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Carboxylesterases (CE) are ubiquitous enzymes responsible for the detoxification of xenobiotics, including
numerous clinically used drugs. Therefore, the selective inhibition of these proteins may prove useful in
modulating drug half-life and bioavailability. Recently, we identified 1,2-diones as potent inhibitors of CEs,
although little selectivity was observed in the inhibition of either human liver CE (hCE1) or human intestinal
CE (hiCE). In this paper, we have further examined the inhibitory properties of ethane-1,2-diones toward
these proteins and determined that, when the carbonyl oxygen atoms arecis-coplanar, the compounds
demonstrate specificity for hCE1. Conversely, when the dione oxygen atoms are not planar (or aretrans-
coplanar), the compounds are more potent at hiCE inhibition. These properties have been validated in over
40 1,2-diones that demonstrate inhibitory activity toward at least one of these enzymes. Statistical analysis
of the results confirms the correlation (P < 0.001) between the dione dihedral angle and the preferential
inhibition of either hiCE or hCE1. Overall, the results presented here define the parameters necessary for
small molecule inhibition of human CEs.

Introduction

Carboxylesterases (CEsa) are ubiquitous enzymes responsible
for the detoxification of xenobiotics.1 They cleave carboxylesters
(RCOOR′) into the corresponding carboxylic acid (RCOOH)
and alcohol (R′OH). Because numerous clinically used drugs
contain the ester chemotype, a moiety known to improve water
solubility and allow development of prodrug formulations, the
expression of these proteins can modulate the bioavailability
of these agents. Additionally, CEs demonstrate promiscuous
catalytic activity and can also hydrolyze carbamates, thioesters,
and amides. As a result, numerous drugs are substrates for these
enzymes. These include meperidine (Demerol), cocaine, heroin,
â-flestolol, CPT-11 (irinotecan), capecitabine, procaine (No-
vocaine), and lidocaine.2-9 Consequently, the levels and tissue
distribution of CE expression will impact the disposition of these
agents.

In humans, two predominant CEs are expressed. hCE1 is
primarily present in the liver and is efficacious in the hydrolysis
of relatively small molecules (e.g.,o-nitrophenyl acetate (o-
NPA)).10 In contrast, hiCE (hCE2), which is expressed in the

intestine and the liver, can hydrolyze large bulky substrates,
such as the anticancer agent CPT-11.11,12 Because hiCE is
overexpressed in the intestine and the dose limiting toxicity for
CPT-11 is diarrhea, potentially, inhibition of this protein may
ameliorate the toxicity associated with drug treatment. Therefore,
we have recently undertaken a series of studies designed to
identify and characterize selective CE inhibitors.13-18 These
experiments indicated that ethane-1,2-dione-containing com-
pounds could selectively inhibit CEs and demonstrated no
inhibition of human acetyl- or butyrylcholinesterase (hAChE
and hBChE, respectively).14,15,17The benzil-based compounds
were very potent CE inhibitors, with inhibition constant (Ki)
values for enzyme inhibition in the low nM range. In addition,
while the mode of enzyme inhibition for these compounds was
partially competitive, hydrolysis of a variety of different
substrates was reduced, suggesting that these benzil analogues
may have utility in modulating turnover of many different ester-
containing drugs. Interestingly, out of over 30 ethane-1,2-dione-
containing compounds that were analyzed, all demonstrated
more potent inhibition of hiCE as compared to hCE1.17

During the course of these studies, it became apparent that
compounds containing the 1,2-dione moiety, where the carbonyl
carbon atoms were fused within a ring structure, were also potent
CE inhibitors. However, these compounds demonstrated speci-
ficity for hCE1 as compared to hiCE. In this manuscript, we
have further characterized these inhibitors and determined that,
when the oxygen atoms in the 1,2-dione moiety arecis-coplanar,
the molecule demonstrates preferential inhibition of hCE1. In
contrast, when the dihedral angle between the oxygen atoms is
greater than 10°, the compounds are more potent at inhibiting
hiCE. This has led to the design and synthesis of thieno[3,2-
e][1]benzothiophene-4,5-dione, which demonstrates preferential
inhibition of hCE1 (Ki ) 150 nM) as compared to hiCE (Ki )
850 nM), but is inactive toward hAChE or hBChE.
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Materials and Methods

Chemicals. Solvent and reagents for general synthesis were
purchased from Sigma-Aldrich (St. Louis, MO) or TCI America
(Portland, OR). Sources for the commercially available compounds
used for enzyme inhibition analyses are indicated in Table 1.

