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A generalized three-dimensional (3D) quantitative s tructure-property relationship (QSPR) 
formalism, based upon molecular shape analysis (MSA), has been applied to an analog series 
of pyridobenzodiazepinone inhibitors of muscarinic 2 (M2) and 3 (M3) receptors. The 
fundamental goal of this application is to establish MSA-3D-QSARs (P = A = inhibition 
activity) that are based upon identifying the active conformations of these flexible analogs. 
The repetitive use of partial least squares (PLS) analysis permits the construction of the M S A -
3D-QSARs. In addition to molecular shape, the identification of the properties of a lipophilic 
binding site and specific nonallowed steric receptor sites govern the MSA-3D-QSARs. The 
M2 and M3 QSARs suggest receptor subtype specificity might be realized by targeting upon a 
specific nonallowed steric receptor site. One conformation, common to both M2 and M3 
receptors, emerges as dominant in the optimum MSA-3D-QSARs. However, other similar 
conformations are also found to yield meaningful MSA-3D-QSARs. 

Introduction 

In the previous paper1 we describe a general formal
ism to construct MSA-3D-QSPRs for a set of flexible 
molecules {Mu} using multiple trial molecular align
ments. In the case of the relative physicochemical 
feature representation, three classes of feature tensors 
can be defined as the basis for the QSPR: 

Vu,v(s,a,/3) is the intrinsic steric molecular shape 
(SMS) tensor where s refers to the set of steric shape 
measures, a the set of conformations, and /3 the set of 
alignments considered in the analysis of {Mu}. Com
pound v is the reference compound1 and u is any 
member of the data set. 

¥^wip,r^^,a,P) is the molecular field (MF) tensor 
where p are the set of probes used to generate the 
molecular field features2 and the rj,k,i are the spatial 
positions at which the potential field is evaluated for 
each p . 

Hu,v(a,/3) is the tensor which contains all the remain
ing physicochemical features which may, or may not, 
depend on a and/or /3. 

These three tensors can be combined to yield the VFH 
tensor which is related to the property measures {Pu} 
= P u b y 

P11 = TU;V ® [Vu>,a, /3),Fu>,r j(k>1,a, /8),HUiV(a, /3)] (1) 

where Tu,v is the transformation tensor that establishes 
the specific relationship between {Pu} and VFH. The 
current approach to determining TU)V is the repeated 
application of partial least squares (PLS) regression.3 

Equation 1 can be decomposed into a variety of 
submodel QSPRs. In fact, all popular methods of QSPR 
analysis are contained within the framework of eq I.1 

In this paper we apply eq 1 to the MSA-3D-QSAR 
analysis of an analog series of muscarinic antagonists 
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Figure 1. Core structure of the pyridobenzodiazepinone 
analog series. The structure is divided into three portions. The 
tricyclic portion of the molecule is referred to as the "top", the 
middle portion is referred to as the "central ring", and the 
lower portion as the "side chain" portion of the molecule. 

for which both cardiac and ileal inhibitory activities 
have been measured.4 In this MSA-3D-QSAR applica
tion the alignment is restricted to one choice and 
molecular field features are not employed. Conse
quently, eq 1 reduces to 

P u = Tu>v ® [VU(V(s,a,/80),HUiV(a,^0)] (2) 

where /30 indicates that only one choice in molecular 
alignment is being considered. In essence, this applica
tion focuses upon establishing the optimum relation
ships between the P u and conformational features. 

Methods 
1. SAR Database. Engel et al.4 report the cardiac (M2) 

and ileal inhibitory (M3) activities for an analog series of 26 
muscarinic antagonists. The core structure of this series is 
given in Figure 1. Nineteen of the 26 compounds from the 
original data base4 were selected for MSA-3D-QSAR analysis 
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Table 1. Some of the Substituted Tricyclic Pyridobenzodiazepinones Used in the 3D-QSAR Analysis and Their Binding Affinities to 
Cardiac (M2) and Glandular (M3) Tissue Given as IC5o (nM)0 

