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Benzil has been identified as a potent selective inhibitor of carboxylesterases (CEs). Essential
components of the molecule required for inhibitory activity include the dione moiety and the
benzene rings, and substitution within the rings affords increased selectivity toward CEs from
different species. Replacement of the benzene rings with heterocyclic substituents increased
the Ki values for the compounds toward three mammalian CEs when using o-nitrophenyl acetate
as a substrate. Logarithmic plots of the Ki values versus the empirical resonance energy, the
heat of union of formation energy, or the aromatic stabilization energy determined from
molecular orbital calculations for the ring structures yielded linear relationships that allowed
prediction of the efficacy of the diones toward CE inhibition. Using these data, we predicted
that 2,2′-naphthil would be an excellent inhibitor of mammalian CEs. This was demonstrated
to be correct with a Ki value of 1 nM being observed for a rabbit liver CE. In addition, molecular
simulations of the movement of the ring structures around the dione dihedral indicated that
the ability of the compounds to inhibit CEs was due, in part, to rotational constraints enforced
by the dione moiety. Overall, these studies identify subdomains within the aromatic ethane-
1,2-diones, that are responsible for CE inhibition.

Introduction

Carboxylesterases (CEs) are ubiquitously expressed
enzymes thought to be responsible for the detoxification
of xenobiotics.1 In man, they metabolize a wide variety
of compounds, including the clinically useful drugs CPT-
11, capecitabine, meperidine, etc., as well as the illicit
street drugs heroin and cocaine.2-10 In general, CEs are
expressed in tissues likely to be exposed to such agents
including the liver, small intestine, liver, kidney, etc.,
although in humans very little CE is expressed in the
blood.11,12 This is in contrast to small mammals where
very high levels of CE can be detected in the plasma of
mice, rats, and rabbits.12-14

We have recently attempted to identify selective
inhibitors of CEs, with the goal of developing compounds
for clinical use that would alter the distribution and
clearance of esterified drugs. Potentially, such agents
could be used to ameliorate the toxicity observed with
heroin overdose or block the delayed diarrhea that
accompanies CPT-11 administration.15-17 In a small
scale screen of a library developed by Telik Inc. using
their Target Related Affinity Profiling (TRAP),18-20 we
identified an analogue of benzil (diphenylethane-1,2-

dione; 2) as a potent inhibitor of mammalian CEs.21 The
parent compound benzil inhibited the catalysis of o-
nitrophenyl acetate (o-NPA), 4-methylumbelliferone
acetate, and CPT-11 by two human and one rabbit liver
CE. Subsequent biochemical analyses indicated that the
ethane-1,2-dione moiety was essential for enzyme in-
hibition, and that the potency of the compound was
dependent upon the presence of the benzene rings.21 In
addition, numerous analogues of benzil were identified
that demonstrated selective inhibition of the mam-
malian CEs. QSAR analysis indicated that the selectiv-
ity afforded by these compounds was due, in part, to
steric interactions and clashes within the active sites
of the proteins. Benzil, and all of the analogues con-
taining substitutions within the benzene rings, dem-
onstrated no inhibitory activity toward human acetyl-
cholinesterase (hAcChE) or butyrylcholinesterase
(hBuChE).21

During the course of these studies, we synthesized
and assessed the ability of dione analogues containing
heteroaromatic rings to inhibit CEs. Here we present
evidence that indicates that the ability of these diones
to inhibit mammalian CEs is due, in part, to the
aromaticity of the ring structure and the rotation of
these moieties about the dione chemotype. Use of this
information for the prediction and identification of more
potent CE inhibitors has been achieved, resulting in the
synthesis and evaluation of 2,2′-naphthil (11) as a
potent selective inhibitor of these enzymes. In addition,
analysis of CE inhibition by 2,2′-thenil (4) and bromo-
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substituted analogues (6, 7) indicated the addition of
the halogen atoms increased the potency of the com-
pounds probably by increasing the hydrophobicity of the
molecules.

