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ABSTRACT 

 

In this work, we present a comparative case study of ‘ortho-’ and ‘meta-nitrated’ catecholic inhibitors 

of COMT, with regards to their interaction with the catalytic site of the enzyme and the in vitro 

regioselective formation of their mono-O-methyl ether metabolites. In particular, the effects of altering the 

attachment position of the inhibitors’ side chain substituent, within the classical nitrocatechol 

pharmacophore, was investigated. For this purpose, we compared two simple regioisomeric nitrocatechol-

type inhibitors of COMT, BIA 3-228 and BIA 8-176, which contain the benzoyl substituent attached at the 

meta- and ortho-positions, respectively, relative to the nitro group. The two compounds were slowly O-

methylated by COMT in vitro, but the particular substitution pattern of each compound was shown to have a 

profound impact on the regioselectivity of their O-methylation. In order to provide a plausible interpretation 

of these results, an comprehensive analysis of the protein-inhibitor interactions and of the relative chemical 

susceptibility to O-methylation of the catechol hydroxyl groups was performed by means of docking 

simulations and ab initio molecular orbital calculations. The major structural and chemical factors that 

determine the enzyme regioselectivity of O-methylation are identified and the X-ray structure of the complex 

of COMT with SAM and BIA 8-176 is herein disclosed. This is the first reported structure of S-COMT 

complexed with a nitrocatecholic inhibitor having a bulky substituent group in adjacent position (ortho) to 

the nitro group. Structural and dynamic aspects of this complex are analyzed and discussed, in the context of 

the present study. 
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INTRODUCTION 

 

Catechol-O-methyltransferase (COMT, EC 2.1.1.6) has received a great deal of attention during the 

last few decades, due to the fact that it is one of the enzymes metabolizing L-Dopa, the principal drug 

currently used in the symptomatic treatment of patients afflicted with Parkinson’s disease. Therefore, the 

clinical administration of effective COMT inhibitors, as adjuncts to L-Dopa, serves the purpose of reducing 

premature O-methylation of L-Dopa to 3-O-methyl-L-Dopa (3OMD), hence prolonging its half-life and 

increasing the amount of the drug gaining access to the brain (Bonifati and Meco, 1999; Männistö and 

Kaakkola, 1989, 1990). 

Nitro-substituted catechol derivatives are typically potent reversible and competitive COMT 

inhibitors. Although these inhibitors possess the catechol binding motif, common to COMT substrates, the 

presence of the strongly electron-withdrawing nitro substituent greatly reduces the extent of O-methylation 

of the catechol hydroxyl groups, thus making these compounds poor substrates for the enzyme (Bäckström et 

al., 1989; Borgulya et al., 1989). The crystallographic structures of the complexes between rat COMT and a 

few structurally different inhibitors have been published to date (Figure 1). Since the very first structure, 

showing COMT complexed with the small and clinically irrelevant inhibitor, 3,5-dinitrocatechol (OR-486, 

pdb code: 1vid.pdb) (Vidgren et al., 1994), the enzyme has been successfully co-crystallized with a non-

conventional bisubstrate inhibitor (1jr4.pdb) (Lerner et al., 2001) and, more recently, with the nitrocatecholic 

inhibitor BIA 3-335, possessing a long side chain substituent (1h1d.pdb) (Bonifácio et al., 2002; Learmonth 

et al., 2004).  

The binding mode of the catechol moiety is highly conserved in all structures, and is essentially 

constrained by the coordination of the hydroxyl oxygens to the magnesium ion and by the narrow boundaries 

of the entrance to the active site. However, depending on the nature of substituent(s), the catechol ring may 

be forced into one of two opposite orientations, thereby determining which of the two catechol hydroxyl 

groups (either the 3- or 4-hydroxyl) is exposed to the methyl donor co-substrate. It has been shown that 

catecholamines and many other catechol substrates undergo preferential 3-O-methylation (Creveling et al., 

1972; Thakker et al., 1986; Lotta et al., 1995), which can be explained in terms of the structure and 
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interactions of the catechol ring substituents with the catalytic site residues (Lotta et al., 1995; Lau and 

Bruice, 1998; Palma et al., 2003). The regioselectivity of O-methylation is not, however, restricted to the 

substrates of COMT. Typical nitrocatecholic COMT inhibitors, while poor substrates of the enzyme, may 

also be partially O-methylated by COMT, originating mono-O-methyl ether derivatives (Da Prada et al., 

1994; Dingemanse et al., 1996; Palma et al., 2003). Likewise, one may raise the question of how does the 

structure of the inhibitor may affect the regioselectivity of its enzymatically catalyzed O-methylation. In this 

work, we explore the effects of altering the relative position of a side chain substituent within the 

nitrocatechol ring, on the molecular interactions of the inhibitor with the catalytic site of COMT and on the 

regioselectivity of its O-methylation. To our best knowledge, no other comparative or systematic studies 

have yet been published to address these aspects of the structure-activity relationships of COMT inhibitors. 

For the present case study, we selected two relatively small regioisomeric COMT inhibitors, BIA 3-

228 and BIA 8-176, previously described (Learmonth et al., 2002; Learmonth et al., 2005), which contain the 

nitrocatechol pharmacophore, substituted with a benzoyl side chain (Figure 2). They differ structurally, in the 

fact 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-classical” ortho-position relative to the nitro group. 

The above structural and biological parameters are herein studied by a combination of experimental 

and theoretical approaches and an interpretation of the results is attempted in order to identify the principal 

structural and chemical factors that determine the O-methylation regioselectivity with these compounds. In 

the course of this study, crystals of the recombinant rat S-COMT enzyme complexed with BIA 8-176 and 

SAM were successfully obtained (Rodrigues et al., 2005) and the X-ray structure, determined at 1.6 Å, is 

herein detailed. In fact, this constitutes the first report of the crystallographic structure of a complex between 

COMT and an ortho-nitrated catecholic inhibitor. 
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MATERIALS AND METHODS 

 

Chemicals. 

3,4-Dihydroxy-5-nitrobenzophenone (BIA 3-228), 3,4-dihydroxy-2-nitrobenzophenone (BIA 8-176) 

and the respective O-methylated derivatives of each were synthesized in the Laboratory of Chemistry 

(BIAL) according to the methods previously described (Learmonth et al., 2002; Learmonth and Freitas, 

2002; Learmonth et al., 2005). 