Enzymes.Pure hCE1 and hiCE were prepared from serum-free
Spodoptera frugiperdaSf9 media, as previously described.19 hAChE
and hBChE were purchased from Sigma Biochemicals (St. Louis,
MO).

Chemistry. Melting points (Mps) were determined using a Mel-
temp (Barnstead International, Dubuque, IA), IR spectra were
obtained using thin films dried on KBr discs using an IR100 FT-
IR spectrometer (Thermo Electron Co., Waltham, MA), and UV
spectra were determined in dichloromethane or DMSO using a DU
640 (Beckmann Coulter, Fullerton, CA). The purity and structure
of synthesized compounds were determined by TLC, NMR, MS,
and total C, H, N, O, and S analysis. X-ray structure coordinates
for selected molecules were obtained from the Cambridge Structural
Database (CSD) and were visualized using ICM-Pro software
(Molsoft L.L.C., La Jolla, CA).

Synthesis of 1,2-Dicyclohexylethane-1,2-dione (7).1,2-Dicy-
clohexylethane-1,2-dione (7) was synthesized as previously de-
scribed by the reaction of cyclohexyl magnesium bromide with
oxalyl chloride.20 Physical and structural parameters were consistent
with those previously reported (physical parameters for compound
7 are provided as Supporting Information).

Synthesis of Thieno[3,2-e][1]benzothiophene-4,5-dione (19).
Thieno[3,2-e][1]benzothiophene-4,5-dione (19) was synthesized
from 3,3-bithiophene and oxalyl chloride as detailed by Phillips et
al.21 Physical and structural parameters were consistent with those
previously reported (physical parameters for compound19 are
provided as Supporting Information).

LogP Calculation. LogP values were calculated using Chem-
Silico Predict v2.0 software (ChemSilico LLC, Tewksbury, MA).

Carboxylesterase Inhibition. CE activity assays and enzyme
inhibition were determined using 3 mMo-NPA as a substrate, as
reported previously.17,18,22

Acetylcholinesterase and Butyrylcholinesterase Inhibition.
The inhibition of hAChE and hBChE was assessed as previously
reported by Wadkins et al.17,18

Determination of Ki Values. Ki values for enzyme inhibition
were performed as described previously.17,18Briefly, inhibition data
were fitted to the following equation23

where i ) fractional inhibition, [I] ) inhibitor concentration, [s]
) substrate concentration,R ) change in affinity of substrate for
enzyme,â ) change in the rate of enzyme substrate complex
decomposition,Ks is the dissociation constant for the enzyme
substrate complex, andKi is the inhibitor constant. Examination of
the curve fits, whereR ranged from 0 to∞ andâ ranged from 0 to
1, was performed using Perl Data Language and GraphPad Prism
software. The curves generating the highestr2 value for the fits
were analyzed using Akaike’s information criteria,24,25 and subse-
quent statistical analysis was then performed to assign the mode
of enzyme inhibition.Ki values were then calculated from these
data sets.

Determination of 1,2-Dione Dihedral Angle.For compounds
that had been previously crystallized and subjected to X-ray
diffraction analysis (1-6, 10, 14, 17, 18), the [(O)CC(O)] dione
dihedral angle was taken directly from coordinates of the structures.
For other compounds, the angle was predicted using computer-
assisted geometry optimization of the structures. Briefly, compounds
were constructed in Gauss-View and geometry optimizations were
performed at the B3LYP/6-31G(p,d) level of theory.26,27 These
procedures were performed with Gaussian 03 software28 (Gaussian,
Wallingford, CT) on a dual Xeon 3.2GHz computer running
Microsoft Windows XP.

Crystal Structure Determination. The crystal structure of19
was determined from single-crystal X-ray diffraction omega scan
data collected at 298 K on an Oxford Diffraction Xcalibur equipped

i )
[I]{[s](1 - â) + Ks(R - â)}

[I]{[s] + RKs} + Ki{R[s] + RKs}

Table 1. Structures, Names, and Sources of the Compounds Assayed in
This Paper
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with a Sapphire 3 CCD detector and a fine-focus sealed tube Mo
KR X-ray source (λ ) 0.710 73 Å). Data were corrected for
absorption effects using SADABS29 and the observedRint was
0.0322. Data workup, structure solution, refinement, and the
generation of cif files were performed using SHELXTL.30 All
nonhydrogen atoms were identified from initial direct methods
solutions and refined anisotropically. Hydrogen atoms were found
in subsequent difference maps and were allowed to refine isotro-
pically. All bond lengths and angles fell within normal, expected
values. The finalR1 value was 0.0347. The full details of crystal
structure determinations, such as data collection parameters, all bond
lengths, and refinement statistics, are available as Supporting
Information.

