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Carboxylesterases (CE) are ubiquitous enzymes thought to be responsible for the metabolism and
detoxification of xenobiotics. Numerous clinically used drugs including Demerol, lidocaine, capecitabine,
and CPT-11 are hydrolyzed by these enzymes. Hence, the identification and application of selective CE
inhibitors may prove useful in modulating the metabolism of esterified drugs in vivo. Having recently
identified benzil (diphenylethane-1,2-dione) as a potent selective inhibitor of CEs, we sought to evaluate
the inhibitory activity of related 1,2-diones toward these enzymes. Biochemical assays and kinetic studies
demonstrated that isatins (indole-2,3-diones), containing hydrophobic groups attached at a variety of positions
within these molecules, could act as potent, specific CE inhibitors. Interestingly, the inhibitory potency of
the isatin compounds was related to their hydrophobicity, such that compounds with clogP vafie25f

were ineffective at enzyme inhibition. Conversely, analogs demonstrating clogP vduesitinely yielded

Ki values in the nM range. Furthermore, excellent 3D QSAR correlates were obtained for two human CEs,
hCE1 and hiCE. While the isatin analogues were generally less effective at CE inhibition than the benzils,
the former may represent valid lead compounds for the development of inhibitors for use in modulating
drug metabolism in vivo.

Introduction ketones (Figure 1) have been proposed as selective CE inhibi-
tors, these compounds are hygroscopic, hydrolyzed by water
to yield inactive components, and inhibit ACRE.While
potentially useful in in vitro biochemical studies, it is unlikely
that these agents would be employed in preclinical or clinical
applications. Several organophosphate-based compounds that
have been described as irreversible, selective inhibitors of CEs
have been developed (Bomin-1, -2, and -3; Figure 1); however,
these agents also inhibit butyrylcholinesterase (BChE), and there

Carboxylesterases (GEhave been postulated as general
detoxification enzymés responsible for the hydrolysis of
carboxyl esters to the corresponding alcohol and carboxylic acid.
In mammals, they tend to be expressed in tissues likely to be
exposed to xenobiotics, including the liver, lung, small intestine,
kidney, and so on. CEs also hydrolyze numerous clinically
useful drugs such as Demerol and lidocaine, the anticancer
agents capecitabine and CPT-11 (irinotecan, 7-ethyl-10-{4-(1- , " 0 iched reports of these inhibitors being used in
piperidino)-1-piperidino]carbonyloxycamptothecin), as well as biological svstems
the narcotics cocaine and herdirf. Because these enzymes 9 .y o ) ) ) o
significantly influence drug biodistribution and half-life, we Our previous studies to identify selective CE inhibitors, based
recently screened for compounds that might inhibit CEs, with UPon Telik's target-related affinity profiling technolody?
the goal of developing these inhibitors for use in vivo. If identified benzil (diphenylethane-1,2-dione; Figure 1) as a
successful, these inhibitors might be efficacious in prolonging Prototypic member of a class of diones that could inhibit these
the bioactivity of agents that are inactivated by CEs or, enzymes? In addition, heterocyclic ana_logu_es _of benzil have
conversely, may reduce the toxicity of compounds that are also _been demonstrated to be effec'tlve_ _|nh|b|tors of these
activated by these enzymes. proteins!! None of these dione-based inhibitors demons?rated

Until recently, the identification of stable, potent, selective any effect on human AChE or BChE. Furthe_rmore, benzn_gnd
inhibitors of CEs had remained elusive. This was due, in part, its analogues are stable under normal physiological conditions
to the considerable homology among CEs and other esterasesa,md are _nontoxg:. o o
including acetylcholinesterase (AChE). While trifluoromethyl ~ Both biochemical and QSAR (quantitative structueetivity

relationship) analyses of the benzil-based compounds indicated

* To whom correspondence should be addressed. Dr. Philip M. Potter, that the presence of aromatic mOIthes aQJ._a_cent to the. .dlone
Department of Molecular Pharmacology, St. Jude Children’s Research Structure improved the potency of CE inhibition. In addition,
Hospital, 332 N. Lauderdale, Memphis, TN 38105-2794. Tel.: 901-495- we determined that both substrate hydrolysis and CE inhibition

34‘T‘%tF?a‘ae9gﬁ}%2r;#§%8és;n:§g'3H22:C"-i?§fter@5tj“de-°r9- by different agents was dependent upon the size of the target
: - 10,12 identi one-
* University of Mississippi. moleculel®*2Therefore, we attempted to identify small dione

a Abbreviations: AChE, acetylcholinesterase; BChE, butyrylcholinest- containing compounds that might inhibit a wide spectrum of
grgse; bgnzﬂ,ldlr?henylethi%meF;1.2-?lo?et; ENIPP',Dbus(l4-n|tgngue£1i/I) _phostphate;CEs. We reasoned that incorporating the dione chemotype within

, carboxylesterase; clogP, calculated logP value; -11, irinotecan, " ; Chil
7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbonyloxycamptothecin; DMSO, fused a,romatlc ”ngs may reduge the size of the inhibitor and
dimethy! sulfoxide; hCE1, human carboxylesterase 1; hiCE, human intestinal Would likely retain the aromatic character of the molecule
carboxylesterass; fractional inhibition; isatin, H-indole-2,3-dioneK;, necessary for CE inhibition. Therefore, we hypothesized that

inhibition constant; MAO, monoamine oxidase; o-NPA, o-nitrophenyl iheir inhibitory activity toward a panel of CEs would be
acetate;g?, cross correlation coefficients; QSAR, quantitative structure y Y P

activity relationship; rCE, rabbit liver carboxylesterase; Spearman r, |mproved. Consequently, we searched databasesl of Comme'fc'a”y
Spearman rank correlation coefficient. available compounds for molecules that contained the dione
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CFy o 0 0 performed using GraphPad Prism software and Perl Data Language.
R/\“/ O\P// R Q l " g :
@[ )\o/ O . The curves generating the highe3tvalues were analyzed using
o