Experimental Section
Chemicals. Benzil (2), benzoin (1), furil (8), furoin (9), and

2,2′-pyridil (10) were all obtained from Sigma Aldrich (St.
Louis, MO). 2,2′-Thenoin (3) and 2,2′-thenil (4) were purchased
from Alfa Aesar (Ward Hill, MA), and 2,2′-naphthil (11) was
obtained from Industrial Research Ltd. (Auckland, New
Zealand). 3-Thiophenecarboxaldehyde and the 4-bromo- and
5-bromo-substituted analogues were all purchased from Sigma
Aldrich.

Synthesis of 3,3′-Thenil Analogues. 3,3-Thenil (5), 4,4′-
dibromo-2,2′-thenil (6), and 5,5′-dibromo-2,2′-thenil (7) were
synthesized by condensation of the substituted 3-thiophene-
carboxaldehyde (0.1 mol) in the presence of thiamine hydro-
chloride (0.009 mol) and alcoholic sodium hydroxide to yield
the thenoin,22 with subsequent oxidation using copper acetate
(0.001 mol) and ammonium nitrate (0.09 mol) in 80% acetic
acid.23 Products were purified by recrystallization, melting
points were determined using a Mel-temp (Barnstead Inter-
national, Dubuque, IA), and purity and structures were
assessed by TLC, NMR, and total C, H, N analysis.

3,3′-Thenil (1,2-dithien-2-ylethane-1,2-dione; 5). 3,3′-
Thenil was synthesized from 1,2-dithien-3-ylethane-1-hydroxy-
2-one to yield a pale yellow solid (yield 68%). Physical and
NMR parameters of 5: mp 80°C; 1H NMR (400 MHz, CDCl3)
δ 8.33 (d, 2H), 7.67 (d, 2H), 7.37 (m, 2H).

4,4′-Dibromo-2,2′-thenil (1,2-bis(4-bromothien-2-yl)-
ethane-1,2-dione; 6). 4,4′-Dibromo-2,2′-thenil was synthe-
sized from 1,2-bis(4-bromothien-2-yl)ethane-1-hydroxy-2-one
to yield a yellow solid (yield 33%). Physical and NMR param-
eters of 6: mp 164-165°C; 1H NMR (400 MHz, CDCl3) δ 8.04
(m, 2H), 7.73 (m, 2H).

5,5′-Dibromo-2,2′-thenil (1,2-bis(5-bromothien-2-yl)-
ethane-1,2-dione; 7). 5,5′-Dibromo-2,2′-thenil was synthe-
sized from 1,2-bis(5-bromothien-2-yl)ethane-1-hydroxy-2-one
to yield a yellow solid (yield 26%). Physical and NMR param-
eters of 7: mp 136-137°C; 1H NMR (400 MHz, CDCl3) δ 7.91
(m, 2H), 7.18 (m, 2H).

Enzymes. Pure human liver CE (hCE1) and rabbit liver
CE (rCE) were prepared as previously described.24 Partially
pure (>50%) human intestinal CE (hiCE) was produced from
media harvested from Spodoptera frugiperda sf21 cells infected
with baculovirus encoding a secreted form of the protein. Since
this medium is protein free, the only CE present within this
sample is hiCE. hAcChE and hBuChE were purchased from
Sigma Biochemicals (St. Louis, MO).

Inhibition of Carboxylesterases. CE inhibition was
assessed using a spectrophotometric assay with 3mM o-NPA
as a substrate.21,25 Typically, enzymes were incubated with
substrate and inhibitor in 50 mM HEPES pH7.4, and the data
was automatically transferred to computer spreadsheet for
analysis. Routinely, at least eight inhibitor concentrations
were used ranging from 1 pM to 100 µM, and each data point
was performed in duplicate. Data were analyzed using the
following equation:26

where i ) fractional inhibition; [S] ) substrate concentration;
[I] ) inhibitor concentration; R ) change in affinity of
substrate for enzyme, â ) change in the rate of enzyme
substrate complex decomposition, Ks is the dissociation con-
stant for the enzyme-substrate complex, and Ki is the dis-
sociation constant for the enzyme-inhibitor complex. Subse-
quently, results were plotted using GraphPad Prism software,
and Ki values were calculated using the appropriate enzyme
inhibition model.21,25