No. 
ICj0, nM Selectivity 

M2 M3 M1/M3 No. R 

frr* 

frt° 
frP 
fr<f 
fro 
fro 
fr"Oo 
frc 
frc 

M2 

100 

600 

60 

30 

1500 

560 

600 

>1000 

400 

50 

nM Selectivity 
M3 M2/M3 

200 2.0 

3000 5 

150 2.5 

70 2.3 

6000 4.0 

1500 2.7 

1500 2.5 

4000 <4 

10000 25 

6000 120 

1 CTC 5000 >10000 >2 

2 (y^1^" 140 6000 42.9 

? 
3 r V * N ^ 220 600 2.7 

1^ 

f 
4 ^ N 7 

CT^l 'v 
^ 

330 1000 3.0 

60 200 3.3 

< 

6 CJ^N^ 170 3 0 ° 1-8 

7 O ^ ^ N " ^ 800 4000 5 

8 

9 

10 

11 

t!rc 
CfO 
frf 
frc 

150 

2000 

140 

120 

2000 

15000 

1000 

1500 

13 

7.5 

7.1 

12.5 

U 

13 

14 

15 

16 

17 

18 

19 

20 

21 

" Compound 2 is the racemic mixture; 20 and 21 are the enantiomers. 

and are reported in Table 1. Compound 2 in the original report 
was resolved into its two enantiomers (compounds 20 (+) and 
21 (+a)), which were reported as R and S isomers, respectively. 
Each of the other compounds was reported as a racemic 
mixture for consistency. Compounds 20 and 21 were not 
included in the analysis. The tricyclic portion of the molecules 
(see Figure 1) was substituted at positions 8 and 9 as defined 
in Figure 1 for six compounds (22-27) of Table 2. The major 
contribution to activity was postulated to be related to the 
conformational profiles of the analogues in Table 1 and 
corresponding molecular shapes of these analogues. The six 
compounds in Table 2 are unlikely to modify the conforma
tional profile of this series of analogs. These compounds also 
showed no improvement in the M3/M2 selectivity over that of 
compound 2. Hence, they were not considered in this study. 

2. Biological Activity. The biological studies used rat 
tissue homogenates of atria (M2) and submandibular gland 
(M3). Binding curves for the different compounds were derived 
indirectly from competition against tritiated iV-methylscopo-
lamine (nonselective) for each homogenate type. The assays 
were done in quadruplicate, and nonspecific binding versus 
racemic 3-quinuclidinyl benzilate (QNB) was reported to 
average less than 30%. The values for activity are given as 
-log(IC5o). Compound 2 of Table 1 exhibits the highest 

selectivity of M3/M2 activity in the series and has entered 
clinical trials. The range of activity is about 2.5 log concentra
tion units for both the M2 and M3 receptors. The ratio of M3/ 
M2 selectivity (which is given as (ICsoWfICsoW) ranges from 
2.3 to 43 for the analogues reported in Tables 1 and 2. 

3. Building the Molecules. The crystal structure re
ported for the tricyclic portion of pirenzipine was fully opti
mized using MNDO5 and used for the "top" of the molecules, 
see Figure 1. The "central ring" structures were built (by 
fragments from the CHEMLAB-II library6) to reflect equato
rial—equatorial substitution at the nitrogen and substituted 
carbon, respectively. The nitrogen in the "side chain" was also 
protonated to allow for quaternary nitrogen inversion products. 
When nitrogen substitution is symmetrical, building the 
inversion product is not necessary. Therefore, unsymmetri-
cally substituted compounds 11, 13, 14, 15 of Table 1 were 
built with both the R and S configurations about the side chain 
nitrogen. The lowest energy ring conformers were chosen as 
the only ring conformers when building the side chain portion 
of the compounds. In compounds 14, 18, and 19, the six-
membered rings in the "side chain" are assumed to be the chair 
form, while in compound 15 the seven-membered ring is 
assumed to be in the twist-chair form. The seven-membered 
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Table 2. Compounds Are Substituted Tricyclic 
Pyridobenzodiazepinones Not Used in the MSA-3D-QSAR 
Analysis0 

o 
N H - # 7 
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p 

no. 

22 
23 
24 
25 
26 
27 

2 

X 

9-Cl 
8-Cl 
9-CH3 
8-CH3 
8-C2H5 
8-Br 

H 

M2 

40 
100 
70 
30 

200 
150 

140 

IC50, nM 

M3 

1500 
4000 
2000 
1000 
2000 
4000 

6000 

M3/M2 

38 
40 
29 
33 
10 
27 

43 
0 Their binding affinities to cardiac and glandular tissue are 

given as IC50 (nM). Compound 2 is also listed for reference. 

central ring was chosen as the twist-chair form because it is 
the lowest energy form and mimics the six-membered ring. 

