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Abstract A relevant aspect in quantitative structure-activity (QSAR) and structure-selectivity (QSSR)
relationships studies is the choice of the most appropriate molecular descriptors both with respect to the
molecular series considered and the known or hypothetical mechanism dcictiolg We have re-

cently shown thaad hocderived size and shape descriptors have been successful to derive QSAR and
QSSR models fom,-adrenergic antagonists, 5-EjIserotoninergic receptor ligands and Muscarinic

ligands, especially when dealing with non congeneric series of molecules. These descriptors describe
the size-shape similarity with respect to a reference supermolecule which is obtained by superposition
of the most active (selective) and structural different compounds, better if rigids. Molecular similarity
indices based on molecular electrostatic potential (MEP) have found, as well, widespread use in the
QSAR area.

In the present study we extend the use of the supermolecule as a reference structure also in the context
of MEP similarity. We have defined ad hocMEP similarity index with respect to the supermolecule
using the same formalism of Hodgkin and Richards. The MEP of the supermolecule is computed as the
average MEP of the compounds defining the supermolecule.

A FORTRAN code is implemented to optimize the superposition of the ligands on the reference super-
molecule in order to maximize the values of the ad hoc similarity descriptors defined in this study. The
performance of the different matching criteria and the diffead hocmolecular similarity indices
derived with the supermolecule approach are tested in QSAR modeling of the binding affinity and
efficacy of a wide ranging series of, Muscarinic ligands previously studied.

Keywords QSAR, Molecular SimilarityAd hocsize and shape descriptors, MER,iMiscarinic ligands

The representation of molecular shape and its applica-
tions in the context of molecular similarity and modeling of
) o o chemical and biochemical process have been object of many
A relevant aspect in quantitative structure-activity (QSAR) syydies [1, 2].
and structure-selectivity (QSSR) relationships studies is the \we have recently shown [3-5] thatl hocderived size
choice of the most appropriate molecular descriptors botiing shape descriptors defined on the ligand bioactive mo-

with respect to the molecular series considered and the knowgcy|ar form have been successful to derive QSAR and QSSR
or hypothetical mechanism of drug action.

Introduction
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models foin,-adrenergic antagonists, 5-gjIserotoninergic MEP similarity index, which can better take into account the
receptor ligands and Mmuscarinic ligands. These descripelectronic contributions of the ligands.
tors describe the size-shape similarity with respect to a referdn our previous studies the matching criteria were only
ence supermolecule which is obtained by superpositionbaised on the pharmacophoric elements shared by the mol-
the most active (selective) and structural different compoundsules considered, with manual adjustments for those lig-
better if rigids. They are defined through the following stepands which have a substructure in common with the refer-
a) each ligand is superimposed on the supermolecule byersse molecule. This may render the superposition procedure
ing dummy atoms defined on the basis of the pharmacophdoicome extent subjective.
elements shared by all the ligands; b) the intersectigi, (V  In the present paper, we have implemented a FORTRAN
the outer ({,,) van der Waals volume of the ligand with reeode to optimize the superposition of the ligands on the ref-
spect to the volume of the supermoleculg )Vand the nor- erence supermolecule, starting from the match achieved on
malized indices Yo, = (Vi -Voud/Veypand Vi /V o (Vi is  the basis of the pharmacophore, with the following options:
the van der \Wals volume of the ligand) are computed.  a) maximizing thead hocsize and shape descriptorV

The use of a supermolecule instead of a single ligand ijrmaximizing thead hoc MEP similarity index; ¢) maxi-
molecular similarity comparison presents the main advanizing the product of the two indices.
tage of allowing the modeling of non congeneric series of The performance of the different matching criteria and
compounds where the most active ligands share little toploe diffeentad hocmolecular similarity descriptors derived
logical and topographical structural similarity. The rationaleith the supermolecule approach are tested in QSAR mod-
behind the supermolecule is that it represents a map of eéling of the binding affinity and efficacy of a wide ranging
target active site or the extent to which the target can adapd structural heterogeneous molecular series ofMs-
(induced fit) to maximize the attractive intermolecular intecarinic ligands (Schemes 1 and 2), including antagonists, weak
actions with a ligand. In other words, the information compartial agonists, partial agonists and full agonists, previously
tent on the ligand-receptor complementarity encoded by 8tadied by us [5].
ensamble of the most active ligands, that constitute the refer-
ence supermolecule, is significantly greater than those en-
coded by a single reference molecule. Methods

The ad hocsize and shape descriptors defined, assume
that the volume of the most active ligands should be included

as much as possible in that of the supermolecule but diffefin_ . — - .
the way they rank the ligands. In fact, when the intersecti ﬁperlmental binding affinity data used for QSAR analysis

volume, V,, takes its extreme values 0 ang Vthe V[ /V | I -
descriptorntqkes, respectively, the values of 0 and 1,m§nd m?a?:gd;rleg :fl?ggsgzteal\,sﬁﬁgﬂféloagrmkrino;r?hrg Eiﬁzsi.rEﬂéf-
V onorm descriptor takes the values -V, and V /V_ = == P colog ga
v ill take i | 1P v f hp Jlnlty constants measured by displacement of the muscarinic
IhCH2E gand whos volame.comexdes with hat o the ofiagonIsts HIN-methyscopolamine (NMS) which label
. ; oth high affinity and low affinity states of the receptor. The
perm.olecule).. Thef kﬁvm"' d escr|||ptkc1) ' I(?,onshdershequally aC_bindinggaffinity gata pOXO-M gre taken from Refs?[l? 18]
g;aeéslr\r;ﬁr? e\(/:tlvsvﬁ"é tehlgs\lze, a dvtesirilgtag; ;ﬁvksoﬁﬁgﬂn;c_and are expressed as the cologarithm of the binding affinity
cording to trTé)Iir size norm P constants measured by displacement of the muscarinic ago-
Molecular similari.ty indices based on the overlap of m@-}ft .FH]oxot.retmctwitne-l}/ltr(]OXO-M)t WhiSC.h labels th? high
lecular electron densities first defined by Carb6 [6] and @-'2' gr:%?glriiasllj teheo higﬁ ;ir?ﬁﬁyogtatlencgis?)%g;ilr?gs rLeuCcohg-
her affinity in the OXO-M assay with respect to the NMS
%fay, the ratio of the affinities of a given compound (NMS/

cently developped in the more general formalism of molej%]-z
I
O-M ratio) gives a measure of its cortical efficacy[17].