(o} (¢}

o H Akaike’s information criterig>22 to identify the best model for
enzyme inhibitionK; values were then calculated from the equation
Trifluoroketone  Bomin - 1 R = C,Hs Benzil Isatin predicted by Prism to be the best fit for the experimental data.
R = alkyl -2R=CH, Irreversible Enzyme Inhibition Assays. Irreversible inhibition

of CEs was determined by preincubating the enzyme on ice with 1
uM inhibitor in 50 mM Hepes pH 7.4 for 1 h. Because this
Figure 1. Chemical structures of CE inhibitors. concentration of inhibitor resulted in marked inhibition of the
proteins after incubation, the sample was diluted extensively with
moiety present within their aromatic rings. This identified isatin buffer such that the final concentration of the isatin was 2 nM.
(1H-indole-2,3-dione) as a potential target molecule. Our studies The CE activity remaining in these diluted samples were then
indicate that while isatin is a relatively poor inhibitor of CEs, assessed using the spectrophotometric assay and 3 mM 0-NPA as

substitutions that increased the hydrophobicity of the molecule a substrate, as described above. All assays included both positive

_ feafin B et ) et (50 uM BNPP for hiCE and rCE, 1 mM BNPP for hCE1) and
i(r?'gat]érﬁhig)llgig\tllgy gEb rizrr?iglifgr“sn’and 1-dodecylisatin) resulted negative (DMSO) controls. The former compound irreversibly

inhibits CEs by reaction with the serine/@tom to yield a stable
organophosphate ester. Data were expressed as the percent of
enzyme activity remaining as compared to DMSO-treated enzyme.

Chemicals and EnzymesThe structures of the compounds used LogP Calculation. LogP values were calculated using Chem-
in this study are indicated in Table 1. All reagents were of the Silico Predict v2.0 software (ChemSilico LLC, Tewksbury, MA).
highest available grade and were purchased from one of the Graphical and Statistical Analysis. Data were plotted and
following suppliers: Alfa Aesar (Ward Hill, MA); Fisher Scientific ~ analyzed using GraphPad Prism software (San Diego, CA). Statisti-
(Pittsburgh, PA); Florida Center for Heterocyclic Compounds cal analyses were performed with the same software to determine
(Gainesville, Fl); Oakwood (West Columbia, SC); Pfaltz and Bauer the Spearman rank correlation coefficient (Spearman r) for the
(Waterbury, CT); SciChem (Bilston, England); Sigma Aldrich (St. different datasets.

Louis, MO); and TOCRIS (Ellisville, MO). 3D-QSAR Modeling of Inhibitors of Carboxylesterase.As-

The mammalian CEs were purified from media harvested from sessment of 3D (three-dimensional)-QSAR was performed using
baculovirus-infecte@podoptera frugiperdaf21 cells. The human Quasar 5.0 softwar®: 26 Briefly, the structure for each analogue
liver CE;'® hCE1, and a rabbit liver CE, rCE,were purified as was constructed using Chem3D and partial atomic charges were
previously describé@and were essentially homogeneous. A human assigned using the bond charge correction methadBER atom
intestinal CE (hiCE9) was prepared in a similar manner, and types were then assigned using thaetechambermodule of
although not homogeneous, it represented greater than 50% of theAMBER7 (University of California, San Francisco, CA). Quasar
total protein present within the sample. No other CEs were present5.0 generates a 3D-receptor-surface model that contains information

-3R=CH,

Materials and Methods

within these preparations. regarding the molecular properties of both the ligand and the
Enzyme Inhibition Assays. CarboxylesterasesCE inhibition receptor site. Routinely, 200 independent models are generated for

was determined using a spectrophotometric multiwell plate assay each data set and these are then further evaluated to yield 7000

with 3 mM o-nitrophenyl acetate (0-NPA) as a substtéiéBriefly, pseudoreceptor site models. Analysis of these models was then

test compound (10@M) and substrate were aliquoted into wells undertaken until the cross correlation coefficientd) Exceeded
and enzyme was added using a multiwell pipettor. The rate of 0.7 for the observed versus the predickgdialues. Typically this
change in absorbance at 420 nm was measured at 15 s intervalproduced correlation coefficients?) of >0.8.
for 5 min and compared to wells containing no inhibitor. Com- Molecular Modeling of Inhibitors in the Carboxylesterase
pounds that demonstrated 50% reduction in CE activity were Crystal Structure. Isatin analogues were docked into the active
subsequently evaluated in detail. Typically, inhibitor concentrations site of the hCE1 crystal structure (1MX&)sing ICM-Pro software
ranged from 1 pM to 10M, and at least eight concentrations (Molsoft, San Diego CA). ICM-Pro scores the binding of a ligand
within this ranged were assayed. Routinely, assays were performedo a receptor based upon the comparison of a series of small
in duplicate and included both positive (& bis(4-nitrophenyl) molecule/protein interactions that have been reported in the PDB
phosphate (BNPP)) and negative controls (DMSO, no enzyme). database. A rigid receptor/flexible ligand approach is adopted that
Acetylcholinesteraselnhibition of AChE was determined using  uses five potential energy maps combining hydrophobicity, elec-
acetylthiocholine as a substrate in a modified 96-well plate trostatics, hydrogen bond formation, and two van der Waals
assayt81° Compounds were assayed at 10d, and the DMSO parameters. Recent studies indicate that docking experiments using

concentration did not exceed 2%. ICM-Pro compare favorably with FlexX, GOLD, and GLIDE.
Butyrylcholinesterase.Inhibition of BChE was determined using For these analyses, inhibitor structures were constructed in

butyrylthiocholine as a substrate in a similar manner to that ChemDraw and subjected to energy minimization using ICM-Pro.

