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In a continuing effort to develop potent and selective modulators of P-glycoprotein (P-gp) activity overcoming
the chemoresistance acquired by tumor cells during cancer chemotherapy, we developed 3D quantitative
structure-activity relationship (3D QSAR) models using CoMFA and CoMSIA analyses. This study correlates
the P-glycoprotein inhibitory activities of 49 structurally related anthranilamide derivatives to several
physicochemical parameters representing steric, electrostatic, acceptor, donor, and hydrophobic fields. Both
CoMFA and CoMSIA models using three different alignment conformations gave good internal predictions,
and their cross-validated values are between 0.503 and 0.644. These most comprehensive CoMFA and
CoMSIA models are useful in understanding the structaivity relationships of anthranilamide derivatives

as well as aid in the design of novel derivatives with enhanced modulation of P-gp activity.

Introduction Consequently, numerous clinical trials using clinically relevant
A major limitation to the successful chemotherapeutic treat- P-glycoprotein modulator drugs such as verapafriittamoxi-

ment of cancer is the natural and the acquired resistance of tumofPnen:° progesteroné and cyclosporin A" have been tested

cells to cytotoxic drugs The overexpression of drug transport With limited success mainly because of their intrinsic toxicity
proteins such as multidrug-resistance-associated protein (MRP)" unfavorable pharmacokinetics of the accompanying anticancer

and P-glycoprotein (P-gp) is a major component involved in drugs. Inj.proved. results were obtained using modulato.rs that
multiple drug resistance mechanisms (MDRs a member of ~ are specifically directed toward P-gp. The newer agents includ-
the ATP-binding cassette (ABC) family of ATPase-dependent iNg_cyclosporin D analogués, anthranilamide derivatives
membrane transporters, P-gp is involved in multidrug resistance(tar|qU|dar)?3'24agndonecarboxamdg derivatives (elacriddr),
mechanisms and therefore is of utmost clinical import&reep and cyclopropyldibenzosuberane derivatives (zosuqdfdzaye
was first isolated by Ling and Juliano in 1976 and has been demonstrated improved P-gp selectivity and pharmacological
shown to efficiently “pump” substrates out of tumor cells Properties such as the duration of action. Tariquidar (Figure 1),
through an ATP-dependent mechanism in a unidirectional a selective anthranilamide MDR-1 modulator, is the most potent

fashion? In tumor cells overexpressing P-gp, this results in molecule known that can abrogate cell chemoresistance at
reduced intracellular drug concentrations, which decreases orconcentrations ranging from 25 to 80 riNilt is established
abrogates the cytotoxicity of a broad spectrum of antineoplastic that MDR modulators share common physicochemical properties
agents including 5,12-anthracyclinediones (e.g., doxorubicin), such as high lipophilicity and are positively charged at the
vinca alkaloids (e.g., vincristine), podophyllotoxins (e.g., eto- Physiological pH: There are cationic amphiphilic modulators
poside), and taxanes (e.g., paclitaxel). Numerous hypotheses o®f P-gp that usually possess an aromatic ring system and a basic
the mechanism of drug transportation by P-gp have been tertiary nitrogen positioned at a fixed distance from the aromatic
devised; however, they are still debated among expetts. system. Several qualitative structuf@ctivity relationships of
The inhibition of P-glycoprotein in clinical oncology is of MDR modulators revealed the importance of the aromatic
utmost importance in modern cancer chemotherapy. It is hopedsystem and the basic nitrog€d* atom in P-gp inhibitors.
that the use of Speciﬁc P_gp modulators would restore the Another Study of 232 phenothiazines indicated that a molecule
therapeutic activity of anticancer agents that are substrates ofdearing an amide carbonyl group and a tertiary amine are
that transporter because the MDR phenotype has been showrecessary to inhibit P-gi3.A separate study on 19 propafenone
to be reversed by a number of structurally heterogeneousderivatives confirmed the requirement for the carbonyl oxygen,
molecules, notably verapanifl,cyclosporin Al tacrolimus!? which interacts with the protein via a hydrogen bond to inhibit
quinidine!3 dinydropyridines (nicardipiné¥, and other drug¥16 P-gp3*
The first 3D-QSAR of MDR modulators was performed on
* To whom correspondence should be addressed. Address: Faculty of phenothiazines and related drifgsThis was followed by a

Pharmacy, Universiteaval, Pavilion Vandry, Quebec City, Qoec, G1K _ ; ;
7P4, Canada, Phone: (418) 656-2131, extension 7989, Fax: (418) 525-aNsch-type QSAR studies with propafenone analogtes,
4372. E-mail: plabriel6@hotmail.com. CoMFA studies of phenothiazines and related dd$g3oMFA
lH()_pitaI Saint-Franois d'Assise. studies of propafenone analog@ésand simple regression
; UniversiteLaval. models of propafenone analog#$? Those models confirmed
NeurAxon Inc. .
# University of Toronto. the importance of hydrogen bond acceptors and donors and the
Il University Health Network. basic nitrogen for P-gp modulatot%.40
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Computational Details

OMe
o 'C@owle Data Sets and Biological Activity. To ensure that there is

MeO | N D consistency in determining the biological activities, the training
MeO NH c sets and test sets for the QSAR analyses were taken from the
B O 5 same sample data set consisting of 178 compounds reported by
Xenova Group Ltd! The IGs values M) reflecting the
A accumulation of daunorubicin when co-incubated with various

compounds on AR 1.0 cells overexpressing P-glycoprotein were
considered in building the 3D-QSAR models. Forty-nine
compounds were selected for the training set, and 13 compounds
were selected for the test set. The latter molecules are different
3D-QSAR Studies on Anthranilamide Derivatives from those of the training_ set. The mqlecqles of the test set
represent 27% of the training set, which is a good ratio to
In this paper, we report the most comprehensive 3D-QSAR validate a molecular model. The strategy for the selection of
study on a series of 49 tariquidar derivatiVé$Ve compared the compounds to be included in the test set was a random
the traditional CoMFA method with the CoMSIA method using  selection of compounds that exhibited a large range of inhibitory
anthranilamide P-gp modulators. The latter has been proposedactivities. The structure and the ggvalues of the compounds
to give better interpretation of results compared to CoMFA chosen to be part of the training and the test set are listed in
method?*? It is only recently that we can find a comprehensive Table 1.
3D-QSAR study with anthranilamide derivatives developed by ~ Template Selection, Conformation, and Optimization.In
the Wiese and Pajeva grotfpThey used the pharmacophore the development of 3D-QSAR models, the choice of the
of Hoechst 33342 to build their model. Hoescht 33342 is known template conformation is important to provide the illustration
to bind at the H-site of P-gp, similar tb (XR9576). There is  of a reliable pharmacophore model. Unfortunately, there is no
strong evidence that Hoechst 33342 is a substrate to P-gphigh-resolution X-ray structure of P-gp complexes available for
spanning its transport and regulatory functions. Although both any structure-based drug design efforts. Moreover, anthranil-
Hoechst 33342 anil share a common binding site, the former amide derivatives that were used in this study have a flexible
is not a P-gp substrate while the latter causes a distinct effectmolecular structure; thus, the determination of the active or a
on P-gp and is able to inhibit the ATP hydrolysis and the P-pg single conformation is difficult to achieve in the absence of the
function?* The 3D-QSAR studies with anthranilamide deriva- complex structure. In that contedtyvas selected as a molecular
tives developed by the Wiese and Pajeva group have a fewtemplate. This compound was chosen mainly for its importance
common themes between the phenothiazine models and ouras a lead structure. In additiof,is one of the most potent
model. The general structural features of significant importance modulators of P-gp known. In our study, three different
for anti-MDR activity that are similar for both models are an conformations oflL were selected to assess their effect on the
aromatic ring system substituted by a electroattractor group like determination of a valid 3D-QSAR model. Initial structures were
methoxyl, trifloromethyl, or chlorine, a tertiary nitrogen atom generated using the cleanup procedure within SYBYL and
disposed within an extended side chain, hydrophobicity in the energy-minimized using MAXIMIN2 (Powell method, 2000
molecule, and the carbonyl group as the acceptor hydrogeniterations, and 0.05 kcal mdi A~ energy gradient convergence
group. In the Wiese and Pajeva tariquidar study, 32 anthranil- criteria). It is many times true that the conformation representing
amide derivatives were considered in the training set. It appearsthe global minimum of the ligand may not bind to the receptor
that there is no structural diversity in region D and little diversity and some degree of torsional freedom is required for the drug
in the regions B and C, and a single alignment rule was usedto adapt to the receptor binding site to yield a drugceptor
(Figure 1). In fact, only the tetrahydroquinoline moiety is used complex of lower energ§’-48
in region D. The phenyl group and four molecules with a direct ~ The “minimum” energy conformation resulting from a
bond to the (alkyl chain) are used in region C, and a few MAXIMIN2 procedure is a good starting point for possible
molecules with substitution are used in the anthranilamide core. candidate conformations for the compound of interest. It is also
They obtained a moderate to good average cross-validatedimportant to restrict all possible conformations of the drugs to
coefficientg? (0.211-0.794) in CoMFA and CoMSIA models,  those that can reasonably be obtained upon binding. Although
and they used only one compound as a real external test setthere are no absolute rules to do that procedure:1®
With the above background, we initiated a comprehensive kcal/mol cutoff (difference between the energy of the local
investigation into the structural features of tariquidar, Hoechst minimum conformation and that of a particular chosen confor-
33342, and their derivatives. We included 49 tariquidar deriva- mation) is considered reasonable in COMFA studiés.
tives with a variety of functionalities in every region of the a. Selection of the Conformations 1 and 2 of Tariquidar.
molecule (Table 1). Itis well-known that the choice of alignment A systematic search on the energy-minimized conformations
and conformation could influence the final model. Because of of 1 was initially undertaken. As shown in Figure 1, five
several possibilities, we decided to investigate three different rotatable bonds with an increment of°3@ere used to generate
conformations and two alignment rules to compare if the choice 10 259 conformers. The top 50 conformers having the lowest
of the conformation and the alignment would influence the energy were energy-minimized using the Tripos force field
correlation. The choice of an active conformation is an important software (Powell method, 2000 iterations, and 0.05 kcalnol
task prior to building a 3D-QSAR model. The choice of the A~!energy gradient convergence criteria) and optimized using
three different conformations was based on the following MNDO (full optimization, precise convergence, restricted
parameters: the lowest global energy, extended conformationsrotation around the amide bonrd®MOK). Two conformers
and overlap ofl onto Hoescht 33342. Current studies will help  of 1 were then selected. The first one, designated as 9576_T1,
to establish the functional regions that are necessary for thehas an energy of 21.167 cal/mol (Figure 2A). The second one,
activity of P-gp antagonists. designated as 9576_T2, has an energy of 16.384 kcal/mol