lar quantum similarity measures [7] have been succesf

used in QSAR studies [8, 9]. Hodgkin and Richards intr

duced an alternative molecular similarity index which is mo / ;

sensitive to the magnitude of the electron densities [10]. M e I?g of .th's Iratlo, Ir?g(Nl\'?.S/O??]-MI)., has been srllown :10
lecular electrostatic potential (MEP), electric field and sha grre ate directly to the abi ity of the igand to simulate the
are commonly used alternatively to electron densities to ¢ _drplyms of cortlc'al' phosphomosnol [17]'. Four broad'cat-
culate molecular similarity indices especially in drug desi ories of muscarinic ligands can be defined according to

and in the QSAR area [11-15]. In the present study we eir efficacy as estimated from this ratio: antagonists show

tend the use of the supermolecule as a reference struc?lﬂ-%al affin'ity in bOFh assays and thus have ratio close to unity,
' v&eak partial agonists have low ratios of 10-200, partial ago-

MEP similarity index with respect to the supermolecule ug'-StS display inFermed'iate ratios of 209'800. whereas, at the
éher end of this continuum, full agonists display a ratio in

ing the same formalism of Hodgkin and Richards [10]. T

MEP of the supermolecule is computed as the average MEeess of 800 [17, 18].
of the compounds generating the supermolecule. This adds

to thead hocsize and shape similarity descriptorsaahhoc
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Calculations of molecular geometries A probe atom was placed at each grid point and the MEP
values were calculated classically by using atom centered

All calculation were performed by using the AM1 hamiltoniapoint charges:

[19] included in the semiempirical MO program package,

AMPAC [20]. 9%

For the congeneric series of quinuclidine analogues, cong: d

pounds 1-13 and 18-23 of Scheme 1, complete geometry

optimization of the neutral and protonated forms, was pevere ¢ is the charge on the probe atom, which is set to 1.0,

formed on the parent compourddwhose starting geometryand q is the charge on thth of then atoms in the molecule

was constructed by taking the geometric parameters frand d is the distance between titke atom and the probe. In

standard compilations [21]. The minimized parent compouortler to avoid singularities the evaluation is restricted to points

structures, neutral and protonated forms, were then use@w@side the van der Waals volume of the molecule, this choice

starting geometries for the other derivatives which were sigsubjective but is commonly used in MEP based molecular

mitted to an AM1 optimization where all the geometric p&imilarity calculations [10-14].

rameters of the substituent R (compourid$3) and of the The Mulliken population charges from AM1 calculations

five member heteroaromatiing (compoundsl8-23) were were used. The use of atomic charges derived from the elec-

allowed to vary (the r.m.s. deviations between the coordisstatic potential (ESP charges) was as well tested. The ESP

nates of a fully optimized structure and the coordinates oflearges were computed by using the ESP option in the

structure where only the geometric parameters of tNE®OPAC 6.0 program[27]. Linear correlatior?£0.98) was

substituent were optimized, were computed for compourfdsind between the MEPsim index computed by using the

2, 17 and 19 and were in the range d®.3A) The staing ESP charges and the one computed by using the Mulliken

geometries of compoundd4-27 and 32 were taken from charges.

crystallographic datf22-26]. The starting gometry of the Thead hocMEP similarity index (MEPsim) with respect

other ligands were constructed by taking the geometric pathe supermolecule is computed according to the Hodgkin

rameters from standard comgitas. The geometries of theseand Richards molecular similarity index as:

ligands in their neutral and protonated or quaternary forms

fully optimized bythe AM1 method. 2) MER,,,[MER
were fully op W MEP. = z sim X

o S MERZ,+ S MEF

where MEE,, and MER are the MEP values of the super-

The van der Waals volume of the supermolecule, the volumalecule a”_d of the molecule to be_Compared, respectively.
of each ligand to be compared and their intersection volurh@® MER, is calculated at each grid point as the average
(V) are computed numerically over a three-dimensional ghéEP of the molecules which belong to the supermolecule:
enclosing both molecules and extending 3A from the larger nsup
coordinates value on each cartesian axis with grid points 0.5A Z MEP,
apart. .

The number of grid points included within the volume oMER,; = ———
each molecule belonging to the supermolecule (i.e. the dis-

tance of the grid point from one of the atoms of the moIecuI% is th ber of molecules which define th i
is smaller than its van der Waals radius) multiplied by (gri&'— erensupis theé number of molecules ch define the su

spacingj gives the varder Waals volume of the supermol-permo'lecule, MEP are their MEP values at a given grid point
ecule. The volume of a single ligand is computed analogoué&d n; is the number of molecul_es wh.ose ME‘Falue_s was
The intersection volume (Y is given by the number of N t set to zero. In other words, if a grid point falls inside the

grid points falling inside the volumes of both the supermcﬁplume of one or more of the molecules, belonging o the
: ggpermolecule, MEE, is averaged only over the remaining

molecules with the grid points outside their volumes.

Alternative ways of calculating the MEP tested by us,
gave worst results when correlating the I\XEPsim index with
the activity déa. These alternatives consisted of:

(a) taking the sum of MEPvalues instead of the average;
{P) taking the sum of MEPvalues and considering only grid
8ints which fall outside the volume of all the molecules
fining the supermolecule; (c) taking the average of MEP

Calculation ofad hocsize and shape descriptors

n;

Calculation ofad hocMEP similarity indices

Molecular electrostatic potential (MEP) values were calc
lated at the intersection of a rectilinear grid which has tg

same extension and spacing as defined for the volume Calatues and considering only grid points which fall outside

lations (see above section). The use of a larger grid, encrE/ S- -
) . volume of all the molecules defining the supermolecule.
ing all the molecules of Schemes 1 and 2, did not chang esides the MEPsim index we defined the MEPsur

significantly the values of the molecular similarity inde . . L
MEPsim (see below). )c(iescrlptor computed over a set of points distributed on the
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Scheme 2Protonated molecular form of the Mhuscarinic ligands considered in this study. The labels 2 and 4 indicate the
heteroatoms used to define the pharmacophore
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25 pNMS= 9.0 1 pNMS = 9.92

Fit obtained by Pharmacophore Fit obtained by maximizing the Fit obtained by maximizing the
matching Vin/Vmol index MEPsim index