described for AChE. The receptor site, consisting of the residues that encompassed the

Determination of K; Values.K; (inhibition constant) values were  enzyme active site gorge, was then selected as a pocket into which
determined using a range of concentrations of inhibitors using the the minimized ligand could be docked. In all cases, the program’s
conditions described above. Inhibitor concentrations varied betweendefault parameters were us&¢! All modeling was performed on
1 pM to 100uM, and data were fitted to the following equation to  a Dell Precision 470 dual 2 GHz processor computer.
determine the mode of enzyme inhibitf8n

Results
[I{[sI(1 — B) + Ko — B)} Identification of Isatins as CE Inhibitors. We recently
'= [N{[s] + aKZ + K{afs] + aKg identified benzil (Figure 1) as a selective inhibitor of CEs, and

this compound demonstrated no inhibition of AChE or BChE
10 is indi -1.2-
wherei = fractional inhibition, [] = inhibitor concentration,q up to 100uM.™ Further analysis indicated that the ethane-1,2

= substrate concentration,= change in affinity of substrate for @o_ne__chemotype was a requirement for efficient enzyme
enzyme, = change in the rate of enzyme substrate complex inhibition, and that the potency of analogges of b_en2|l was
decomposition Ks is the dissociation constant for the enzyme dependent upon the presence of hydrophobic domains adjacent
substrate complex, ari| is the inhibitor constant. Examination of ~ to this moiety. Additionally, the presence of aromatic ring
the curve fits, wheret ranged from 0 t@o andf from 0 to 1, were structures within the benzil-based compounds significantly
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Table 1. Structure of the Isatins Used in This Article
Ry o)
R J L ID Name Ry R, Rs R4 Rs
‘ o R = H unless otherwise indicated o
RY N 2-(2,3-Dioxo-2,3-dihydro- §(NH
1 27 1H-indol-1-yl)-N-(3-
Rs 1 methylphenyl) acetamide HgC\Q
ID Name Ry Re Rs Rs Rs _
1 1H-Indole-2,3-dione 28 4-Ethyl- 1d H—lndole-2,3- CoHs
1-Methyl-1H-indole-2,3- ione
2 yldione CHs 29 | 4-Chloro-1H-indole-2,3- o
1-Hydroxymethyl-1H- dloqe
3 indole-2,3-dione CH,OH 30 5-MethyI-J'H-|ndoIe—2.3- CH,
1-Chloro-1H-indole-2,3- ione
4 dione cl 3 5—Methoxy&j H-indole-2,3- CHO
1-(2-Bromoethyl)-1H- ione
5 (indole-2,3-di¥)lz1e C2HBr 22 5-FIuoro-1H-indoIe-2,3- F
6 1-(2-lodoethyl)-1H-indole- CoHal dione
2,3-dione 2T 33 5—Ch|oro-;_H-|ndole-2,3- c
1-Acetyl-1H-indole-2,3- ione
7 v dione COCH, 3 5-Bromo-1H-indole-2,3- Br
1-(Chloroacetyl)- 1H- dione
8 {ndoes sdone COCHCI 35| SlodotHindoe 23 |
1-Propionyl-1H-indole-2,3- ione
° P )::Iione COC.Hs 36 | 5(Trifluoromethoxy)-1H- CFO
1-Butyryl-1H-indole-2,3- indole-2,3-dione 3
1 dione COCsH, a7 | SNiro-H-ndole-2,3- o,
dione
(2,3-Dioxo-2,3-dihydro- 5-Bromo-1-(2- "
1" : RAH CH,COOH romo-1-(2-methylprop
1H-indol-1-yl) acetic acid i 38 | 2-en-1-yl)-1H-indole-2,3- | CHy(C=CHy)CHs Br
dione
2-(2,3-Dioxo-2,3-dihydro- B-Ethyl-1H-indole-2.3-
12 | 4Hindol-1-yl) acetamide |  CHeCONH 39 I opsiole2, CaHs
1-Phenyl-1H-indole-2,3- 6-Chloro-1H-indole-2,3-
13 wdione @ 40 dione a
. 7-Methyl-1H-indole-2,3-
14 1-Benzy|-c}ig;]|2dole-2.3- @_CHZ M dione CHs
7-Fluoro-1H-indole-2,3-
e 42 dione F
1-(4-Chlorobenzyl)-1H- 43 7-Ch|oro-1‘H-indole—2,3- a
15 indole-2,3-dione dione
cl 7-Methoxy-1H-indole-2,3-
CH, 44 dione CHz;0
1-(3,4-Dichlorobenzyl)-1H- N
16 indole-2,3-dione o 45 | TTiMuorometiyi- 4. oFy
d '
NH-CH; 1H-Indole-2,3-dione -7-
Methyl k([é“'. amino! 46 carboxylic acid COOH
17 methyll!)ﬂ Ij»izc;olelZ :1
; = 4,7-Methyl-1H-indole-2,3-
dione HiC 47 dione CHs CHs
HyC NH-CH, x TR —a
. t;-f[(ﬁ""j; ol 48 5,7 MethyL;)Hnelndole 2,3 CHy CH,
rimethylphenyl)amino) _ _
18 | ethyl)-1H-indole-2,3- 49 | 4-5-Dichioro-1H-indole- cl l
dione 2,3-dione
HyC CHy 50 4,6-Dichloro-1H-indole- cl a
NH-CH, 2,3-dione
1-{[(4-Ethylphenyl)amino] 51 | 47-Dichloro-1H-indole- a o
19 methyl}-1H-indole-2,3- 2,3-dione
dione
HsCp 5,6-Dichloro-1H-indole-
NH-CH, 52 2,3-dione c cl
1-{[(4-tert-
Butylphenyl)amino] 53 | 5.7-Dichloro-1H-indole- a ol
20 methyl}-1H-indole-2,3- 2,3-dione
dione (HaOC
o 54 | 6/7-Dichloro-1H-indole- ol al
NR-CHy 2,3-dione
- - 4-Chloro-7-methyl-1H-
. (3.4, . H4CO- 55 indole-2,3-dione cl CHy
21 Trimethoxyphenyl)amino] S Chioro et TE
methyl}-1H-indole-2,3- 56 ol 3-dio¥1e cl CHs
dione Reoo ook 57 | 6-Chioro-7-methyl-TF- a | on
NH-CH, indole-2,3-dione 3
e 6-Bromo-5-methyl-1H-
e 58 indole-2,3-dione CH; | Br
22 | Naphthyl)aminojmethyl)- 1~(Thiomorpholin-4- N/C”Z
1H-indole-2,3-dione 59 yImethyI)—JlH-lndoIe-z,a- Q
ione
oH 1-(Piperidin-1-ylmethyl) ACHz
NH- E -1- - N
14 : 60 | " 1.indole-2,3-dione Q
23 Chlorophenyl)amino] -
methyl}-1F-indole-2,3- 61| 1-(Morpholin-4-ymethy)- N
dione d 1H-indole-2,3-dione o\)
1{[(2- Bl NH-CH, 1-Dodecyl-1H-indole-2,3-
2 Bromophenyl)amino] 62 y'dione CraHzs
methyl}-1H-indole-2,3- 63 1-Hexadecyl-1H-indole- CueH.
dione 2,3-dione 16713
i NH-CH, 5
25 Bromophenyl)amino] 64 1.1‘-I§thane-1 ,Z-Qiylbis(1H | °
methyl}-1H-indole-2,3- indole-2,3-dione) N
dione L
Br 24 -
CH, 3
o§(
2-(2,3-Dioxo-2,3-dihydro- N 1-(4-{4[(2,3-Dioxo-2,3- O
26 1H-indol-1-yl)-N-(4- 65 dihydro-1H-indol-1-yl)
hydroxyphenyl) acetamide methyllbenzylibenzyl}-1H- | O
veroxypheny indole-2,3-dione .
s
HO
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Table 2. K; Values for the Isatins with Mammalian Esterases
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Ki £ SE (u«M) for indicated enzyme