1

Figure 1. Molecular structure of tariquidar. Different portions of the
molecule studied are represented by regiorDA
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Table 1. Molecular Structures and MDR Reversing Activities of the Molecules Selected for Both the Training and the Test Sets
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aCode numbers in parentheses were obtained from the patent W0O98/17648 filed by Xenova Ltd. Molecules used in the test set are identified by the
prefix “t”".

(Figure 2B). The conformer 9576_T1 was the extended con- propafenone was preferable for the activity, suggesting the
formation with the lowest energy in this family of conformers. importance of the membrane-mediated interactions in the MDR
We decided to choose an extended conformatioh lnécause reversaPf? The conformer 9576_T2 is the one close to the global
it is known that a modulator could bind to P-gp in an extended minimum energy. We did not select the lowest energy confor-
conformation such as propafenone moduldtak. few studies mation where the 3,4-tetrahydroisoquinoline moiety is between
have shown a close correlation between the membrane interacthe benzene ring and the 3-isoquinoline group because it is
tion and MDR reversing activity of P-gp inhibitors. These unrealistic that the molecule could bind in such a closed
studies have demonstrated that an extended conformation ofconformation. Furthermore, it is known that the acceptor group



Analysis of Anthranilamide Deratives Journal of Medicinal Chemistry, 2006, Vol. 49, No. Z&49

Y

Figure 2. Spatial representation of tariquidar conformers: (A) 9576_T1 conformer; (B) 9576_T2 conformer; (C) 9576_T3 conformer.
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Figure 3. Molecular structure of selected Hoechst 33342 conformers.
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on this ring and the amine are important to the acti%t§g40
A conformation slightly open to allow additional freedom to
the acceptor group and the amine to the protein was selectedfFigure 4. Best fit of the conformation T3 and Hoescht 33342
b. Selection of Conformer 3 of Tariquidar. By use of the (conformer T3).
molecular features of Hoechst 33342, which binds at the H-site
of P-gp such asl, atoms of the same type (viz. H-donor, bond rotatior-MMOK). These 21 conformers were overlapped
H-acceptor, aromatic group) were overlapped. There is no X-ray using the “Fit” procedure onto the previously selected conformer
crystal structure for the bound conformation of Hoechst 33342. of Hoechst 33342. The structural features of Hoechst 33342
Initial structures were generated using the cleanup procedureincluded three aromatic groups, four acceptors, and two donor
within SYBYL and energy-minimized using MAXIMIN2 groups. It has been shown that some of these features were part
(Powell method, 2000 iterations, and 0.05 kcal mof—1 of the main pharmacophore of Hoechst 33342. Six out of these
energy gradient convergence criteria, with charge using the nine features were selected for further analysis. The following
GasteigerHuckel method) followed by simulated annealitlg.  features were used in overlapping the conformers: (1) the
Simulated annealing was performed using these parameters: 10@xygen of the ethoxy group of Hoechst 33342 to the methoxyl
cycles, 2000 K initial temperature for heating during 2000 fs group of the anthranilamidyl ring df, (2) the benzene ring of
to reach the equilibratiqrd K target temperature for 5000 fs of Hoechst 33342 to the benzene anthranilamidyl moiety;, ¢8)
annealing time, and exponential annealing function. The 100 nitrogen acceptor atoms=(N—) of Hoechst 33342 to the
conformations representing local minima were then optimized carbonyl of the amide of, (4) nitrogen donor atoms—NH)
using the MNDO method (full optimization, precise conver- of Hoechst 33342 to the amine of the amide.of5) the centroid
gence) implemented in MOPAC 6. For Hoechst 33342, four of aromatic ring of the benzimidazolyl of Hoechst 33342 to
clusters of conformations were identified and the lowest energy the centroid of the benzene ring bfand (6) the nitrogen atom
conformer in each cluster was taken for further analysis. The of Hoechst 33342 to the basic amine grouploThe template
conformers differed in the position of the benzimidazolyl ring is shown in Figure 2, and the best fit is depicted in Figure 4
attached to the methylpiperazinyl group. So these conformers(rms = 0.587 A). The energy of the 9576_T3 conformer is
are different in the orientation of the nitrogen in the benzimi- 16.116 kcal/mol.
dazolyl rings. One pair of conformers has the nitrogen of both ~ The structures of the other compounds were built based on
imidazolyl rings either in the same orientation or in opposite the selected conformations of compouhdhll structures were
directions. Because the heat of formation of each conformer energy-minimized using molecular mechanics (Powell method,
was very close, the conformer exhibiting both imidazolyl nitro- 2000 iterations, and 0.05 kcal mél A-1 energy gradient
gens NH and=N) in both benzimidazolyl rings in opposite  convergence criteria), and charges were calculated using the
directions was chosen. This conformer was used as a templateGasteigerHiickel method. The geometry optimization was done
to define the conformation of and is illustrated in Figure 3.  utilizing MNDO (full optimization, precise convergence, re-
Then the conformation df close to the selected conformation stricted amide bond rotatiefMMOK) as implemented in
of Hoechst 33342 was established using the same procedureMOPAC as supplied by SYBYL 7.0.
described above for Hoechst 33342. After simulated annealing, c. Structure Alignment. Two different alignment rules were
each conformer was evaluated, and those where both the NHapplied to align the training data set. The first one is-®—N
and the carbonyl amide were in the same direction were present in all molecules: the benzene ring, the oxygen of the
discarded, leading to the exclusion of 71 conformers. The amide near the spacer arm, and the basic nitrogen atom (Figure
remaining 21 conformers were then energy-minimized using 5a). The second rule is A/Ar—N, which considers the role of
the Tripos force field (Powell method, 2000 iterations, and 0.05 the aromatic ring attached to the anthranilamidyl moiety and is
kcal mol? A-1 energy gradient convergence criteria, with applied by fitting the centroid of the benzene, the centroid of
charge from the GasteigeHiickel method) and optimized using  the quinolinyl moieties, and the basic nitrogen atom (Figure
MNDO (full optimization, precise convergence, restricted amide 5b). In both alignments compouridwas used as the template
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OMe default value of 0.3 was used as the attenuation faBpHere,
C@[ steric indices are related to the third power of the atomic radii,
N OMe electrostatic descriptors are derived from atomic partial charges,
/©/\/ hydrophobic fields are derived from atom-based paraméters,
and H-bond donor and acceptor indices are obtained by a rule-
based method based on experimental resgilts.
* PLS Analysis. The conventional CoMFA and CoMSIA
descriptors derived above were used as explanatory variables,
o and plGo (—log ICs0) values were used as the target variable
in PLS regression analyses to derive 3D QSAR models using
the implementation in the SYBYL package. The predictive value
of the models was evaluated by leave-one-out (LOO) cross-

OMe T . . -
validation with SAMPLS. The cross-validated coefficieo?,
N OMe was calculated using