Statistical Analysis.Data were analyzed using GraphPad Prism
software. Three independent analyses were performed; linear
regression, Spearman rank order correlations, and Fisher’s exact
tests from contingency tables. In the latter, samples were grouped
based upon a dihedral angle of<10° or >10° and were tabulated
against which enzyme (hiCE or hCE1) was preferentially inhibited.
In all analyses,P < 0.05 was considered statistically significant.

3D-QSAR Modeling of Carboxylesterase Inhibitors. The
generation of 3D-QSAR models for the inhibition of the CEs by
the compounds described here were performed as previously
described.16-18,31Structures for each analogue were taken from the
minimized structures from Gaussian 03 that were used to derive
the [(O)CC(O)] dihedral angles. To be consistent with earlier QSAR
studies, Gaussian 03 partial charges were not used. Instead, partial
atomic charges from the bond charge correction method32 and
AMBER atom types were assigned using theantechambermodule
of AMBER9 (University of California, San Francisco, CA). All
analogues were aligned using the [(O)CC(O)] dihedral of benzil
as a template and analyses were then performed using Quasar 5.0

software.33-36 This program produced a receptor surface model
based upon 200 independent structures for each data set. These
were then cross-validated to yield∼7000 pseudoreceptor site
models that, upon further analysis, routinely yielded cross-correla-
tion coefficients (q2) that exceeded 0.9 for the predicted versus the
observedKi values. This usually resulted in linear correlation
coefficients (r2) of >0.8.

Results and Discussion

Inhibition of CEs by 1,2-Dione Containing Compounds.
We have previously evaluated the ability of over 30 benzil
analogues to inhibit human CEs.17 All of these compounds
demonstrated preferential inhibition of hiCE as compared to
hCE1, withKi values as low as 4 nM being observed. These
studies indicated that substitution within the benzene rings
altered inhibitor potency; however, these substitutions did not
change the preferential inhibition of hiCE.17 To further our
analysis of ethane-1,2-dione-mediated inhibition of mammalian
CEs, we obtained and synthesized a series of compounds in
which the carbonyl groups were either free to rotate or
constrained. These molecules were chosen based on their
availability and their physical characteristics (aromatic, non-
aromatic, planar, nonplanar, etc) as we have previously reported
that these properties are important determinants for CE inhibi-
tion.14 The structures of these molecules are shown in Table 1.

The Ki values for hiCE and hCE1 inhibition are shown in
Table 2. As can be seen, compounds in which the carbonyl
groups arecis-coplanar (8-17), are more potent inhibitors of
hCE1 as compared to hiCE. In contrast, molecules in which
the carbonyl moieties aretrans-coplanar (i.e.,7) or are nonplanar

Table 2. Dihedral Angles of the OsCsCsO Bond, IR Wave Numbers for the CdO Bond, andKi Values for Esterase Inhibition for the
1,2-Dione-Based Compounds

O-C-C-O dihedral (°) Ki values for enzyme inhibition (nM)

ID

X-ray
structurea

(CSD file) MO cLogP

UV n
to π*
(nm)

IR
CdO

(cm-1) hiCE hCE1 hAChE hBChE

1 107.8
(BENZIL)
[98]b

132.9 3.02 382 1660 14.7( 1.9c 148( 28c >100 000 >100 000

2 123.1
(CASGEI)

136.0 3.49 299 1656 70.2( 1.1c 3,410( 550c >100 000 >100 000

3 103.5
(JAVLEX)

95.2 3.28 315 1656 >100 000 >100 000 >100 000 >100 000

4 97.8
(CASGIM01)

135.5 4.16 301 1655 1420( 390 >100 000 >100 000 >100 000

5 111.5
(DNBZIL)

138.2 2.54 278 1680 470( 60 9800( 1200 >100 000 >100 000

6 178.3
(BOLCUA)

123.8 5.42 465
492

1699 4040( 1020 >100 000 >100 000 >100 000

7 172d 179.0 3.93 438 1706 5.0( 0.7 72( 5 >100 000 >100 000
8 NDe 0 1.09 400 1666 2400( 600 930( 280 320( 16 2290( 450
9 ND 0 0.87 484 1710 5470( 530 5240( 860 >100 000 2630( 40