Van der Waals volume maps of the three supermolecules

Figure 1 Top: the molecular structures of the antagonistthe vander Waals volume maps of the corresponding
compounds 25 (Scheme 2) and 1 (Scheme 1), which were sspdrmolecules, the values of the supermolecule volumes are
to define the reference supermolecule to model the PNMG= 408 A (pharmacophore matching)Sl}é: 379 B M/
binding affinity data; middle: compounds 1 and 25 superirk; | matching criterion), V- 414 A (MEPsim matching
posed according to the different matching criteria; bottoneriterion)
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Figure 2 Correlation be- 10
tween the pNMS binding af-

finity data and the values of

the ad hoc size and shape

desciptor Vin computed on

the reference pNMS supermo- 9+ ]
lecule obtained by the W |
matching criteion. Thelin-
ear regression equation is:
PNMS = 0.029(+0.003)Y +
1.3(20.6),n=34,#=0.702, 8 |
r’CV =0.668,s=0.710, F =
75.547. In this equation and
equations of Figures 4 and 6,
n is the number of com-
pounds, # and ECV are re-
spectively the squared and
the squared crossvalidated ]
correlation coefficients, s is
the standard deviation, and F
is the value of the Fisher ra- 6 +
tio; the numbers in parenthe- gu e
ses are the 95% confidence .
intervals of the regression ol
coefficient and the intercept ] m
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van der Walls surface of the supermolecule. These points ar§ he reference compound in the superposition procedure
allocated by generating around each atom of each moledsiigenerally chosen as the most active one or the one which is
belonging to the supermolecule a gridded sphere correspaidicturally more similar to the ligand to be superimposed.
ing to the atomic van der Waals radius. Each point fallinglatfew cases all the compounds belonging to the supermol-
the intersection region of any two spheres is then discardeclile were tested as reference compound and the one allow-
ing the best superposition was used.
The most active and structurally most different full ago-
Superposition procedure nists (compoundk3 andl4of Scheme 1 arig¥of Scheme 2)
were chosen to define and build the supermolecule which
The protonated molecular form of each compound ofodel the pOXO-M binding affinity; compourd# was used
Schemes 1 and 2, being the bioactive one [5, 28], was usegkiieference compound for compoutids24-26 31 and33,
the superposition procedure. compound4was used as reference compound for compounds
Three different reference supermolecules were definedlf)h 15-19 22-23 27-29 and 32, compoundl3 was used as
model the binding affinity data values pNMS, pOXO-M anteference compounds for compourid4?2 20 and21, com-
their ratio log(NMS/OXO-M), respectively. pound31was used as reference compound for comp80nd
The most active and structurally most differenj-am- The full agonists, compound?, 33 and34, showing the
tagonists (compound$ of Scheme 1 an@5 of Scheme 2) highest efficacy values, as estimated by the log(NMS/OXO-
were chosen to define and build the supermolecule whidh binding affinity ratio, were chosen to define and build the
model the pNMS binding affinity; compouridwas used as supermolecule which model the log(NMS/OXO-M) binding
reference compound, i.e. kept fixed in the superposition pedfinity ratio; compound4 was used as reference compound
cedure, for all compounds of Schemes 1 and 2 but for cdor-compoundsl3, 14-16 18-23 25, 28, and 30-33 com-
pound24 which was superimposed on compol2il
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Table 1 Experimental binding affinities and selected ad hoc molecular similarity descriptors for compounds of Schemes 1
and 2

No. log pNMS  pOXO-M V,, [A3 MEPsim MEPsur MEPsim Y [A3  MEPsim
(Nvs/oxo-m)[a]  [a] [a] (] [c] [d] e] [f] la]

1 0.25 9.92 10.17 304.13 0.9633 0.9055 0.8629 175.00 0.9105
2 0.53 7.15 7.68 225.00 0.9637 0.9259 0.8662 165.63 0.9276
3 0.98 6.70 7.68 180.00 0.9715 0.9363 0.8595 156.00 0.9325
4 1.23 7.02 8.25 172.88 0.9696 0.9401 0.8492 149.88 0.9388
5 1.36 4.41 5.77 168.75 0.9676 0.9406 0.8602 153.13 0.9419
6 1.57 6.28 7.85 169.75 0.9729 0.9408 0.8517 143.38 0.9417
7 1.58 5.70 7.28 169.50 0.9709 0.9410 0.8567 145.50 0.9409
8 1.79 5.58 7.37 159.13 0.9681 0.9439 0.8895 144.13 0.9460
9 2.24 6.72 8.96 161.88 0.9660 0.9489 0.8787 144.00 0.9454
10 2.28 4.64 6.92 172.38 0.9621 0.9285 0.8765 159.13 0.9323
11 2.60 6.72 9.32 162.38 0.9690 0.9492 0.8726 141.25 0.9472
12 2.69 6.35 9.04 160.63 0.9706 0.9480 0.8882 146.13 0.9431
13 3.08 6.22 9.3 156.88 0.9712 0.9502 0.9909 145.75 0.9452
14 3.00 7.00 10.0 144.00 0.9549 0.9742 0.9938 136.38 0.9530
15 3.10 5.75 8.85 136.75 0.9594 0.9420 0.8880 121.38 0.9517
16 3.24 5.44 8.68 127.13 0.9549 0.9400 0.8775 138.00 0.9461
17 3.35 5.80 9.15 145.13 0.9589 0.9419 0.8572 137.00 0.9518
18 2.25 5.17 7.42 148.75 0.9679 0.9454 0.8588 136.38 0.9412
19 1.99 5.48 7.47 152.50 0.9654 0.9461 0.8747 137.00 0.9431
20 1.72 5.85 7.57 151.38 0.9627 0.9403 0.8622 139.25 0.9377
21 1.59 5.85 7.44 162.13 0.9682 0.9465 0.8612 144.88 0.9428
22 1.39 5.85 7.24 152.25 0.9605 0.9385 0.8652 138.75 0.9364
23 1.29 6.60 7.89 167.63 0.9689 0.9403 0.8448 148.75 0.9374
24 0.11 9.55 9.66 237.38 0.9498 0.8984 0.8105 158.75 0.9117
25 0.32 9.00 9.32 250.75 0.9658 0.9122 0.8269 157.75 0.9115
26 0.34 7.14 7.48 196.88 0.9336 0.8948 0.8770 148.13 0.9055
27 2.00 5.40 7.4 150.38 0.9294 0.8776 0.8658 131.00 0.9195
28 2.14 531 7.45 130.00 0.9542 0.9393 0.8356 122.75 0.9346
29 2.10 5.30 7.4 164.25 0.9538 0.9359 0.8518 140.75 0.9380
30 2.75 5.21 7.96 122.88 0.9423 0.9363 0.8586 123.13 0.9492
31 2.94 6.08 9.02 167.00 0.9462 0.9260 0.8397 161.13 0.9381
32 3.60 4.72 8.32 149.13 0.9632 0.9498 0.8952 157.38 0.9728
33 3.62 4.62 8.24 123.25 0.9632 0.9449 0.9110 129.13 0.9742
34 3.62 5.66 9.28 171.13 0.9546 0.9542 0.9884 178.50 0.9733