ID hiCE hCE1l rCE AChE BChE clogP
1 >100 >100 >100 >100 >100 0.87
2 38.2+4.0 5.38+ 0.41 >100 >100 >100 0.65
3 345+ 1.0 >100 >100 >100 >100 0.53
4 29.2+10.3 22.8+£4.1 4.83+ 0.5 >100 >100 1.30
5 1.58+ 0.05 0.294+ 0.03 5.15+ 0.33 >100 28.1+-6.4 1.64
6 0.74+0.10 0.13+0.01 2.15+0.33 >100 >100 1.97
7 >100 36.0+£ 5.3 >100 >100 >100 0.41
8 >100 >100 >100 >100 >100 0.69
9 >100 17.5£1.5 >100 >100 >100 1.04

10 68.2+ 16.6 7.69£ 0.93 27.4+13.8 >100 >100 1.69

11 >100 >100 >100 >100 >100 —0.02

12 >100 >100 >100 >100 >100 —1.39

13 0.95+0.12 0.023+ 0.002 0.61+ 0.10 >100 68.8+ 14.4 1.66

14 0.87+ 0.05 1.70+ 0.36 19.0+ 5.7 >100 >100 1.89

15 0.032+ 0.003 0.025t+ 0.003 0.75+0.13 >100 21.9+-6.9 2.68

16 0.0674+ 0.005 0.03H1:-0.001 0.065£ 0.003 48.2+17.8 126+ 1.8 3.23

17 1.08+ 0.09 2.65+ 0.27 7.40+ 2.45 >100 18.1+ 0.5 2.76

18 2.88+ 0.04 1.62+0.10 8.29+ 0.22 >100 2.39£ 0.27 3.98

19 0.41+4+ 0.06 1.88+0.17 4.044+0.32 >100 12.3+ 0.3 4.06

20 0.61+ 0.07 1.42+0.24 16.7£ 3.4 >100 18.9+ 8.2 4.56

21 2.69+0.15 19.5+5.0 >100 >100 >100 3.01

22 0.114+0.03 >100 >100 >100 >100 2.59

23 0.20+0.01 0.614+ 0.08 1.124+0.42 >100 >100 3.62

24 0.047+ 0.002 36.0£ 5.3 1.15+0.23 >100 7.40£2.1 2.99

25 0.17+£0.01 0.58+ 0.13 1.25+0.14 >100 >100 2.95

26 >100 >100 >100 >100 >100 0.98

27 5.514+0.37 4.35+ 0.32 4.90+ 0.85 >100 21.0+£5.2 1.93

28 37.9+9.7 >100 34.9+ 3.9 >100 >100 1.25

29 7.77£0.71 8.254+0.88 3.29+0.15 >100 >100 1.34

30 >100 >100 26.2+ 3.5 >100 >100 1.23

31 >100 >100 26.7£ 3.5 >100 >100 1.17

32 >100 >100 >100 >100 >100 0.83

33 149+ 4.0 1.22+0.62 437+ 2.64 >100 >100 1.57

34 13.3£23 31.7£ 6.6 1.32+0.45 >100 >100 1.60

35 22.8+3.6 26.9+-8.4 1.16+ 0.09 >100 >100 1.95

36 7.94+1.54 16.5+ 10.0 0.36+0.12 >100 >100 1.56

37 >100 >100 6.43+ 0.15 >100 >100 0.75

38 0.28+ 0.02 0.066+ 0.003 0.13+0.01 >100 >100 1.89

39 >100 >100 29.5£ 6.0 >100 >100 1.84

40 29.7+ 121 53.9+ 7.7 14.6+ 0.9 >100 >100 157

41 >100 >100 >100 >100 >100 0.74

42 >100 >100 >100 >100 >100 0.78

43 9.55+4.71 11.4+ 0.6 451+ 0.19 >100 30.6+ 12.2 1.38

44 >100 >100 16.1+9.4 >100 >100 0.84

45 33.4£6.0 13.1+1.2 2.15+0.33 >100 >100 1.30

46 >100 >100 >100 >100 >100 1.07

a7 30.8+8.2 >100 >100 >100 >100 0.61

48 84.6+ 19.8 >100 30.5+ 1.8 >100 >100 112

49 2.56+0.18 3.02+ 0.25 0.41+ 0.02 >100 >100 1.90

50 0.624+ 0.03 0.89+ 0.06 0.53+0.01 >100 >100 2.02

51 0.65+ 0.05 0.59+ 0.05 0.414+ 0.04 >100 >100 1.85

52 16.6+ 2.8 21.0+£2.0 0.494+0.03 >100 >100 2.18

53 4.08+0.37 3.52+0.33 0.764+ 0.03 >100 >100 2.06

54 21.8+2.6 9.40+ 0.7 1.42+0.11 >100 >100 1.94

55 17.2+1.6 5.53+0.23 16.7£ 4.1 >100 >100 1.33

56 21.8+2.0 34.14+ 10.7 141+ 2.1 >100 >100 1.67

57 53.54+20.6 556.3+19.1 12.1+ 3.3 >100 >100 1.30