 

in vitro O-methylation assays.  

Rat liver S-COMT was prepared as previously described (Bonifacio et al., 2003). The O-methylation 

of BIA 3-228 or BIA 8-176 was evaluated by incubating 10 µM of the compound with rat S-COMT (1 

mg/ml total protein) at 37ºC in the presence of 500 µM SAM, 100 µM MgCl2 and 1 mM EGTA in 5 mM 

sodium phosphate buffer at pH 7.8. Reactions were terminated with 1% formic acid in acetonitrile and 

reaction products were analyzed by LC-(AP-ESI)MS (HP 1100 Series, Agilent Technologies) with negative 

ion detection. Resolution was performed on a Lichrospher 100 RP-18 column (LiChroCART 250-3, 5 µm, 

Merck). The mobile phases used were as follows: mobile phase A: water 1% formic acid (v:v) and mobile 

phase B: acetonitrile 1% formic acid (v:v). The gradient conditions were at 0 minutes 50% of A and 50% of 

B and  at 10 minutes 45% A and 55% B. The flow rate was 0.5 ml/min, the injection volume was 20 µl and 

the stop time was 15 min. Selected ion monitoring (SIM), with detection set for the molecular ion of each 

compound of interest, was used for quantification. The analytical range used extended from 10 ng/ml to 500 

ng/ml for the standards of the mono-methyl ether derivatives of BIA 3-228 and BIA 8-176.  

 

Crystal structure determination. 

The crystallization and X-ray diffraction data collection of S-COMT/SAM/BIA 8-176 complex has 

been described in detail elsewhere (Rodrigues et al., 2005). In summary, the complex was crystallized in 8 % 

PEG 6K and 0.1M MES at pH 6.0, using rat S-COMT expressed in E. coli. Diffraction data was collected 
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until 1.6 Å, at a synchrotron radiation source. Crystals of S-COMT in complex with BIA 8-176 belong to the 

monoclinic space group P21 (a=52.77 Å, b=79.63 Å, c=61.54 Å and β=91.14º) and contain two molecules in 

the asymmetric unit. The three-dimensional structure was determined by the molecular replacement method, 

using protein coordinates from the S-COMT/SAM/BIA 3-335 complex crystal structure (PDB code 1H1D) 

(Bonifácio et al., 2002). Model building and refinement was carried out using ARP/wARP and refmac 

programs from the CCP4 suite (Collaborative Computational Project, Number 4). TURBO graphical 

interface (Roussel and Cambilau, 1989) was used to fit the model into the electron density maps. The final 

refined model shows Rfactor and Rfree of 14.9% and 17.8%, respectively.  

 

Computational methods. 

Molecular Docking. The atomic coordinates of rat S-COMT were obtained from crystal structure 

herein reported, after removal of the co-crystallized inhibitor, of all water molecules except HOH400 

coordinated to Mg2+, and of any additional solvent molecules. The crystal asymmetric unit comprises two 

COMT complexes, whose atomic coordinates are nearly identical (RMSd between the two complexes is 0.78 

Å considering every non-hydrogen atoms and 0.18 Å for all atoms including only the bound inhibitor and 

residues within 5 Å radius from it). Therefore, for practical reasons, coordinates from only one monomer 

(monomer A) were used in all studies that involve the physiological form of COMT. All hydrogen atoms 

were added to the protein using standard procedures and considering amino acid residues in their typical 

physiological ionization forms. Flexible-docking between COMT and the inhibitor was performed with the 

genetic algorithm GOLD ver.2.2 (Jones et al., 1995a, b; Jones et al., 1997; Nissink et al., 2002; Verdonk et 

al., 2003) (CCDC, Cambridge, UK). The exploration of the conformational space was done from a 

population of 100 individuals (conformations) subjected to 100,000 mutational generations using a selection 

pressure of 1.1. All atoms at COMT molecular surface, within a radius of 14.0 Å from the Mg2+ ion were 

used as the target binding-site. The coordination of the catechol hydroxyl groups to the Mg2+ ion is treated 

within GOLD force field as a donor-acceptor type of bond.  
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Docking was performed so as to generate models of the purportedly ‘activated’ enzyme-inhibitor 

complex, where the proton of one of the catechol hydroxyls is transferred to the vicinal basic NH2 of Lys144 

side chain (Kuhn and Kollman, 2000; Lau and Bruice, 1998; Zheng and Bruice, 1997). The ε-amino group of 

the catalytic Lys144 was therefore modeled in the protonated state, whereas the catecholic ligand was 

docked in the mono-ionized form. In order to sample both ortho and meta poses, and to compare the 

corresponding binding energetics, two independent sets of docking experiments were performed using 

distance constraints to bias the orientation of the nitrocatechol moiety within the active site. The ionized 

hydroxyl was always preset to be in the proximity of the positively charged ε-amine of Lys144 and 

methylsulfonium of SAM. These constraints did not hamper, however, the full flexible structure optimization 

of the ligand in each pose. Furthermore, given the non-deterministic nature of genetic algorithms, 20 

independent docking runs were performed for each configuration, starting from random conformations and 

orientations of the ligands. The full set of docked structures was then analyzed as an ensemble of alternative 

complexes. Finally, all docked structures (protein and inhibitor) were energy-minimized in order to relieve 

any strains between the ligand and the protein and to mimic the ‘induced fit’ between the two molecules. The 

MMFF94 force field (Halgren, 1996, 1999) was used with the molecular modeling package SYBYL (Tripos 

Inc., St. Louis, Missouri, USA). 

Hydrophatic interactions. The protein-ligand interactions were evaluated using the empirically-based 

HINT (Hydrophatic Interactions) potential function (Kellogg et al., 1992), as implemented in SYBYL. 

Partitioning of the apo-protein was done using the dictionary method and inferring the ionization states of 

protein residues from their explicit hydrogen count. For the co-substrate (SAM) and the inhibitor, 

partitioning was calculated explicitly, and applying corrective factors to polar proximity effects, using the 

via-bond method. Polar interactions were directed along vectors, coinciding with lone pairs or π orbitals. 