MeO

_ Z(Ypred_ Yactua)2

*
*
N
H
X
»
N
J O
N
2
H Z(Yactual_ Ymear)
X
| *
=
N

o) where Ypred Yactuar and Ymeanare predicted, actual, and mean
values of the target property (4}, respectively.y (Ypred —

b) Yactua)? is the predictive sum of squares (PRESS). The number
Figure 5. Representation of atoms used in the alignment rules 1 (a) Of components giving the lowest PRESS value or the optimal
and 2 (b). The asterisk«) represents the atoms or centroids that are number of components (ONC) was used to generate the final
aligned in the model. PLS regression models. The conventional correlation coefficient
r2 and its standard erros, were subsequently computed for
the final PLS models. CoMFA and CoMSIA coefficient maps
were generated by interpolation of the pairwise products between
the PLS coefficients and the standard deviations of the corre-
sponding CoMFA or CoMSIA descriptor values. The boot-
strapping procedure was used to validate each model. This is a
procedure in whicn random selections out of the original set
of n objects are performed several times (100 times was used
to have good statistical information) to simulate different
samplings from a larger set of objects. In each run some objects
lowing standard characteristics were used to calculate the may not be included in the PLS analygls (same method to
COMFA fields: 4.0 A extension beyond the van der Waals determine theqz),'wheregs some others might be included more

o than once. Confidence intervals for each term can be estimated

ggr\:gtlgES(SJrI)Ofatnhdea?gf.)i;L;Leosﬁ ;O?#Sﬁ?hi?%eff;rd2nste?\'/?rllecmcfrom such a procedure, giving an independent measure of the
' ' 9 9 Cstability of the PLS modéei*—56

as the probe atom to the calculate steric and the electrostati
fields. The following standard CoMFA fields were calculated: P
steric (S), electrostatic (E), and both (B). The effects of changing Results and Validation
several parameters were systematically investigated, including COMFA Analysis. A data set of 49 tariquidar derivatives
dielectric (function as t/vs constant), grid step size{B A), was used with a wide spectrum of activities against AR 1.0
probe atom type (H, O°, and Gps"), and the cutoff values  cells overexpressing P-glycoprotein. The data set of 49 modula-
for the steric and the electrostatic fields. Some others descriptorstors was aligned (Figure 6) to derive both the conventional
were also added to see their effects on the correlation such agcoMFA and CoMSIA models. Thus, a total of six models were
molecular weight, dipole moment, molar refractivity, log P, polar generated with three different conformations of the same
volume, and polar surface area. template using two alignment rules (alignments 1 and 2). An
CoMSIA analysis was performed using the QSAR module external test set of 13 compounds was used to determine the
in SYBYL 7.0. The five similarity indices in COMSIA (steric ~ accuracy of the model (Figures 7 and 8).
(S), electrostatic (E), hydrophobic (H), H-bond donor (D), and  The cross-validater? (¢?) values for the six models relating
H-bond acceptor (A) descriptors) were calculated using the the accumulation I§; of daunorubicin on MDR cells are shown
probe atom G3" with a radius 61 A and a+1.0 charge placed  in the Supporting Information. By use of the default COMFA
at the lattice points of the same region of grid as it was used settings, which included both steric and electrostatic fields, and
for the CoMFA calculations. CoMSIA similarity indice€\f) by use of the first alignment rule, a cross-validated coefficient
for a moleculg with atomi at a grid pointg are calculated by  (g?) of 0.490 with two optimum components with 9576 _T1, a
, g? of 0.522 with three optimum components with 9576_T2 and
Arl) = — Za)pmbekwik g i 1) a ¢? of 0.527 with five optimum components with 9576_T3
were observed. With the same options, by use of the second
wherek represents the following physicochemical properties: alignment rule, a cross-validated coefficieg?)(of 0.449 with
steric, electrostatic, hydrophobic, H-bond donor, and H-bond two optimum components with 9576_T1,g8 of 0.581 with
acceptor. A Gaussian type distance dependence was usedhree optimum components with 9576 T2 andpaof 0.431
between the grid poing and each atonn of the molecule. A with two optimum components with 9576_T3 were observed.

q=1

NH

(0]
(2)
MeO N

molecule. Command “align database” was used to apply the
first alignment rule and the “fit” procedure for the second rule
alignment.

CoMFA and CoMSIA. The initial COMFA model was
calculated using the SYBYL 7.0 molecular modeling software.
For the calculation of charges, the Gasteigidiickel method
was used as implemented in SYBYL 7.0. For the training
compounds set, the COMFA descriptergeric (Lennard-Jones
6-12 potential) and electrostatic (Coulombic potential) field
energies-were calculated using SYBYL. In general, the fol-
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Figure 6. Alignment of P-gp modulator of the training set: (A) 9576_T1 and alignment rule 1; (B) 9576_T1 and alignment rule 2; (C) 9576_T2
and alignment rule 1; (D) 9576_T2 and alignment rule 2; (E) 9576_T3 and alignment rule 1; (F) 9576_T3 and alignment rule 2.

A) TIR1 CoMFA model B) T2R1 CoMFA model €) T3R1 CoMFA model A) TIR1 CoMSIA model B) T2R1 CoMSIA model ) T3R2 CoMSIA model
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75 75 5 75 s
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50 60 70 80 50 50 70 &0 o0 50 50 70
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E) T2R1 COMFA model D) T1R1 CoMSIA model E) T2R1 CoMSIA model F) T3R2 CoMSIA model

Bos

R*=0.764 RY=06935

50 70 80 50 60 70 80
Actual Acwal

Figure 7. CoMFA predictions for the test (AC) and the training Figure 8. CoMSIA predictions for the test (AC) and the training
(D—F) sets for MDR inhibitory activities against AR 1.0 cells (D—F) sets for MDR inhibitory activities against AR 1.0 cells
overexpressing P-glycoprotein. overexpressing P-glycoprotein.

The choice of the CoMFA options described below was based 1/r for the dielectric function, 2.0 A step size, a @sprobe
on maximizing theg? value. atom, and a grid box set at SYBYL'’s default position. This
The statistical parameters associated with all models aremodel had ag? value of 0.564 with four components, a
shown in Tables 2 and 3. The predicted gj@alues for each conventionat? value of 0.874, and a standard error of estimate
training set of compounds and the residual values are given in(SEE) of 0.215. This analysis yielded Bp, 44) value of 76.457.
Tables 4 and 5, respectively. The best model with 9576_T1 wasThe final cross-validated model utilized 6587 of 6732 actual
obtained using the following options and alignment rule 1 terms in the analysis. The best model with the 9576_T2 was
(T1R1): steric and electrostatic fields with 2 kcal/mol cutoffs, obtained using the following options and alignment rule 2
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Table 2. Statistical Data for QSAR Method with CoMFA and CoMSIA (Alignment 1)
CoMFA CoMSIA
model name: T1R1 T2R1 T3R1 T1R1 T2R1 T3R1
fields S,E E S,E S,E,A E,H A, D
e 0.564 0.57 0.532 0.502 0.556 0.549
rZey ¢ 0.559 0.544 0.515 0.537 0.528 0.561
STEP 0.445, 0.420, 0.411, 0.402 0.434, 0.400 0.449, 0.428, 0.424, 0.422 0.444,0.419, 0.420, 0.412 0.454, 0.407 0.398, 0.395
ONC' 4 2 4 4 2 2
SEB 0.215 0.31 0.213 0.259 0.313 0.332
rzh 0.874 0.726 0.876 0.818 0.721 0.685
Fi 76.457 60.838 77.728 49.358 59.454 49.989
(n1=4,n2=44) (n1=2, n2=46) (n1=4,n2=44) (n1=4,n2=44) (n1=3,n2=46) (n1=2,n2=46)
prob. ofr2=0 0 0 0 0 0 0
SEBhoot 0.183+0.1 0.271+0.119 0.175t 0.086 0.224+0.111 0.280+ 0.130 0.314+ 0.151
oot 0.909+ 0.26 0.774+ 0.52 0.910+ 0.026 0.855t 0.036 0.764t 0.059 0.714+ 0.062
12pred” 0.761 0.562 0.629 0.793 0.537 0.166
fraction
S 0.433 0.439 0.557
E 0.567 1 0.561 0.264 0.581
H 0.419
D 0.199D
A 0.179 0.801A

aModel name: T1RX template T1 with alignment rule 1; T2R% template T2 with alignment rule 1; T3R% template T3 with alignment rule 1.
b Fields used: S steric, E= electrostatic, H= hydrophobicity, A= hydrogen bond acceptor, ® hydrogen bond donof.g? = cross-validated correlation
coefficient from LOO.9 r2cy = cross-validated correlation coefficietSTEP= standard error of predictiohONC optimal number of componen&SEE
= standard error of estimateF = r?/(1 — r?). | SERy.0t= standard error of estimate from bootstrappingseot = correlation coefficient from bootstrapping.
Kr2pea = correlation coefficient of the prediction of the test set.