[a] Experimental binding affinities Refs. [17,18]

[b] computed by Vin/Vmol matching criterion, on pNMS reference supermolecule

[c] computed by MEPsim matching criterion, on pNMS reference supermolecule

[d] computed by Vin/Vmol matching criterion, on pOXO-M reference supermolecule

[e] computed by MEPsim matching criterion, on pOXO-M reference supermolecule

[f] computed by Vin/Vmol matching criterion, on log(NMS/OXO-M) reference supermolecule
[g] computed by MEPsim matching criterion, on log(NMS/OXO-M) reference supermolecule
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pOXO-M = 9.30 14 pOXO-M = 10.0 pOXO-M = 9.28

Fit obtained by Pharmacophore Fit obtained by maximizing the Fit obtained by maximizing the
matching Vin/Vmol index MEPsim index

Van der Waals volume maps of the three supermolecules

Figure 3 Top: the molecular structures of the full agonistteria; bottom: the vamer Waalsvolume maps of the corre-

compounds 13, 14 (Scheme 1) and 34 (Scheme 2) which weoading supermolecules, the values of the supermolecule

used to define the reference supermolecule to model Woimes are Vsup= 35¢ fpharmacophore matching), Vsup=
pOXO-M binding affinity data; middle: compounds 13, 1245 & (Vin/Vmol matching criterion), Vsup= 248 &MEPsim
and 34 superimposed according to the different matching amatching criterion)
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Table 2 Correlation matrix of the ad hoc molecular similarity descriptors computed on the pNMS supermolecule and pNMS
binding affinity data

fit obtained by pharmacophore| fit obtained by maximizing

matching Vin/Vmol
IS 5 s = 5 s
2le & < § S|z B < & £
Z Q. Q. > 5 < Q. Q. > 5 <
el s = > s | s = > s
PNMS | 1.00

MEPsim| 0.23| 1.00

MEPsur | 0.44| 0.61 1.00

Vin 0.69|0.73 0.65 1.00
Vonom | 0.45| 0.92 0.68 0.92 1.00
Vin/Vmoi [ 0.20 0.96 0.56 0.73 0.93 1.0
MEPsim| 0.37| 0.64 0.33 0.62 0.65 0.62 1.00

fit obtained by
pharmacophore
matching

>

%%’ 5 |MEPsur|0.39| 0.21 054 039 031 0.4 042 1.00

g EZC Vin 0.84(0.22 0.43 0.81 053 0.21| 0.45 0.47 1.00

§§>_ Vonom | 0.76| 0.50 0.57 0.890.75 0.48| 0.62 0.53 0.91 1.00

= Vin/Vmoi | 0.14| 0.76 0.45 0.50 0.720.74| 0.70 0.30 0.17 0.54 1.0(
o MEPsim| 0.01|0.82 0.35 0.51 0.73 0.840.65 0.08 0.07 0.37 0.8(
%-%g MEPsur | 0.32| 0.37 056 0.46 0.48 0.39 056 0.71 0.41 058 (.59
§>E:<&°3 Vin |0.81/0.20 0.45 0.80 051 0.21 0.39 0.450.99 0.87 0.10
S &= | Vonom |073] 047 061 090074 048 053 052 091095 0.44

Vin/Vmar [ 0.09| 0.77 0.53 0.54 0.750.81 0.55 0.23 0.14 0.470.88
MEPsim| 0.03|(0.82 0.38 0.52 0.73 0.840.62 0.10 0.09 0.37 0.78
MEPsur |-0.49| 0.14 -0.03 -0.26 0.00 0.19 0.14 0.00 -0.46 -0.20 Q.50

Vin 0.81|0.15 041 0.77 0.46 0.15 0.37 0.440.99 0.86 0.06
Vbnorm | 0.77| 0.39 0.57 0.880.68 0.39 050 0.51 0.950.97 0.38
Vin/Vmor [ 0.06| 0.73 0.51 0.49 0.710.75 0.53 0.22 0.12 0.480.91

fit obtained by
maximizing

M EPsim*(V in/Vmol )

pound32was used as reference compound for compolmndspect to the following dummy atoms pairs: (a) a dummy atom
12, 26, 27 and29, compoundl7 was superimposed on com{positioned 3A from the protonated nitrogen atom (see
pound14. Schemes 1 and 2) on the vector defined by the*Néhd;

For each supermolecule the same procedure, illustratedthe compounds bearing a quaternary nitrogen atom (com-
below, was used to calculate thé hocmolecular similarity pounds24 and 32-34 of Scheme 2), the distance between
indices. this atom and the protonated nitrogen of the reference com-

pounds used in the superposition procedure was minimized;
(b) two dummy atoms positioned 2A from the heteroatoms
Pharmacophore matching labeled as 2 and 4 in Schemes 1 and 2 on the direction of the
heteroatoms lone pairs; (c) for compouri®23 only the
Each ligand of Schemes 1 and 2 was superimposed ondhemy atom corresponding to the heteroatom in position 4
corresponding reference compound (see previous sessionyvy used; (d) the protonated nitrogen atom was used as an
a rigid fit procedure minimizing the r.m.s deviation with readditional matching point for compound8-23and 31; (e)
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Table 2a Correlation matrix of the ad hoc molecular similarity descriptors computed on the pNMS supermolecule and
pNMS binding affinity data

fit obtained by maximizing fit obtained by maximizing
MEPsim MEPSsIim*(Vin/Vmol)