HINT cannot evaluate interactions with metals, therefore the magnesium ion, as well as the coordinated 

water molecule were neglected. HINT score assigns positive values to stabilizing energies and negative 

values otherwise. Stabilizing contributions to the HINT scores include acid-base, hydrophobic-hydrophobic 

interactions and hydrogen bonds, while unfavorable contributions include acid-acid, base-base and 

hydrophobic-polar interactions. 
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Molecular orbital calculations. Molecular orbital calculations were computed using MOPAC2002 

v.2.5.0 (Fujitsu Limited, Tokyo, Japan). Structures were prepared in the following way. In order to include 

the effects of the surrounding active site in the molecular orbital calculations, the structures BIA 3-228, BIA 

8-176 (as well as those of reference molecules catechol and 3,5-dinitrocatechol) in complex with COMT 

were taken from the refined lowest-energy docked poses obtained as described above. To keep the system 

amenable to molecular orbital calculations, the active site was simplified by retaining only the relevant 

atoms, namely the Magnesium ion, its ligands Asp141, Asp169, Asn170 and the coordinated water molecule. 

The ligand interacting residues Glu199, Lys144, and the ‘gate keeper’ residues Trp38, Met40, Trp143, 

Pro174 and Leu198 were also retained to provide Hydrogen bonding to the ligand and to constrain its 

optimization on site. The SAM methyl donor was modeled by a small S+(CH3)3 molecule and the residues 

above were truncated at appropriated sp3 carbons of their side chains, to further reduce the number of atomic 

centers. The structure of the ligands were finally optimized within the constrained active site coordinates 

using the MOPAC PM5 semi-empirical Hamiltonian, with the program CAChe WS Pro v.6.1.10 (Fujitsu 

Limited, Tokyo, Japan). Finally, the electrophilic superdelocalizability Sr(E) indices were computed from the 

molecular orbitals, at the ionized catecholate oxygen atom, near Lys144 and S+(CH3)3. A fixed (acceptor) 

reagent energy of -3eV was used. 
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RESULTS 

 

The purpose of this section is to evaluate the effects of altering the position of the benzoyl substituent 

from the meta- to the ortho-position, relative to the nitro group, on the molecular interactions of the 

inhibitors BIA 3-228 and BIA 8-176 with the catalytic site of COMT and the resulting regioselectivity of O-

methylation.  

To facilitate comparison of the sites of O-methylation within meta-nitrated and ortho-nitrated 

catecholic inhibitors, a nomenclature focused on the nitrocatechol structure will be used throughout the 

remaining text, instead of standard systematic atom numbering. Therefore, the catechol hydroxyl groups will 

be denominated according to their positions relative to the nitro group. The hydroxyl located in meta-

position, relative to the nitro group, will be herein noted as meta-hydroxyl, whereas the other hydroxyl 

function, ortho to the nitro group, will be identified as ortho-hydroxyl. Accordingly, the two hypothetical 

bound orientations of the nitrocatechol moiety, will be denoted as ortho or meta configurations (or poses), 

reflecting which of the two hydroxyls is accessible to the methylsulfonium. These two alternative 

configurations are illustrated in Figure 3, with BIA 8-176. 

 

In vitro assessment of O-methylation regioselectivity 

BIA 3-228 and BIA 8-176 each originated two mono-O-methyl ether metabolites in a time-dependent 

manner (Figure 4), when incubated with rat liver S-COMT supplemented with SAM and MgCl2 as detailed 

in Methods. 

Although relatively small amounts of the methylated metabolites were formed (up to 11% of the 

administered substrate was methylated after a long incubation period of 120 min with the enzyme), the 

regioselectivity of O-methylation was clearly distinct for the two compounds. The fraction of BIA 3-228 

converted to its meta-O-methyl derivative after 120 min of incubation was only about 4.6%, yet this was 

still, twice the fraction of the regioisomeric ortho-O-methylated product formed (2.2%). This contrasts with 

the results obtained for BIA 8-176, which is found to be preferentially O-methylated at the ortho hydroxyl 
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oxygen. Moreover, O-methylation of BIA 8-176 is more regioselective, with the ratio of ortho:meta O-

methylated products being about 7.5. Also, the ortho-O-methylation of BIA 8-176 is more extensive that of 

BIA 3-228, while the opposite is true for the O-methylation at the meta-hydroxyl position. 

 

Molecular modeling of enzyme binding and O-methylation reactions 

The experimental determination of the preferred site of O-methylation of compounds BIA 3-228 and 

BIA 8-176 may provide a first indirect information on how the two molecules interact with the catalytic site. 

However, the observed regioselectivity is also likely to depend on the relative propensities of each of the two 

catechol hydroxyls to accept a methyl group from SAM, within the framework of the catalytic site. In order 

to interpret the observed regioselectivities at the molecular level, contributions from those two distinct 

determinants must be estimated and balanced. 

 

Docking simulations 

The configurational space of interaction of BIA 3-228 and BIA 8-176 within the active site of COMT 

(physiological monomeric form), was explored using molecular docking simulations followed by full energy 

optimization of the hypothetical complexes and by hydrophatic interactions evaluation, as detailed in 

methods. The final docking results are illustrated in Figure 5, which represents all docked structures of the 

two inhibitors, obtained in ortho and meta configurations.  

The docked structures show extremely conserved atomic positions of the optimized catechol moiety, at 

the active site. Both hydroxyls coordinate the magnesium ion (average Mg-O distance = 2.19 ± 0.02 Å) and 

form hydrogen bonds with Glu199 and Lys144. The nitrocatechol moiety is constrained within the 

boundaries of the active site pocked, flanked by the hydrophobic residues Trp38, Pro174, Trp143 and 

Leu198. Moreover, it can hypothetically fit into either meta or ortho orientations. The benzoyl side chain, on 

the other hand, extends out of the catalytic pocket, towards the solvent. Despite the small size and limited 

flexibility of this short substituent, its conformation is also relatively constrained by the protein 

surroundings. 
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It is noted that the nitro group of BIA 8-176 adopts different torsion angles, out-of-the-plane of the 

catechol ring, which are correlated with the conformations of the benzoyl substituent (Figure 5C,D). Indeed, 

there are intramolecular steric clashes between the atoms of the nitro group and the vicinal carbonyl function 

of the side chain, which prevent the two groups to align in the plane of the catechol ring. 

