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Recent studies have demonstrated that selective activation of pancreatic ATP-sensitive potagsiym (K
channels could be of clinical value in the treatment of type | and type Il diabetes, obesity, and
hypersinsulinemia. Taking into account these promising therapeutic opportunities, we have explored the
3-alkylamino-4H-1,2,4-pyrido- and 3-alkylaminot1,2,4-benzothiadiazine 1,1-dioxide families. Among
these series, numerous drugs were identified as highly potent and selective openers of either the pancreatic
or the aortic Kyrp channels. Thanks to comparative molecular field analysis (CoMFA) and comparative
molecular similarity indices analysis (CoMSIA), quantitative structiaetivity relationship approaches using
more than 100 compounds, pharmacophoric models explaining the activity and selectivity of the drugs have
been elaborated. These models highlighted the importance of several chemical regioasfohdtnel
activation and could be very helpful for future improvement of drug potency, selectivity, or both. Moreover,
an original CoMSIA analysis, using a selectivity index (Sl) as a dependent variable, was also performed
with the aim of identifying the structural parameters influencing tissue selectivity.

Introduction PCOs can interfere with several important physiological pro-

Potassium channels regulated by changes in intracellularggifrzsctﬁ:;hctsist |rf13uI|n rele?ﬁe frorr|1 ngp;rzeatlc B-cells and
levels of adenosine triphosphate Afl& channels) have been . i y .rom Smoo ml.-JSCG cens:
identified in a wide range of cell typés® These channels are Selective activation of pancreaticak channels has been
composed of two different protein subunits in a4 4 demonstrated to be of clinical value in the treatment of metabolic
stoichiometr§ and link the metabolic state to the electrical disorders such as type | and type Il diabetes, obesity, and
activity of the cell. The Krp channel pore belongs to the —hyperinsulinemi&®=2° A few years ago, diazoxide, an antihy-
inwardly rectifying potassium channel famify(Kir6.x.), while pertensw_e agent, was the only compound reported to activate
the second subunit (SURX for sulfonylurea receptor) contains Pancreatic Kre channels. Unfortunately, as a consequence of
the regulatory sites for most drugsSeveral subfamilies of it lack of tissue selectivity, diazoxide induced side effects, such
variants of Kir6.x (Kir6.1 and Kir6.2) and several variants of as hypertrichosis, edema, headache, and arterial hypotétision.
SUR (SUR1, SUR2A, SUR2B) have been repofed.he Thus, and in order to develop a new class of therapeutic agents,
combination of these different subunits can vary and lead to the pancreatic selectivity of the PCOs appears to be a key
specific Katp channel subtypes. For example, SUR1 combines challenge. Taking into account the promising therapeutic value
with Kir6.2 to form the insulin-secreting-cell &p channef2 of pancreatic B-cell-selective PCOs, we have been interested,
SUR2A and Kir6.2 subunits are found in cardiac and skeletal during the past decade, in the development of new compounds
muscle, while the smooth muscled$ channel is composed of ~ belonging to 3-alkylamino#4-1,2,4-pyrido- and 3-alkylamino-
SUR2B and Kir6.1 or Kir6.2 subunif$.Although pancreatic ~ 4H-1,2,4-benzothiadiazine 1,1-dioxides. Such drugs can be
K atp channels are reported to be involved in the insulin-secreting considered as hybrid structures betwele(diazoxide) and2
proces¥*15and smooth muscle &p channels in the control of  (pinacidil) (Figure 1y83% Several modulation poles were
muscle toné®&1’the physiological roles of the different channel ~explored (Figure 1), including the nature of the subsituent on
subtypes have not yet been thoroughly asseSsed. the exocyclic nitrogen atom in the 3-position, the position of

Activation of Karp channels led to plasma membrane the pyridinic nitrogen atom in the pyridothiadiazine heterocycle,
hyperpolarization. As a result, agents able to activate such the number, the nature, and the position of the subsituent(s) on
channels (potassium channel openers or PCOs) have been showlie benzene ring of benzothiadiazine dioxides, and the presence

to reduce the activity of different excitable celsTherefore, ~ Of alkyl groups in the 2- and 4-positions. More than 200 drugs
were synthesized and evaluated in vitro as potential PCOs.

Among these drugs3 (BPDZ 44)36 4 (BPDZ 73)3" 5 (BPDZ
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3-alkylamine-4H-1,2,4-pyridothiadiazine 1,1-dioxides

3-alkylamino-4H-1,2,4-benzothiadiazine 1,1-dioxides
R = alkyl, cycloalkyl, aryl, ...
X, Y = H, halogens, NO,, CN, GFs, alkyl, O-alkyl, COOH, ...

Figure 1. 3-Alkylamino-4H-1,2,4-pyrido- and 3-alkylaminot1,2,4-
benzothiadiazine 1,1-dioxides.

(Figure 2) have also been described and suggested for the

treatment of metabolic disorders linked to insulin secretfon.
Unfortunately, the development of NN-414 was stopped in phase
Il clinical trials because of an unwanted increase in blood liver
enzymes, suggesting a liver toxicity.

According to the potency and selectivity of several 3-alkyl-
amino-4-1,2,4-arylthiadiazine 1,1-dioxides on the SUR1/Kir6.2
Katp channel subtype, the determination of a pharmacophoric

de Tullio et al.

dependent variables in the 3D-QSAR analyses. A selectivity index
(SI), which represents the ratio between the;&d 1G, values
was also calculated, converted into pSl (log SI, Table 1), and used
as a dependent variable in a particular CoOMSIA analysis. The
structure of the compounds and the biological data are listed in
Table 1.