Table 3. Statistical Data for QSAR Method with CoMFA and COMSIA (Alignment 2)

COMFA COMSIA

model namet T1R2 T2R2 T3R2 T1R2 T2R2 T3R2
field® E E E E S, E H, A, D
q?c 0.507 0.645 0.496 0.506 0.646 0.521
r’cy ¢ 0.525 0.608 0.503 0.504 0.644 0.535
STEP 0.446, 0.408 0.448,0.382,0.375  0.461,0.423,0.422  0.451, 0.417 0.458,0.364, 0.357  0.439, 0.404
ONCf 2 3 3 2 3 2
SEB 0.346 0.228 0.261 0.36 0.258 0.325
r2 0.659 0.855 0.81 0.631 0.814 0.7
Fh 44.499 88.714 63.827 39.334 65.493 53.550

(n1=2,n2=46) (n1=3,n2=45) (n1= 3, n2=45) (n1=2,n2=45) (n1=3,n2=45) (n1=2,n2=46)
prob.ofr2=0 0 0 0 0 0 0
SEByoot! 0.303+ 0.122 0.198+ 0.097 0.219+ 0.112 0.329+ 0.154 0.230+ 0.106 0.290t 0.127
00t} 0.725+ 0.058 0.88%t 0.031 0.860t 0.035 0.676+ 0.061 0.848t 0.032 0.750G 0.048
rored” 0.352 0.036 0.277 0.429 0.091 0.326
fraction
S 0.184
E 1 1 1 1 0.816
H 0.469
D 0.179
A 0.352

aModel name: T1R2= template T1 with alignment rule 2; T2R2 template T2 with alignment rule 2; T3R2 template T3 with alignment rule 2.
b Fields used: S= steric, E= electrostatic, H= hydrophobicity, A= hydrogen bond acceptor, ® hydrogen bond donof.g? = cross-validated correlation
coefficient from LOO.9 r2.y = cross-validated correlation coefficie®tSTEP = standard error of predictiohONC = optimal number of components.
9 SEE = standard error of estimateF = r%/(1 — r?). ! SERoot = standard error of estimate from bootstrappindsoot = correlation coefficient from
bootstrappingk r%,eq = correlation coefficient of the prediction of the test set.

(T2R2): electrostatic fields with 10 kcal/mol cutoffs,r Xbr cross-validated coefficienf was higher, the statistic&l value

the dielectric function, 2.0 A step size, @& probe atom, and was significantly lower, and the non-cross-validat@dwas

a grid box set at SYBYL's default position. This model had a comparable to the model without these descriptors (data not
g? value of 0.645 for three components, a conventiohghlue show).

of 0.855, and a SEE of 0.228. The analysis yielded-afs, A ¢? of 0.5 is generally considered an indication that the
value of 88.714. The final cross-validated model utilized 3460 model is internally predictive; thus, th## values obtained in

of 3465 actual descriptor columns in the analysis. The best final the present case are all near that number varying from 0.496 to
model with the 9576_T3 was obtained using the following 0.646. To validate our models, the bootstrapping function was
options and alignment rule 1 (T3R1): steric fields with 35 kcal/ used to determine the error on thé (r%,,0) and the SEE
mol cutoffs, electrostatic fields with 1 kcal/mol cutoffsy Tér (SEByo) Of the model. This statistical parameter gave an idea
the dielectric function, 2.0 A step size, a,6 probe atom, and  of the accuracy of the model. In fact, the best model of each
a grid box set at SYBYL'’s default position. This model had a conformation has a small error on the SEE aAdT1R1 and

g? value of 0.532 for four components, a conventiorfatalue T3R1 CoMFA models were the best models obtained with
of 0.876, and a SEE of 0.213. The analysis yielded~ana) 9576_T1 and 9576_T3. These models have g i0f 0.909
value of 77.728. The final cross-validated model utilized 5296 + 0.26 and 0.910+ 0.026, respectively. They also have a
of 5408 actual descriptor columns in the analysis. The models SER,q: of 0.183+ 0.1 and 0.175t 0.086, respectively. The
with the descriptors MD and MW were discarded although the T2R2 CoMFA model was the best model with 9576_T2 and
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Table 4. CoMFA Actual and Predicted Activities for Training Set Molecules (Alignment 1)

TiR1 T2R1 T3R1
compd actual calcd residual calcd residual calcd residual

2 6.39 6.06 0.33 5.98 0.41 6.09 0.3
3 6.41 6.38 0.03 6.23 0.18 6.19 0.22
4 5.89 5.88 0.01 5.92 —0.04 5.96 —0.08

5 5.89 5.89 —0.0018 6.21 -0.33 5.79 0.1

6 6.1 6.23 -0.13 6.05 0.04 6.1 -0.01

7 6.22 6.3 —0.08 6.1 0.12 6.31 —0.09

8 5.92 5.89 0.03 6.18 —0.26 6.15 —-0.23

9 5.75 5.94 -0.2 5.79 —0.04 5.91 —0.16
10 5.89 5.76 0.13 6.04 -0.15 5.94 —0.05
11 5.82 5.75 0.07 5.94 -0.11 5.87 —0.05
12 5.52 5.66 —-0.14 5.95 —-0.43 5.35 0.17
13 6.52 6.09 (outlier) 0.43 6.01 0.52 6.66 -0.13
14 6.16 6.15 0.01 6.15 0.01 6.01 0.15
15 6.28 6.55 —0.28 6.19 0.08 6.15 0.12
16 5.72 5.75 —0.03 5.96 -0.24 5.87 —0.15
17 6.19 6.27 —0.09 5.92 0.26 6.12 0.07
18 6 6.06 —0.06 5.86 0.14 5.98 0.02
19 5.89 6.06 —0.18 6.28 -0.4 6.02 -0.13
20 6.7 6.39 0.31 6.39 0.31 6.41 0.29
21 6 6.35 -0.35 6.35 -0.35 6 —0.0022
22 6 6.2 —-0.2 6.01 —-0.01 5.96 0.04
23 5.85 5.78 0.08 6.25 —0.39 6.04 -0.19
24 6.66 6.73 —0.07 6.55 0.11 6.48 0.18
25 6.66 6.4 0.26 6.48 0.18 6.73 —0.08
26 7.3 7.14 0.16 7.12 0.18 6.95 0.35
27 6.1 6.23 -0.14 5.59 0.51 6.3 -0.2

28 6.03 6.07 —0.04 6.17 -0.14 6.16 -0.13
29 7.66 7.55 0.11 7.25 0.41 7.13 (outlier) 0.53
30 7.19 7.38 —0.19 7.32 —0.13 7.18 0.01
31 7.4 7.54 -0.14 7.17 0.23 7.45 —0.05
32 7.03 6.84 0.19 7.08 —0.05 6.95 0.08
33 7.01 6.65 0.36 6.88 0.13 6.82 0.19
34 6.37 6.39 —0.02 6.73 —0.36 6.78 -0.41
35 7.85 7.15 (outlier) 0.7 7.27 0.58 7.32 (outlier) 0.53
36 7.06 6.93 0.13 6.57 0.49 7.19 —-0.13
37 6.67 6.95 —0.28 7.15 (outlier) —0.48 6.93 —0.26
38 6.34 6.21 0.13 6.59 -0.24 6.25 0.09
39 6.97 6.96 0.01 6.85 0.12 7.27 -0.3
40 6.47 6.62 —0.15 6.87 -0.41 6.26 0.21
41 6.37 6.4 —0.03 6.92 —0.55 6.56 -0.19
42 7.48 7.22 0.26 6.81 (outlier) 0.67 7.39 0.09
43 7.42 7.63 -0.21 7.17 0.25 7.62 -0.2
44 6.73 6.76 —0.03 6.9 -0.17 6.78 —0.05
45 7.21 7.21 —0.00047 7.12 0.09 7.25 —0.04
46 7.15 7.26 —-0.11 7.07 0.08 7 0.15
47 6.31 6.42 -0.11 6.42 -0.11 6.37 —0.06
48 6.76 6.78 —0.02 6.95 -0.19 6.87 -0.12
49 6.41 6.75 -0.34 6.82 -0.41 6.81 -0.4

50 7.12 7.25 —-0.13 7.23 -0.11 7.13 —-0.01

has anr?,y; of 0.889+ 0.031 and a SER,:of 0.198+ 0.097. Futhermore, each CoMFA model has one or two outliers
Furthermore, the accumulation activity against AR 1.0 cells in the training set. In general, residual values greater than 2
overexpressing P-glycoprotein for the 13 compounds was times the standard error of the residuals generated in the
predicted from the corresponding external test set. Thirteen validation procedure are considered outli€rsn the T1R1
compounds were used to validate our CoMFA model, represent-CoMFA model, the outliers were compound8 and 35. In

ing 26% of the training set. The models using alignment rule 1 the TIR2 CoMFA model, the outliers were compou28sand
moderately predicted for efficacy of the external test set. These 35. In the T2R1 CoMFA model, the outlier was compound
results are not surprising and follow the statistics of every model. 42. In the T2R2 CoMFA model, the outliers were compounds
In fact, the best prediction of the test set is with the 9576_T1, 35 and 37. In the T3R1 CoMFA model, the outliers were
followed by 9576_T3 and 9576_T2. They respectively have a compound9 and35. In the T3R2 CoMFA model, the outliers
predictiver? (r%yed of 0.761, 0.562, and 0.629. The external were compound85 and49. So compound5 seems to be a
test set was poorly to moderately predicted with the model using major outlier for almost all models. The explanation for this
conformations 9576_T1 and 9576_T3 and alignment rule 2. The outlier is hard to define because this molecule has good
predictiver? of the test set are 0.352 and 0.277, respectively. similarities compared td. The only difference is the dimethoxy
With 9576_T2, the CoMFA model was not able to predict with groups on the anthranilic moiety are replaced by chlorine at
accuracy the external test set with@geqof 0.036. Unexpect-  the 3 position of the anthranilic moiety. However, all of those
edly, the CoMFA model having the best the(0.855) andg? molecules can be outliers for each model with more than
(0.645) was the least predictable. It is known that one could 95% confidence. The graphs of the actual fpl@ersus the
have a very good internal prediction and a very poor external predicted plGy values for the training set and test set by the
prediction>7-58 conventional CoMFA with 9576 _T1, 9576_T2, and 9576_T3
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Table 5. CoMFA Actual and Predicted Activities for the Training Set Molecules (Alignment 2)
T1R2 T2R2 T3R2
compd actual calcd residual calcd residual calcd residual