The remaining substructures of the compounds were built 
with fragments from the CHEMLAB-II library (protonated 
piperidine chair ring, methane, ethane, amine function) and 
joined with standard bond lengths and angles using the 
BUILD option in the CHEMLAB-II molecular modeling pack
age. Although many low-energy conformer states have been 
reported for seven- and five-membered rings,7 compounds 8 
and 9 were built such that the common overlap volume was 
maximized with respect to compound 15 which turns out to 
be the best reference compound. These structures were then 
optimized using MMFF, an extended MM2 force field.6'8 It 
was assumed that if the compound could adopt a best fit 
conformation with the reference compound, then the cor
responding ring conformation would be adopted. 

4. Conformational Analysis. The SCAN option of CHEM-
LAB-II was used to perform a fixed valence geometry confor
mational energy scan at 30° increments for all torsion angles 
except for 180° increments for x. The torsion angles are 
defined in Figure 2. The three principal bonds used to define 
each torsion angle are represented by thickened lines. The 
central bond of each torsion angle is defined by one of the 
letters z, <p, 0, or ip. The zero-angle values refer to antiperipla-
nar conformations about the corresponding principal bonds. 

For the most flexible molecules, the decomposition-recom-
position method9 was used to reduce the dimensionality of the 
systematic conformational search. Some analogs were decom
posed and recomposed as shown in Figure 3. The analogs 
treated in this fashion were 3, 4, 5, and 16 of Table 1. 

A fixed valence geometry molecular mechanics force-field 
composed of a dispersion/steric, electrostatic, and, where 
applicable, hydrogen-bonding contribution was used to esti
mate the conformational energy. The nonbonded steric MMFF 
parameters, which are an extended set of MM2 parameters of 
Allinger,8 were used to compute the dispersion/steric interac
tions. The electrostatic interactions were calculated by using 
a Coulombic monopole representation with a molecular di
electric of 3.5 and atomic charges calculated by the CNDO/2 
method.10 The hydrogen bonding potential developed by 
Hopfinger11 was used. Additionally, the hydration shell model 
of Hopfinger11 was used to evaluate the influence of aqueous 
solvation upon free-space conformational energy profiles. The 
apparent global energy minimum was used to define the 
relative stability of each conformational state sampled. 

5. Selection of Conformations. Molecular comparisons 
were carried out on the basis of relative feature representa
tions. This requires the assignment of a shape reference 
compound. In addition, it is necessary to generate the set of 
QSAR conformations that are used in the construction of trial 
MSA-3D-QSARs. One of the QSAR conformations of the set 

Figure 2. The definition of torsion angles for compound 15. 
The three principal bonds used to define each torsion angle 
are darkened and the central bond of each torsion angle is 
defined by one of the Greek letters T, </>, 6, or ip. The zero-angle 
values refer to antiperiplanar conformations about the prin
cipal bonds. In part a, the torsion angle r is drawn as the 0° 
conformation, and the three bonds defining the <j> and ip torsion 
angles are illustrated. In part b, the three bonds defining each 
6 torsion angle are shown. 

Figure 3. The decomposition-recomposition technique was 
used to reduce the dimensionality of a conformational search. 
Analogs 3, 4, 5, and 16 were decomposed-recomposed into 
fragments as drawn. Ri and R2 are given in Table 1. The 
fragment on the right-hand side is the most conformationally 
flexible. 

of v corresponds to the action conformation, or in this applica
tion, the active conformation, and optimizes the relationships 
expressed by eqs 1 and 2.1 The QSAR conformation of an 
analog, in turn, refers to that conformation whose properties, 
relative to the shape reference compound, are most similar to 
the reference compound in its trial reference conformation. For 
the MSA 3D-QSAR models the set of candidate QSAR confor
mations for each analog was generated at 15° resolution grids 
in torsion angle space, but were generally limited to those 
states having conformational energies within 6 kcal/mol of the 
apparent global minimum energy conformation. Two confor
mations of compound 8 at 7 -8 kcal/mol above the apparent 
global minimum were permitted in the analysis in order to 
include equivalent five-membered ring inversions for this 
analog. 

Candidate shape reference conformations were considered 
at energies less than 6 kcal/mol relative to the apparent global 
energy conformation. The shape reference compound in a 
specific conformation is designated (v, a) where v is the 
number of the shape reference compound and a is the index 
number used to identify the conformer. The set of v considered 
are given by the compound numbers given in Tables 1 and 2. 