Molecular Modeling and Alignment. Molecular modeling
studies of the compounds were performed using the SYBY#27.0
software package, Tripos Associates (St. Louis, MO), on a Silicon
Graphics O2 workstation. Molecular structures were built using the
built/edit commands of SYBYL starting from 27 crystal structures
previously determined. All values were filled with valence, and
MOPAC* (method AM1) charges were calculated for each
compound. Geometry optimization was carried out using MAXI-
MIN2 molecular mechanics and Tripos force field supplied within
SYBYL, with convergence criterion set at 0.05 kcal/(A mol).
Systematic conformational search was also carried out to recognize
a reasonably low-energy conformation for each compound. For
rugs exhibiting a stereogenic center on the 3-alkylamino side chain,
only the racemates were introduced in the study and built as the
R-enantiomeric structure. This necessary arbitrary choice was driven
by classical SAR deduced from the comparison of biological data
obtained with R)- and §)-BPDZ 42 and -BPDZ 44 enantiomets.
The orientation of the 3-alkylamino side chain deduced from these
molecules after molecular modeling fixed the orientation of the
chains for all the other compounds.

A superimposition of molecules was first realized by trying to

model appears to be crucial for the future chemical developmentminimize root-mean-square (rms) differences in the fitting of
of new SUR1/Kir6.2-selective compounds. Partial and fractional selected atoms (the 10 atoms of the fused rings) with those of a
structure-activity relationships (SAR) previously deduced template moleculeS). The field fit procedure was then used as
through a classical approach, from in vitro results, led to the the.second alignment criteria tolincre.ase fiel_d similarity wi.thin the

(Figure 3)%8

To confirm and to improve this initial model, but also to
develop a pharmacophoric model for the activity on the vascular
smooth muscle tissue, we decided to apply the comparative
molecular field analysis (CoMFA)and comparative molecular
similarity indices analysis (CoMSIA) approaches to a series of
150 drugs belonging to the 3-alkylaminé#4l,2,4-pyrido- and
3-alkylamino-4-1,2,4-benzothiadiazine 1,1-dioxide series. A
particular and original CoMSIA analysis, using a selectivity
index (Sl) as dependent variable, was also performed with the
aim of identifying the structural parameters that influence tissue
selectivity.

Computational Details

Data and Biological Activity. The training and the test sets for
the 3D-QSAR studies were taken from a data set consisting of 136

compounds designed and synthesized at the Department of Me-

dicinal Chemistry of the University of Lge according to procedures
described in the literatuR$:3> The drugs were tested on two
different pharmacological models: a pancreatic model onto whic
the ability of the compounds to inhibit glucose-induced insulin

h

secretion was evaluated on isolated rat pancreatic islets (a mode

that could reflect the activation of the SUR1/Kir6.24& channel
subtype) and a vascular model onto which the ability of the
compounds to reduce the contractile activity of KCI-depolarized

rat aorta rings was measured (a model expected to reflect the activity

of the drugs on the SUR2B/Kir6.1 channel subtype). The biological
data obtained as Kg(drug concentration, in micromolar, inhibiting
50% of the 16.7 mM glucose-induced insulin release) angy,EC
(drug concentration, in micromolar, giving 50% relaxation of the
30 mM KCl-induced contraction) were converted into g C-log
ICs0, Table 1) and pE§ (—log EGso, Table 1) values and used as

a Abbreviations: QSAR, quantitative structuractivity relationship;
CoMFA, comparative molecular field analysis; CoMSIA, comparative
molecular similarity indices analysis; PLS, partial least squarespptdog
ICs0; PEGso, —log EGso; pSl, log EGY/ICso.

in the sum of steric and electrostatic interaction energies averaged
across all lattice points between molecules in the training set and
the template molecule was minimized to find the best fit. The steric
and electrostatic fields were evaluated from the QSAR CoMFA
FIELD process.

CoMFA and CoMSIA 3D QSAR Analysis. COMFA and
CoMSIA models were generated using SYBYL 7.0. The CoMFA
steric and electrostatic fields and the CoMSIA molecular descriptor
fields, expressed as steric, electrostatic, hydrophobic, hydrogen bond
donors, and hydrogen bond acceptors, were calculated using the
default settings in SYBYL and correlated with the variations of
the target properties [plg(—log ICso), pPEGso (—log EGs), or pSl
(log EGs¢/ICs)] using the statistical method of partial least squares
(PLS)# The “leave-one-out” (LOO) cross-validated method was
applied to determine the optimum number of PLS components,
corresponding to the highegt(¢?) value and to the lowest standard
error of predictions. The optimum of six components was used
in the validation of the CoMFA model, and seven components were
used in the validation of the CoMSIA analysis. The un-cross-
validated models were assessed by the explained varighce
standard error of estimate®] andF ratio. The CoMFA analysis
was only undertaken on the pjQvalues to test the homogeneity
pf the whole data set and to evaluate the fields used in the field fit
procedure. Statistical results obtained from field fit alignment criteria
gave better cross-validateg} values than superimposition (data
not shown) in the earliest studied models. Therefore, only field fit
alignment was used for further COMFA and CoMSIA studies. In
the final CoMFA analysis, 126 compounds were used, omitting
the most outlying compounds35 (BPDZ 61),122 (BPDZ 80),

123 (BPDZ 81),44 (BPDZ 274), and45 (BPDZ 275). The plG
CoMSIA analysis included 130 compounds (the most outlyiag

was omitted), and the pEECoMSIA analysis was based on 107
compounds (omitting7 (BPDZ 70),70 (BPDZ 158),93 (BPDZ
190), 24 (BPDZ 214), and84 (BPDZ 243)). The pSl CoMSIA
comprised 106 derivatives, the most outlyit®(BPDZ 137) being
excluded in addition to those omitted in the previous splénd
PEGs; CoMSIA analysis. Except fof4 (BPDZ 274) andl5 (BPDZ
275), which have the singular 7-cyano substituent included in the
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Figure 2. Chemical structures of the most interesting drugs.