2 6.39 5.93 0.46 6.13 0.26 6.22 0.17

3 6.41 6.31 0.09 6.26 0.15 6.29 0.12

4 5.89 5.89 —0.0017 5.95 —0.06 6.02 —0.13

5 5.89 5.96 —0.08 6.08 —-0.2 6.16 —-0.27

6 6.1 6.22 —0.12 6.1 —0.0012 6.06 0.04

7 6.22 6.21 0.01 6.06 0.16 6.25 —0.03

8 5.92 5.84 0.08 6.07 —0.15 6.27 —0.35

9 5.75 6.15 -0.4 5.71 0.03 5.74 0.01
10 5.89 5.88 0.01 6.07 —-0.18 5.92 —0.03
11 5.82 5.88 —0.06 591 —0.09 6.04 —0.22
12 5.52 5.92 —0.39 5.94 —0.42 5.27 0.25
13 6.52 6.17 0.35 6.07 0.45 6.36 0.17
14 6.16 5.74 0.42 6.13 0.03 6.12 0.04
15 6.28 6.18 0.1 6.19 0.09 6.06 0.22
16 5.72 5.86 -0.14 5.9 -0.18 5.87 -0.15
17 6.19 6.2 —0.02 6.1 0.09 6.13 0.06
18 6 6.23 —0.23 6.04 —0.04 6.06 —0.06
19 5.89 6.21 —0.32 6.11 —0.23 6.2 —0.31
20 6.7 6.25 0.45 6.26 0.44 6.25 0.44
21 6 6.23 -0.23 6.11 -0.11 6.19 -0.19
22 6 6.07 —0.07 5.76 0.24 6.11 —0.11
23 5.85 6.36 -0.51 6.06 -0.21 6.29 —0.44
24 6.66 6.39 0.27 6.49 0.16 6.5 0.16
25 6.66 6.27 0.38 6.45 0.21 6.63 0.03
26 7.3 6.84 0.46 7.18 0.12 7.04 0.26
27 6.1 6.28 —0.18 6.21 -0.11 6.11 —0.02
28 6.03 6.37 -0.34 6.23 -0.2 5.79 0.24
29 7.66 6.96 (outlier) 0.7 7.42 0.24 7.14 0.52
30 7.19 6.99 0.21 7.47 —-0.27 7.42 —0.23
31 7.4 7.08 0.32 7.38 0.02 7.2 0.2
32 7.03 6.81 0.22 7.18 —0.15 7 0.03
33 7.01 6.63 0.38 6.88 0.13 6.85 0.16
34 6.37 6.52 -0.15 6.63 —0.26 6.78 -0.41
35 7.85 6.9 (outlier) 0.95 7.31 (outlier) 0.54 7.33 (outlier) 0.52
36 7.06 7.06 —0.0011 7.02 0.04 6.69 0.37
37 6.67 6.85 —0.18 7.23 (outlier) —0.56 7.12 —0.45
38 6.34 6.76 -0.41 6.33 0.01 6.3 0.04
39 6.97 7.12 —0.15 6.52 0.45 7.13 —0.17
40 6.47 7.09 —0.62 6.51 —0.05 6.34 0.12
41 6.37 7.05 —0.68 6.52 —0.14 6.61 —0.24
42 7.48 7.13 0.35 7.46 0.02 7.13 0.35
43 7.42 7.21 0.21 7.52 -0.1 7.22 0.2
44 6.73 7.11 —0.38 6.58 0.15 6.76 —0.03
45 7.21 7.19 0.02 7.2 0.01 7.27 —0.06
46 7.15 7.21 —0.06 7.16 —0.01 7.21 —0.06
a7 6.31 6.3 0.01 6.31 0.0025 6.07 0.24
48 6.76 6.9 -0.14 6.68 0.08 6.95 -0.19
49 6.41 6.82 -0.41 6.66 -0.25 6.99 (outlier) —0.58
50 7.12 7.28 —0.16 7.25 —0.13 7.32 —-0.2

models based on the MDR modulator inhibitory activity are hydrophobic, hydrogen bond acceptor, and hydrogen bond donor
shown in Figure 3. were taken into account, bettgtvalues were obtained. Indeed,
CoMSIA Analysis. Six CoMSIA models, one for each the TIR1 CoMSIA model was the best model with 9576_T1
conformation, were generated from the same training sets andand used the electrostatic, steric, and hydrogen bond acceptor
the same alignment rules used in CoMFA (alignments 1 and fields. This model had &? value of 0.502 for four optimum
2). The cross-validater? (g?) values of the six models, which  components, a conventiongd value of 0.818, and a SEE of
result from the various CoMSIA options, are shown in the 0.259. This yielded arfF 44y value of 49.358. The T2R2
Supporting Information. The statistical parameters associatedCoMSIA model was the best model with 9576_T2 and used
with all models are shown in Tables 2 and 3. Tdfevalues steric and electrostatic fields. This model hagf &alue of 0.646
obtained from all COMSIA models vary from 0.502 to 0.646. with three optimum components, a conventiondlhalue of
By use of all fields from CoMSIA and the first alignment rules, 0.814, and a SEE of 0.258. This yielded Bp sy value of
a moderately significant model was observed witft af 0.479 65.493. The T3R2 CoMSIA model was the best model with
for four components with 9576 _T1, @ of 0.504 for two 9576_T3 and used hydrophobicity, hydrogen bond acceptor, and
components with 9576_T2, andajaof 0.52 for two components  hydrogen bond donor fields and alignment rule 2. This model
with 9576_T3. Moderate to high significance models were had ag? value of 0.521 for two optimum components, a
observed with the second alignment rule. In faa? af 0.482 conventionak? value of 0.7, and a SEE of 0.325. This yielded
for two components with 9576 _T1, @ of 0.631 for four an F( 46) value of 53.550.
components with 9576_T2, andjaof 0.51 for two components The predicted plép values for each training set compounds
with 9576_T3 were obtained. However, in each model, when and the residual values are given in Tables 6 and 7. COMFA
individual fields or combinations of the steric, electrostatic, was used to validate our COMSIA models. The T1R1 CoMSIA
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Table 6. CoMSIA Actual and Predicted Activities for the Training Set
Molecules (Alignment 1)
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Table 7. CoMSIA Actual and Predicted Activities for the Training Set

Molecules (Alignment 2)