IS = 5 IS = 5
M o > >5 : | w m > >5 z
= = > | s = =

- MEPsim | 1.00

o O

- .£ E | MEPsur | 0.40 1.00

22w

g £ f Vin |0.07 0.41 1.00

S 2= | Vowm |0.38 061 0.92 1.00

= Vin/Vmoi | 0.86 0.61 0.15 0.51 1.0(

—~ |MEPsim|0.98 0.41 0.08 038 0.83 1.00

3?25 MEPsur | 0.42 0.39 -0.46 -0.20 0.50 0.42 1.00

5 E S Vin |0.02 0.38 1.00 0.89 0.09| 0.03 -0.49 1.00

£ %X E | Vonom [0.28 056 0.95 099 041|029 -0.270.94 1.00

o o

- Eqa

= W | Via/Vmo [0.83 059 0.11 0.480.97| 081 052 0.07 0.40 1.0

the carbon atom of the pentatomic ring attached to twecept in the case of optimization of thg (V) *MEPsim
quinuclidine ring was used as an additional matching poproduct, where the initial relative orientation was the one
for compounddl8, 19and22, 23 obtained by optimization of the MEPsim index.
Each "new” supermolecule is then used as reference struc-
ture for the superposition, according to the corresponding
Matching by optimization of thad hoc maximum similarity criteria, of all other ligands of Schemes
similarity descriptors 1 and 2. Thanitial relative orientation of each compound
with respect to the supermolecule is always that obtained by
The V,/V ., the MEPsim and the product of the two indicefie pharmacophore matching criteria.
were used as criteria for superimposing molecules on theFor each type of supermolecule were computed the fol-
supermolecules. These indices were maximized by minimiewing descriptors MEPsim, MEPsur, VWV, . and V /
ing respectively the functions 1.\ . 1 - MEPsim and 1 - V. The calculation of the volume descriptors, (¥,
(V,/V,..)XMEPsim by using a routine taken from Ref. [29&nd \ /V ) was done by using a grid enclosing all the mol-
employing the Simplex method of Nelder and Mead[30]. Tiesules of Schemes land 2 in their orientation achieved after
Simplex parameters were chosen as follow: the maximumatching, in order to avoid slightly differenalues of \/,,
number of iterations was set to 500, the fractional convbecause of different grid dimensions.
gence tolerance to be achieved in the function (the similarity The codes were written on fortran 77 and all similarity
descriptor) value, ftol, was set to-4@nd the minimization and superposition calculations were run on a SG Indigo 2
routine was restarted (taking the found minimum as onevegrkstation.
the simplex vertex) unless the values of the function between
two minima differ by less than 10
The first step, when using th'is optimization routin('aZ is Kesults and discussion
obtain a supermolecule according to each superposition cri-
terion. This is done by superimposing, one at time, each CQ’_ - . o . o
pound belonging to the supermolecule on the correspond %‘%molecular series of muscarinic ligands considered in this

; ; is shown in Schemes 1 and 2. Table 1 reports the bind-
reference compound (spearmacophore matchingection). StUCY IS S rep ©
The reference compound is kept fixed while the other coffd affinities (PNMS and pOXO-M) and the binding affinity

pound is allowed to move (rotation and translation in thr&&i0 (10g(NMS/OXO-M) for the M muscarinic receptor, to-

dimensions) toward the position of maximum similarity witether with the values of some of the compuidchocmo-
the reference one. The initial relative orientation of the twgcular similarity descriptors. These molecular descriptors

compounds is that obtained by pharmacophore matchik§"® all computed on the protonated molecular forms of com-
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Table 3 Correlation matrix of the ad hoc molecular similarity descriptors computed on the pOXO-M supermolecule and
pOXO-M binding affinity data

fit obtained by pharmacophorg  fit obtained by maximizing

_ _ c matching _ c Vin/Vimol

cl/!32 % . & 2/3 % . &g &
S1E & 5 & 2| & 5 & 2
2 | = s > s> | = s > =

pOXO-M| 1.00
MEPsur | 0.26| 1.00
MEPsim| 0.03| 0.66 1.00

Vin 0.17| 0.04 0.29 1.00

Vpnorm |-0.02 0.54 0.81 0.59 1.00
Vin/Vmoi | 0.00| 0.60 0.86 0.44 0.97 1.00

MEPsur| 0.28| 0.71 0.46 -0.05 0.47 055 1.00

fit obtained by
pharmacophore
matching

>

%% s [MEPsim| 0.06| 0.71 0.89 031 0.89 0.94 059 1.00

§EZ | Vo |018[-016 -0040.88 029 0.10| -0.26 0.00 1.00

S 2 | Vonon |-0.03| 051 071 054093 0.88| 0.42 0.81 038 1.00

= Vin/Vimol |-0.05| 0.60 0.80 0.30 0.920.95|0.57 0.91 0.06 0.93 1.00

_ MEPsur | 0.32| 0.65 0.38 0.18 041 045 0.84 050 0.00 0.34 .42
%% £ |MEPsim| 0.05| 0.71 0.86 0.26 088 093 059094 -0.02 0.84 0.93
g Eé Vin | 0.14| 0.00 0.17 0.95 0.52 0.35| -0.13 0.220.95 0.57 0.28
§§§ Vobnom |-0.08| 0.57 0.76 0.440.96 0.94| 0.48 0.86 0.220.97 0.96

Vin/Vimal [-0.06] 0.64 0.82 0.28 0.930.97|0.59 0.92 -0.01 0.890.98
MEPsur | 0.30| 0.66 0.46 0.13 050 0.54 0.68 0.62 -0.07 0.45 (.52

MEPsim| 0.04| 0.62 0.84 0.32 0.87 0.90 0.550.92 0.00 0.80 0.87

Vin 0.19( -0.19 -0.080.80 0.24 0.06 -0.26 -0.040.88 0.30 -0.0%
Vpnom |-0.05[ 0.47 0.64 0.440.86 0.82| 0.41 0.74 0.240.90 0.83

fit obtained by
maximizing

Vin/Vmal [-0.05| 0.57 0.74 0.21 0.850.88| 0.56 0.85 -0.07 0.830.90

MEPsim*(V inNmoI)