Possible strong H-bonds with
the receptor site
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coefficient ¢2) of 0.842 for the un-cross-validated indicates self-
consistency of the model. The steric and electrostatic fields

5 a4l contributed to the QSAR equation by 72.0% and 28.0%,
6 ./|/'““«/N“|\/ HE R K it respectively.
substiuted win ( x P g Ny Results of the CoMSIA Analysis. The statistical data
bbb Rl o O o St esctud chaln obtained from the standard CoMSIA model constructed with
i \H| ./ steric, electrostatic, hydrophobic, and H-bond donor and acceptor

Possible strong H-band with
the receptor site

Figure 3. Initial pharmacophoric model for the activity on the
pancreatic endocrine tissue.

analysis, we were unable to find any structural explanation for the
removal of the other compounds.
QSAR Coefficient Contour Maps. The visualization of the

fields are also reported in Table 2. The default setting column
filtering 2.0 kcal/mol was used to evaluate the optimal number
of components (7) using the leave-one-out (LOO) cross-
validated analysis. As noted for the CoMFA analysis, tfe
(0.693) and thea? values (0.842) are consistent with a good
predictive capacity and self-consistency of the model. The
hydrophobic field markedly contributed to the QSAR equation

results of the best COMSIA models have been performed using (0y 42.7%), while contribution of the H-bond acceptor field

“Coeff x SD” mapping option contoured by actual values. The was about 23.0%, and the steric and electrostatic fields
maps were generated by interpolation of the pairwise products contributed 14.9% and 17.1%, respectively (the percentage of
between the PLS coefficients (Coeff) and the standard deviationsthe H-bond donor field is insignificant). Surprisingly, the
(SD) of the corresponding CoMSIA descriptor values. The contours important steric contribution observed in the COMFA analysis
of the COMSIA steric map are shown in green (more bulk favorable) \yas not found in the CoMSIA corresponding model. The

and yellow (less bulk favorable). The electrostatic fields contours
are colored blue (positive charge favorable) and red (negative charg
favorable). The contours of the hydrophobic fields are colored
yellow (hydrophobic groups enhance activity) and white (hydro-
philic groups enhance activity). The hydrogen bond acceptor field

epredicted versus actual pJgand the residual (plég act.— plCso

pred.) values of the training set are presented in the Supporting
Information. It should be noticed that the residual values almost
increased uniformly from 0.0002 to 0.917, independently of the

contours show regions where hydrogen bond acceptors (magentajiature of the substituent R, X, or Y on the molecule.

on the drugs are favorable for activity or regions where hydrogen

Besides internal validation with the training set, an external

bond donors on the receptor site enhance the activity. The regionstest set of five compoundsl41—145, Figure 1) was used to
where hydrogen bond acceptors on the receptor site enhance thgalidate the predictivity of the model. The corresponding

activity are colored red. As the positive log BICs target values

were used in the EC/IC CoMSIA analysis, the maps need to be
interpreted as a function of the pSI quotient. Therefore, a green

region in a steric map is more discriminating for thedQvhereas

a yellow region is more discriminating for the E£CIn each
CoMSIA analysis, the contribution of the hydrogen bond donor
field description is very low, and no contour map of this property
is shown.

Results and Discussion

The Pancreatic Model Results of the CoMFA Analysis.
The statistical data obtained from the standard CoMFA model

predicted, actual, and residual values are given in the Supporting
Information. Prior to prediction, the test set compounds were
processed identically to the training set compounds as described
in the Computational Details section. The predicted affinities
for the test set are all in a reasonable agreement with the
experimental values. No outlier values were observed among
the five test set molecules.

CoMSIA Contour Map Analysis. In Figure 4, the electro-
static, steric, hydrophobic, and hydrogen bond acceptor fields
are shown as contour maps for the pancreatic model.

Concerning the electrostatic field properties (Figure 4A), the

constructed with steric and electrostatic fields are shown in Table large red contour region centered on the substituent group at

2. The main objective of COMFA analysis was to optimize the
different parameters in order to find the best predictive model.
Superimposition and field fit were the two alignment criteria
used in our CoMFA study. Statistical results obtained from field
fit alignment criteria gave better cross-validat@dqg?) values
than superimposition (data not shown) for thed@nalysis.
Therefore, only field fit alignment was used for further QSAR
3D (CoMSIA) studies. The default setting column filtering 2.0
kcal/mol was used to evaluate the optimal number of compo-

the 7-position indicates that the presence of negative charges
(due to electronegative atoms such as chlorine, fluorine, or
oxygen) could be favorable for activity. A significant blue region
appearing on the alkyl part of the 3-alkylamino side chain
suggests that positive charges could increase activity (or negative
charges decrease activity). This feature could be due to the
deleterious impact of an electroattracting group (i.e 3)CFhe
presence of a blue region located near the 8-position is less easily
explainable, even if the presence of a nitrogen atom at this

nents (6) using the leave-one-out (LOO) cross-validated analysis.position (pyridinic series) leads to a drastic decrease of activity.