10 1.0
(ACNAQU)

0 2.24 482 1719 170( 22 31( 4 >100 000 2970( 580

11 ND 0 2.01 322 1747 620( 160 570( 96 903( 130 3100( 400
12 ND -0.1 0.84 434 1728 4130( 570 1540( 540 >100 000 >100 000
13 ND 3.3

-2.2
0.72 324 1628 >100 000 5380( 660 >100 000 >100 000

14 3.13
(ZZIYEO1)

0 2.79 415 1673 52( 3 2.5( 0.2 >100 000 190( 50

15 ND 0.1 2.41 399 1672 107( 7 15.9( 0.7 850( 90 1670( 290
16 ND 0 3.42 402 1704 7.7( 0.4 1.5( 0.1 >100 000 >100 000
17 3.4

(MEJWED)
0 1.12 454 1686 >100 000 5400( 1000 >100 000 >100 000

18 -111.6
111.6
(CIJFIK)

-133.4
133.4

3.53 400 1671 5.6( 0.4c 8.0( 0.9c >100 000 >100 000

a As determined from the CSD file for the respective compound.b The dihedral angle of benzil in solution is 98°.41 c Data taken from Wadkins et al.17

d Calculated based on the correlation between the wave number and the dihedral angle for a series of nonconjugated cyclic 1,2-diketones.42,43 e ND: not
determined.
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(1-6 and 18) demonstrate preferential inhibition of hiCE.
Interestingly, compound3 (nonplanar) was not an inhibitor of
either CE, whereas4 (nonplanar) was selective for hiCE and
17 (cis-coplanar) only inhibited hCE1.

Analysis of the [(O)CC(O)] Bond Dihedral Angle in
Selected 1,2-Diones.The dihedral angle of the [(O)CC(O)] bond
in the majority of the compounds was determined via two
different approaches. First, the CSD was searched with the target
molecules and the dihedral angle was calculated from the
deposited coordinates. Routinely, angles were determined from
datasets performed at room temperature. The dihedral angles
obtained from the CSD files are indicated in Table 2.

As a corollary to these studies, we also determined the
dihedral angle using molecular orbital calculations. These
analyses were performed using the B3LYP/631G formalism.
The calculated values of the dihedral angle of the [(O)CC(O)]
bond were accurately predicted for the cyclohexyl derivative
(7) and the polycyclic aromatic compounds (8, 10, 14, and17).
However, for the benzil analogues (1-6, 18), the calculated
angle of this bond was∼30° greater than the actual values
obtained from the crystallographic studies. The reason for this
discrepancy is unclear, but because the error was similar in all
cases (i.e., always∼30° greater than the actual value), this may
represent an anomaly in the Gaussian energy minimization
routines. We have analyzed the crystal structures of the benzil
analogues and determined that there is a tendency for the torsion
angle to be decreased such that the aromatic rings can be stacked
in the crystal. This would be a favorable interaction resulting
in a lower energy state. However, interaction with other
molecules in the crystal also occurs (e.g., the carbonyl carbon
in 4,4′-dimethoxybenzil is in close proximity to the methyl group
of another molecule). In general, these interactions tend to
reduce the dihedral angle of the [(O)CC(O)] bond, which would
not be apparent from the MO calculations.

Since we have demonstrated that the CE-inhibitory properties
of isatins can, in part, be predicted by the logP of the molecule,
we calculated this parameter and assessed whether these values
correlated with theKi values for the proteins. Interestingly, using
Spearman rank analysis, we observed a correlation between the
clogP and theKi values for hiCE (P ) 0.021; Table 3), but not
with hCE1 (P ) 0.951). Hence, it would appear for the former
enzyme that the hydrophobicity of the inhibitor contributes
significantly to interaction with these molecules. Conversely,
this appears not to be the case for hCE1.

We also determined the IR frequency for the absorption by
the CdO bond in the 1,2-diones. These analyses were performed
because it is known that the wavelength of this signal is
dependent upon several factors, including ring strain, hydrogen
bonding, and conjugation. However, attempts to correlate the

wave number for this vibration with the observedKi values for
enzyme inhibition were unsuccessful (Tables 2 and 3).