T1R1 T2R1 T3R1 T1R2 T2R2 T3R2
compd actual calcd residual calcd residual calcd residual compd actual calcd residual calcd residual caled residual
2 6.39 5.96 0.42  6.08 031 6.08 0.31 2 6.39 5.94 0.45 6.05 0.34 6.11 0.28
3 6.41 6.44 —0.03 6 0.4 6.07 0.34 3 6.41 6.21 0.19 6.16 0.25 6.17 0.24
4 5.89 5.93 —0.04 6.08 -0.19 6.08 —0.19 4 5890 593 —-004 6.03 —-0.14 6.04 —0.16
5 58 578 011 622 -033 608 -0.19 5 58 596 -007 611 —022 608 —0.19
6 6.1 6.22 —-0.12 6.11 -—0.01 6.09 0.01 6 6.1 6.24 —0.15 6.13 —0.03 6.16 —0.06
; g-gg g-gg 7060305 65185 Odlgs 66()?1 02-913 7 622 621 001 608 014 612 0.1
S 5% 2% on” o o on %ok 8 5% 558 o014 611018 64 048
10 589 589 ~001 611 —022 609 ~02 10 589 595 -006 607 —018 612 —0.24
11 582 5092 -0.1 598 -016 6.07 -025 : : : : : : :
12 552 596 044 595 -043 564 —012 1 58 59 -01 597 -015 599 -0.16
13 652 615 038 612 04 621 031 12 552 58 -03 605 -053 534 018
14 616 594 022 607 009 606 0.1 3652 619 033 608 044 619 034
15 628 6.32 -004 634 -006 635 -0.07 14 616 571 045 613 003 604 012
17 619 6.01 018 581 038 6.07 0.12 16 572 592 -02 599 -027 5.88 —0.16
18 6 5.08 0.02 6.15 —0.15 6.09 —0.09 17 6.19 6.16 0.03 6.02 0.16 5.99 0.19
19 5.89 6.14 -0.26 6.23 -0.34 6.25 -0.36 18 6 6.08 —0.08 594 0.06 6.04 —0.04
20 6.7 6.35 0.35 6.29 0.41 6.78 —0.09 19 5.89 6.36 —0.47 6.21 —0.32 6.1 -0.22
21 6 6.32 -0.32 6.15 -0.15 6.2 -0.2 20 6.7 6.33 0.37 6.26 0.44 6.39 0.31
22 6 6.07 -0.07 591 0.09 6.23 —-0.23 21 6 6.27 —0.27 6.21 —-0.21 6.13 —0.13
23 585 5.84 0.02 6.14 —0.28 6.2 —0.34 22 6 6.21 —-0.21 5.86 0.14 6.05 —0.05
24 6.66 6.65 0.01 6.62 0.04 6.24 0.42 23 585 6.47 —-062 6.13 —0.27 6.19 —0.34
25 6.66 6.3 0.36 6.46 0.2 6.23 0.43 24 6.66 6.46 0.2 6.47 0.19 6.33 0.33
26 73 711 019  7.05 025 6.99 031 25 6.66 6.34 032 644 022 6.47  0.19
2r 61 635 —0.26 626 -017 585  0.24 26 73 682 048 716 014 699 031
28 6.03 6.08 —0.05 6.16 —0.13 6.15 —-0.12 27 6.1 6.25 —0.15 6.1 —0.0004 6.09 0.0025
29 766 732 034 721 045 699 067 28 603 627 -024 628 —025 607 —0.04
30 7.19 7.45 —0.25 7.29 —0.09 6.98 0.21 29 7.66 6.91 0.75 7.34 0.32 7.07 0.59
31 7.4 7.54 —-0.14 751 -0.11 6.97 0.43 30 719 6.97 0.23 7.43 —0.23 6.94 0.25
32 7.03 6.94 0.09 7.02 0.01 6.99 0.04 ’ ’ ’ ’ ’ ’ y
33 701 689 012 6.97 004 7 0.01 31 7.4 6.93 0.47 7.4 0.0033 7.1 0.3
34 6:37 6:27 0:1 6:77 70_4' 6.95 70_5é 32 7.03 6.8 0.23 7.14 —-0.11 7.02 0.01
35 785 7.2(outier) 073 7.3 072 699 086 33 701 671 03 704 -003 691 01
36  7.06 692 014 7.07 —001 646 0.6 34 637 663 -026 67 -033 675 —038
39 697 683 014 678 018 7.06 —0.09 37 667 681 -014 72 -0.53 7.01 —0.34
40 6.47 6.68 —0.21 6.75 —028 668 -0.21 38 6.34 6.71 —0.36 6.24 0.11 7.01 —0.66
41 6.37 6.61 —0.24 6.87 —-0.5 6.94 —057 39 6.97 714 -0.17 6.55 0.41 7.09 —0.12
42 7.48 7.06 0.42 6.84 0.64 7.13 0.35 40 6.47 7.11 -0.65 6.56 —0.1 6.83 —0.37
43 7.42 7.49 —0.07 744 —-0.02 7.46 -0.04 41 6.37 7.09 -0.72 6.52 —-0.15 7.04 —-0.67
44 6.73 6.68 0.05 6.56 0.17 6.97 —0.24 42 7.48 7.09 0.39 7.22 0.26 7.11 0.37
45 721 7.27 —0.06 7.11 0.1 6.99 0.22 43 7.42 7.29 0.13 7.62 —0.2 7.04 0.38
46 7.15 7.33 —0.18 7.14 0.01 7.06 0.09 44 6.73 711 -—0.38 6.56 0.17 7.07 —0.34
47 6.31 6.51 -0.2 6.25 0.06 6.47 —0.16 45 721 71 0.11 7.18 0.03 7.07 0.14
48 676 7 -024 689 -014 707 -031 46 715 713 0.02 7.15 —0.002 7.02  0.13
49 6.41 6.97 —-056 6.73 -032 6.99 -0.58 47 631 6.34 —0.03 6.14 0.17 6.18 0.13
50 712 7.06 0.06 7.27 —-0.15 7.06 0.06 48 6.76 6.87 —0.11 6.68 0.07 7.16 —0.41
49 641 68 —039 679 -038 698 —057
50 7.12 7.28 —0.16 7.17 —0.05 7.14 —0.02

model was the best with 9576_T1 and hag %@ of 0.855+
0.036 and a SEfy of 0.224+ 0.111. The T2R2 and T3R2
CoMSIA models were the best with 9576_T2, and 9576_T3
was obtained with alignment rule 2 with @Pyo0 Of 0.848 &

SEBE00t Of 0.230+ 0.0106 and 0.29@: 0.127, respectively.

and 9576_T3 and alignment rule 2. The predictiveof the

external test set with arfyeq of 0.091. Again, unexpectedly,
the CoMSIA model that had better statistical result df
0.814 and ay of 0.646) could not correctly predict the external
test set.

Futhermore, each CoMSIA model has two or three outliers
in the training set. In the TIR1 CoMSIA model, compounds
0.032 and 0.75t 0.048, respectively. They also have also a 35and49were greater than 2 times the standard error and were
defined as outliers. In the TIR2 CoMSIA model, the outliers
Furthermore, the same external test set was used to validatevere compoundg9, 35, and41. In the T2R1 CoMSIA model,
the CoMSIA models. The external test set was predicted the outliers were compoun®s and42. In the T2R2 CoMSIA
poorly for efficacy using the alignment rule 1. These re- model, the outliers were compountia 35, and37. In the T3R1
sults are not surprising and follow the statistics of every model. COMSIA model, the outliers were compoun#8 and 35. In
In fact, the best predictions of the test set are with 9576_T1, the T3R2 CoMSIA model, the outliers were compourdis
followed by 9576_T2 and 9576_T3. They respectively have a 38, and41. Again, compound5 seems to be a major outlier
predictiver? (r%yed of 0.793, 0.537, and 0.166. We are able to for almost all models. The graphs of the actual l@ersus
predict poorly the external test set with the model using 9576_T1 the predicted plgp values for the training set and test set by
the conventional COMSIA with 9576_T1, 9576 _T2, and 9576_T3
test set are respectively 0.429 and 0.326. With 9576_T2, themodels based on the MDR modulator inhibitory activity are
CoMSIA models were not able to predict with accuracy the shown in Figure 3.

CoMFA and CoMSIA Contours Maps. The ¢? values in
the training sets associated with these CoMSIA models are
generally similar or superior to those of the CoMFA model.
However, in each case thé& value are lower compared to
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Figure 10. Contour maps generated with the CoMSIA model based
on accumulation of daunorubicine in the MDR cell: (A) TLIR1 CoMSIA
model; (B) T2R1 CoMSIA model; (C) T3R2 CoMSIA model. Color
coding is as follows. Blue indicates that a positive charge favors high
affinity, whereas red indicates that a positive charge does not favor
high affinity. Yellow indicates regions where hydrophobic groups
increase the activity, whereas green indicates regions where hydrophobic
groups decrease the activity. Magenta indicates that a hydrogen bond
Figure 9. Contour map of steric and electrostatic fields (standard acceptor favors high affinity, whereas orange indicates unfavorable
deviation x coefficient) generated with the CoMFA model based on contributions of the hydrogen bond acceptor. Cyan indicates that a
accumulation of daunorubicin on MDR cell. Color coding is as follows. hydrogen bond donor favors high affinity, whereas purple indicates
Blue indicates that a positive charge favors high affinity, whereas red unfavorable contributions of the hydrogen bond donor. Important
indicates that a positive charge does not favor high affinity. Yellow note: In the part A, the yellow indicates regions where bulky groups
indicates regions where bulky groups decrease activity, whereas greerdecrease activity, whereas green indicates regions where bulky groups
indicates regions where bulky groups increase activity. increase activity.