The energetics of the protein-ligand interactions was evaluated by scoring every docked pose of  BIA 

3-228 and BIA 8-176, using the HINT potential, has described. Figure 6 plots the HINT intermolecular 

interaction scores of every docked ligand, against the root mean squared deviations (RMSd) between the 

heavy atoms of the corresponding structures and those of the highest scoring (lowest energy) pose of each 

compound.  

Note that the interaction terms involving the magnesium ion and the ligand were neglected in our 

current analysis, given that metal interactions are not parameterized within HINT potential functions. 

However, the geometry of the Mg-O coordination bonds is highly conserved in every docked pose. 

Therefore, the neglect of such nearly invariable terms should still be a valid approximation, for the purpose 

of comparing different docked configurations. 

The first and most relevant observation is that, for either of the two inhibitors BIA 3-228 or BIA 8-

176, the formation of hypothetical complexes with COMT in the ortho configuration (circles) is predicted to 

be thermodynamically more favorable (higher HINT scores) than in meta configurations (triangles). 

Moreover, the average energy (score) separation between the two opposite configurations is about 1.6 times 

greater for BIA 8-176 than it is for BIA 3-228. A closer analysis of the interaction energetics reveals that the 

greater relative stability of the ortho configurations can be mainly attributed to the positioning and 

interactions of the nitro group and, to a lesser extent, to that of the benzoyl side chain. When binding in a 

meta configuration, the nitro group is forced into sterically conflicting interactions against the hydrophobic 

side chain of Leu198, which induces penalizing conformational changes. Moreover, the electron-rich NO2 

group is strongly destabilized in that position, due to repulsive electrostatic interactions with the negatively 

charged Glu199 (Figure 5B,D). Conversely, in the ortho configuration, the nitro group fits nicely within the 

catalytic pocket, establishing favorable van der Waals interactions with the indole ring system of Trp143 
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(Figure 5A,C). In addition, the neighboring positive charges of the acidic ε-amine of Lys144 and the 

methylsulfonium of SAM also contribute to stabilizing the electronegative nitro group in that pose.  

In contrast, the benzoyl substituent can be accommodated at either side of the catalytic pocket with 

only moderate disturbance of the complex stability. Nevertheless, differences are mostly due to 

uncompensated interactions between the polar carbonyl group of the substituent and the hydrophobic Pro174 

in certain orientations of the inhibitor (Figure 5A,D). The benzoyl side chain contributes to favoring those 

complex configurations where it is facing the edge of the catalytic pocket flanked by Trp143 and Met40 

(Figure 5B,C), as opposed to the Leu198 side (Figure 5A,D). Therefore, in the case of BIA 8-176, both the 

benzoyl side chain and the nitro group concurrently contribute to reinforce the thermodynamic stabilization 

of the ortho complexes relative to meta bound configurations. Conversely, in the case of BIA 3-228, the two 

catechol substituents act in opposite directions, with respect to favoring one or the other pose, therefore 

attenuating the energy gap between the two types of complexes (Figure 6). 

In summary, BIA 3-228 and BIA 8-176 are predicted to bind to COMT preferentially in the ortho 

configuration, and this binding selectivity is mainly determined by steric and electrostatic interactions of the 

nitro group within the active site. Additionally, the position of attachment of the benzoyl substituent to 

nitrocatechol fragment of the inhibitors should affect, to a limited extent, the resulting ratio of populations of 

complexes in ortho and meta configurations. For BIA 8-176, that ratio is expected to be higher, on the basis 

of the current docking analysis. 

 

Theoretical analysis of chemical reactivity 

The catalytic and inhibition mechanisms of COMT have been extensively studied by structural and 

theoretical methods (Chen et al., 2005; Kahn and Bruice, 2000; Kuhn and Kollman, 2000; Lau and Bruice, 

1998; Lautala et al., 2001; Sipila and Taskinen, 2004; Vidgren and Ovaska, 1997; Zheng and Bruice, 1997). 

The catalytic process is initiated by the proton transfer from one of the catechol hydroxyls to the purportedly 

basic ε-amino group of Lys144. Once ionized, the nucleophilic hydroxylate oxygen may attack the electron-

deficient methylsulfonium group of SAM leading to a methyl transfer proceeding by a SN2-type reaction.  
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The chemical reactivity of charge transfer processes in conjugated systems may be estimated by means 

of dynamic reactivity indices derived from molecular orbital theory. In particular, the computed electrophilic 

superdelocalizability, Sr(E), on an atom r can be related to the contribution made by that atom to the 

formation of a charge-transfer complex with a second, electrophilic reagent (Fukui et al., 1954, 1957; 

Karelson and Lobanov, 1996). The superdelocalizability indices can be employed to compare the reactivities 

of different atoms within a given molecule, or between corresponding atoms in different molecules. In the 

particular case of the catecholic ligands (substrates or inhibitors), the greater the electrophilic 

superdelocalizability of the ionized hydroxylate oxygen, the more likely that oxygen is to be methylated, 

provided that it is accessible to the electrophilic methyl donor, in adequate reactive geometry. On the 

contrary, a lower value of Sr(E) indicates a relatively unreactive atom with the electrophilic reactant. 

The reactivity indices were computed for BIA 3-228 and BIA 8-176 considering each of the two 

possible modes of binding. The effects of the active site environment (namely the Magnesium ion, the 

positively charged methylsulfonium of SAM and the catalytic residues) were taken into account by 

considering those atoms in the molecular orbital calculations. The bound geometries of the ligands, as well 

as of the enzyme active site, were taken from the refined lowest-energy docked poses and truncated, as 

described in methods. The catechol hydroxyl oxygen near Lys144 and the methylsulfonium was modeled in 

the ionized form (keeping the other hydroxyl protonated) and the structure of the complex model was 

optimized with MOPAC and the PM5 Hamiltonian, keeping the protein atoms constrained (except Glu199, 

Lys144, Mg2+ and the methylsulfonium). The electrophilic superdelocalizability indices were finally 

computed from the molecular orbitals over the ionized catechol hydroxylate oxygen. For comparison, the 

values of Sr(E) were also computed in the same way for the reactive non-substituted catechol (positive 

control) and of the doubly substituted 3,5-dinitrocatechol. Results are plotted in Figure 7. 