pounds of Schemes 1 and 2. In fact, structure-function ret@utral one [32]. The use of neutral species prevents to con-
tionships of muscarinic drugs established that a cationic heatkr in the correlations compourZisand32-34which bear
group is essential for strong muscarinic or antimuscarird@uaternary ammonium ion, this narrows the range of varia-
activity. Furthermore, mutagenesis studies gfrMiscarinic tion of the binding affinity ratio log(NMS/OXO-M) data be-
receptor suggest that the binding process is initiated byiag compounds32-34the most active full agonists and im-
ion-ion interaction between the protonated amine moiety mfes a different choice of the pOXO-M and log(NMS/OXO-
the ligands and an aspartic residue of the receptor [28, 3). reference supermolecules (see sections below).
However, as far as tteel hocMEP similarity descriptoris ~ The choice of the pharmacophoric elements, always used
concerned, it has been evaluated both on the neutral anddhéetermine the initial orientation of each ligand with re-
protonated molecular forms. It is likely that the interactiospect to the reference supermolecules, was based both on the
between the protonated amine function of the ligands amahlitative binding model for muscarinic ligands proposed
the anionic site of the receptor (Asp) renders the electrohicSaunders et al. [18] and on the theoretical models recently
characteristics of the protonated form similar to those of thbtained by us [33]. According to these models the cationic
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Table 3a Correlation matrix of the ad hoc molecular similarity descriptors computed on the pOXO-M supermolecule and
pOXO-M binding affinity data

fit obtained by maximizing fit obtained by maximizing
MEPsim MEP*(Vin/Vmol)
5 g £ _E 5 g £ _E
g ¢ £ : = |&@ & £ : =
] w S < LLl L § c
= = > = = >
MEPsur | 1.00

MEPsim| 0.50 1.00

Vin 0.09 0.21 1.00

Vpnorm | 0.36 0.89 0.45 1.00
Vin/Vmo | 0.43 0.94 0.24 0.96 1.00
MEPsur | 0.67 0.63 0.08 049 0.5p 1.00
MEPsim| 0.49 0.94 0.24 085 0.89 0.72 1.00

Vin -0.04 -0.07 0.88 0.18 -0.04 0.02 0.08 1.00
Vonorm | 0.29 0.77 0.47 0.91 0.84| 0.52 0.84 0.39 1.00

fit obtained by
maximizing MEPsim

fit obtained by
maximizing

MEPSIm(Vm /Vmol)

Vin/Vmoi | 0.38 0.88 0.19 0.900.92|0.61 0.93 0.08 0.93 1.00

head group is an essential pharmacophoric element (repmatching criterion, shows the highest correlation coefficient
sented in our pharmacophore model by the dummy atom déh pNMS. The best correlation is achieved when the match-
fined on the N-H bond vector, see Schemes 1 and 2 airy criterion is the optimiz#on of the V, /V,, descriptor
Methods section) for all ligands, agonists as well as anta@d=0.702, the correlation is plotted in Figu2e These re-
nists. Full agonists are, in general, small hydrophilic mdults agree with the proposed interaction mechanism between
ecules and utilize at least two hydrogen bonding interactidhe receptor and the antagonists, in fact th&/\/  descriptor
(represented in our pharmacophore model by the dummyra&inly mimics dispersion-hydrophobic interactions.
oms defined with respect to heteroatoms 2 and 4, see Schemdge intercorrelation between the various similarity descrip-
land 2 and Methods section), to bind the receptor. Antagiars can be summarized as follow (the correlation coefficients
nists require maximally one, and possibly no hydrogen bormrresponding to the points discussed below are reported in
ing site and instead utilize hydrophobic and dispersion fordesd character on Tables 2 and 2a):
in order to stabilize the complex with receptor. a) V,, and \, ., descriptors computed with the same

matching criteion and V., V.. and \ /V_  descriptors

computed with different matching criteria are always
Modeling of the pNMS binding affinity intercorrelated;

b) the MEPsim descriptors computed with different match-

The protonated forms of the most active and structurally migg criteria show the same trend;
diverse antagonists of Scheme 1 and5 of Scheme 2 were ) the MEPsim and the W, descriptors computed with
used to construct the reference supermolecule to modelttfeesame matching criterion show the same trend.
pNMS binding affinities. Figure 1 shows the supermolecules For comparative purpose the MEPsim index has been com-
obtained according to the different matching criteria. It cated also on the neutral molecular form of compounds of
be observed that the size and the overall shape of the tliekemes 1 and 2. The superposition obtained by pharmaco-
supermolecules are similar but a better fit of the two coghore matching of the protonated forms was used as starting
pounds1 and 25 is realized with the \/V_, criteion. Ta- orientation, then each ligand was allowed to move in order to
bles 2 and 2a show the correlation matrix between the ad bptmize the MEPsim index computed by using the charge
similarity descriptors and the pNMS affinity data values, rdistribution of the neutral molecular fos. Thesupermol-
ported in Table 1. The,Ydescriptor, independently of theecule obtained in this case does not differ from that obtained
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Figure 4 Correlation be- 11.0
tween the pOXO-M binding

affinity data and the values

of the ad hoc similarity des-

criptor MEPsur computed on

the reference pOXO-M super- 10.0 - -
molecule obtained by the Vin/ ' 24

Vmol matching critéon. The O

linear regression equation is: T 25 11

pOXO-M = 12(+1.6)MEPsur = = L
-2(x1.4), n =29, r2 =0.642, 90 | 5 ™

r2CV = 0.602, s = 0.491, F n

=48.42, where compounds 1, n

5, 11, 24 and 25 of scheme 1 T
have been omitted as show-
ing a large deviation from the
regression. See caption to
Figure 2 for a description of
the parameters T ] ...‘ -

ok

pOXO_M
(0]
o
||

70 T u

6.0 1

0 o1

5.0 : : : 1 : : : 1 : : :
0.7 0.8 MEPsur g 1.0

by pharmacophore matching. No improvement in the corfeetween the various descriptors are similar to those observed
lation statistics was obtained by plotting the, ®escriptor when modeling the pNMS binding affinities as far as points
versus pNMS. However, a linear trend was observed betwbemdc of the previous section are concerned, while the Y
the MEPsim index computed considering only the negatiglescriptor, in this case, is correlated with thgW,, , instead
values of the MEP computed on the neutral molecular formisV,, (see poinia above section). Furthermore the MEPsim
and pNMS (f= 0.60, i.e compound®4 and32-34omitted). and the V, .., descriptors computed with the same matching

criterion are correlated.