A ¢ value of 0.682 was obtained, indicating a good predictive
capacity of the modelcg > 0.5). A satisfactory correlation

Examination of the steric field map clearly demonstrates the
influence of the steric environment on activity (Figure 4B). A



6782 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 23

Table 1. Structure and Pharmacological Data of the Training and of the Test Sets Used in the 3D-QSAR Analysis

de Tullio et al.

)
X NN,
R
_N
v 0”0

Benzenic Series Training Set

no. X Y R pIGset  PEGs pSe no. X Y R pIGset  PEGs pSke
10 H Br  CH(CH): 0.268 —0681 0949 66 H | CH(CH3), —-0.143 —1.114 0971
11 H Br  CH(CHs)CsHs -0.772 —0.748 —0.023 67 H | CH(CH3)CzHs —-1.290 —1.580  0.290
12 H Br  CH(CH)CH(CHy)z -1.520 —0.415 -1.105 68 H | CH(CH3)CH(CHs), —1.712  0.046 —1.758
13 H Br  CH(CHy)2 -0.616 —1.951 1335 69 H | CH(CH3)CH(CHs)s —1.360 —0.875 —0.485
14 H Br CHs -0.193 —1.490 1298 70 H | CH(CHs)2 —-1.160 —1.898  0.738
15 H Br CuHs 0.208 —0.792 1.000 71 H | CH(CHy)s? —-0.640 —1.346  0.707
16 H Br CH(CHy)® -0.065 —1.336 1272 72 H NO,  CH(CHy): -1.125 -1.364  0.239
17 H Br  CHCFRs —1.480 73 H NO;  CH(CHs)CoHs —-1.950 —0.785 —1.165
18 H Br  CHyCHCHs -0.778 —0.771 —0.007 74 H NO;  CH(CH)CH(CHs), —2.355 —0.447 —1.908
19 H Br  CHCH=CH; —-0.530 —0.477 —0.052 75 H NO;  CHCH(CHy)~ —2.430

20 H CR CH(CHy): -0.279 —-1.117 0839 76 H NO,  CHxCH.CH; -2.330 —1.196 —1.134
21 H CR CH(CHs)CsHs —1.440 —0.949 —0.491 77 H NO;  CH(CHy)? —-1.900 —1.140 —0.760
22 H CR CHy,CH,CHs -1.790 —0.462 —1.328 78 H OGHs CaHs -1.390 —-2.211  0.821
23 H CR CH,CH(CH)A —-2.170 —1.004 —1.166 79 H OGHs CH(CH): —-1.237 —-2.368  1.131
24 H CHs CH(CH): —0.298 —2.301 2004 80 H OCHs CH(CHy)s" —1.560 —2.602  1.042
25 H CHs CH(CHy)s" —0.745 —1.766 1021 8L H OCHs CH(CHa)2 —0.255 —2.438  2.182
26 H Cl  CH(CHs)CH(CHs)2 —0.750 —0.303 —0.447 82 H OCH; CH.CH.CHjs -0.990 —2.602  1.612
27 H Cl  CH(CH): 0.113 -1502 1616 83 H OCHs CH(CHs)CsHs —-0.655 —1.243  0.588
28 H Cl  CH(CHs)CsHs —0.570 —1582 1013 84 H OCH; CH(CHp)s" —-0.380 —0.079 —0.301
29 H Cl  CH(CHs)CH(CHs)s -0.960 —1.109 0149 85 H OCH; CH(CH)CH;OH  —0.830

30 H Cl CH(CHy)2 -0.645 —2279 1634 8 F F GHs 0.000 —1.824  1.824
31 H Cl  CH(CHy)s® -0.043 —-1543 1501 87 F H CH(CHy)s? —0.124 —2.602  2.478
32 H Cl CH.CR —1.240 8 F H CH(CHs)2 —-0.053 —2.290  2.237
33 H Cl CHs —-0.072 —-2.151 2079 89 Cl Br CH(CHg)2 0579 —0.748  1.333
34 H Cl CHxCHs 0.284 —1600 1.884 90 Cl Br CH(CHp)# -0.110 —0.822  0.712
35 H Cl  CH,CH,CHs -0.431 —1.744 1313 91 Cl Br CoHs 0.553 —0515  1.067
3 H Cl  CH;CH=CH, -0.558 —1.461 0903 92 Cl Cl CH(CHg)2 0.553 —0.358  0.911
37 H Cl  CH,CH(CH)A -1.219 -1615 039 93 Cl Cl (CH2)sCHs -1.640 —2.367  0.727
3 H Cl  CH(CHs)CH;OCHs —1.750 94 cl cl CH(CHy)2 —0.650