Inhibition of Acetylcholinesterase and Butyrylcho-
linesterase. The ability of compounds to inhibit hAcChE and
hBuChE was performed as previously described using either
1 mM acetylthiocholine (AcTCh) or 1 mM butyrylthiocholine
(BuTCh) as substrates, respectively.27-30

Calculation of Aromatic Stabilization Energies. Em-
pirical resonance energies for the compounds described in this
article were obtained from Gordon and Ford.31 Heat of union
energies were obtained or calculated using the method de-
scribed by Dewar and Holder.32 Molecular orbital calculations
were performed using the PM3 Hamiltonian of MOPAC.33-35

Molecular Simulations of the Diones. Molecular simula-
tions were run for the dione analogues using the MM3 module
of Alchemy (Tripos Inc., St. Louis, MO). Briefly, molecules were
minimized using PM3 geometry minimization and then sub-
jected to the molecular dynamics run. The dihedral angle for
the dione bonds [(O)CC(O)] was measured over 15 ps using a
time step of 1 fs at an initial temperature of 293 K. Data were
recorded every 10 fs.

X-ray Crystallography. The crystal structures of 4,4′-
dibromo-2,2′-thenil (6) and 5,5′-dibromo-2,2′-thenil (7) were
determined from single-crystal X-ray diffraction omega scan
data collected at 100 K on a Bruker AXS SMART Apex 512k
CCD diffractometer equipped with fine-focus sealed tube Mo
K X-ray source (λ ) 0.71073 Å). Both sets of data were
corrected for absorption effects using SADABS.36 The Rint for
the 4,4′-dibromo- and 5,5′-dibromo-2,2′-thenils were 0.0750 and
0.0499, respectively. Data workup, structure solution, refine-
ment, and the generation of cif files were performed using
SHELXTL.37 In both molecules, all non-hydrogen atoms were
identified from initial direct methods solutions and were
refined anisotropically. Hydrogen atoms were placed at a C-H
distance of 0.95 Å, and bond lengths and angles fell within
normal, expected values. (The full details of crystal structure
determinations such as data collection parameters, all bond
lengths, bond and torsion angles, and refinement statistics are
available as Supporting Information.)

Results

Ki Values for Aromatic 1,2-Hydroxyketones and
Corresponding Diones. We have previously reported
the Ki values for benzil (2) and benzoin (1) for CEs with
a variety of esterase substrates and different mam-
malian CEs and demonstrated that the former was a
potent inhibitor of these proteins.21 Table 1 depicts the
structures of the aromatic ethane-1-hydroxy-2-ones and
their corresponding diones that have been assessed in
this study. As indicated in Table 2, the 1,2-hydroxy-
ketones were generally poor inhibitors of o-NPA me-
tabolism by CEs, whereas the diones analogues were
much more potent selective inhibitors of these enzymes.
We did not assess the ability of 2,2′-pyridoin to inhibit
CEs, due to its propensity to oxidize to 2,2′-pyridil.

Correlation between Ki Values and Aromaticity
of Ring Substituents. A trend was observed that
indicated that the potency of inhibition of CEs by the
diones was related to the level of stabilization of the
electrons in the aromatic rings. Therefore, we plotted
the log Ki values versus the aromatic stabilization
energy afforded by the ring systems present within the
different analogues. Three different sets of data were
chosen for the resonance energies. The first was based
upon empirical resonance energies for the compounds
(15.8, 28.7, 23, and 36 kcal/mol for furan, thiophene,
pyridine, and benzene, respectively31). The second was
based upon heats of union of atomic pairs using non-
aromatic precursors (12.1, 16.5, 25.6, and 28.3kcal/mol
for furan, thiophene, pyridine, and benzene, respec-
tively32). The third was based upon molecular orbital

i )
[I][S](1 - â) + Ks(R - â)