A practical relative scale of reactivities can be circumscribed by the superdelocalizability indices of 

the non-substituted catechol (which is easily O-methylated) and of 3,5-dinitrocatechol which is doubly 

substituted with a strong electron-withdrawing group. As expected, these results indicate that the electron 

delocalization potentials of the nitro and benzoyl substituents induce a marked decrease in the electrophilic 

superdelocalizability of the hydroxylate oxygens (hence of their nucleophilicity and reactivity), as compared 
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to those of the unsubstituted catechol ring. Moreover, the strongly electron-withdrawing nitro group exerts a 

dominant effect on lowering the nucleophilicity of the hydroxylate oxygens. In these structures, the ortho-

hydroxyl oxygen is indicated to be the least reactive of the two nitrocatechol hydroxyls. A comparison of the 

results with superdelocalizability indices computed for the isolated molecules (results not shown) indicates 

that the catalytic environment provided by the enzyme generally increases the Sr(E) of the ligand’s reactive 

oxygen, hence assisting it’s reactivity. However, it does not significantly affect the relations plotted in Figure 

7. 

Moreover, the difference of reactivities between the two catechol hydroxyls strongly depends on the 

relative position of the benzoyl side chain within the nitrocatechol moiety. The attachment of the benzoyl 

substituent in meta position, relative to the nitro group, as in BIA 3-228, induces a larger separation of the 

superdelocalizability indices of the two hydroxylates, while the alternative position of the benzoyl side chain, 

ortho to the nitro substituent as in BIA 8-176, results in a great reduction of the difference between the Sr(E) 

values of the two catechol hydroxylates.   

Based solely on the relative chemical reactivities of the ‘activated’ hydroxyl oxygens, within the 

active site, one would conclude that the complexes with the nitrocatecholic inhibitors in ortho configuration 

are generally less reactive than those complexes formed in the alternative orientation. In this case, the ortho-

hydroxyl oxygen of BIA 8-176 could be slightly more reactive than the equivalent oxygen of BIA 3-228. On 

the other hand, of those complexes that form in meta configuration, one would expect that BIA 3-228 would 

be meta-O-methylated at a higher rate than BIA 8-176. This data is complementary to the docking results 

presented above and together they provide a plausible reasoning for the observed regioselectivity of O-

methylation, as detailed in the discussion section. 

 

Crystal structure of S-COMT in complex with BIA 8-176 

Tentative efforts to co-crystallize S-COMT with several different inhibitors led to the successful 

structure determination of S-COMT, complexed with SAM and the recently described ortho-nitrated 

inhibitor BIA 8-176. 
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General structure description 

The ternary complex S-COMT/SAM/BIA8-176 crystallized in a monoclinic space group (P21), with 

two protein molecules in the asymmetric unit. This contrasts with previously reported S-COMT complexes 

(Bonifácio et al., 2002; Lerner et al., 2001; Vidgren et al., 1994), which crystallized in the trigonal space 

group P3221, containing only one protein molecule per asymmetric unit. The refined model comprises 214 

amino acid residues, BIA 8-176, SAM and Mg2+ for each monomer, as well as 554 water molecules. In 

addition, three 2,3-butanediol molecules and one MES (2-(n-morpholino)ethane-sulfonic acid) molecule 

were modeled in the solvent region, between the two monomers. The last 7/8 residues in the C-terminal 

region are disordered and were not built in the crystallographic model, similarly to the crystal structures 

reported so far (PDB codes: 1VID, 1JR4, 1H1D).  

The structure is generally well defined within the electron density map, showing relatively low 

temperature factors (average B factor of 17 Å2 for all protein atoms). In particular, the conformation of the 

inhibitor could be driven directly from initial maps. All protein residues lie within favored or allowed regions 

of the Ramachandran plot, except for Tyr68, which is an outlier, as also reported for previous S-COMT 

crystal structures  (Bonifácio et al., 2002; Vidgren et al., 1994). The 3D structure of S-COMT is a mixed α/β 

fold (Figure 8), typical of methyltransferase enzymes, and the catalytic binding site is similar to previously 

determined structures (Bonifácio et al., 2002; Vidgren and Ovaska, 1997; Vidgren et al., 1994). The 

superposition of Cα atoms of S-COMT structure (residues 4 to 214) in complex with BIA 8-176 and with the 

inhibitors 3,5-dinitrocatechol (PDB code: 1VID), BIA 3-335 (PDB code: 1H1D) and bisubstrate (PDB code: 

1JR4) shows an average root mean square deviation (RMSd) between 0.31-0.37 for chain A and 0.40-0.44 Å 

for chain B, whereas the RMSd between the two monomers of S-COMT/BIA8-176 is 0.27 Å. 

 

COMT-BIA 8-176 interactions 

This is the first reported structure of S-COMT complexed with an inhibitor having a bulky substituent 

group in the position adjacent (ortho) to the nitro group. Three previously published complex structures 

(Bonifácio et al., 2002; Lerner et al., 2001; Vidgren et al., 1994) comprise inhibitors that carry different 
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substituents at the meta position in relation to the nitro group (or the N-substituted dihydroxybenzamide 

moiety, in the case of the bisubstrate inhibitor) (Figure 1). 

Notably, the nitrocatechol moiety binds to the catalytic pocket in the ortho-configuration, as in all 

other co-crystallized complexes, despite the modification of the attachment point of the side chain 

substituent, relative to the nitro group. This binding mode positions the ortho hydroxyl oxygen close to the 

methylsulfonium of SAM, whereas the benzoyl side chain is facing the edge of the catalytic pocket flanked 

by Trp143 and Met40. Another consequence attributable to the substitution pattern of the ortho-nitrated 

inhibitor is the out-of-the-plane torsions of the aryl nitro group and the carbonyl function of the benzoyl 

substituent. As discussed above, these local distortions are also observed in our docking simulations and are 

likely due to the presence of intramolecular steric constraints within the inhibitor molecule, and not 

imputable to intermolecular constraints imposed by the protein. 

The inhibitor molecules from the two symmetric complexes are located on the dimer interface, in 

straight contact to each other (Figure 9). In fact, the two phenyl rings, from the two BIA 8-176 molecules are 

very close to each other (with distances between proximal carbon atoms ranging from 3.5 to 4.4 Å) and are 

positioned in approximately parallel orientation. The Π stacking of the two aromatic rings helps preventing 

the exposure of the hydrophobic side chains of the inhibitors to the solvent and therefore may contribute to 

stabilizing the formation of crystals in the current space group. Additionally, few van der Waals interactions 

are observed between the benzoyl substituent and protein residues, some of those, involving inhibitor and 

protein atoms from different monomers.  

