessary for
strong binding

| N—> Crucial for binding

Can be replaced
H —> Essential for strong binding

o ©o

Can be replaced «— H

Figure 6

Structure-activity relationships for the bisubstrate inhibitors. A) Comparison of the binding sites of N6-ethylated bisubstrate inhibitor (PDB code: 3HVI) and
bisubstrate inhibitor 3 (PDB code: 1JR4), showing that the water is replaced by the ethyl substituent. The bisubstrate-binding site and the DNC-binding site
are indicated in cyan and white, respectively. The dashed lines indicate hydrogen bonds. B) Summary of the structure-activity relationships for the
bisubstrate inhibitors, highlighting that structural variations of the catechol, ribose and adenine moieties modulate the affinities of bisubstrate inhibitors
toward COMT. C) Comparison of the binding sites of the bisubstrate inhibitor 3 (PDB code: 1JR4) and its 3’-fluoro derivative (PDB code: 3SNWB).The binding
sites of the bisubstrate inhibitor 3 and of the 3’-fluoro derivative are indicated in white and purple, respectively. The dashed lines denote hydrogen bonds.
The solid lines denote distances
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The 1Cso value of the 2’-deoxyribose derivative is
increased by almost three orders of magnitude to 28 um.In
contrast, the 3’-deoxyribose derivative has only a ~4-fold
elevated 1Cso value of 40 nm [21].This clearly shows that the
main energetic contribution for ribose binding originates
from interactions of the 2’-hydroxyl group with the protein
(Figure 6B). On the basis of structural analyses, Ellermann
etal. illustrated the subtle differences of 2’-hydroxyl and
3’-hydroxyl groups in interacting with the protein [21], pro-
viding explanations why 2’-hydroxyl plays a more impor-
tant role in determining ligand affinity. First, both H atoms
of the ribose hydroxyl groups interact with the syn lone
pairs of E90. However, the angular deviation of the hydro-
gen bond from the acceptor plane w-system is different.
For the 2’-hydroxyl group, this angle is ~5° and it is 25° for
the 3’-hydroxyl group, indicating a much weaker interac-
tion for the 3’-hydrolxyl [40]. Second, the acidity of the
2’-hydroxyl group is higher compared with the 3’-hydroxyl
group owing to the inductive effects from the glycosidic
bond and the ring O atom [21].Thus, the 2’-hydroxyl group
is more prone to share an H atom with an acceptor and
should form a stronger hydrogen bond to E90. Third, the
COMT protein itself better solvates the E90 O atom con-
tacting the 3’-hydroxyl than the O atom contacting the
2’-hydroxyl, thereby increasing the basicity and hydrogen-
bond acceptor strength of the latter.

Since 3’-hydroxyl is not essential for high affinity
binding, replacements of this group have been explored to
accomplish a high potency of inhibition [21]. Molecule
modelling suggested the active site of COMT could accom-
modate small 3’-substituents trans to the 2’-hydroxyl
group of the ribose moiety. The 3’-fluoro derivative and
others with inverted chirality at C3” were synthesized [21].
The rationale for the fluorine substituent was to enhance
affinity of the compound by its strong G-inductive effect,
lowering the pK, value of the 2’-hydroxyl group and
strengthening the hydrogen bond to the side chain of E90
[41]. As expected, the 3’-fluoro derivative is a very potent
COMT inhibitor with an ICso value of 11 nm. The binding
mode of the inhibitor in the protein was confirmed by the
X-ray crystal structure.The introduction of a 3’-fluoro sub-
stituent leads to subtle conformational changes around
the ribose moiety (Figure 5C) [21]. The ribose ring retains
the ‘south’ conformation, indicating that inversion of con-
figuration does not change the pucker in the enzyme
complex (Figure 5C). The 3’-fluorine substituent is located
in a rather hydrophobic environment and favourably con-
tacts the edges of the Y95 and W143 planes and the termi-
nal methyl group of M40 (Figure 5C).