58 7.414+0.88 16.5£ 2.0 0.42+ 0.07 >100 56.5+ 17.8 1.83

59 22.2+8.1 >100 >100 >100 98.9+ 3.8 0.75

60 27.4+11.3 >100 >100 >100 >100 1.24

61 2254+ 43 >100 >100 >100 >100 0.25

62 0.008+ 0.001 0.01Qt 0.002 0.088t 0.006 >100 >100 6.27

63 0.011+ 0.001 0.016+ 0.001 >100 >100 >100 6.58

64 1.54+0.08 1.56+ 0.31 10.5+1.2 >100 6.71+1.78 1.40

65 0.010+ 0.002 0.008t 0.002 0.006+ 0.002 3.28+ 0.73 >100 511

increase the potency of CE inhibitiéh!! Based upon this Ki Values for Isatin Analogues with Mammalian CEs.We
information, we searched for molecules that contained a dioneidentified 65 commercially available isatin analogues, which
group located proximal to an aromatic ring. These criteria included 33 withN-substitutions, 2 with substituents at the
identified isatin (Figure 1) as a potential target molecule. 4-position, 8 at the 5-position, 2 at the 6-position, and 6 at the
Because numerous analogues of isatin were available, we7-position. Thirteen analogues contained different chemical
assessed the ability of these compounds to inhibit metabolismgroups at multiple positions within the benzene ring. The
of the general esterase substrate 0-NPA by CEs. structures of these compounds are indicated in Table 1. We then
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Table 3. Control Compounds Assessed for CE Inhibifion

ID Name Structure
66 1H-Indole N\
H
67 1H-Indene O‘
68 Indoline ©iN>
H
69 Indane ()v\>
o)
70 1H-Indene-1,3(2H)-
dione
o]
)
1H-isoindole-
71 1,3(2H)-dione NH
o
[o)
2-Phenyl-1H-
72 isoindole-1,3(2H)- N@
dione
o
7—NH2
7 (32)-1H-Indole-2,3-
dione 3-hydrazone o
¥
l/\l—OH
74 (32)-1H-Indole-2,3-
dione 3-oxime o
N
H

aNone of these isatin analogues demonstrated any enzyme inhibition at

concentrations up to 100M.

Hyatt et al.

Table 4. Correlation Parameters for the ClogP Values of the Inhibitors
with the Observe; Values for the Mammalian CEs

enzyme

parameter hiCE hCE1l rCE
r2(linear regression) 0.635 0.388 0.211
Spearmanr —0.809 —0.518 —0.465
P value for Spearman <0.0001 0.0004 0.0011

was inhibited by these isatin analogues (Table 2). Fourteen
compounds demonstrated inhibition of human BChE; however,
the majority of these were relatively weak inhibitors, with
values typically in the 2660 uM range. In contrast, several
molecules were relatively potent at inhibiting this enzyme. For
example 24 and64 hadk; values of less than 1M (7.40uM

and 6.71uM, respectively). However, because the exact function
and endogenous substrate of BChE is unclear and individuals
who demonstrate reduced levels or complete loss of this protein
are apparently healthd,34 it is unlikely that the clinical use

of these inhibitors would yield effects related to inhibition of
this protein.