39 H Cl  CH(CHs)2 -0.799 -1971 1172 95 Cl Cl CH(CHy)2 —-0.083 —0.555  0.472
40 H ClI  CH;CH(CHs)OH -1.890 —2.602 0712 96 Cl Cl CoHs 0.664 —0.081  0.557
41 H ClI  CH(CHs)CHOH -0.588 —1.732 1145 97 Cl Cl CH,CH=CH, —-0.287 —0.079 -—0.206
42 H ClI  (CHy)sCHs —-1.520 —0.708 —0.811 98 cCl cCl CH(CH;)CH,OH  —0.134 —1.246  1.112
43 H ClI  CH(CHs)CHOCOCH; —0.580 99 cCl cCl CH,CH,CHs -0.079 —0.676  0.597
44 H CN CH(CH)2 -1.370 —1.630 0260 100 ClI F C:Hs 0.824 —1.627  2.451
45 H CN CH(CH) —1.820 —1.763 —0.058 101 Cl F CH(CHy)z" 0.682 —1.601  2.279
46 H F CH(CHs), 0.042 —-1635 1681 102 ClI F CH(CHs)CzHs 0.319 -1.326  1.645
47 H F CH(CHs)CzHs -0.139 —-1593 1.453 103 Cl F CH,CH,CHs 0.215 —1.656  1.871
48 H F CH(CH;)CH(CHa)2 —0.445 —1.422 0976 104 ClI F CH(CHy)2 0.932 -1.618  2.539
49 H F CHs 0.167 —2602 2770 105 CI H CoHs 0.299 —1.739  2.040
50 H F CHCH,CHs -0.280 —2.220 1941 106 ClI H CH(CHp)2 —-0.590 —2.193  1.603
51. H F CH(CHp)2 -0.820 —2.602 1783 107 ClI H CH(CHp)# —-0.190 —2.602  2.412
52 H F CH(CHy) —0.077 —2.053 1978 108 Cl H CH,CF3 —0.766

53 H F CH(CHy)£ -0.126 —1.763 1639 109 ClI H CH,CH,CHs —-0.322 —1.864 1542
54 H F CHCH(CHp)2 -0.946 —2.164 1218 110 ClI H CH,CH(CHp)22 —0.960

55 H F CH,CH=CH, —0.470 —2.602 2132 111 ClI H CH,CH=CH; —0.330 —2.167  1.837
56 H F CH(CHs)CH,OCH;s —-1.520 112 Cl H CH(CH)4€ —0.440 —2.602  2.163
57 H F CHs —-0.342 —2.602 2260 113 ClI H CH(CHp)s —1.187

58 H F CH,CF; —1.490 114 Cl H CH(CHs)CH,OH -0.188 —2.302  2.115
50 H F CH(CHs)CH,OH —0.582 —2.602 2020 115 Cl OCHs GCHs 0.208 —0.908  1.116
60 H H CH(CHg)2 —-0.610 —2.602 1.992 116 Cl OCHs CH(CHs)2 0.602 —1568  2.170
61 H H CoHs —-1.056 —2.602 1546 117 Cl OCHs CH(CHp)s" 0.208 —1.369  1.577
62 H H CH(CHs)C;Hs —0.850 118 Br H CoHs 0475 —1.723  2.205
63 H H CH(CHp)# —0.630 119 Br H CH(CHg)2 0.658 —1.746  2.403
64 H H CH(CHp)4€ —0.754 120 Br H CH(CHp)# 0.187 —2.602  2.789
65 H H CH,CH,CHs —1.040 121 Br H CH(CHs)CH,OH —-0.295

wide and unique favorable region (green) is found on a side of deduced concerning the 6-position, suggesting that the
the alkyl chain at the 3-position, while a smaller unfavorable nature of the substituent at this position is less critical for

steric field (yellow) appears farther on this chain. Such data activity.

underline the importance of the substitution at the 3-position  The contribution map of hydrophobic fields is described in

by a short but also branched alkyl chain. A broad unfavorable Figure 4C. The presence of a hydrophobic propitious region
region (yellow) is also present near the 7-position and indicates (yellow) at the 7-position confirms the positive impact of a

that bulky groups (such as Br, |, Qi8s) have a negative impact  halogen atom on activity, while the small hydrophilic favorable

on activity. No negative or positive information could be regions (white) are probably due to Ogslibstitution but also
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Pyridinic Series Training Set

no. N position R PG  PEG pSe no. N position R plGe PpEGI  pSe
122 5-aza-7-chloro CH(CE)2 —2.120 -1.164 -—0.956 132 7-aza CH(CH)CH(CHg), —0.646 —2.097 1.451
123 5-aza-7-chloro CH(CECzHs —1.940 -1.300 -—0.640 133 7-aza CH(CH)4 —1.440 -—-2.778 1.338
124 5-aza-7-chloro CH(CEJCH(CHz), —1.896 —1.083 —0.813 134 7-aza CH(CH)s? —1.716 —2.699 0.983
125 5-aza-7-chloro CH(CEJC(CHs)3 -1.630 -0.017 -1.613 135 7-aza GHs —-1.895 -—-2.778 0.883
126 5-aza-7-chloro (Ch)sCHs —1.640 136 7-aza CH(CH)C(CHy)s —-0.580 -—-1.165 0.585
127 7-aza CHCH,CHjs —1.750 —2.778 1.028 137 7-aza CH(GHs)2 —0.852 —1.609 0.757
128 7-aza CH(CH). —1.008 -—2.602 1.594 138 7-aza (CH)sCH;s —1.870 —2.025 0.155
129 7-aza (CH)sCHs -1.620 —2.778 1.158 139 8-aza CH(CH). —1.480
130 7-aza CH(CH)CzHs —0.623 —2.312 1.689 140 8-aza CH(CH)CH(CHs), —1.250
131 7-aza CHCH(CH)2 —1.315 -—-2.313 0.999
L
N
X | ‘R
Y S’N
0”0
Test Set
no. X Y R pIGse® PEGs pSe no. X Y R pIG?  pEG pSk
141 H CH;  CH(CHg)2 —0.301 —2.301 2.000 144 H CHs CHxCHs —0.398 —2.323 1.925
142 F F CH(CH)2 0.523 —-2.009 2531 145 H CH; CH(CH))CHCH,CH; —1.049 -—1.190 0.141
143 F F CHCH(CHs), —0.754 —2.301 1.547
a Cyclopropyl.? Cyclobutyl. ¢ Cyclopentyl.d Cyclohexyl.¢ —log I1Cso. f —log EGso. 9 10g(EGso/ICs0).
Table 2. Summary of CoMFA and CoMSIA Results for Various Models
CoMFA CoMSIA
pancreatic pancreatic aortic selectivity
model model model model
Leave-One-Out (LOO) Cross-Validated
q? 0.682 0.693 0.673 0.763
s 0.440 0.442 0.448 0.542
F 42.871 39.753 29.043 43.097
n 126 130 107 106
m 6 7 7 7
np 120 123 99 97
vars 1170 1170 1170 1170
Un-Cross-Validated
r2 0.842 0.842 0.795 0.861
S 0.310 0.318 0.354 0.415
F 106.772 93.404 55.015 85.845
n 127 131 107 105
m 6 7 7 7
ne 120 123 99 97
vars 1170 1170 1170 1170
Contributions
steric 0.724 0.149 0.096 0.146
electrostatic 0.276 0.171 0.086 0.092
hydrophobic 0.427 0.603 0.539
H-bond donor 0.023 0.006 0.008
H-bond acceptor 0.230 0.209 0.216