 

Molecular modeling analysis of the crystallographic complex 

The electron density map corresponding to the ligand molecule in the complex, reveals BIA 8-176 

bound to the catalytic pocket in the ortho configuration. This structure is consistent with the preferred site of 

O-methylation by COMT as observed experimentally (Figure 4), and also predicted by molecular modeling 

calculations. However, the docking results also indicate that for this particular configuration of the 

nitrocatechol pharmacophore, distinct families of bound conformations of BIA 8-176 may occur, presenting 

nearly degenerate interaction energies (Figures 5C and 6). Notably, one of those docked conformations (Cf. 
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solution #13, marked in Figure 5C) is virtually identical to that observed in the crystallographic structure, 

where the RMSd (ligand heavy atoms) between the two structures is only of 0.3 Å. This is likely to stimulate 

curiosity as to why this particular conformation should be preferably stabilized in the crystal form of the 

complex, despite of the fact that an ensemble of energetically equivalent bound conformations could, 

theoretically, co-exist in solution. 

The docking simulations described thus far were performed with the monomeric form of the enzyme, 

which is though to be the physiologically active form. However, the crystal form of the complex, as 

obtained, reveals a protein dimer in the crystallographic asymmetric unit with inter-monomer contacts in the 

region of the ligand binding pocket. As described above, the benzoyl moiety of BIA 8-176, also establishes 

extended van der Waals contacts with atoms of the partner complex. Could such additional inter-monomer 

interactions preferentially stabilize one particular conformation of the inhibitor? In order to test this 

hypothesis, we re-evaluated the docking simulations and the hydrophatic energy calculations utilizing the 

crystallographic structure of the COMT dimer. Since the current docking algorithm cannot dock two ligand 

molecules to a protein dimer simultaneously and symmetrically, a specially modified procedure had to be 

employed. Each of the 40 docked structures of COMT/BIA 8-176 complex obtained from the previous 

docking simulations (using one COMT monomer) was duplicated and transformed using the same symmetry 

operations that relate the two polypeptide chains in the crystallographic dimer. In this way, 40 hypothetical 

complexes of COMT dimer with two symmetrically docked inhibitor molecules were quickly generated. As 

expected, some of the docked conformations presented steric conflicts with the second polypeptide chain or 

ligand molecule, since those atoms were not present during the initial docking run. Therefore, all complexes 

were fully optimized by energy minimization, so as to allow the docked poses to re-adjust to their new 

chemical environment in the dimer. Finally, the hydrophatic interactions of each refined ligand with the two 

protein monomers and second inhibitor molecule were calculated. Figure 10 plots these values (filled 

symbols) and compares them to those obtained before, with one COMT monomer (unfilled markings). The 

RMSd values refer to differences between docked conformations and the crystallographic coordinates of BIA 

8-176 (in monomer A). 
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Interestingly, every docked conformation becomes further stabilized in the dimeric form of the 

complex, compared to those in the monomeric form. Such additional stabilization is due to the formation of 

favorable contacts between the benzoyl side chain of the inhibitor and the other protein monomer or, in some 

poses, also the side chain of the second ligand molecule. Most surprisingly however, the energy degeneracy 

of the different docked conformations in the ortho configuration (circles) (HINT scores ~ 1,540 ± 70) is 

apparently ‘lifted’ when the dimer form of the complex is considered. In this situation, docked solution #13’ 

(obtained from structure #13, in the monomeric complex) stands out as the most stable bound conformation, 

with a HINT score of about 300 units higher than any other solution. In order to establish a common ground 

of comparison between the predicted (docked solution #13’) and crystallographic conformations, the crystal 

structure of the complex was also refined (both monomeric and dimeric forms) by energy minimization (X 

markings in Figure 10). The predicted and crystallographic structures of the bound inhibitor are remarkably 

identical, with RMSd = 0.03 Å (ligand heavy atoms), and have identical HINT scores. 

Finally, the nature of the stabilizing interactions, involving BIA 8-176 at the interface of the dimeric 

complex was evaluated in detail by identifying the individual contributions to the hydrophatic potentials. 

Figure 11 represents isopotential contour maps representing the stabilizing hydrophobic interactions of BIA 

8-176 (ball & sticks representation) with the surrounding atoms in the crystallographic complex (for 

simplicity, the polar interactions of the catechol moiety are not represented). The interactions with residues 

of monomer A (cyan), represented as green surfaces, are mostly accounted for by the nitrocatechol moiety 

and the side chains of residues flanking the active site. In a physiological complex involving one single 

COMT monomer, the hydrophobic phenyl ring of the inhibitor side chain would extend into the solvent, 

unable to make relevant contacts with the protein. The binding affinity is therefore primarily ensured by the 

interactions of the nitrocatechol moiety and benefits from the lack of major steric clashes. 

The formation of the crystallographic dimer however, provides an opportunity for establishing 

additional stabilizing contacts that may shield the hydrophobic side chain of the inhibitor from the solvent 

(contour surface in magenta). Namely, the hydrophobic residues Trp38, Val173, Pro174, Leu198 and 

Met201 of monomer B (Figure 11, red) and the side chain of the second molecule of the inhibitor (gold) 

form a hydrophobic pocket, where the benzoyl moiety fits in and establishes energetically favorable 
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interactions. Such interactions constitute the basis for the additional stabilization of this particular bound 

conformation. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 17, 2006 as DOI: 10.1124/mol.106.023119

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 23119 

 

21/32 

 

DISCUSSION 

 

In the present study, the interactions of COMT with two related nitrocatecholic inhibitors, which have 

benzoyl side-chain substituents at the ortho and meta position relative to the aryl nitro group, were 

compared. The two inhibitors are slowly metabolized by COMT in vitro, each producing different levels of 

mono O-methyl-ether conjugates. The regioselectivity of O-methylation is shown to be greatly affected by 

the substitution pattern of the two molecules. We have studied the molecular interactions of the two 

molecules within the catalytic site and the chemical susceptibility of each of the hydroxyl groups to undergo 

O-methylation by means of docking simulations and molecular orbital calculations. These theoretical results 

provide a plausible interpretation of the observed regioselectivities and enable the identification of the major 

structural and chemical factors that determine the preferred methylation sites. Finally, the X-ray structure of 

the complex of COMT with SAM and BIA 8-176 is herein disclosed, and some structural and dynamic 

aspects of this complex are analyzed and discussed. 