Correlation between K; Values and logP.In general, for
the isatin analogues, there was a correlation between the
calculated logP and the; values for the inhibition of CEs. For
example, compounds with predicted logP values of less than
1.25 (compounds, 3, 7-9, 11, 12, 25, 2931, 36, 40, 41, 43,
45—47, and58—60) were poor inhibitors of 0-NPA hydrolysis.
Interestingly, regression analysis of the clogP versuskhe
constants for the different enzymes did yield moderate linear
correlation coefficientsrg ranging from 0.211 to 0.635; Table
4; Figure 2).

However, because any correlation betweerkiend the logP
values was unlikely to be linear, we performed nonparametric
statistical analysis. The Spearman r values, comparing the
observed; values with the calculated logP of the inhibitors,
were therefore calculated. These analyses yielded Spearman r

determined thé; values for these compounds with two human values of—0.809,—0.518, and—0.465, for hiCE, hCE1, and
CEs, hiCE and hCE1, and rCE, using o-NPA as a substrate.rCE, respectively (Table 4). Because a Spearman r valtel of

The K; values for the inhibition of the mammalian CEs are

displayed in Table 2.

A wide variation in theK; values were observed with the
isatin analogues ranging from100xM (no enzyme inhibition)
to as low as 6 nM (compoun®5 with rCE). Generally,

indicates a perfect negative correlation and O indicates no
correlation, these analyses suggest that there is a strong
association between these two parameters. Phealues
associated with the statistical analyses of these data sets ranged
from <0.0001 to 0.0011 (Table 4), indicating that tkevalues

compounds that inhibited one CE also inhibited the other two were highly correlated with the clogP of the inhibitor.
enzymes, however, there were exceptions. For example, the Assessment of the Mode of Carboxylesterase Inhibition

N-naphthylamino derivative2@) was a potent inhibitor of hiCE

by the Isatin Analogues.To determine whether the inhibition

(Ki = 110 nM), but demonstrated no activity against hCE1 or of CEs was reversible, we preincubated selected inhibitors

rCE. Similarly, compound7 was a relatively good inhibitor
of rCE (K; = 6.43uM), but demonstrated no activity toward

(compoundsl3, 16, 23, and 38) with the enzymes on ice for
1 h and then assessed enzyme activity. As indicated in Figure

the two human proteins. However, it should be noted that for 3, after dilution of the inhibitor from the reactions, all of the
the vast majority of the isatin analogues, inhibition demonstrated enzymes retained hydrolytic activity. Irreversible inhibition of
by most of the compounds was common among the three all of the CEs was only seen with the control organophosphate

mammalian CEs.

BNPP. Because none of the isatin analogues analyzed irrevers-

Analysis of CE inhibition was also undertaken using a series ibly inhibit the enzymes, it is likely that the compounds interact
of analogues demonstrating structural homology to isatin (Table with the catalytic amino acids in a fashion similar to beAZil.

3). None of these compounds inhibited the mammalian CEs at
concentrations up to 100M (data not shown). Because these

3D-QSAR Pseudoreceptor Models of Isatin-Mediated
Inhibition of CEs. Using Quasar software, 3D pseudoreceptor

analogues lack the 1,2-dione moiety, these studies suggest thamodels were generated from the inhibition datasets for the isatin

this function is essential for CE inhibition.

Inhibition of Human Acetyl- and Butyrylcholinesterase.

analogues and enzyme-ligand binding sites. These models for
the human CEs googf values with values of 0.767 and 0.729

To assess the specificity of CE enzyme inhibition, we assayedfor hiCE and hCE1, respectively (Table 5). In additia®,
the ability of these compounds to inhibit human AChE or BChE. correlates for the observed versus predickedvalues were
As indicated in Table 2, inhibition of AChE was only observed >0.79, demonstrating the validity of the 3D-QSAR analyses

with two compounds16 and 65, with K; values of 48.2uM

(Figure 4). We derived pseudoreceptor site models for hiCE and

and 3.28uM, respectively. More commonly, however, BChE hCE1 from these analyses, and these are depicted in Figure 5.
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Figure 2. Graphs demonstrating the correlation betweenKh&alues for enzyme inhibition and the calculated logP constants for the isatin
analogues for three mammalian CEs. Th&alues for the line fits were 0.64, 0.39, and 0.21 for hiCE, hCE1, and rCE, respectively.

As can be seen, a distribution of anionic (red) and cationic A) observed between the corresponding atoms following dock-
(blue) regions within the pseudoreceptor site were required for ing of the CE substrate o-NPA into the hCEL active site.
the accurate fitting of the data set to the 3D models. This is Because nucleophilic attack by the sering &om toward the
consistent with previous models that we have generated by thiscarbonyl carbon in the ester group is the initial step in substrate
method for benzene sulfonamiéfepenzill® and trifluoroke- hydrolysis38 it is likely that a similar mechanism may occur
tone® inhibitors of CEs. The isatin analogug is positioned with isatin-mediated inhibition of CEs (Figure 7).
within the model in an orientation similar to that of benzil in However, it should be noted that compouidmd32 adopted
previous studies. While it is impossible to assign an orientation a similar conformation within the active site gorge of hCEL.
to a QSAR model, mapping of the charge distribution of the As can be seen in Figure 6 (panels A and C), isatinand
model to the corresponding amino acid types in the CE crystal 5-fluoroisatin 82) could be overlaid in an almost identical
structurd® suggests that the orientation shown in Figure 5 is position (Figure 6E), with both indole carbonyl carbon atoms
such that the bottom of the figure represents the region of active approximately 3.6 A from the serineyCatom. In contrast, the
site containing the catalytic amino residues. The relatively compounds that effectively inhibited hCEl4(and38) localized
uncharged region toward the top likely represents the active in a different conformation t& and32, with at least one of the
site gorge, which is lined with hydrophobic residues in these carbonyl carbon atoms within 3.5 A of the oxygen nucleophile.
enzymes. This model indicates that the indole ring system of Whether these differences account for enzyme inhibition is
14 interacts with a highly polarized environment in the gorge, unclear, but these studies clearly demonstrate that the isatin
whereas the upper ring (the benzyl moietyl#) is located in analogues can juxtapose to the catalytic amino acids in hCE1,
a more hydrophobic region of the protein, as indicated by the at distances where interactions with active site serine are likely
absence of charged spheres in Figure 5. This is particularly to occur.
apparent for the 3D-pseudoreceptor site model of hiCE. ) _