2P, the leave-one-out (LOO) cross-validated coefficieAts 1,0 — [PRESSE (v(Yactua— Ymean?; PRESS (predictive error sum of squares} (v)(Ypred
— Yacwa)’ Ypredis @ predicted valueYacualis an actual or experimental valuéieanis the best estimate of the mean of all values that might be predicted;
s = +/(PRESS#,), the standard error of prediction in the LOO cross-validated analgsthe standard error of estimate in the un-cross-validated analysis;
r2, the squared conventional correlation coefficightF-statistic= r%/(1.0 — r?); n, number of compoundsy, the number of components giving the lowest
PRESS value (optimal number of components)= n — n; — 1; vars, number of explanatory variables by property.

to the negative influence of too bulky subtituents. The white  The hydrogen bond acceptor map clearly delineates, near the
region on the alkyl side chain at the 3-position probably results 6-position and near the 3-alkylamino side chain, several regions
from the presence of a hydroxy group. where hydrogen bond acceptors (magenta) enhance the activity
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Figure 4. CoMSIA contour maps for the pancreatic model: (A) electrostatic properties, the blue isocontours denote regions where positively
charged groups could increase activity (contour level 0.020) and red areas indicate enhanced activity with negatively charged groups (contour leve
—0.031); (B) steric properties, sterically favorable areas are shown in green (contour level 0.006), while the yellow isocontours depict sterically
deleterious areas (contour leveD.025); (C) hydrophobic properties, yellow polyhedra (contour level 0.099) indicate regions where hydrophobic
groups could enhance activity and white areas (contour le@e045) depict regions where hydrophilic groups could favor activity; (D) H-bond
acceptor properties, magenta isocontours (contour level 0.010) depict areas where H-bond acceptors on the molecule (or H-bond donors on the
receptor site) could favor activity; the corresponding unfavorable areas are shown in red (contotiOl©&l).

(Figure 4D). These data are in accordance with a classical SAR  CoMSIA Contour Map Analysis. The contour maps for the
analysis. In contrast, near the 7-position, a negative effect of electrostatic, steric, hydrophobic, and hydrogen bond acceptor
acceptors (red) is predicted and probably reflects the drasticfields are presented in Figure 5.
decrease of activity noticed with the 7-M(’-CN, and 7-Ck Figure 5A illustrates the electrostatic properties. Two favor-
derivatives. able negative red contour regions are found around the sub-
The Aortic Model. Results of the CoMSIA Analysis.The stituent group at the 7-position (not centered on this group).
statistical data obtained from the CoMSIA analysis for the aortic These regions probably indicate that bulky electronegative
model are shown in Table 2. The process and the results aregroups could have a positive impact on the myorelaxant activity
similar to those of the pancreatic model. Tt (0.673) and of the drugs (i.e., bromine and iodine atoms, N&ahd Ck
ther2 (0.795) values are, nevertheless, slightly lower. Thus, the groups). As noticed for the pancreatic model, an important
aortic model can be considered of lower quality. The importance positive blue region also appears on the alkyl part of the
of the hydrophobic properties seems to be higher with a 3-alkylamino side chain and could be due to the deleterious
contribution of the hydrophobic field of about 60.3%. On the impact of an electron-attracting group (i.e.,LH he presence
other hand, the contribution of the steric and electrostatic fields of a blue region around the aryl nucleus proves that an aromatic
are lower (9.6% and 8.6% respectively). The predicted versusring with a low electronic density can be favorable for the
actual pEGp and the residual (pEfgact. — pEGso pred.) values vasorelaxant activity.
of the training set are reported in the Supporting Information.  Examination of the steric field map (Figure 5B) led to the
As in the pancreatic model, the residual values almost increasedconclusion that the presence of a bulky substituent at the
uniformly from 0.003 to 1.030, independently of the substituents 7-position (green) is not deleterious for activity (except for very
R, X, or Y on the molecule. long substituents such as a pentyl group). Two favorable regions
An external test set of five compoundsA(l—145 Figure 1) (green) are also found on a side of the alkyl chain at the
was also used to validate the predictivity of the model. The 3-position, while a marked unfavorable steric field (yellow)
corresponding predicted, actual, and residual values are givenappears farther on this chain. These data underline the impor-
in the Supporting Information. As in the pancreatic model, the tance of the substitution at the 3-position by a branched alkyl
predicted affinities for the same test set are all in a reasonablechain and the deleterious effect of a small ring (cyclopropyl,
agreement with the experimental values. cyclobutyl) on the myorelaxant activity of the compounds. No
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Figure 5. CoMSIA contour maps for the aortic model: (A) electrostatic properties, the blue isocontours denote regions where positively charged
groups could increase activity (contour level 0.009) and red areas indicate enhanced activity with negatively charged groups (conrta02tEyel