Finally, we determined then-to-π* transition for these 1,2-
diones by UV spectroscopy. Because a bathochromic shift
occurs as the dihedral angle between the carbonyl groups
approaches 90°, this method of analysis can be used to assess
the planarity of the diones. Consistent with this hypothesis, we
observed a correlation between the predicted dihedral angle from
the MO calculations and then-to-π* transition for the uncon-
jugated diones (1 - 7, 18), yielding anr2 value of 0.74 (data
not shown). However, no such correlation was observed with
compounds8-17or 19-21. Consequently, we did not perform
statistical analyses comparing the UV absorption values with
the Ki constants for the different enzymes.

Benzil and its analogues usually adopt a nonplanar conforma-
tion due to steric constraints. This is primarily due to steric
clashes between the oxygen atoms and the hydrogens in the
ortho-position of the benzene rings. In contrast, in the dicyclo-
hexane derivative (7), the [(O)CC(O)] dihedral angle is nearly
180° (i.e., trans-coplanar; Table 2), presumably because the
oxygen atoms do not clash with the ring hydrogens due to the
chair conformations that are adopted by the cyclohexane rings.
However, despite this difference, both benzil (1) and 1,2-
dicyclohexylethane-1,2-dione (7) are potent inhibitors of the
human CEs and demonstrate selectivity for hiCE. In contrast,
the molecules that contain the 1,2-dione moiety held in a rigid,
coplanarcis-configuration by the aromatic ring systems (com-
pounds8-17 and19), are more potent inhibitors of hCE1.

Correlation between theKi Values for CE Inhibition and
the 1,2-Dione Dihedral Angle. As indicated in Table 2,
compounds that had a [(O)CC(O)] dihedral angle of less than
10° (i.e., the O atoms werecis-coplanar) were more potent
inhibitors of hCE1 than hiCE. This is exemplified by all of the
compounds that contain the dione moiety constrained within
the planar aromatic rings (inhibitors8-17). Conversely, all
compounds that contained the carbonyl groups at a dihedral
angle greater than 10° were more potent inhibitors of hiCE.
This includes the 1,2-diones assayed in this paper (1, 2, 4-7,
and 18) as well as all of the benzil analogues that we have
previously analyzed.17

Statistical analysis of these results using contingency tables
comparingKi values for either hiCE or hCE1 inhibition, with a
dihedral angle of less than or greater than 10°, resulted in
significant correlations withP ) 0.0002 (Table 3). However,
no correlations were observed with the actual angle versus the
Ki values either using linear regression or by Spearman rank
order analyses (Table 3). Additionally, statistically significant
correlations using the contingency table analysis were also
observed with the 43 additional benzil-based inhibitors that have

Table 3. Statistical Correlations between Physical Parameters of the Dione Inhibitors and Enzyme Inhibition. Statistically Significant Values Are
Indicated in Bold.

parameter

statistical
analysis enzyme

cLogP
vs Ki

IR CdO wave
number vsKi

O-C-C-O
dihedral

(X-ray) vsKi
a

O-C-C-O
dihedral

(MO) vs Ki

O-C-C-O
dihedral

<10° vs Ki

O-C-C-O
dihedral

>10° vs Ki

linear
regression
(r2)

hiCE 0.206 0.166 0.084 0.035 NAb NA

hCE1 0.000 0.067 0.152 0.143 NA NA

Spearman
correlation
(P value)

hiCE 0.021 0.704 0.435 0.134 NA NA

hCE1 0.951 0.173 0.485 0.296 NA NA

contingency
table
(P value)

hiCE NA NA NA NA NA 0.0002

hCE1 NA NA NA NA 0.0002 NA

a Analysis was only performed with compounds with known dihedral angles.b Not applicable.

5730 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 23 Hyatt et al.



previously been demonstrated to be CE-specific inhibitors (data
not shown).13,17

Molecular modeling studies using these analogues with the
X-ray coordinates for hCE1, demonstrated no dramatic differ-
ences in the ability of either the planar or nonplanar inhibitors
to interact with the catalytic amino acids in the protein (data
not shown). In general, after docking the compounds with the
lowerKi values, positioned such that the carbonyl carbon atoms
were closer to the serine Oγ, there was no statistical significance
between these distances and theKi values (data not shown).
We have been unable to perform similar studies with hiCE as
the structure of this protein has not been solved. However, these
modeling experiments suggest that it is not the direct interaction
of the serine nucleophile with the carbonyl carbon atom that is
important for CE inhibition, but rather other factors dependent
upon the protein structure. For example, the catalytic triad of
amino acids in the mammalian CEs (Ser, His, and Glu) are
buried at the bottom of a long narrow gorge that projects∼20
Å into the protein.10,37-39 Enzyme inhibition, therefore, will be
dependent upon the ability of the small molecule to diffuse into
the gorge and access the catalytic residues. Hence, larger, more
bulky, molecules would likely be poorer CE inhibitors. In
addition, it is known that the plasticity of the loops of amino
acids that form the entrances to the active site gorge modulate
substrate hydrolysis.10 Consequently, inhibitors that demonstrate
less flexibility may demonstrate preferential inhibition of one
enzyme versus another.