Ellermann etal. explored the effects of structural
alterations of the adenine moiety on the affinity of
bisubstrate inhibitors [20]. Novel bisubstrate inhibitors
with adenine replacements (including thiopyridine, purine,
N-methyladenine and 6-methylpurine) were developed by
structure-based design [20]. Comparison of the activities of
the purine inhibitor and the benzimidazole analogue

Structure-based design of COMT inhibitors BJCP

shows that the heteroatoms in the six-membered ring
of the purine moiety are crucial for strong binding to
COMT. Further comparisons of the activities among the
adenine-modified inhibitors identified the N(1) nitrogen
heteroatom as one of the key determinants of affinity [20].
The N(1) of adenine is hydrogen bonded to the backbone
NH of S119. By contrast, the nitrogen heteroatoms N(3)
and N(7) are unnecessary for activity and thus can be
replaced without a large energetic penalty (Figure 6B).The
6-methylpurine inhibitor (ICso = 6 nM) is the most potent
ligand, displaying an ~5-fold higher binding affinity than
the reference compound, demonstrating that the exocyclic
NH. of adenine is not necessary for strong binding
(Figure 6B). The methyl group contributes to an increase in
inhibitory activity of a factor of ~26 probably through
hydrophobic interactions with the pocket.

Other inhibitors

4-phenyl-7,8-dihydroxycoumarin (4PCM, Figure 7A), a cou-
marin derivative, is a non-nitrocatechol inhibitor of COMT.
Theinterest in developing this type of inhibitors is because
nitrocatechol structures (e.g. tolcapone) have concerns
about their hepatotoxicity [37, 42]. The crystal complex of
COMT with 4PCM reveals how the inhibitor is recognized
by the protein [17]. The carbonyl oxygen of 4PCM faces to
the side chain of W143 and the phenyl ring substitute at
the 4-position is exposed to the solvent region (Figure 7B)
[17]. K144 has an electrostatic interaction with 1-position
of oxygen atom of 4PCM. It also makes a hydrogen bond
to the carbonyl oxygen of 4PCM via a water molecule
(Figure 7B) [17]. Further, the carbonyl oxygen of 4PCM may
form the CH-O hydrogen bond with CE3 of W143 [17].1t is
predicted that substitution of hydrophobic groups to the
phenyl ring will be a promising approach to enhance the
inhibitory activity because W38 is available for favourable
hydrophobic interactions with the inhibitor molecule at
the area around the phenyl ring [17].

More recently, a number of novel heterocyclic COMT
inhibitors were derived from in vitro screening [43]. 1,2,4-
oxadiazoles substituted with a pyridine N-oxide motif were
found to have reduced toxicity risk and were endowed
with longer duration of inhibition. Of note, opicapone
[2,5-dichloro-3-(5-(3,4-dihydroxy-5-nitrophenyl)-1,2,4-
oxadiazol-3-yl)-4,6-dimethylpyridine 1-oxide, also known
as BIA 9-1067] was selected for further pharmacological
studies and was found to be a purely peripheral inhibitor
of COMT with a unprecedented duration of action [43]. In
addition, it presents favourable pharmacodynamics with
L-dopa, resulting in stable and sustained plasma L-dopa
concentrations over prolonged periods [43]. In fact,
opicapone is currently under phase Il clinical trials for the
therapy of Parkinson’s disease [44, 45]. Studies involving
human subjects have confirmed that opicapone is a very
long acting inhibitor and a once daily regimen may be
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Figure 7

Molecular interactions of COMT with 4PCM (PDB code: 2ZVJ). A) Chemical structure of 4PCM (4-phenyl-7,8-dihydroxycoumarin). B) Molecular interactions of

4PCM with the binding site residues. The dashed lines indicate hydrogen bonds

effective [44,45]. Computational analyses indicate that the
long acting inhibition primarily depends on the catalytic
rate constant (K. of the inhibitor's O-methylation rather
than the rate constant of dissociation (Ko«) of the enzyme-
inhibitor complex [46].

Conclusion

COMT catalyzes methylation (classified as phase Il metabo-
lism) which is a major clearance pathway for catecholic
compounds. In recent years, COMT has become intensively
studied largely due to its role in regulation of the dopa-
mine level in the brain. Inhibition of COMT is an important
approach for developing new therapeutic treatments for
CNS disorders such as Parkinson’s disease. The crystal
structures for COMT have facilitated a deeper understand-
ing of the atomic interactions of the substrates/inhibitors
with the protein. It is not surprising that these structures
have been frequently used in the design of novel inhibitors
with a high success rate. The nitrocatechol-type inhibitors
were designed based on their interactions with the
catechol pocket. By contrast, the bisubstrate inhibitors tar-
geted both the catechol pocket and the SAM pocket.Novel
inhibitors without a nitrocatechol core have been available
to alleviate possible inhibitor toxicity. Although many
inhibitors are proven to be potent and selective in in vitro
experiments, whether they can become drugs requires rig-
orous in vivo efficacy and toxicity testing.
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