6. Molecular Alignment. The criterion for molecular 
alignment was to place three atoms in the tricycle identically 
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upon each other. The three atoms selected were the tricyclic 
nitrogen Nl of Figure 1 and the two adjacent ring carbons. 
This criterion was selected because the tricycle is a large, 
invariant part of each molecule in the series. 

7. Measures of Steric Molecular Shape (SMS). The 
COSV (V0)

12 was used to construct the SMS tensor, Vu.v1 

8. Measures of Molecular Field (MF). No MF features 
were used in constructing the MSA-3D-QSAR. 

9. Other Molecular Descriptions (Hp). In addition to 
COSV, the other physicochemical features belonging to the Hp 
tensor, H1,,,1 that were considered in the construction of the 
MSA-3D-QSARs are described below. 

(a) Lipophilicity: LOGP. The relative lipophilicities of 
the analogs, as measured by the 1-octanol/water partition 
coefficient, log P, were determined using the program, CLOGP.13 

The descriptor LOGP is the lipophilicity of the entire molecule. 
Scheme for Estimating a Lipophilic Contribution of 

a Part of the Molecule. An examination of the SAR in Table 
1 suggested that the lengths of the lipophilic chains directly 
correlate with increased activity and provide an indication that 
hydrophilic additions (compound 19 is the only example) are 
associated with a decrease in activity. This suggested that 
there might be a receptor-specific lipophilic area with which 
the ligands interact. Two descriptors were constructed to 
reflect both the lipophilic character of the substructures, as 
well as the solvent accessible surface area of the substructures 
which might interact at a specific hydrophobic area of the 
receptor. 

The two descriptors, the solvent accessible surface area, 
SASA, and the sum of the n constants, Lw, were developed 
based upon certain assumptions. The premises were that (1) 
the location of the lipophilic pocket can be based upon the 
relative location of the atoms in the side chain (see Figure 1) 
of the most active compound in the series and that (2) the 
thermodynamic character of the atoms can be estimated by 
summing up atomic n constants and/or SASA contributions 
of atoms near that lipophilic pocket. 

On the basis of the two assumptions above, the following 
procedure to estimate the relative local lipophilic effect of the 
ligand was devised. 

i. One at a time, all of the reference compounds, v, in their 
reference conformations were selected. 

ii. One at a time, all comparison conformations from each 
of the nonreference compounds, u, were chosen. 

iii. One pair at a time, the reference, v, and comparison, u, 
molecules were superimposed. 

iv. A sphere was generated about the geometric center of 
the seven-membered ring of the side chain of the reference 
compound, v,15 where the radius was varied in increments of 
0.5 A between 2.0 and 6.0 A. 

v. Every atom which had at least its geometric center 
within the sphere was assigned the appropriate group n 
constant and SASA. The sums of these two descriptors, over 
the number of atoms, was computed for each analogue. 

The notation for the 2>r term is JM.n)r A where n indicates 
the value of the n constant term used for the side-chain 
nitrogen and r indicates the radius of the sphere. Likewise, 
the notation for the summed contribution SASA is XSASA(B) 
A, where R indicates the radius of the sphere. 

(b) Nonallowed Space (NAS). The conformational pro
files of compounds 2, 9, and 16 indicated that the required 
reference shape of the most active compounds could also be 
adopted at low energies by inactive analogs. Hence, the loss 
in biological activity is not due to intramolecular conforma
tional restrictions. This led to considering whether specific 
intermolecular interactions were responsible for the differences 
in activity. Further, it seemed desirable to quantify the effects 
of the intermolecular interactions (both positive and negative) 
in order to develop MSA-3D-QSARs and structural hypoth
eses about the receptor. 

Indicator variables for nonallowed space occupancy for 
compounds 2, 9, and 16 were used in the initial stages of the 
MSA-3D-QSAR analysis. Differences in occupied space be
tween the shape reference compound, v, and compounds 2, 9, 
and 16 were located for those indicator variables which were 
found to be significant in trial MSA-3D-QSARs. The nonal
lowed space indicator variable is termed NAS-#, where NAS 

stands for nonallowed space and # refers to the compound to 
which the NAS applies. 