Attempts To Design an hCE1-Specific Inhibitor. Our
previous studies indicated that substitution of the benzene rings
in benzil with heteroaromatic moieties (e.g., thiophene or
pyridine) resulted in compounds that demonstrated similarKi

values for the inhibition of hiCE and hCE1.14 In addition,
substitution of nitrogen within the fused aromatic rings of
phenanthrene-9,10-dione (14) to yield 1,10-phenanthroline-5,6-
dione (17) resulted in the dramatic reduction of the inhibitory
potency toward hiCE (Table 2). Therefore, we postulated that
a cis-coplanar dicarbonyl compound, which contained hetero-
atoms, such as sulfur, as part of a fused aromatic system might
be an effective, selective inhibitor of hCE1. In addition, we

hypothesized that this compound would be a poor inhibitor of
hiCE. Consequently, we synthesized such a compound (thieno-
[3,2-e][1]benzothiophene-4,5-dione;19) by the simple conden-
sation of 3,3′-bithiophene with oxalyl chloride.21 MO calcula-
tions of 19 indicated that the [(O)CC(O)] dihedral angle was
0°, and this was confirmed by X-ray crystallographic studies
(0.4°; Table 4; Figure 1). Biochemical assays with compound
19 indicated that this molecule demonstrated preferential
inhibition for hCE1 (Ki ) 150 nM) as compared to hiCE (Ki )
850nM) or the human cholinesterases (Table 4). While not
exclusively selective for hCE1, these results confirmed our
hypothesis that planar compounds containing heteroatoms may
be used as scaffolds for the development of CE inhibitors.

Because selectivity for hCE1 was observed with thecis-
coplanar molecules, we envisage, therefore, that the hCE1 active
site gorge and its associated entrance adopts an oval conforma-
tion (in cross section), that allows the access of relatively narrow
molecules to the catalytic amino acids. In hiCE, it is likely that
the gorge is more rounded and can readily accommodate wider
molecules. For example, in its most stable conformation, benzil
(1) maintains a diameter of∼4.6 Å (Figures 1 and 2). This
compound inhibits both CEs, but is 10 times more potent toward
hiCE than hCE1. In contrast, thieno [3,2-e][1]benzothiophene-
4,5-dione (19) is ∼1.0 Å (1.85 Å Van der Waals radius) at its
widest part (the diameter of the sulfur atom; Figures 1 and 2)
and is an excellent inhibitor of hCE1, but demonstrates weaker
activity against hiCE. Hence, it is likely that the discrimination
of molecules that can enter the active site gorge of hCE1 is
primarily mediated by their overall diameter and shape. As a
consequence, narrow,cis-coplanar 1,2-dione-containing mol-
ecules are better inhibitors of this protein as compared to hiCE.
Clearly, however, benzil (1) can change its conformation and
access the catalytic amino acids in hCE1, because we have
observed enzyme inhibition by this compound. However, due
to the constraints enforced by the thiophene rings in19, we
would predict that this compound cannot adopt an alternate
conformation, and this rigidity dictates specificity for hCE1.

Figure 1. Oblique views of the structures of benzil (1; upper panel) and thieno[3,2-e][1]benzothiophene-4,5-dione (19; lower panel). The dihedral
angle between the oxygen atoms (red) is 107.8° for 1 and 0.4° for 19. Models were generated from the coordinates obtained from X-ray crystallographic
analyses of the molecules.

Table 4. Physical Parameters andKi Values for Esterase Inhibition for 11,12-Thieno[3,2-e][1]benzothiophene-4,5-dione (19),
11,12-Dihydrodibenzo[a,e]cyclooctene-5,6,dione (20) and (()-Camphorquinone (21)

O-C-C-O dihedral (°) Ki values for enzyme inhibition (nM)