[I]([S] + RKs) + Ki(R[S] + RKs)
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calculations with MOPAC using the PM3 Hamiltonian.
This gave resonance energies of 8.7, 7.9, 16.2, and 23.0
kcal/mol for furan, thiophene, pyridine, and benzene,
respectively

As indicated in Figure 1, good correlations were
observed between the Ki values and the thermodynamic
parameters, with r2 values of 0.841, 0.897, and 0.888
being obtained for hiCE, hCE1, and rCE, respectively,
when using the empirical resonance energies (Figure
1A). With data derived from aromatic energies calcu-
lated from the heats of union, r2 values of 0.972, 0.936,
and 0.951 were obtained with the same enzymes,
respectively (Figure 1B). Finally, using the data calcula-
tions from MOPAC, correlation coefficients of 0.936,
0.834, and 0.877 were generated using Ki values from
hiCE, hCE1, and rCE, respectively (Figure 1C).

Since the r2 values were greater than 0.80, we
reasoned that these correlations might have some
predictive value in calculating the Ki values of other

aromatic ethane-1,2-diones. Using linear regression
analysis, we predicted that 2,2′-naphthil (11) would be
a potent inhibitor of all three CEs. We therefore
calculated the predicted Ki values for CE inhibition with
2,2′-naphthil (11) using energy values of 61, 47.7, and
41.6 kcal/mol for naphthalene from empirical resonance,
heat of union, or molecular orbital calculations, respec-
tively. Table 3 indicates the predicted and observed
values of the Ki values for 2,2′-naphthil (11) using the
three mammalian CEs. As can be seen, the Ki values
derived from the equations obtained from the above
curve fits did not accurately predict the observed values
for hiCE or hCE1. We believe that this is due to that
fact that both of these proteins have relatively narrow
entrances to their active sites 10 that would impede the
passage of large molecules, such as 2,2′-naphthil (11),
to the catalytic residues. In contrast, the predicted Ki
values for rCE with this compound using the equations
derived from the empirical resonance energy plot (1.03
nM), the heat of union calculations (1.64 nM), or the
MOPAC analysis (1.56 nM) were very close to the
observed value (1.04 ( 0.09 nM). It would appear that
the predictive power of this approach may be sufficient
to identify novel rCE inhibitors based upon the 1,2-dione
structure.

Correlation between Ki Values and Flexibility
of Dione Bond. Analysis of the rotation of the dione
bond using molecular dynamic simulations suggested
that the potency of the inhibitors might be related to
the flexibility and/or the dihedral angle adopted in the
minimized structure. We therefore examined the angle
for the dione bond for 15 ps using the MM3 molecular
mechanics force field, with a time step of 1 fs, a
temperature of 293 K, and data were recorded every 10
fs. As indicated in Figure 2, with 2,2′-furil (9), 2,2′-thenil
(4), and 2,2′-pyridil (10), we observed pronounced oscil-
lations between two low-energy conformations during
the dynamics simulation. As these analogues are gener-
ally poorer CE inhibitors, it may be that loss of flexibility
of the dione moiety upon binding to CEs results in a
significantly unfavorable conformational entropy loss.
For the more rigid analogues such as benzil (2) and 2,2′-
naphthil (11), the oscillation around the O-C-C-O
dihedral was much less pronounced. In general, as the
compounds became poorer inhibitors of the CEs, the
time taken for rotation about the dihedral bond to
minimize, increased (Figure 2).

Also, there were considerable differences in the final
angle adopted by the dione moiety following the dynam-
ics minimization. A general trend was that inhibitors
with a low Ki value for the mammalian CEs obtained a
final dihedral angle of ∼230° (or -130°). Significant
deviation from this value resulted in inhibitors with
markedly less ability to inhibit, and Figure 3 shows the
approximate dependence of Ki on the angle adopted.
However, we do not have enough analogues to establish
the actual angle energy function. Overall, however,
molecular simulations of unknown compounds, examin-
ing both the dione flexibility and the dihedral angle,
might be useful in a predictive fashion to allow identi-
fication of novel CE inhibitors.