(c) Relative Energy, SE. The relative conformational 
stability of a compound is defined as the difference in energy 
between a particular conformation and the apparent global 
minimum energy conformation. The energy difference, AE, 
was used as a Hp feature. The AJE values were combined with 
the COSV (V0) to construct the shape commonality index, Ic.

liU 

/c was then used in the VU]V tensor. 
(d) N-to-C Internal Distance, DistNC. The distance 

between the central tricyclic nitrogen, Nl (see Figure 1), and 
the side-chain carbon which is most distant from that nitrogen 
(the N-to-C internal distance) was used as a Hp feature. The 
purpose of this feature is to describe how far a compound might 
extend into a binding site. 

(e) Nchg. The binding of a ligand to a receptor may be due, 
in part, to charge density and its distribution over the ligand. 
Hence, the computed charge on the side-chain nitrogen was 
used as a feature. 

10. Partial Least Square Regression (PLS). PLS 
regression has only recently been developed and discussed in 
the chemical literature.3,20,21 It is a generalization of multiple 
linear regression which yields a robust regression model in 
the cases in which the number of independent variables 
approaches or exceeds the number of compounds in the QSAR 
study. It also avoids the matrix singularity problem that 
occurs with multiple linear regression when there is collinear-
ity in the independent variable matrix. Both are very common 
problems in QSAR model development. 

With PLS, the dependent variables, y, are modeled as 

A 

y»= y j + JjiaPm + ey <3> 

Here, i is the compound index andj is the biological activity 
index, yj is the average of the biological activity vector and t 
is a "latent" variable withp the PLS weight or loading for t. A 
is the number of significant latent variables or PLS compo
nents required to reduce the residuals, ey, to an acceptable 
value. 

The independent variables, x, are modeled as 

A 

xik = x k + ^QiaKk + eik (4) 
i = l 

The index, k, is independent variable dependent, q is a latent 
variable corresponding to the independent variables, u is the 
corresponding loading and the e^'s are the residuals. The t's 
and q's are computed (1) along the axes of greatest variance 
in X and Y and (2) to make the e's as small as possible in the 
least squares sense. The t's and u's are related through the 
inner relation 

U = b*t (5) 

The computation of PLS models has been discussed.20 

Determination of the number of PLS components, A, suf
ficient to model the data is of critical importance to 3D-QSAR 
studies. PLS models are optimized for the estimation of the 
y's using least squares and a cross-validation method. Cross-
validation begins with A = O or estimation ofy from the mean. 
A preselected number of data points is deleted, and the deleted 
data are estimated from a model derived from the mean of 
the retained points. This is continued until all points are 
deleted and predicted once and only once. This results in a 
predicted sum of squares, or PRESSo where the subscript 
refers to a model with A = O for the deleted points. A model 
with A = 1 is derived and the process of deletion is applied as 
before. PRESSi, where the subscript refers to A = 1, is 
computed and the ratio, after correcting for differences in 
degress of freedom, PRESSi :PRESSo is computed. If the ratio 
is less than 1 the component is retained and the process is 
continued until the ratio becomes greater than 1. At this point 
the process is stopped and the model is adopted. The x and y 
variance explained by PLS models is also a useful diagnostic. 



Construction of a MSA-3D-QSAR 

gi
es

 

U. 
U 
S 

at
iv

e 
E

 
l/m

ol
) 

o 
R

eI
 

(k
ca

 

S 
U 
fl > 
C 

6.0-

5.0-

4.0-

3.0-
• 

2.0-

1.0" 
. 

o.o-

-1.0-
-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 

In vacuo Relative Energies + Hydration Shell Energies 
(kcal/mol) 

Figure 4. In vacuo relative energies (Y) versus the sum of in 
vacuo relative energies and hydration shell relative energies 
(X) for conformations of compound 15. The effect of solvent on 
the conformational ordering is minimal as evidenced by the 
equation of fit, y = 0.17 + 1.03s, with R2 = 0.923 where y is 
the in vacuo relative energies and x is the in vacuo relative 
energies and hydration shell relative energies. 

The variance of each, explained by each PLS component 
extracted, is computed. The p's and q's are normalized to 
length 1 so the sum of squares of the loadings is the relative 
variance explained by each component. This result can be 
used to assess the significance of the variables. 