CoMFA models except with alignment rule 1 and 9576_T2, and blue (negative charge unfavorable) contours represent 80%
which was very similar. Thus, the CoMFA models have even and 20% level contributions, respectively. In the steric field,
better internal predictive power than the CoMSIA model. the green (sterically favorable) and yellow (sterically unfavor-
Furthermore, for the predictive? of the external set of every  able) contours represent 80% and 20% level contributions,
model, CoMFA seems to have better or similar external respectively. In the hydrogen bond acceptor field, the magenta
predictive power than the CoMSIA with alignment rule 1 and (favorable) and orange (unfavorable) represent 80% and 20%
to have lower external predictive power when using alignment level contributions, respectively. In the hydrophobicity field,
rule 2. After consideration of both the internal and external the yellow (hydrophobic favorable) and green (hydrophobic
predictive power of the models, the best CoOMFA and CoMSIA unfavorable) contours represent 80% and 20% level contribu-
selected for every conformation to construct the stdev*coefficient tions, respectively.

contour maps were T1R1, T2R1, and T3R1 for the COMFA  The contours maps of the TLR1 CoMFA and T3R1 CoMFA
and were T1R1, T2R1, and T3R2 for the COMSIA models. models were distributed in the entire molecule. In region A of
For the CoMFA the steric field, the green (sterically favorable) the molecules for both models, the presence of a heteroatom at
and yellow (sterically unfavorable) contours represent 80% and the 3 position (the amine on the isoquinoline) falls into a
20% level contributions. The red (negative charge favorable) negative favorable red region, suggesting that the negative
and blue (negative charge unfavorable) contours in the CoMFA charge was important to the activity. This was confirmed with
electrostatic field contours also represent 80% and 20% level almost all compounds in the training set. The blue positive
contributions (Figure 9), respectively. COMSIA analyses were region at the ortho position of the amide in both models
also selected to construct contour maps (Figure 10). In the indicated that a negative charge was not well abided. This was
CoMSIA electrostatic field, the red (negative charge favorable) confirmed in the moderate to weak potency of a few compounds
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in the training set with an amine heteroatom at that position. could help to increase the activity. This was confirmed with
For example, compoung, 27, and47 bear an amine group at compound40. The yellow (sterically unfavorable) contours
that position, while compoun@4 has a chlorine atom at that  around the tetrahydroisoquinoline indicate that the bulky group
position. Other blue regions, for both models, near the secondcould decrease the activity.
aromatic ring of the isoquinoline were favorable to a positive  The contours maps of COMSIA models also indicate features
charge. In that case, this positive charge could reflect the jn regions A-D of 1. In region A, the TIR1 CoMSIA model
hydrophobicity of the ring that is necessary to the potency. The showing a green favorable region near the second aromatic ring
negatively charged and favorable red region on top of the secondof the isoquinoline indicates that bulky groups could be added
aromatic ring of the isoquinoline, in both models, suggests that to increase the antagonistic potency. This was confirmed with
negative charge was important to the activity. The same the remarkable difference of the activity between the presence
conclusion was also shown with the TIR1 CoMFA model in  of a single benzene ring compared to the naphthalenyl-like group
the A region. Furthermore, in both models, the green region at or a benzenecyclohexyl group in almost all compounds in the
the top of the isoquinolinyl group indicates that a bulky group training set. At the same place, in both T2R1 and T3R2 CoMSIA
may be necessary to increase the potency. However, the yellowmodels, the favorable hydrophobic yellow contours on the
contour at the bottom of the iSOQUinOline in both models SUggestSisoquinoﬁne group indicate the importance of the hydrophobic
that bulky groups are not well acceptEd. The blg favorable group such as aromatic ring or a|ky| group. In the T1R1
electrostatic blue region in both models close to the amide CoMSIA models, the blue favorable positive electrostatic
reveals that a positive charge will increase the antagonistic indicates that a positive charge increases the potency. The same
activity. In fact, in the electrostatic region, the influence of the conclusion using the TIR1 CoMFA model was drawn about
hydrogen bond acceptor carbonyl amide as part of this field the importance of the amine group at the 3 position on the
could be considered. So the carbonyl amide could be part of jsoquinoline to the activity. In fact, the magenta color shows
the electrostatic fields and help the activity. this position and represents a favorable hydrogen bond acceptor
In region B of1, the small blue positive region in the TIR1 region in the TIR1 and T3R2 CoMSIA models, and a small
CoMFA model at position 5 of the amide and the big region in red negative region shows this position in the T2R1 CoMSIA
the T3R1 CoMFA model indicate that a negative charge was model. In the T2R1 and T3R2 CoMSIA models, the green
not permitted. This was confirmed to decrease the potency of aunfavorable region near position 3 on the isoquinoline suggests
few compounds such as 9401 that bear the chlorine atom. Also,that a hydrophobic group or carbon atom was decreasing the
this large blue region of the T3R1 CoMFA model indicates the activity of the molecules. In the TIR1 and T3R2 CoMSIA
positive influence of the aromatic ring to the activity. The small models orange unfavorable hydrogen bond acceptor regions at
red region near the dimethoxyl group on the anthranilic moiety position 4, 5, or 6 of the isoquinoline group suggest that an
in both models indicates that a negative charge is favorable for acceptor group like amine or oxygen was not well accepted. In
high affinity to P-gp. This is in concordance with potent fact, compoundsl5 and 28 bearing a carbonyl group and
molecules such a&, 35, and50 in the training set, molecules  compounds such dsl, 17, and18 substituted by an ether group
that are negatively charged with the methoxyl group, chlorine exhibit moderate anti-P-gp activities. Also, in the T1R1 and
atom, and fluorine atom at this position, respectively. T3R2 CoMSIA models, an orange unfavorable hydrogen bond

In region C, the green region in the TIR1 CoMFA model acceptor region at position 8 of the isoquinoline suggests that
near the aromatic ring indicates that bulky groups are well an acceptor group like an aromatic amine group influenced
abided to increase the potency. This was confirmed with nhegatively the pharmacological activity, as depicted already by
compoundsAB and 45. In the T2R1 CoMFA mode|’ the red the T1IR1 CoMFA model. Furthermore, in the T3R2 CoMSIA
contours Suggest that negative Charge could be potentia”y model the amide bond near region A of the template falls into
increase the affinity of P-gp for the benzene ring. an orange unfavorable hydrogen bond.acceptor region and a

In region D, the presence of the amine on the tetrahydroiso- ¢Yan favorable hydrogen bond donor region. Thus, donor groups

quinolinyl moiety falls into a positive favorable blue region in like cgrbony} and acceptor groups like the amine were of
both models, suggesting that a positive charge was allowed toPenultimate importance for the activity. In the TIR1 CoMSIA
increase the accessibility of the compounds to the P-glycoprotein™M°del, the small orange region reveals that the hydrogen bond
pocket. In addition, the amine could be necessary to form a 2CCEPIOr at position 2 such as amine (e.g., comp&yrd the
hydrogen bond or it could be protonated to bind to P-gp. These isoquinoline decreases the potency of anthralinamides.

two large blue regions near the dimethoxyl group in both models ~ In region B of the template in the T3R2 CoMSIA model, the
indicate that a positive charge or a hydrogen bond acceptor wassmall favorable hydrophobic yellow contours suggest the
required for potency. In both models, a red region near the importance of a hydrophobic group on the acceptor group at
dimethoxy! group indicates that a negative charge was allowed Position 4 of the anthranilic moiety. Also at the same position
to increase the potency. In the TLR1 CoMFA model, the green and same model, the purple unfavorable hydrogen bond donor
region near the dimethoxyl moiety reveals that a bulky group region indicates that donor groups decrease the activity. In the
at position 3 or 4 on the benzene ring of the tetrahydroiso- T1R1 CoMSIA model, the blue favorable positive electrostatic
quinoline group is well tolerated. This was confirmed with indicates that a positive charge increases the potency. This
compounds39 and40. The green region (sterically favorable) ~Probably showed again the importance of a positively charged
and yellow (sterically unfavorable) contours around the tet- aromatic group. The amide bond near region B of the template,
rahydroisoquinolinyl moiety indicate that bulky groups could in the T3R2 CoMSIA model, falls into the favorable hydrogen
be present to increase the activity and that bulky groups will bond donor area (cyan) and a purple unfavorable hydrogen bond
decrease the activity. This probably means that the binding site donor region. Thus, acceptor groups like carbonyl and amine
was sterically restricted. In the T3R1 CoMFA model, the green Were important for the activity.

region near the dimethoxyl group reveals that the bulky group  Inregion C, T2R1 and T3R2 CoMSIA models show favorable
at position 4 on the benzene ring of the tetrahydroisoquinoline hydrophobic yellow contours, suggesting that the aromatic linker
is well tolerated. However, at position 3, a less bulky group arm was important for the activity. The small unfavorable
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hydrogen bond donor purple region between the regions B andmost important feature for the activity. This observation was
C in T3R2 CoMSIA model indicates that a donor group was also made by Pajeva and WieSeln addition, the negative
not tolerated at this place when the group in region D was with charge from an amine or an oxygen atom at position 6 or 7 on
a more flexible group. the isoquinoline probably increases the potencg.dh region

In region D, the TIR1 CoMFA model conclusion of the B, the presence of a hydrogen bond acceptor group such as a
region can also be applied. In fact, the presence of the aminemMethoxy group or an atom negatively charged like fluorine or
on the tetrahydroisoquino”ne moiety falls into a positive chlorine was the favored feature for the aCtiVity. A|SO, the
favorable blue region and orange unfavorable hydrogen bondaromatic group could be an important feature if the total
acceptor regions, suggesting that positive charge was allowedelectrostatic charge of that group is positive. In region C, the
to increase binding to P-glycoprotein and the amine should be hydrophobic group such as the benzene ring was important to
protonated to form a hydrogen bond to P-gp. The two blue the activity. A similar finding was also suggested by Pajeva
regions near the dimethoxy group in both models suggest thatand Wiese! In addition, a bulky group near the phenyl ring
a positive charge or hydrogen bond acceptor was required forWill probably increase the potency df. In region D, the
the potency. In the TLR1 CoMSIA model, a red region on the Presence of the acceptor group like the basic amine of the
dimethoxy group indicates that negative charge was toleratedtetrahydroisoquinoline, the presence of the acceptor groups like
to increase the potency. The green region near the dimethoxythe oxygen atom of the dimethoxy, and the presence of bulky
reveals that a bulky group at the 3 or 4 position on the benzenearomatic groups like the tetrahydroquinoline seem to be the most
ring of the tetrahydroisoquinoline is well tolerated. The sterically important features of that region. Specific bulky or less bulky
favorable green region and yellow sterically unfavorable 9roups at position 3 or 4 on the tetrahydroquinoline will
contours around the tetrahydroisoquinoline indicate that a bulker Probably help to increase the activity. Also, a negative charge
group in this direction is favored but is not favored in the other. 0N the aromatic ring of the tetrahydroquinoline will probably

Few commonalities and differences between the CoMFA and increase the activity. Finglly, the hydrogen bond. acceptor and
CoMSIA models have been observed after the contour map donor groups of both amides were important for increasing the
analysis and can be summarized by the two best models T1R1POtENCY.