The only descriptor satisfactorily correlated $r0.64,

Modeling of the pOXO-M binding affinity Fig. 4) with the pOXO-M binding affinity data values is the

MEPsur similarity index computed on the ligands superim-
The protonated forms of the most active and structurally giesed according to the ¥V matching criterion and omit-
verse full agonistd3 and14 of Scheme 1 an84 of Scheme ting from the correlations the antagonidis24 and 25 and
2 were used to construct the pOXO-M binding affinities refhe partial agnists5 and 11 This correlation represents an
erence supermolecule. Fig. 3 shows the supermoleculesiotprovement with respect to those previously obtained by
tained according to the different matching criderThe using as descriptors either theg,\/,,,computed with a phar-
supermolecules obtained acdorg to the VY /V,  , and macophore matching criterion [5] or the calculated interac-
MEPsim optimization matching criteria are almost equdipn energies of the minimized ligand;#eceptor complexes
while the supermolecule obtained by pharmacophore matf38]. The MEPsur descriptor takes into account both electro-
ing has a higher van der Waals volume of about 3@0W a static and dispersion intetions. Therefor¢he hypothesis
different shape especially in the proximity of the protonat@ the intermolecular interactions operative in the receptor-
nitrogen atom. Tables 3 and 3a show the correlation matiand complex, which discriminate between hydrophilic full
between thead hocsimilarity descriptors and the pOXO-Magonists and hydrophobic antagonists, is supported.
affinity data values, reported in Table 1. The intercorrelations
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Table 4 Correlation matrix of the ad hoc molecular similarity descriptors computed on the log(NMS/OXO-M) supermol-
ecule and log(NMS/OXO-M) binding affinity ratio

fit obtained by maximizing fit obtained by maximizing
Vin/Vimol MEPsim
=
Q - _ - _
= s = > > | s = > pS
8
log(NMS/OXO-M) 1.00
MEPsim 0.80 1.00
MEPsur 0.82 0.79 1.00
Vin -0.35 -0.39 -0.13 1.00
Vbnom 0.70 0.82 0.72 0.03 1.00
Vin/Vmol 0.83 0.93 0.81 -0.25 0.94 1.00
MEPsim 0.85 0.91 090 -0.22 0.84 093 1.00
MEPsur 061 041 0.80 -0.12 0.26 040 059 1.00
Vin -0.04 0.09 0.20 0.77 0.44 0.21| 0.23 -0.01 1.00
Vbnom 0.67 0.86 0.69 -0.10 0.95 0.93|0.86 0.25 0.46 1.00
Vin/Vmol 0.75 092 0.77 -0.26 090 0.97| 0.93 0.37 0.31 097 1.00

In order to test the performance of the MEPsim descriptor The supermolecules obtained according to th&y  and
computed on the neutral molecular forms we considered MEPsim matching criteria do not differ significantly and are
more homogeneous series of compouh@3 of Scheme 1. shown in Fig. 5.

In this case the reference supermolecule was obtained byfables 4 and 4a show the correlation matrices between
superposition of compounds3 and 14 (compound34 was the ad hoc similarity descriptors computed with the two meth-
not considered bearing a quaternary nitrogemma The ods and the log(NMS/OXO-M) binding affinity ratio, reported
MEPsim descriptor computed on the neutral molecular forinsTable 1. The MEPsim, computed on the log(NMS/OXO-
was used as well as matching optimization criterion. A linelsl) reference supermolecule obtained by the MEPsim match-
trend was observed between the MEPsim index compuiegl criterion,the V, /V,..,, computed on the log(NMS/OXO-
considering only the negative values of MEP and pOXO-M) reference supermolecule obtained by théw  match-
(r>= 0.62, i.e compounds and17 omitted). ing criterion,and theAMEPsim descriptors show good lin-
ear correlations,?0.72, #=0.68 and 4=0.69, respectively
(Fig. 6a-6c¢), with the log(NMS/OXO-M) binding affinity data.
Modeling of the log(NMS/OXO-M) binding affinity ratio  These results are similar to those previously obtained by us
[5], where good linear regressions were obtained between
Two methods have been used to model the efficacy as tive 10g(NMS/OXO-M) binding affinity ratio and the
pressed by the log(NMS/OXO-M) binding affinity ratio. Thes”,,,(HOMO) descriptor (defined as the sum of the
first one consisted of defining a reference supermolecule wéictrophilic superdelocalizability, AM1 calculations, of the
the full agonists, compoun@8, 33 and34, showing the high- heteroatoms 2 and 4, computed on the protonated molecular
est log(NMS/OXO-M) binding affinity ratio values, the secforms of compounds of Schemes 1 and 2), which describes
ond one consisted of defining a new set of molecular dbe hydrogen bond propensity of the heteroatoms 2 and 4
scriptorsAV,,, AV,...» AMEPsim andAMEPsur as differ- (Schemes 1 and 2), as well as between the log(NMS/OXO-
ences between the corresponding descriptors computedviybinding affinity ratio and the size and shape descriptor
using the pOXO-M and pNMS supermolecules, respectivel)V .., (Computed with a pharmacophore matching crite-
rion).
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Table 4a Correlation matrix of the descriptors defined as the difference of the corresponding ad hoc molecular similarity
descriptors computed for the pNMS and pOXO-M supermolecules and log(NMS/OXO-M) binding affinity ratio

fit obtained by maximizing fit obtained by maximizing
Vin/Vmol MEPsim

5
o S f—
X £ 2 £ E = ? £ g
olg|agls|z2lz2l|d|al|s]z]z2
2lele |2 l5|elg]92]3
z | < g < d < d < d
g

log(NMS/OXO-M) 1.00
AMEPsIim 0.74 1.00
AMEPSsur 0.68 0.67 1.00

AVin 0.67 0.83 0.70 1.00
AVpnom 0.64 0.79 0.67 0.98 1.00
AVin/Vmol 0.64 0.83 0.68 0.98 0.97 1.00

AMEPsim 083 086 0.71 0.75 0.72 0.75 1.00
AMEPsur 055 054 077 051 046 052 061 1.00

AVin 0.70 080 0.71 098 097 0.95 0.79 052 1.00
AVpnom 066 0.77 0.67 095098 094 0.75 0.45 098 1.00
AVin/Vmol 0.69 0.79 0.69 094 0.94 095 0.81 056 0.97 0.97 1.00