The analysis of docking calculations indicates that the geometry of the enzyme-inhibitor complex is 

primarily determined by the nitrocatechol moiety. Although this molecular fragment may potentially adopt 

either ortho or meta configurations within the catalytic pocket, our calculations indicate that the meta poses 

should be energetically penalized, due to sterically conflicting interactions between the nitro group and the 

side chain of Leu198 and repulsive electrostatic forces with the negatively charged Glu199. Conversely, the 

nitro group can be easily accommodated at the opposite side of the catalytic pocket, in the ortho 

configuration, where it establishes favorable van der Waals contacts with Trp143. The results suggest that 

interactions involving the benzoyl side chain may also affect the energetic balance between ortho and meta 

poses. Their contribution should however, be considerably less determinant than those of the nitrocatechol 

moiety. The simultaneous contributions of the nitro and benzoyl substituents within the structures of the two 

regioisomers, may result in the potentiation or the attenuation of the energy gaps between the ortho or meta 

complex configurations. In the case of BIA 8-176, where the benzoyl occupies the ortho position relative to 

the nitro group, the effects of the two substituents are additive with respect to the influence they exercise on 

determining the binding geometry. Therefore, this complex presents a greater binding regioselectivity with 
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the ortho configuration greatly favored in relation to the ‘meta complex’. The meta-nitrated inhibitor, BIA 3-

228, on the other hand, shows a distinct behavior. Even though the ortho bound configuration is still 

energetically favorable, the effects of the two substituents on the binding geometry are partially self-

compensatory and the energy difference between ortho and meta poses is relatively attenuated. The 

regioselectivity of binding predicted for this complex, is therefore less pronounced than that expected 

between COMT and BIA 8-176. 

While the relative position of attachment of the benzoyl group to the catechol ring may have a limited 

influence on the geometry of binding of the inhibitor within the catalytic site, it is suggested that it will have 

a profound impact on the chemical reactivity of the two hydroxyl groups. Electron withdrawing substituents 

on the catechol ring contribute to the delocalization of the excess electron density, away from the reactive 

ionized catecholate oxygen. In this way, such groups lower the nucleophilicity of the hydroxyls and hence 

reduce their propensity to react with the electron-deficient methyl group from SAM. It is demonstrated that 

the relative positions of the two substituents strongly affect the nucleophilicity balance between the two 

hydroxyl groups. In the meta-nitrated molecule BIA 3-228, the benzoyl and the nitro substituents exert a 

combined inductive effect, which is maximal on the catecholate hydroxyl oxygen found ortho to the nitro 

(and para to the benzoyl substituent). Therefore, the reactivity of this hydroxyl is strongly diminished, as 

compared to that of the unsubstituted catechol (Figure 7). On the contrary, the second hydroxyl function, 

which is meta to both substituents, is the least perturbed and therefore should be more readily methylated, 

should the appropriate orientation within the catalytic site be allowed. The ortho-nitrated inhibitor, BIA 8-

176, bears two adjacent substituent groups on the catechol ring (Figure 2). This substitution pattern allows 

the benzoyl substituent to exert a maximal delocalizing effect on the catechol hydroxyl in the meta position 

relative to nitro (para position relative to the benzoyl group), whereas the other catechol hydroxyl is 

primarily affected by the electron withdrawing nitro group in the ortho position. As a result, the reactivity 

indices of these two catechol hydroxyls approach each other’s values midway between the reactivities of the 

ortho and meta hydroxyls of BIA 3-228 (Figure 7). 

The observed regioselectivity of the enzymatic O-methylation can be qualitatively interpreted by the 

combined analysis of the docking results and the calculated chemical reactivity indices. The calculated 
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chemical reactivities of the ‘activated’ hydroxyl oxygens, within the active site, indicate that the complexes 

formed in ortho configuration are generally less reactive than those complexes formed in the alternative 

orientation. Therefore, the highly selective methylation of BIA 8-176 at the ortho hydroxyl position should 

be mostly determined by the selective formation of an enzyme-inhibitor complex in ortho configuration, as 

suggested by our docking results. In this case, the intrinsic reactivities of the two catechol hydroxyls are both 

moderately hindered by the catechol substituents and nearly degenerated, therefore reactivity should not be a 

dominant factor to the observed regioselectivity.  

Conversely, the ratio of ortho- and meta-O-methyl metabolites formed from BIA 3-228 is determined 

by a balance between two opposing terms. While the current docking results suggest that the formation of the 

Michaelis complex should occur predominantly in the ortho configuration, this would in fact lead to an 

essentially low-reactivity arrangement. On the other hand, those molecular collisions leading to meta-

configuration complexes would bring the substantially more reactive meta-hydroxyl into an optimal 

geometry for methylation. As a result, the extent of ortho-O-methylation is reduced while that of meta-

methylation is enhanced in comparison to the corresponding relative O-methylation levels of BIA 8-176. 

Given a suitable balance between the two opposing trends, an inversion of the O-methylation regioselectivity 

may occur, as indeed observed (Figure 4). 

The crystallographic structure of the ternary COMT/SAM/BIA 8-176 complex is herein disclosed and 

discussed. The highly resolved atomic coordinates clearly show the inhibitor BIA 8-176 adopting an ortho 

configuration within the catalytic pocket, indicating that this pose should correspond to the energetically 

most favorable docked configuration. This is in agreement with current theoretical data. However, neither the 

current crystallographic data, or any other known X-ray complexes would provide, per se, a structural model 

for the mechanism of O-methylation of nitrocatechol inhibitors, at the hydroxyl oxygen meta to the nitro 

group. Nevertheless, the pool of experimental and theoretical results, herein presented, indicate that the 

formation of alternative complex forms, which could give rise to meta-O-methylated conjugates (Figure 4), 

should not be overlooked. 