(B) steric properties, sterically favorable areas are shown in green (contour level 0.010), while the yellow isocontours depict stericadlysdeleter
areas (contour levet0.002); (C) hydrophobic properties, yellow polyhedra (contour level 0.100) indicate regions where hydrophobic groups could
enhance activity and white areas (contour level100) depict regions where hydrophilic groups could favor activity; (D) H-bond acceptor properties,
magenta isocontours (contour level 0.051) depict areas where H-bond acceptors on the molecule (or H-bond donors on the receptors site) could
favor activity; the corresponding unfavorable areas are shown in red (contour16v@0d4).

negative or positive impacts are detected for the 6-position, with the previous pancreatic and aortic CoMSIA models. The
reinforcing the view that the substitution at this position does contributions of the hydrophobic (53.9%) and H-acceptor fields
not appear to be critical for activity. (21.6%) are actually intermediate. The steric contribution
In this pharmacological model, hydrophobic fields are the (14.6%) is close to that found in the pancreatic model, and the
most important contributors for the CoMSIA analysis. The electrostatic contribution (9.2%) is similar to that exhibited by
presence of a wide hydrophobic region (yellow) near the the aortic model. The predicted versus actual pSl and the residual
7-position confirms the positive impact of a bulky group on (pSl act.— pSl pred.) values are presented in the Supporting
activity (Figure 5C). No information was available for the side Information. As was predictable from the results on the
chain at the 3-position. pancreatic and on the previously reported aortic models, the
The role of the hydrogen bond acceptor properties seems toresidual values almost increased uniformly from 0.009 to
be trivial although the map indicates that hydrogen bond 0.811, independently of the substituents R, X, or Y on the
acceptors (magenta) only enhance the activity when located neamolecule.
the 7-position (Figure 5D). The presence of red regions centered CoMSIA Contour Map Analysis. The analysis of the
on the 7-position or near the 3-alkylamino side chain is less contour maps is more delicate and should be used cautiously
easily explainable. to predict which structural zones are important for the improve-
All these data, taken together with the classical SAR analyses, ment of tissue selectivity (pancreatic versus aortic tissue). This
lead us to propose the first pharmacophoric model for vasore- original approach, coupled with the more classical CoOMSIA
laxant activity in the 3-alkylaminoH-1,2,4-benzo- and 3-alkyl-  analysis using the pharmacological data as dependent variables,

amino-4-1,2,4-pyridothiadiazine 1,1-dioxide series. could also be helpful for the rational design of more potent and
The Selectivity Model. Results of the CoOMSIA Analysis. tissue selective krp channel openers.

Table 2 also illustrates the statistical results of the CoMSIA  Figure 6 depicts the electrostatic, steric, hydrophobic, and

analysis for the selectivity model where log(#@Csq) was hydrogen bond acceptor contour maps. The analysis of these

chosen as the dependent value. TR€0.763) andr? (0.861) maps can be conducted in terms of favorable zones for activity

values are higher than in each individual model. However, the on the pancreatic tissue or favorable zones for activity on the
results of this analysis are not more accurate than those obtainedortic tissue.
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Figure 6. CoMSIA contour maps for the selectivity model: (A) electrostatic properties, the blue isocontours denote regions where negatively
charged groups decrease the selectivity for the pancreatic tissue (contour level 0.014) and red areas indicate a deleterious effect of negatively
charged groups for the inhibition of insulin release (contour lev@l040); (B) steric properties, sterically favorable areas to selectivity for the
pancreatic tissue are shown in green (contour level 0.010), while the yellow isocontours depict sterically deleterious areas for the panereatic tis

or favorable to the aortic tissue selectivity (contour lewv€l.050); (C) hydrophobic properties, yellow polyhedra (contour level 0.060) indicate
regions where hydrophobic groups could enhance the selectivity for the pancreatic tissue and white areas (contdud E)etlepict regions

where hydrophilic groups could favor the selectivity for the aortic tissue; (D) H-bond acceptor properties, magenta isocontours (contour level
0.002) depict areas where H-bond acceptors on the molecule (or H-bond donors on the receptor site) could enhance the selectivity for the pancreatic
tissue; the corresponding unfavorable areas are shown in red (contour-Ig\v€l0).