ID
X-ray

structure MO cLogP
UV n to π*

(nm)
IR CdO
(cm-1) hiCE hCE1 hAChE hBChE

19 0.4 0 2.65 467 1650 850( 150 150( 30 >100 000 >100 000
20 ND 56 2.75 259 1671 6150( 2080 2980( 280 >100 000 >100 000
21 14a 0.4 1.77 468 1750 >100 000 >100 000 >100 000 >100 000

a Calculated based upon the dipole moment.43
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Is Effective hCE1 Inhibition in the cis-Coplanar Com-
pounds Mediated by the Dione Moiety or the Aromaticity
of the Molecules? We have previously reported that the
inhibition of CEs by substituted ethane-1,2-diones is in part
mediated by the aromaticity of the substituents.14 Therefore, the
increased potency of the planar inhibitors toward hCE1 may
be due to the aromatic nature of these compounds rather than
the dihedral angle of the dione moiety. In an attempt to address
this issue, we determined the ability of 11,12-dihydrodibenzo-
[a,e]cyclooctene-5,6,dione (20) to inhibit the human CEs. This
compound adopts a pseudo-boat conformation with a computer-
predicted [(O)CC(O)] dihedral angle of 56° (Figure 3). The
central octane ring is flanked by two benzene rings, thereby
maintaining the aromatic nature of the compound molecule;
however, because the latter are at angles of 104.7° to each other,
the molecule lacks planarity. Hence, by comparison of theKi

values for CE inhibition for this compound with phenanthrene-
9,10-dione (14), it should be possible to determine whether
planarity or aromaticity predominates toward hCE1 inhibition.
As indicated in Table 4,20 was a poor inhibitor of hiCE but
demonstrated greater potency toward hCE1. Indeed, this com-
pound was∼2-fold better at inhibiting hCE1 as compared to
hiCE, although the actualKi values were relatively high (2.98
( 0.28 µM and 6.15 ( 2.08 µM for hCE1 and hiCE,
respectively). We also assayed (()-camphorquinone (21) be-
cause this 1,2-dione is nonplanar and also lacks an aromatic

component (Figure 3). However, this molecule was completely
ineffective as an inhibitor of either the human CEs or the
cholinesterases (Table 4).

It is likely that compound20 (11,12-dihydrodibenzo[a,e]-
cyclooctene-5,6-dione) is a less-potent inhibitor than the other
1,2-diones because the molecule is constrained into a boat
conformation (Figure 3). Because the catalytic amino acids of
CEs are buried at the bottom of a long-active site gorge, for
enzyme inhibition to occur, the small molecule must be able to
readily access these residues. The somewhat rigid conformation
adopted by20would impede the ability of the inhibitor to reach
the active site serine, thereby mitigating the efficacy of
inhibition. In addition, attack of the carbonyl carbon atoms (C5
and C6; Figure 4) by the serine nucleophile is likely to be
hindered due to the configuration of20 that forces the target
carbon atoms upward. Attack by the O- would have to occur
between the benzene rings because access to the carbonyl carbon
atoms would be shielded by the oxygen atoms (O1 and O2)
and the methylene carbons (C1 and C2) and their associated
hydrogen atoms, which form part of the octane ring. Such
impedance would not occur with thecis-coplanar inhibitor
molecules (e.g.,14 and19), allowing them to more efficiently
inhibit the CEs.

Camphorquinone (21) exists as either the (+)- or (-)-
enantiomers (dependent upon the position of the methyl group
attached to the cyclohexane ring) and both adopt a pseudo-boat
(or inverted “V”) formation (Figure 3). However, dipole moment
and MO calculations indicate that the [(O)CC(O)] dihedral angle
is 14 or 0.4°, respectively, and this cannot change due to the
constraint provided by the methylene carbon atoms. Hence, free
rotation around the bond connecting the carbonyl carbon atoms
is eliminated. As the oxygen atoms arecis-coplanar, this
compound might be expected to be an hCE1-specific inhibitor.
However, (()-camphorquinone is inactive toward CEs (Table
4). This is likely due to the fact that the molecule is relatively
bulky (Figures 2 and 3) and has a low clogP value (1.77; Table
4). It is known that the active site gorges of the mammalian
CEs are highly hydrophobic due to the presence of numerous
aromatic residues (Trp, Tyr, Phe).40 Hence, molecules with
higher logP values tend to be better enzyme inhibitors.16 By
comparison, the clogP values for benzil (1) and 19 are 3.02
and 2.65 (Tables 2 and 4), respectively. In addition, it is likely
that attack of the carbonyl carbon atoms in camphorquinone
by the serine nucleophile will be hindered similar to that seen
with compound20 because the target carbon atoms face the
inside of the “V” structure (Figures 2 and 3). As a result, the
combination of these factors yields a compound that is unable
to inhibit the CEs.