In addition, while the crystallographic conformation of the benzoyl side chain of BIA 8-176 may, 

indeed represent the thermodynamically most stable conformation within the framework of the crystal, it is 
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suggested that this particular conformation could result from non-physiological stabilizing interactions at the 

interface of the crystallographic dimer. Therefore, with regards to the orientation the benzoyl moiety, an 

ensemble of competing bound conformations would likely better represent a physiological picture of this 

complex. In conclusion, the crystallographic structure obtained, while elucidating and rich in structural 

information, may only capture partial aspects of the full complexity and dynamics of the molecular 

interactions and enzymatic O-methylation of this inhibitor by COMT. We show that the crystallographic 

studies may be profitably complemented by the docking simulations and theoretical calculations, which 

allow a wider exploration of the binding configuration space and reactivity profiles, thereby providing a 

more integrated interpretation of the experimental biochemical data. 

In conclusion, the results herein described are relevant to understanding certain aspects of the 

pharmacokinetic profiles of this class of COMT inhibitors. It was shown that altering the position of the 

benzoyl substituent from the meta- to ortho-position, relative to the nitro group, as in the case of BIA 3-228 

and BIA 8-176, produces a profound effect on the in vitro regioselectivity of the O-methylation catalyzed by 

COMT. Moreover, a plausible interpretation of those effects at the molecular level was only possible by a 

proper combination of experimental and theoretical approaches, which provide complementary information. 

Indeed, it is hypothesized that the differences in enzymatic regioselectivity observed with the two isomeric 

compounds are attributed to a delicate balance between selective pre-orientations of the inhibitors within the 

catalytic site and the relative chemical reactivity of each methylation site. The present case study is limited to 

the two compounds BIA 3-228 and BIA 8-176, but the methodological approach and rationales herein 

utilized may serve as a basis to study other COMT inhibitors, possessing different catechol substituents other 

than the nitro and benzoyl groups. 
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LEGENDS FOR FIGURES 

 

Figure 1. Structures of inhibitors of catechol-O-methyltransferase that have been successfully co-crystallized 

with the enzyme. 

 

Figure 2. Regioisomeric COMT inhibitors BIA 3-228 and BIA 8-176. 

 

Figure 3. Schematic representation of two hypothetical bound configurations of nitrocatecholic COMT 

inhibitors. In the ortho configuration, the nitro group is oriented towards SAM, while in the meta 

configuration, the nitrocatechol fragment is rotated 180 degrees about the symmetry axis of the catechol ring. 

The two binding alternatives are illustrated with the structure of BIA 8-176. 

 

Figure 4. Regioselectivity of O-methylation of COMT inhibitors. Left and right panels represent the 

concentrations of O-methyl ether derivatives formed from BIA 3-228 or BIA 8-176 respectively, at various 

time intervals. In each plot, the white and the dark bars represent the meta- and ortho-O-methylated 

metabolites respectively. Error bars represent standard error of the mean of a N=3.  

 

Figure 5. Docking results of COMT with the regioisomeric inhibitors BIA 3-228 and BIA 8-176. Each panel 

represents twenty independently docked poses, generated in one of the two hypothetical configurations. A 

and C: ortho-configuration; B and D: meta-configuration. The amino acid side chains of residues comprising 

the active site are shown in gray and BIA 8-176 is represented in blue. The individual docked structure #13 

is identified (see text). 

 

Figure 6. Hydrophatic interaction scores of every docked structure, calculated with the HINT potential. 

White markings represent the docked poses of BIA 3-228 and black symbols those of BIA 8-176. 

Additionally, circles represent molecules docked in ortho configuration, while meta poses are represented by 

triangles. The abscissa represents the root mean squared deviations (RMSd) between the atomic coordinates 
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(heavy atoms) of each docked structure and those of the highest scoring pose of each compound. Higher 

HINT scores indicate more stable complexes. 

 

Figure 7. Electrophilic superdelocalizability indices, Sr(E), computed on each of the ionized catecholate 

oxygens (ortho- or meta- relative to nitro), while keeping the other hydroxyl protonated. See text for details 

of calculation. 

 

Figure 8. Representation of the crystallographic dimer of S-COMT/SAM/BIA 8-176 complex. Monomer A 

is colored in cyan and monomer B in red. The cofactor SAM and the inhibitor BIA 8-176 are represented in 

ball & sticks mode. The inhibitor molecule is colored by element type (Carbon: white, Oxygen: red, 

Nitrogen: blue). The inhibitor molecules from the two protein complexes are in straight contact with each 

other. 

 

Figure 9. Close-up view of ligand interactions. Residues located within 5.0 Å distance from the benzoyl 

substituent of BIA 8-176 (monomer A) are drawn in sticks. Carbon atoms from monomer A residues are 

colored in cyan and those from monomer B are depicted in red. Nitrogen and sulfur atoms are colored in blue 

and green, respectively. Oxygen atoms are shown in red, for chain A residues, and orange, for chain B 

residues. Besides the Π-staking interaction between the inhibitor molecules, other intra- and inter-molecular 

hydrophobic contacts involving the BIA 8-176 substituent group and protein residues are present in the 

crystal structure. 

 

Figure 10. Comparison of HINT interaction scores of BIA 8-176 docked to one monomer (white markings) 

or to the crystallographic dimer of COMT (black symbols). Circles represent molecules docked in ortho 

configuration, while meta poses are represented as triangles. The abscissa represents the root mean squared 

deviations (RMSd) between the atomic coordinates of each docked structure and those in the 

crystallographic complex. Higher HINT scores indicate more stable complexes. 
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Figure 11. HINT isopotential contour maps, representing favorable hydrophobic interactions between 

COMT and BIA 8-176, in the dimeric crystallographic complex. Left and right panels represent 

approximately perpendicular views of the same structure. The inhibitor molecule is represented in ball & 

sticks and colored by element type (Carbon: white, Hydrogen: cyan, Oxygen: red, Nitrogen: blue). The 

inhibitor is complexed at the active site of the crystallographic monomer A of COMT (cyan) and interacts 

with monomer B residues (red), at the interface of the dimer, and with a second inhibitor molecule (orange), 

bound to monomer B. Green isopotential contour surfaces indicate regions of stabilizing hydrophobic 

interactions exclusively between BIA 8-176 and protein chain A (intra-complex). Surface in magenta 

represents the interactions of BIA 8-176 with the second complex structure within the crystal (inter-

complex).  
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