PLS models are also evaluated with a cross-validation 
technique which computes R2, the correlation coefficient. 
Here, after a model has been selected for validation, each point 
is left out one-at-a-time and predicted. The R2 of the left out 
data is computed. This statistic, which is sensitive to outliers, 
is generally less than the conventional R2, and a value in the 
range 0.60 or greater is considered significant. In the confor
mation selection process, the variables were not scaled. In the 
3D-QSAR, they were autoscaled. The PLS analyses reported 
here were carried out with the UNIPALS software.2021 

Results 
The hydration shell model of Hopfinger11 was used 

to estimate the effect of aqueous solvation on the 
conformational energetics. The difference in the con
formational profiles of Table 1 under in vacuo and 
estimated solvated conditions for the shape reference 
molecule, number 15, was investigated. When the 
conformational scans were performed under in vacuo 
or aqueous solvation conditions, the relative conforma
tional energy difference between in vacuo and solvent 
conditions for any one conformer was not more than 0.8 
kcal/mol. The stability ranking of the conformers is 
similar for both environments (see Figure 4). Overall, 
the aqueous solvation effect on conformation is minimal 
for this set of compounds. 

To test the fidelity of the force field chosen for the 
conformational analysis, a check was made to see if the 
two reported15 crystal conformations for pirenzipine are 
low-energy conformers. Both of the crystal conforma
tions are similar to conformations generated by the fixed 
valence geometry scan. Most of the torsion angle 
differences between the crystal structures and the fixed 
valence geometry structures are within 10°. However, 
between the pirenzipine monohydrochloride crystal 
structure and closest computed (fixed-valence geometry 
scan) structure, the 02 torsion angle differs by 23°. This 
crystal structure conformation for pirenzipine monohy-
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Table 3. Number of Conformers with Relative Energy below 6 
kcal/mol Cutoff by Fixed Valence Conformational Scan 

number of number of 
conformers less than conformers less than 

compd v 6 kcal/mol (not minima) compd v 6 kcal/mol (not minima) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

9 
61 
151 
87 
189 
53 
33 
33 
41 
35 

11 
12 
13 
14 
15 
16 
17 
18 
19 

drochloride is computed to be about 4 kcal/mol higher 
in energy than the nearest fixed-valence energy struc
ture, and the computed energy is in agreement with past 
MNDO calculations.5 However, small differences in 02 
rapidly reduce the computed conformational energy of 
the pirenzipine monohydrochloride structure, such that 
a difference in 02 of 4° from the crystal structure 
conformation reduces the difference in energy to less 
than 2 kcal/mol. Another 3° in 02 reduces the energy 
to less than 1 kcal/mol. The other crystal structure 
conformation, for pirenzipine dihydrochloride, is quite 
similar in conformation, and the corresponding energy 
difference is much smaller (0.3 kcal/mol higher). 

Twenty pyridobenzodiazepinone inhibitors of M2 and 
M3 receptors, given in Table 1, were analyzed within 
the framework of eq 1 in order to construct MSA—3D-
QSARs. No MF physicochemical descriptors were con
sidered, and only those Hp features described in the 
Methods section were employed in building Hu,v. Mul
tiple conformations, a, and shape reference compounds, 
v, were considered. However, only one v was used at a 
time in constructing a series of Vu,v, based either on the 
COSV, V0, or the shape commonality index, J0.

1'14 All 
trial MSA-3D-QSARs were restricted to a single align
ment involving the tricyclic Nl and two adjacent ring 
carbons (see Figure 1). 

The PLS method of determining the assignment of 
conformations for the MSA-3D-QSARS1 was carried out 
using the set of conformers, {a}, of each compound 
satisfying the AE = 6 kcal/mol energy constraint. The 
number of conformations satisfying the energy con
straint for each analogue, based on fixed valence 
geometry scans, are given in Table 3. The specific 
conformations, in terms of the torsion angle definitions 
in Figure 2, are given in Table 4 for compound 15, which 
turns out to be the preferred shape reference compound, 
v. Compounds 2, 9, 14, 15, and 16 were considered as 
candidates for v based upon their M2, M3, M2/M3, and/ 
or structural features. All conformations of compound 
15 which satisfy the energy constraints are also ener
getically acceptable to both active and inactive analogs. 
The most active compound at both the M2 and M3 
receptors is compound 15. Compound 2 has reasonable 
activity at the M2 receptor and considerably poorer 
activity at the M3 receptor, making it the most M2/M3 
selective of the analogs in Table 1. The conformational 
searches, and subsequent pairwise molecular superposi
tions, indicate that compound 2 can overlap compound 
15 quite well. There are seven cases in which compound 
2 cannot adopt the conformational state of compound 
15 at an energy expenditure equal to, or lower, than 
that of compound 15 (see Table 5). However, in two of 
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Table 4. Torsion Angle Values and Corresponding Relative Energies of 12 Proposed Shape Reference Conformations of Compound 15 
Which Have Relative Energies below the 6 kcal/mol Cutoff 