However, for rCE, both the? value for the observed versus ~ Discussion
predictedK; values and the? were poor (0.297 and 0.309, Until recently, the identification of selective CE inhibitors
respectively). Because the latter value is below that required has proven problematic. This is, in part, due to the fact that
for acceptable inhibitor design (0.8t is unlikely that the rCE these enzymes demonstrate considerable amino acid and struc-
QSAR model would be suitable for further improvement in the tural homology to AChE. Hence, compounds that are marketed
potency of the isatin analogues. We believe that the poor as general esterase inhibitors (e.g., BNPP) inhibit many different
correlations observed with rCE are due to the relatively small enzymes, including CEs, AChE, and BChE. Recently, we
range ofK; values over the 16—10"" M inhibitor concentra- identified benzil as a selective CE inhibitdand demonstrated
tions. We did not generate a 3D-QSAR pseudoreceptor sitethat the 1,2-dione domain was crucial for enzyme inhibition.
model for rCE, because the validity of such a model, in light Subsequently, we observed that the aromaticity of the ring
of ther? andg? values, was unclear. domains was an important factor in the biological activity of

Molecular Modeling of Isatin Inhibitors. The pseudorecep- these compounds$. Therefore, using this information, we
tor site models are generated in the absence of information fromsearched the chemical databases for molecules that contained a
the protein and represent the field in which the inhibitor interacts 1,2-dione moiety within an aromatic ring structure. This
with the amino acid residues. In an attempt to directly determine identified isatin as a potential CE inhibitor. However, biochemi-
how the isatins associate with the catalytic amino acids in the cal studies using this compound demonstrated no inhibition of
CEs, we performed molecular modeling using ICM-Pro soft- the mammalian CEs when using o-NPA as a substrate (Table
ware. Four analogues were chosen for analysis, compdlinds 2). In contrast, analogues containing hydrophobic substitutions,
14, 32, and38, because they represent analogs that demonstrateessentially at any position within the molecule (e.dy;
no inhibition (L and32) and good inhibition 14 and 38) with phenylisatin 13), 5-iodoisatin 85), 4,7-dichloroisatin§1)), were
the different CEs. After docking into the active site of hCE1 all potent inhibitors of CEs.

(using the coordinates of the X-ray crystal structure of this  As indicated by the control compounds that we assa§éd (
protein), the distances between catalytic serine and the inhibitor74), for a molecule to be an effective CE inhibitor it was
atoms were measured. While we observed no significant necessary to contain the dione moiety in the 1,2-configuration.
differences between compounds that could and could not inhibit Additionally, we observed that compounds that were more
the enzymes, all of the isatins localized such that at least onelipophilic were better inhibitors (Table 2), with good correlations
of the carbonyl carbon atoms was within 3.6 A of the serine between inhibitor potency and the clogP of the molecule (Figure
Oy atom (Figure 6). This was comparable to the distance (3.4 2 and Table 3). As the catalytic amino acid residues of CEs are
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Table 5. Correlation Coefficients for the Isatin CE QSAR Models

observed versus
predictedK; values

enzyme (r3) q? qir?

hiCE 0.810 0.767 1.05
hCE1l 0.794 0.729 1.09
rCE 0.297 0.309 0.96

First, a 1,2-dione chemotype is required preferably within, or
adjacent to, an aromatic moiety. Second, the logP of the inhibitor
must be greater than 1.25. By comparison, benzil has a clogP
of 3.02. Third, any substitution within the fused benzene ring
of the isatin must be small enough such that it does not impede
access of the inhibitor to the enzyme active site. For example,
the K values for the inhibition of hCE1 b4, 35, or 36 are
considerably lower than those seen for rCE with the same
compounds (Table 2). As we have previously demonstrated that
the entrance to the active site gorge in hCEL is considerably
smaller that that seen in rCR&ijt is likely that bulky Br, I, or
CRs0 groups present within these inhibitors reduce the ability
of these compounds to access the catalytic amino acids that are
located at the base of the active site gorge. For smaller
substitutions, the effect on tlig was negligible, as exemplified

by inhibitors 29 and 43 (4-chloro- and 7-chloroisatin, respec-
tively), which had very similaK; values for all of the CEs tested.

The 3D-QSAR models generated for hiCE and hCEL1 (Figure
5) provided some insights as to why the hydrophobicity of the
isatin analogues is an important factor in enzyme inhibition.
The models demonstrate hydrophobic zones in the center of an
otherwise highly polar region. Addition of a second aromatic
group, such as a phenyl or benzyl ring within the isatin molecule,
allows the inhibitor to interact with this hydrophobic area (note
the absence of spheres around the benzyl ring in Figure 5). Such
a zone would likely be formed by the side chains from one or
more hydrophobic amino acids in the catalytic regions of the
protein. Because the active site gorges of CEs are known to be
lined with many residues containing aromatic rings (e.g., Phe,
Tyr, His, Trp®), it is likely that this hydrophobic domain
represents an important factor in the interaction of the isatin
analogues with the catalytic amino acids.