Concerning the electrostatic field properties (Figure 6A), it hydrophobic groups were found to enter in a hydrophilic zone
should be noticed that a small electronegative group (red) (white) and to enhance the selectivity for aortic tissue.
centered on the substituent in the 7-position could increase the The map showing the influence of the hydrogen bond
activity but also the selectivity for the pancreatic tissue. A blue acceptors is less easily explainable (Figure 6D). The magenta
field near the 7-position seems to indicate a deleterious zone near the 2-position, indicating that the presence of a
negatively charged zone for the inhibition of insulin release but hydrogen acceptor could lead to an increase of selectivity for
a favorable zone for the vasorelaxant effect. Interpretation of the pancreatic tissue, does not appear to be directly linked to a
the map at the 3-position appears too complex. particular group. A deleterious zone (red) for hydrogen acceptors

At the steric level, we can observe the presence of a uniquewas present near the 7-position. This feature is in accordance
zone (green) favorable to selectivity for the pancreatic tissue with the CoMSIA analysis executed on the two pharmacological
and located on one side of the chain in the 3-position (Figure models and could indicate that the presence of bulky hydrogen
6B). This feature could confirm that only small and branched bond acceptor groups at the 7-position is concomitant with a
alkylamino side chains in the 3-position led to pancreatic decrease in selectivity.
selective drugs. By contrast, a large yellow zone near the New Pharmacophoric Models. The Pancreatic Pharma-
substituent at the 7-position indicates that a bulky substituent cophoric Model. Figure 7 illustrates the improved pharma-
in this position could decrease the selectivity for the pancreatic cophoric model for activity on the pancreatic tissue taking also
tissue and increase the selectivity for the aortic tissue. No critical into account the results obtained from the CoMSIA analysis of
information appears for the 6-position. the selectivity model.

The analysis of the hydrophobic map (Figure 6C) seems to  Several relevant pieces of information about the strueture
demonstrate the importance, for tissue selectivity, of the activity relationships (SARs) for activity on the pancreatic tissue
subtituent at the 7-position. Indeed, while a hydrophobic zone have been deduced from the graphical 3D views obtained with
(yellow) centered on the substituent in the 7-position appearsthe CoMSIA analysis. These data not only confirm the first
to be favorable for the inhibition of insulin release, the bulkiest pharmacophoric model (Figure 3) but also clearly improve the
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Figure 7. New improved pharmacophoric model for activity and
selectivity on the pancreatic tissue.
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Figure 8. Pharmacophoric model for activity on the vascular smooth
muscle tissue.
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quality and the number of the SAR information concerning the

arylthiadiazine 1,1-dioxide series. Indeed, the favorable and  sypporting Information Available:

unfavorable lipophilic, steric, and electrostatic properties of the

Journal of Medicinal Chemistry, 2006, Vol. 49, No.&Z87

(pancreatic versus aortic). Moreover, examination of the dif-
ferent contour maps obtained by the CoMSIA analysis allowed
the development of the first 3D pharmacophoric models for
activity and selectivity on pancreatic and vascular tissues. The
present work also highlighted the importance of the nature of
the substituents at the 3- and 7-positions for both activity and
tissue selectivity. Indeed, the steric bulk at these two positions
appears to be critical for activity on the pancreatic tissue, while
the presence of large electronegative or lipophilic groups at the
7-position enhance the activity on the vascular tissue. In contrast,
the 6-position was not shown to be critical for activity or tissue
selectivity. All this information, gathered in the new pharma-
cophoric models, can be viewed as very helpful for the rational
design of potent and selective PCOs belonging to the arylthi-
adiazine series, and more specifically for the identification of a
new pancreatic PCO of therapeutic value for the treatment or
prevention of hyperinsulinemia, diabetes, and obesity.
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CoMSIA actual and
predicted activities for the training and test set molecules. This

substituents at the 3- and at the 7-position are now better definedmaterial is available free of charge via the Internet at http://
Moreover, several pieces of information about substitution at pubs.acs.org.

the 6-position were added. Finally, thanks to the data collected

from the CoMSIA analysis of the selectivity model, some

relevant structural requirements for selectivity have been added

to the initial pharmacophoric model.

As previously noted, the 3- and the 7-positions appear to be

the key positions for activity but also for selectivity. In the

3-position, only short branched but also small cyclic chains such
as cyclobutyl are shown to maintain or enhance activity and
selectivity. Moreover, the presence of a hydrogen bond acceptor

does not impair activity. Concerning the 7-position, the steric
constraint is apparently the critical point, specifically for the
pancreatic selectivity, while both small hydrophilic and hydro-

phobic groups enhance activity. No or less apparent steric

constraints are demonstrated for the 6-position.
The Aortic Pharmacophoric Model. In the 3-alkylamino-
benzo- and 3-alkylamino-pyridothiadiazine 1,1-dioxide series,

no real SAR studies for the vascular smooth muscle tissue have
been achieved up to now. Thus, the pharmacophoric model for
activity on the vascular tissue presented in Figure 8 is the first

one described for these series.

From the global analysis of this original model, it appears
that activity on aortic iKrp channels is less dependent on steric
constraints than activity on pancreatig#€ channels. Moreover,
lipophilicity at the 3-, 6-, and 7-positions is more critical in the
aortic model, and a low electronic density on the aromatic ring
is also favorable for potency.

This CoMSIA analysis also gives us an interesting predictive
tool for the design of compounds activating thgrKchannels
of vascular smooth muscle.

Conclusions

Application of QSAR CoMFA or CoMSIA analysis to a huge
series of potent PCOs belonging to the 3-alkylamifkb¥42,4-
pyrido- and 3-alkylamino#-1,2,4-benzothiadiazine 1,1-dioxide
series led to very coherent predictive models for activity on

pancreatic and vascular tissues, as well as for tissue selectivity
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