3D-QSAR Pseudoreceptor Models of 1,2-Dione-Mediated
Inhibition of CEs. Using the inhibition data for the series of
compounds, we developed QSAR models using compounds
1-18 as the training set for each enzyme. Compounds19-21
were then used to validate these pseudoreceptor site models.
For both hiCE and hCE1, we were able to generate excellent
cross correlation coefficients (q2 ) 0.900) for each enzyme. In
addition, the linear correlations of the observed versus the

Figure 2. CPK images of some of the compounds discussed in this
paper: upper left, benzil (1); upper right, thieno[3,2-e][1]benzothiophene-
4,5-dione (19); lower left, dibenzo[a,e]cyclooctene-5,6,dione (20); lower
right, (+)-camphorquinone (21).

Figure 3. Oblique views of the structures of 11,12-dihydrodibenzo-
[a,e]cyclooctene-5,6,dione (20; upper panel) and (+)-camphorquinone
(21; lower panel). For20, the dihedral angle between the oxygen atoms
(red) is 56.0° and the planar angle between the benzene rings is 104.7°.
For 21, the dihedral angle is 0.4°. Models were generated from the
lowest energy conformations, as determined by MO calculations.

Figure 4. Numbering scheme for atoms in 11,12-dihydrodibenzo[a,e]-
cyclooctene-5,6,dione (20).
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predictedKi values (r2) were 0.912 and 0.911 for hiCE and
hCE1, respectively. These results indicate that these pseu-
doreceptor site models are likely to represent very accurate
descriptors of the domains within the CE active sites that are
responsible for enzyme substrate interaction.

As indicated in the QSAR models depicted in Figure 5, the
charge distribution is markedly different for the two different
enzymes. For example, in hiCE, it appears as though interactions
occur throughout the length of the active site that influence
inhibitor potency. This is exemplified by the numerous charged
regions represented by the colored spheres. In contrast, with
hCE1, the central core of the model is predominantly uncharged
and hydrophobic (as indicated by the gray grid devoid of
spheres), suggesting that this might form a suitable domain for
interaction with the aromatic planar inhibitors (compounds
8-17). However, it was apparent from these analyses that
several compounds that were not inhibitors (i.e., had experi-
mentalKi values>100 000 nM) were predicted to be reasonable
inhibitors of the enzymes. For example, compounds2 and 4
were predicted to be of similar inhibitory potency for both hiCE
and hCE1. Experimentally, compound4 fails to inhibit hCE1
(Table 2). We interpret this as likely due to the interaction of4
with the active site opening or other regions of the protein that
prevent it from accessing the active site. One of the pitfalls in
the use of QSAR on the hydrophobic molecules used in this
study is the assumption that all molecules interact with the active
site in the same way and that the differences in theKi values
are due to chemical interactions within the active site. However,
the pseudoreceptor models do illustrate a trend in the way the
inhibitors interact with the enzymes. The benzil-like analogues
(1-7) are all better inhibitors of hiCE as compared to hCE1,
and the pseudoreceptor models suggest this is due to interactions
distributed throughout the active site. In contrast, the planar
aromatic analogues (8-17) are better inhibitors of hCE1, and
this is due to the relative hydrophobic interior of the active site
(Figure 5). Interestingly, although independently generated, this
is qualitatively the identical result seen with fluorobenzoin

inhibitors of CE, where the hCE1 QSAR model was character-
ized by a more hydrophobic interior.13 The combined results
of this study and Hicks et al.13 suggest that a major reason for
the variation in inhibitor activity between hiCE and hCE1 is
the presence or absence, respectively, of polar interactions
between the inhibitor and the enzyme active site.

Overall, our studies have identified important molecular
parameters that can be used for the design of novel CE
inhibitors. For all CEs, the inhibitor must contain a 1,2-dione
moiety, hydrophobic domains flanking this chemotype (e.g.,
phenyl or cyclohexyl groups), and a relatively small molecular
volume. Specificity for hiCE can be achieved by allowing the
dione to rotate freely, whereas specificity for hCE1 can be
accomplished by constraining the 1,2-dione in acis-coplanar
configuration. These properties were the basis for development
of thieno [3,2-e][1]benzothiophene-4,5-dione (19), which dem-
onstrates both potent and preferential inhibition of hCE1. These
1,2-diones will be useful tools in understanding enzyme reaction
mechanisms and may be suitable as lead compounds for the
design of clinically effective CE inhibitors.
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