Inhibition of CEs by Thenil and Its Brominated
Derivatives. Analysis of the inhibition of the mam-
malian CEs by 2,2′- (3) and 3,3′-thenil (5) indicated that

Table 1. Structures of Compounds Assessed for CE Inhibition
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the former compound was ∼6- to 1.7-fold more potent
as an inhibitor when using o-NPA as a substrate (Table
2). In addition, substitution in the thiophene rings with
bromine, decreased the Ki values up to 400-fold. While
substitution with the halogen significantly reduced the
Ki for rCE, less pronounced effects were observed with
hiCE and hCE1. For example, 5,5′-dibromo-2,2′-thenil
(7) was ∼4-fold more potent at inhibiting hiCE as
compared to 2,2′-thenil (4), and both compounds dem-
onstrated very similar Ki values for hCE1. In contrast,
the former compound was ∼125-fold more efficient at
inhibiting o-NPA metabolism by rCE, as compared to
2,2′-thenil. Additionally, 4,4′-dibromo-2,2′-thenil (6) was
considerably more potent at inhibition of all three CEs,
with this compound yielding the lowest Ki (2.2 ( 0.5
nM) for rCE, for all of the compounds tested.

Analysis of the rotation of the molecules around the
dione dihedral was performed as described above and
for the unsubstituted thenils, increased rotation was
observed with the poorer inhibitor (3,3′-thenil; 5) as

compared to 2,2′-thenil (4) (Figure 4A). However, sub-
stitution of bromine atoms resulted in dramatically
increased movement around these bonds (Figure 4B),
and this persisted for the entire period of the molecular
dynamics run (15 ps). No obvious correlation was seen
between inhibitor potency and the dihedral rotation for
the brominated compounds (Figure 4B). Interestingly,
however, the final angle adopted by the dione in the MD
simulations was close to 230° for both of the bromo
derivatives and 2,2′-thenil (4). These compounds were
much better inhibitors than 3,3′-thenil (5) which adopted
a final angle of ∼260°.

X-ray Crystallography of Bromothenil Ana-
logues. Since we saw differences in the ability of the
bromothenils to inhibit CEs, we ascertained the X-ray
structures of the molecules to determine whether dif-
ferences in the geometry of the compounds might
account for the differences in inhibitory activity. Specific
refinement details for 4,4′-dibromo-2,2′-thenil (6) and
5,5′-dibromo-2,2′-thenil (7) were as follows. By inspec-

Table 2. Ki Values for Inhibition of by hiCE, hCE1, rCE, hAcChE, and hBuChE by Aromatic Ethane-1-hydroxy-2-ones and Their
Corresponding Dionesa

compound hiCE Ki (nM) hCE1 Ki (nM) rCE Ki (nM) hAcChE Ki (nM) hBuChE Ki (nM)

benzoin (1) 2220 ( 460 7250 ( 2370 >100000 >100000 >100000
benzil (2) 14.7 ( 1.9 45.1 ( 3.2 103 ( 19 >100000 >100000
2,2′-thenoin (3) 5610 ( 1260 1660 ( 140 4540 ( 1040 >100000 >100000
2,2′-thenil (4) 1040 ( 190 212 ( 29 874 ( 53 >100000 >100000
3,3′-thenil (5) 6540 ( 580 365 ( 18 2410 ( 100 >100000 >100000
4,4′-dibromo-2,2′-thenil (6) 57.3 ( 8.1 30.0 ( 2.0 2.2 ( 0.5 >100000 >100000
5,5′-dibromo-2,2′-thenil (7) 237 ( 48 210 ( 50 7.0 ( 2.1 >100000 >100000
2,2′-furoin (8) >100000 >100000 >100000 >100000 >100000
2,2′-furil (9) 8000 ( 790 1170 ( 450 8480 ( 1170 >100000 >100000
2,2′-pyridil (10) 152 ( 11 126 ( 12 484 ( 34 >100000 >100000

a o-NPA was used as a substrate for the CEs, and AcTCh and BuTCh were used for hAcChE and hBuChE, respectively.