shape reft 
conformatii 

15,1 
15,2 
15,3 
15,4 
15,5 
15,6 
15,7 
15,8 
15,9 

srence 
Dn (v,a) 

15,10 
15,11 
15,12 

" Initial torsion ang] 

relative energy, 
kcal/mol 

4.3 
5.1 
4.8 
4.9 
2.7 
2.6 
4.1 
3.0 
0.0 
4.8 
5.8 
5.9 

les shown in Figure 5. 

T 

0 
0 

180 
0 
0 

180 
0 
0 

180 
0 
0 

180 

01 
-120 

30 
30 
60 
30 
30 
60 
30 
30 
60 

-120 
30 

torsion angle," deg 

4>2 

0 
0 
0 
0 

30 
30 
30 
60 
60 
60 
0 
0 

0i 

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
90 
90 

02 

-30 
-30 
-30 
-30 
-30 
-30 
-30 
-30 
-30 
-30 

90 
90 

03 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

0 
0 

Table 5. A Comparison of the Relative Energies of the Active (14, 15) Compounds and the Less Active (2, 9, 16) Compounds 

shape 
reference 

15,1 
15,2 
15,3 
15,4 
15,5 
15,6 
15,7 
15,8 
15,9 
15,10 
15,11 
15,12 

relative energies, AE, kcal/mol 

15 

4.26 
5.11 
4.82 
4.90 
2.34 
2.55 
4.11 
2.97 
0.00 
4.80 
5.83 
5.90 

active compounds 

14 

4.34 
4.97 
4.72 
5.41 
2.93 
2.93 
3.89 
2.59 
3.05 
2.59 
3.30 
4.72 

15 or 14 
(largest AB between 

15 and 14) 
4.34 
5.11 
4.82 
5.41 
2.93 
2.93 
4.11 
2.97 
3.05 
4.80 
5.83 
5.90 

differences in 

2 
AE difference between 

2 and (15 or 14) 
0.78 
1.26 
0.93 
0.44 

-0.16 
-0.46 
-0.08 
-1.72 
-1.32 

1.14 
-1.59 
-0.09 

relative energies, AE, kcal/mol 
less active compounds 

9 
(AE difference between 

9 and (15 or 14)) 

5.2 
-2.11 

0.54 
-5.41 
-2.10 
-0.10 
-0.26 
-2.46 

0.38 
-0.53 

3.8 
-0.54 

16 

V 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

AE difference between 
16 and (15 or 

-0.50 
0.06 
0.12 

-0.80 
0.49 

-2.04 
-2.22 
-0.85 
-1.20 

0.95 
-1.89 
-0.91 

14) 

these cases compound 2 can adopt conformations of 
equal, or lower, relative energy than that of the second 
most active compound, 14. For the remaining five cases, 
the difference in relative energies is at most 1.3 kcal 
(see Table 5). 

The loss in intramolecular energy by some of the less 
active compounds, in order to adopt a reference confor
mation, is sufficient to explain the corresponding loss 
in activity. However, differences in the conformational 
energies between the least active compounds (2, 9, 16) 
and the two active reference candidate compounds, 14 
and 15, are insufficient to account for the loss in enzyme 
inhibition potency when each of the compounds adopts 
one common reference conformation. Also, the selectiv
ity between M2 and M3 cannot be accounted for solely 
by internal conformational energies. Overall, the refer
ence conformation yielding features most in line with 
the trend in selectivity is (v,a) = (23,3). This is the only 
reference state which has positive internal conforma
tional energy differences for all three of the less active 
compounds 2, 9, and 16. 