The intercorrelations among the different descriptors d@ee MEP \alues. This shows that the neuthEP distribu-
similar to those observed in the pOXO-M case. tion can be a useful molecular descriptor when dealing with
Also in this case the MEPsim descriptor has been comery congeneric series of compounds of similar size.
puted also on the neutral molecular forms of compounds
23 of Scheme 1, which represent a more structural homoge-
neous molecular ses. The refegnce supermolecule wa .
obtained by superposition of compounti§ and 17 which “Conclusions
show, in this series, the highest log(NMS/OXO-M) bindin% ]
affinity ratio. The MEPsim descriptor computed on the neuthe use of the supermolecule approach to deatéhoc
tral molecular forms was used as well as matching optimizBolecular similarity descriptors has been successful in QSAR
tion criterion. The MEPsim descriptor computed on the nefiedeling procedures. In fact, it represents a flexible tool
tral form gives a satisfactory correlatio?=0.65, with Whlch.can be used to describe both congeneric gnd non-con-
log(NMS/OXO-M) only if compound3 (antagonist)d, 5, 7 9eneric series of cpmpounds and can be continuously up-
and 9 (weak partial agonists) are omitted from the correld@ted with new coming experimental data. Furthermore, when
tion. Saunders et al.[18] reported a very good linear regrifi three-dimensional (3D) structure of the target and its bind-
sion between the MEP minima (computed on the neutf3@ Site are available, the supermolecule can be defined as
molecular forms of the model molecules obtained by repldf€ van der Waals volume of the binding cavity. This allows
ing the quinuclidine nucleus with a methyl group) near thiae use of 3D information in indirect, i.e ligands based, QSAR
heteroatoms 2 and 4 of the pentatomic ring of compourfBgdeling. _
11-13and 20-23 of Scheme 1 and the log(NMS/OXO-M) The results objcalr)ed on the very struptural heterogeneous
binding affinity ratio. If we consider the same subset of corperies of muscarin ligands considered in this study suggest
pounds the correlation coefficient for the above liner regrdg€ following concluding remarks: _ .
sion with the MEPsim descriptor goes froin0.65 to #=0.81 a) the \(./V, descriptor seems particularly suitable as
and to #=0.89 when MEPsim is computed only with the negg]atchlng criterion to optimize the superposition of the lig-
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log(NMS/OXO0O-M) = 3.62 32 log(NMS/OXO0-M) = 3.60 log (NMS/OXO-M) = 3.62

Figure 5 Top: the molecular structures of the full agonistottom the van der Waals volume maps of the corresponding
compounds 33, 32 and 34 which were used to define the sepermolecules are shown. the values of the supermolecule
erence supermolecule to model the log(NMS/OXO-M) binablumes are/sup= 243 A (Vin/Vmol matching criterion),

ing affinity ratio; middle: compounds 32, 33 and 34 superir'sup= 247 A (MEPsim matching criterion)

posed according to the different matching criteria; on the
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Figure 6 (a) Correlation between the cortical muscarinic
efficacy log(NMS/OXO-M) and the values of the ad hoc simi-
larity descriptor MEPsim computed on the reference
log(NMS/OXO-M) supermolecule obtained by the MEPsim
matching critefon. Thelinear regression equation is:
log(NMS/OXO-M) = 54(+6.0)MEPsim -49(+5.6), n = 34, r

= 0.719, PCV = 0.692, s = 0.555, F = 81.83. If compound
27 of Scheme 2 is omitted from the regression The linear re-
gression equation is: log(NMS/OXO-M) = 57(x5.8)MEPsIim
-52(%5.5), n = 33, # = 0.756, PCV = 0.734, s = 0.525, F =
96.20. p) Correlation between the cortical muscarinic effi-
cacy log(NMS/OXO-M) and the values of the ad hoc size and
shape desgptorV, /V,,,, computed on the reference log(NMS/
OXO-M) supermolecule obtained the \in/Vmol matching
criterion. Thelinear regression equation is: log(NMS/OXO-
M) =7.22(x0.9)\V. /V,,,, -4.0(x0.8), n=34,r2=0.647,r2CV

= 0.610, s = 0.622, F = 58.56. If compound 27 of Scheme 2
is omitted from the regssion. Thdinear regression equa-
tion is: log(NMS/OXO-M) = 7.4(x0.9)\WV, , -4.1(x0.8), n

= 33, ” = 0.662, PCV = 0.624, s = 0.619, F = 60.60c)(
Correlation between the cortical muscarinic efficacy
log(NMS/OXO-M) and the values of the ad hoc similarity
desciptor AMEPsIim (see text for its definition). Theear
regression equation is: log(NMS/OXO-M) = 68(ZBJEPsIim
+2.9(x0.14), n = 34, f = 0.689, PCV = 0.642, s = 0.583, F

= 71.01. See caption to Figure 2 for a description of the
parameters
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ands on the reference supermolecule. In fact, improved c@-Hodgkin, E.E.; Richards, W.Gnat. J. Quantum Chem.:
relations were obtained with respect to those obtained by phar-QuantumBiol.Symp987, 14, 105.
macophore matching. Furthermore this descriptor is simile. Good, C.A.; Peterson, J. S.; Richards, W. Gled. Chem.
and fast to compute and a further development could be its1993 36, 2929.
use for database searching. 12.Sanz, F.; Manaut, F.; Rodriguez, J.; Lozoya, E.; Lopez de
b) The analysis of the intercorrelations between the vari- Brinas, E.J. Comp.-Aided Mol. De$993,7, 337.
ous ad hoc molecular similarity descriptors suggestsathat13. Naray-Szabd, G.; Ferenczy, G&hemical Review#995
hoc normalized size and shape descriptors as well as MEP95, 829 and references therein.
similarity descriptors codify both electronic and size-shafid. Thorner, D. A.; Wlett, P.; Wright, P.M.; TaylorR.; J.
features of the molecule. Comp.-Aided Mol. Desl997, 11, 163.
¢) The ad hoc MEP similarity descriptors give satisfatb. Mestres, J; Roherer D. C.; Maggiora, G. M.Comp.
tory correlations with the pOXO-M and log(NMS/OXO-M) Chem.1997, 18, 934.
binding affinity data values. This agrees with the hypothedi§. Cocchi, M.; Selmi, M.; De Benedetti, P. G.Abstracts
that agonists mainly interact with the rptag via hydrogen Book ofthe Second European conference on Computa-
bonding inteactions. TheMEPsim descriptor computed on tional Chemistry EUCO-CC2, 2-6 September 1997,
the neutral molecular forms give less satisfactory correla- Lisbon, Portugal1997 21.
tions. 17.Freedman, S. B.; Harley, E.; Iversen, L. Br. J.
Pharmacol.1988 93, 437 and references therein.
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