Figure 1. Plot of empirical resonance energy (A), heat of union of atomic pairs (B), and molecular orbital energies (C) for the
aromatic rings, versus the observed Ki values for the diones. Linear regressions for the data derived from hiCE (green line),
hCE1 (red line), and rCE (blue line) are shown.

Table 3. Observed and Predicted Ki Values (nM) for Inhibition of o-NPA Metabolism by CEs with 2,2′-Naphthil (11)a,b

hiCE hCE1 rCE

predicted Ki value (nM) predicted Ki value (nM) predicted Ki value (nM)

observed empiricalc HOUd MOe observed empirical HOU MO observed empirical HOU MO

85.0 ( 15.3 0.034 0.032 0.020 255 ( 33 1.29 2.06 2.32 1.04 ( 0.09 1.03 1.64 1.56
a Predicted Ki values were calculated from the equations obtained from plots of log Ki versus energy values (see Figure 1). b Energy

values of 61.0, 47.7, or 41.6kcal/mol were used to calculate the predicted Ki values for the empirical, heat of union, or molecular orbital
datasets, respectively. c Empirical resonance energy calculation.31 d Heat of union calculation.32 e Molecular orbital calculation.
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tion of systematic absences in the diffraction pattern,
crystals of 4,4′-dibromo-2,2′-thenil (6) were assigned to
the space group P21212. To ensure the correct designa-
tion of polarity, the Flack parameter was refined.38

Structure refinement yielded one-half of a molecule in
the asymmetric unit that sits on a 2-fold axis. The atoms
that make up the half molecule were essentially planar
with the rms deviation of atoms from the plane being
only 0.0338 Å. As seen in the ORTEP39 model shown in
Figure 5, the ring sulfur and keto oxygen adopt a cis
configuration in 4,4′-dibromo-2,2′-thenil (6). By inspec-
tion of systematic absences in the diffraction pattern,
crystals of 5,5′-dibromo-2,2′-thenil (7) were determined
to be of space group P212121. Once again, the Flack
parameter was refined to ensure the correct designation
of the polar axis. For 5,5′-dibromo-2,2′-thenil (7), one
molecule resides in the asymmetric unit, and it is
essentially planar, having a rms deviation for all the
atoms in the plane of 0.0755 Å. However, each half of

the ethane-dione is more planar. Atoms O1, Br1, S1,
and C1-C5 have rms deviations from planarity of
0.0396 Å; whereas atoms O2, Br2, S2, and C6-C10 have
rms deviations of 0.0307 Å. Both of these values are not
only in agreement with 4,4′-dibromo-2,2′-thenil (6), but
also with the vast majority of symmetric aromatic
ethane-diones in the Cambridge Structural Database
(March, 2004). ORTEP depictions of 4,4′-dibromo-2,2′-
thenil (6) and 5,5′-dibromo-2,2′-thenil (7) are shown in
Figure 5.

Discussion
Until recently, the discovery of selective CE inhibitors

has been somewhat elusive, with many compounds
inhibiting other esterases, such as hAcChE and hBuChE.
These chemicals, that include simple organophosphates
such as bis(4-nitrophenyl) phosphate, as well as the
pesticides malathion (o,o′-dimethyl S-(1,2-dicarbethoxy-
ethyl)thiothionophosphate) and pirimphos (o-(2-(diethyl-
amino)-6-methyl-4-pyrimidinyl)-o,o-dimethyl phosphoro-
thioate), and the nerve gases Sarin (isopropylmethyl-
phosphonofluoridate), Tabun (ethyl dimethylamido-
cyanidophosphate), and VX (S-[2-(diisopropylamino)-
ethyl] o-ethyl methylphosphonothioate), are all potent
inhibitors of many different mammalian esterases. In
a directed screen of several hundred small molecules,
we identified that diphenylethane-1,2-diones analogues
were potent inhibitors of CEs, that demonstrated no
activity against hAcChE or hBuChE.21 In this paper,
we have extended our studies to examine the contribu-
tion of the aromatic rings toward enzyme inhibition. In
addition, we have assessed the role of thermodynamic
and molecular dynamic parameters in predicting the
ability of the ethane-1,2-diones to inhibit mammalian
CEs.