CoMFA and CoMSIA. In region A, both CoMFA and CoMSIA
show a few commonalities: (1) there is a positive influence on

the activity of a heteroatom acceptor group like amine atthe 3 |, this study, we investigated 3D-QSAR models of anthra-
position of the isoquinoline; (2) a negative charge at the ortho pjjamide MDR modulators. Predictive COMFA and CoMSIA
position of the amide was not well abided; (3) an aromatic bulky models were developed for the modulation of P-glycoprotein
group may be necessary to increase the potency. They also havggainst cells that overexpress P-glycoprotein using 49 anthra-
a few differences between both methods. The extra information pilamide derivatives in the training set taken from a data set of
from the CoMFA model suggests that a bulky group at the end 178 compounds. Three different conformations were used to
of the isoquinoline is not well accepted. Also, the COMFA model  see the effect of the conformation in the model. On the basis of
reveals the importance of the hydrogen bond acceptor carbonylhese three conformations, moderate to good internal predictive
amide. The CoMSIA model adds more specific information and 3D-QSAR models were derived. Each model was validated
reveals that an acceptor group like amine or oxygen at position ysing an external test set of 13 compounds not included in the
4, 5, or 6 of the isoquinoline group and an acceptor group at training set and showed poor to good predictide between
position 8 of the isoquinoline, an aromatic amine group, were . 036 and 0.793. Models with the beg did not give good
not well accepted. In region B, both COMFA and CoMSIA have  external prediction. TIR1 CoMFA and CoMSIA models were
no commonalities. They have, however, a few differences the pest models developed so far. TIR1 COMFA hag’grof
between both models. The extra information from the COMFA (559 and T1R1 CoMSIA has af., of 0.537. The steric,
model suggests that the negative charge at position 5 of theelectrostatic, and hydrogen bond acceptor fields were shown to
amide was not well permitted. The CoMSIA model suggests pe the most important properties. These fields identified the
that an aromatic group positively charged is important for the fynctional group and atoms possibly related to the bonding and
potency. In region C, both COMFA and CoMSIA have no the inhibition of P-gp. We established that an acceptor group
commonalities. The TIR1 CoMSIA model does not have any sych as an amine in position 3 in a bulky bis aromatic system
contour maps in that region. The T1R1 CoMFA model indicates in region A’ a hydrogen acceptor group like a methoxyi group
that bulky groups are well abided to increase the potency. In or an atom negatively charged like fluorine or chlorine in region
region D, both CoMFA and CoMSIA share the same common B, the aromatic group Charged positiveiy in region B, the
themes: (1) the amine on the tetrahydroisoquinolinyl is hydrophobic group like the benzene ring in region C, the
important to the activity and could form a hydrogen bond or it acceptor group like the basic amine of the tetrahydroisoquino-
could be protonated to bind to P-gp; (2) a positive charge or a |ine, the acceptor group like the oxygen atom of the dimethoxy,
hydrogen bond acceptor was required for the potency near theand the bulky aromatic group like the tetrahydroquinoline in
dimethoxyl group; (3) near the dimethoxyl group a negative region D, and both amide bonds were the most important to be
charge was allowed to increase the potency; (4) a bulky group modified to improve the pharmacological activity of anthranil-
at position 3 or 4 on the benzene ring of the tetrahydroiso- amides as P-glycoprotein antagonists. Furthermore, a few
quinoline group is well tolerated; (5) the binding site was compounds in the test set are the exception. In fact, compound
probably sterically restricted because of the sterically favorable t 9543 is quite potent (70 nM) and does not have an acceptor
region and the sterically unfavorable contours around the hydrogen group like a methoxyl group in region B, but the
tetrahydroisoquinolinyl moiety. molecule has a methyl group at the 3 position of the anthranilic
After the analysis of these models, we established the moiety. Also, test set compounds t_9297, t 9380, and t_9442
functional groups or atoms important to the potency and the did not correspond to all the trends derived from those models.
binding of 1. In region A, proton-acceptor groups such as an They do not have an aromatic group in region C, and compound
amine at position 3 in a bulky bis aromatic system were the t_9297 is more potent (400 nM) than the other two compounds.

Conclusion
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It seems that an aliphatic group like a propyl group was better (10) Tsuruo, T.; lida, H.; Tsukagoshi, S.; Sakurai, Y. Overcoming of

for the potency compared to a biphenyl or bromine. vincristine resistancg in P3'88 I_eu_kemia in _vivo ar_1d in vitro throug_h
. . . . . enhanced cytotoxicity of vincristine and vinblastine by verapamil.
The conclusion of the Wiese and Pajeva studies with the Cancer Res1981 41 1967-1972.
Free-Wilson analysis and CoMSIA model outlined the presence (11) Slater, L. M.; Sweet, P.; Stupecky, M.; Gupta, S. Cyclosporin A
of a tetrahydroquinoline substructure bonded to the anthranil- Irevlfrse_s \_/incristige é\lr)d Cliaunorfgé%n7r7eslij%’:150fle4i8860ute lymphatic
; ; ; ; eukemia in vitro.J. Clin. Invest. f .
aml.d.e mo'.ety through a phe.nyl. moiety and. ofa he.teroatom in (12) Arceci, R. J.; Stieglitz, K.; Bierer, B. E. Immunosuppressants FK506
position 3in a bu.Iky. aromatic ring system in A reglt?”_bfo and rapamycin function as reversal agents of the multidrug resistance
have the most significant impact on anti-MDR activity. The phenotypeBlood 1992 80, 1528-1536.

anthranilamide moiety provides hydrogen bond interactions with  (13) \ISLE#O' tT Iifda, l_-l._;OI Kitatan(ij, Y; IY?ké)ta, K; Tsulaagoshi, St.;tSa_kuraiEj
H H it F H . €Cls Of quinidine and related compounds on cytotoxic an

the .prOtem for Inhl.bltlon aCt.IVIty' In our studies, we foun.d_ cellular accumulation of vincristine and adriamycin in drug resistant

basically the same idea, but instead of a heterqatom at pp§|t|0n tumor cells.Cancer Res1984 44, 4303-4307.

3, we found an acceptor group such as an amine in position 3 (14) Tsuruo, T.; lida, H.; Nojiri M; Tsukagoshi, S.; Sakurai, Y.

in a bulky bis aromatic system in region A. Also, we found Circumvention of vincristine and adriamycin resistance in vitro and

that an electroattractor group or acceptor group is necessary for — 5g° by calcium influx blockersCancer Res1983 43, 2905

the anthranilamide moiety in region B and the acceptor groups (15) Beck, W. T.; Danks, M. K. Characteristics of multidrug resistance

in region D are very important for the activity. A few of these in human tumor cells. IMolecular and Cellular Biology of Multidrug
results in this paper are common to other P-gp inhibitors like 53?&“?835'?,;‘?4% CeflRoninson, I. B., Ed.; Plenum Press: New
an .aromatllc ring system, a basic te'tt'ary nitrogen posmoneq at (16) Beck’, W. Modulators of P-glycoprotein associated multidrug resis-
a fixed distance from the aromatic system, and an amide tance. InMolecular and Clinical Adances in Anticancer Drug
carbonyl group that acts as an acceptor and a donor group. ReSIS_tanCEOZOIS, R. F., Ed.; Kluwer Academic Publishers: Phila-
However, P-gp inhibitors can bind to different binding sites delphia, PA, 1991; pp 151170.

" - . . " (17) Benson, A. B.; Trump, D. L.; Koeller, J. M.; Egorin, M. |.; Olman,
So each site will have its own SAR with some common themes. E. A;; Witte, R.; Tormey, D. C. Phase | study of vinblastine and

The derived models in this study explain the observed verapamil given by concurrent iv infusiod. Clin. Oncol.1985 3,

variance in the activity of anthranilamides. They can help to 311-315.

(18) Miller, T. P.; Grogan, T. M.; Dalton, W. S.; Spier, C. M.; Scheper,

““de.r%?”d the me.Chfamsm. of P-gp activity, and they can also R. J.; Salmon, S. E. P-glycoprotein expression in malignant lym-
provide important insights into structural variations that may phomas and reversal of clinical drug resistance with chemotherapy
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