Molecular modeling studies using selected isatin analogues
(1, 14, 32, and 38) and the crystal structure of hCE1 did not
identify any obvious reason for the lack of enzyme inhibition
by compoundd and32. However, in these studies, the inhibitor
was modeled within the active site gorge, and this approach
would, therefore, eliminate any interactions that would occur
with other domains of the protein. We have previously reported
that the loops that form the entrance to the active site of hCE1
are highly ordered as compared to R&E and that these
domains impact substrate metaboli§mHence, while the
modeling studies indicate that the inhibitors localize adjacent

selected isatin analogues. Enzyme activity was determined after 0 the active site serine and likely interact with this amino acid,
preincubation with the isatin analogues or BNPP for 1 h. The open these models cannot explain the inhibitory action of the isatins.
bars represent results obtained from samples that have not been diluted, The preincubation assays indicated that the inhibition of CEs

whereas the solid bars are data generated following a 500-fold dilution py the isatin analogues was reversible. In addition, because the
of the inhibitor (2 nM final concentration for the isatins).

molecular modeling studies demonstrated that the carbonyl

buried at the bottom of deep hydrophobic gorges in these carbon atoms within the indole ring could localize within 3.5

proteins!2:28:39.40jt is likely that this environment would be
favorable for the localization of more lipophilic compounds.

A of the catalytic nucleophile (the seriney@tom; Figure 6),
our results suggest that enzyme inhibition could be mediated

Hence, the binding affinity for more hydrophobic molecules by attack of either of these carbon atoms by the serine residue.
(i.e., those with higher logP values) would be expected to be Such a mechanism is depicted in Figure 7. Hence, following
greater. The results that we have observed with the isatin formation of the nucleophile by proton transfer through the
analogues are consistent with this hypothesis.
The studies presented here, therefore, demonstrate the propemttack the indole carbonyl group to generate the transient
ties necessary for CE inhibition by these types of compounds. intermediate. However, for the reaction to continue, either the

histidine to the glutamic acid, the serinez@tom would then
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Figure 4. Graphs comparing the observed versus the predKtedlues for the isatin analogues for hiCE and hCE1. Predicted data was obtained
from the 3D-QSAR models obtained using Quasar software. In each case, the model was built using the training set (black diamonds) and then
validated using the test set (red diamonds).

Figure 5. 3D-QSAR pseudoreceptor models obtained from the enzyme
inhibition data for hiCE (panel A) and hCE1 (panel B) with the isatin
analogues. The models are depicted as colored spheres on a hydrophob
gray grid. Hydrophobic areas are shown in gray, with dark blue spheres
representing areas of positive charged(le) and light blue spheres
corresponding to hydrogen bond donors. Orange spheres represe
hydrogen bond acceptors and areas that are negatively charQei)

are displayed as orange-red spheres. In all casesmresponds to the
charge of a proton. A representative isatin analogue (compbdnid
drawn in black. The figure was constructed using Rast&¥3Dd
Molscript 6

Figure 6. Molecular modeling of compounds(panel A),14 (panel
B), 32 (panel C), andB8 (panel D) into the active site of hCEL. The
three residues necessary for catalysis (S221, E354, and H468) are

. . . displayed, and the distances between the carbonyl carbon atoms and
C—C or the C-N bond in the five-membered ring must be the serine @ are indicated in Angstroms. By comparison, the

broken (Figure 7). This would then result in a covalent product corresponding distance for the docking of the CE substrate o-NPA into
bound to the serine residue that would likely irreversibly inhibit the hCEL1 active site is 3.4 A. Panel E represents an overlay of all four
enzyme activity. A much more plausible scenario, based upon of the isatin molecules using the colori_ng _schemg in the p(evious panels.
both the biochemical data and the molecular modeling studies, !N all molecules, oxygen atoms are indicated in red, nitrogen atoms
suggests that the formation of the initial intermediate is rapidly are depicted in blue, fluorine atoms are displayed in yellow, and bromine
. . . . . - . atoms are shown in orange.
reversible, readily liberating free enzyme and inhibitor (Figure
7, lower panel). This mechanism is comparable to that observedcontain large bulky hydrophobic substituents, mainly at the
for the inhibition of CEs by benz#® 1-position of the molecule (Tables 1 and 2). Furthermore, the
Because the indole moiety is present within a whole host of 1Csq values for the inhibition of either MAO A or MAO B by
clinically used drugs (e.g., indomethacin, indoramin), it is likely the isatin analogues were considerably higher (typicaty2Q
that the isatin inhibitors will be better tolerated in vivo than the uM) than that seen for CE-mediated enzyme inhibition. By
benzil derivatives. However, isatin and its analogues have alsocomparison, the most potent inhibitor that we have identified
been demonstrated to be monoamine oxidase (MAQO) inhibitors, is compound2 (1-dodecyl-H-indole-2,3-dione), which dem-
with the most potent compounds containing substitutions at the onstrates & value of 8 nM for hiCE. Due to the increase in
5-position within the indole ring!* Additionally, the moieties potency and the difference in the position of substitution within
appended at this position were small and demonstrated lowthe molecule, we believe it is unlikely that inhibition of MAO
hydrophobicity (e.g., OH, &1s, C4Hg). This is in contrast to would preclude the use of the isatins for CE inhibition in
the majority of the potent CE inhibitors described here that vivo.
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