Analysis of the Ki values for the inhibition of o-NPA
metabolism by CEs with heteroaromatic diones sug-
gested that these results might be correlated to the
aromatic nature of the ring structure. Previous reports
have suggested that for esterase substrates, the cata-
lytic efficiency for their turnover was related to the log

Figure 2. Plot of the dihedral angel versus time for molecular simulations of the diones. In panel A, the variation in the angle
is indicated for benzil (black line; 2), 2,2′-naphthil (green line; 11), pyridil (dark blue line; 10), 2,2′-thenil (red line; 4), and furil
(cyan line; 9). The inset (panel B) indicates the movement within the first 3 ps of the molecular dynamics run.

Figure 3. Plot of the final dione dihedral angle versus the Ki

values for the CEs. Data were fitted to the following equation
(y ) m1(m0 - m2)4), and r2 values of 0.92, 0.96, and 0.92 were
obtained for hiCE ([), hCE1 (2), and rCE (b), respectively.
For clarity, only the best fit line for rCE is indicated (black).
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P values for the particular esters.40 However, no cor-
relation was observed with this parameter and the Ki
values for the dione inhibitors with r2 values ranging
from 0.19 to 0.28 for hiCE, hCE1, and rCE (data not
shown). In contrast, good correlations were observed
when comparing the empirical resonance energies, the
aromatic energies based upon heat of union of non-
aromatic precursors, or energy values derived from
molecular orbital calculations, with the Ki values (Fig-
ure 1). As can be seen, r2 correlates ranged from 0.84
to 0.97. This suggests that the stabilization of the
aromatic rings enhances the potency of the inhibitors.
Since the active site of CEs is lined with aromatic amino
acids such as tyrosine and phenylalanine,10 potentially
π orbital stacking might occur between these residues
and the aromatic rings in the inhibitors. This would lead
to enhanced stabilization of enzyme/inhibitor complexes
and should result in reduced Ki values for compounds
that were ‘more’ aromatic. This is consistent with the
results we observed.

Upon the basis of the correlation of aromaticity with
potency of inhibition of CEs, we predicted that com-
pounds that were more aromatic than benzene should
be very good inhibitors of these enzymes. Using the
equations derived from the data plotted in Figure 1, we
predicted the Ki values for 2,2′-naphthil (11), the
naphthalene derivative of benzil, with the different
enzymes. This was achieved using the empirical reso-

nance energy 31 (61 kcal/mol), the aromatic energy
calculated from the heat of union of non aromatic
precursors32 (47.7 kcal/mol), or the resonance energy as
calculated using MOPAC (41.6kcal/mol). While very low
Ki values were predicted for hiCE and hCE1, the
observed experimental values were much higher at 85
and 255 nM, respectively. In contrast, the predicted Ki
values for rCE with 2,2′-naphthil were very close to the
observed value. We believe that the discrepancy in the
predictions for the human CEs with this compound are
due to structural constraints afforded by the entrances
to the active sites of these enzymes.10 We have previ-
ously demonstrated that the active site entrance in rCE
is considerably larger than in hiCE or hCE1.10 It is
likely therefore that 2,2′-naphthil (11) cannot readily
gain access to the catalytic amino acids of the human
enzymes that are buried at the bottom of a long gorge.
However with rCE, access is not impeded, and hence
the predicted Ki value closely matches that observed
from the experimental studies.

It would be expected that compounds that adopt a
fixed position suitable for interaction and inhibition of
CEs would be more potent inhibitors than compounds
that were highly flexible and mobile. We therefore
assessed the mobility of the inhibitors by examining the
rotation around the dione moiety using molecular
dynamics. Analysis of these results indicated that diones
that were better inhibitors demonstrated reduced rota-
tion around this bond. This was exemplified for example,
by comparison of 2,2′-naphthil (11) with 2,2′-furil (9).
With the former compound, the rate of rotation around
the dione dihedral was minimized after 1.5 ps, whereas
with the latter inhibitor, the molecule was still rotating
after 15 ps (Figure 2). In general, there was a correlation
between the time taken for the rotation to become
minimized and the Ki value, such that compounds that
were better inhibitors demonstrated reduced mobility
around the dione bond. While this may represent
differences in the minimization parameters obtained
from using the PM3 and MM3 Hamiltonian’s, it is
unclear why these molecular dynamics simulations
allow identification of compounds with enhanced ability
to inhibit CEs.

It was also noted that, in general, compounds that
were better CE inhibitors adopted a final dione dihedral

Figure 4. Plot of the dihedral angle versus time for molecular simulations of the thiophene-based ethane-1,2-diones. The variation
in the angle is indicated for 2,2′-thenil (red line, panel A; 4), 3,3′-thenil (blue line, panel A; 5), 4,4′-dibromo-2,2′-thenil (green line,
panel B; 6), and 5,5′-dibromo-2,2′-thenil (cyan line, panel B; 7).

Figure 5. ORTEP depictions of 4,4′-dibromo-2,2′-thenil (top;
6) and 5,5′-dibromo-2,2′-thenil (bottom; 7).
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angle of ∼230° following the molecular dynamics simu-
lations (Figures 2, 3, and 4). Since we have previously
postulated that reactivity with the active site serine
residue within CEs is important for enzyme inhibition,21

it is likely that the conformation of the inhibitor when
at this particular angle allows nucleophilic attack of the
dione.

Similar results were observed with 2,2′-thenil (4) and
3,3′-thenil (5), with the former compound demonstrating
lower Ki values, reduced mobility around the dione
moiety, and a final dihedral angle close to 230° (Fig-
ure 4A). However, the mobility seen with bromine-
substituted thenils (Table 2 and Figure 4B) did not
correlate with enzyme inhibition. In these cases, in-
creased flexing was seen in the molecular dynamics
simulations that persisted for the entire 15 ps run
(Figure 4B). Analysis of the contribution of halides to
the aromaticity of the thiophene ring has been discussed
by Sargent et al.41 These authors reported that substi-
tution at the 5-position of the ring might influence the
distribution of the π electrons within the thiophene
moiety. These theoretical studies suggest that the
bromine atoms may disrupt the aromaticity of the rings
due to π electron donation.41 Our studies indicate that
the halogen also influences the rotation around and the
dihedral angle of the dione bond within the thenils, and
hence both factors may contribute to the biological
activity of these compounds. However, substitution of
hydrogen atoms in the thiophene rings with bromine
increased the potency of the molecules toward CE
inhibition (Table 2). The most likely explanation for this
is that the halogen atoms significantly increase the
hydrophobicity of the molecules (log P values for the
bromo analogues are 4.06, as compared to 2.77 for 2,2′-
thenil, as calculated using ChemSilico Predict software
(ChemSilico LLC, Tewkesbury, MA)). Previous studies
with benzil analogues have indicated that substitution
of either chlorine or bromine atoms within the aromatic
rings, significantly reduces the Ki values for CE inhibi-
tion, likely due to enhanced affinity of the compound
for the highly hydrophobic enzyme active site.10,21,25 The
results presented here with the 2,2′-thenil analogues are
consistent with these previous observations.

Overall, our data suggests that the inhibition of CEs
by aromatic diones is dependent upon the aromaticity
of the rings and the flexibility of the molecules around
the dione moiety. We are currently using these data to
predict the ability of novel compounds to inhibit these
enzymes, with the ultimate goal of designing and
synthesizing potent, water soluble CE inhibitors.
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