A similar analysis has been performed for compounds 
9 and 16, and the results are also presented in Table 5. 
For compound 9, the results are different than those 
for compound 2. Compound 9 can adopt maximum 
COSVs at energies equal to, or less than, that of the 
most active compounds in the series. There are four 
exceptions. For shape reference (v,a) = (15,9), the 
difference in relative energies between compound 14 
and compound 9 is about 0.5 kcal/mol. A more drastic 
difference is for shape reference (15,1) where the dif
ference is over 5 kcal/mol. Compound (15,11) is the 
inverted analog of (15,1) where the energy difference is 

over 5 kcal/mol. Compound (15,11) is the inverted 
analog of (15,1) and is similarly high at a difference of 
3.8 kcal/mol. 

Compound 16 is similar to compound 2, where the 
difference in relative energies ranges up to about 1.0 
kcal/mol. The only shape reference conformations for 
which a large (>1.25 kcal/mol) positive difference in 
relative energies occurs are (15,1) and (15,11). This 
difference in energy suggests that (15,1) (and perhaps 
(15,11)) are important candidates for the active confor
mation since 9 cannot easily adopt these conformations, 
and 9 is one of the least active compounds in the series. 

The optimum MSA-3D-QSAR was found with com
pound 15 as the shape reference compound, v. The 
preferred shape reference compound, from non-PLS 
MSA investigations,1'2,12,16-19 has usually been either 
the most active or the largest analog, and compound 15 
is both. If the shape reference compound is the largest 
compound, then the volume of smaller analogs will be 
fully accounted for provided the conformational profiles 
are similar. When the most active compound is selected, 
it is known that this compound has both the pharma-
cophoric features necessary for activity and a confor
mational profile which can adopt the active conforma
tion. The set of trial reference conformations of 
compound 15 for the MSA-3D-QSAR models are re
ported in Table 4. 

The NAS is defined relative to v in its shape reference 
conformation. A typical example of part of the defined 
NAS is given for (15,8) in Figure 5. The circled area 
indicates the proposed NAS for each compound (2, 9, 
16) as labeled. The NAS for compound 2 occupies only 
one region of space with respect to v, that volume 



Construction of a MSA-3D-QSAR Journal of Medicinal Chemistry, 1994, Vol. 37, No. 22 3781 

A k 
16 2 

Figure 5. Locations of part of the NAS for (15,8). The circled 
area indicates the NAS for each compound (2,9,16) as labeled. 

adjacent to the terminal end of the side-chain methyl 
as illustrated in Figure 5. The central ring of compound 
9 can fit the shape reference compound in two similar 
conformations; the NAS-9 site located as illustrated in 
Figure 5. Finally, compound 16 does not occupy com
mon space with the reference compound in the same 
general area as NAS-2 as illustrated in Figure 5. The 
NAS partially defines the shape of the receptor pocket 
because it indicates receptor occupied space. 

Two classes of MSA-3D-QSARs, based upon PLS 
selection of conformational states, were developed. The 
two classifications arise because it was not clear how 
to assign the it constant term for the protonated 
nitrogen in the side chain. It was decided that MSA-
3D-QSARs would be developed for two limiting cases 
regarding the it constant for the protonated nitrogen. 
In the first case the Jjt feature was computed by 
neglecting the nitrogen term, TTN = 0.0, model 1. In the 
second case the protonated nitrogen for salts22 was 
considered, TTN = -3 .8 , model 2. The range between 
these two Yjt features bracket a considerable Jt value 
range (—3.8, 0) and, therefore, afford a reasonable basis 
to evaluate the role of the nitrogen it constant on the 
form and quality of the corresponding MSA-3D-QSARs. 

The correlation coefficient, R2, for the MSA-3D-
QSARs, in which the nitrogen it constant is neglected, 
^N = 0, model 1, with the highest PLS regression 
correlation coefficients are listed in Table 6. The R2 

terms for these MSA-3D-QSARs having the five best 
shape reference conformations for compound 15 are 
listed under the "PLS selected conformations" column 
in Table 6. The number in parentheses next to each R2 

term is the number of significant cross-validated com
ponents used to construct that MSA-3D-QSAR model. 
For example, the R2 for the MSA-3D-QSAR for (15,3) 

for the M2 activity is 0.85. Three components were 
significant by cross-validation, and this is indicated by 
the "(3)" next to "85" in Table 6. The NAS was 
evaluated for each of the PLS-selected conformers. 
Conformers which violated NAS space were replaced 
with the highest ranked conformer which did not violate 
the proposed NAS space. New QSARs were developed 
with data from these conformers. The R2 terms for 
these MSA-3D-QSARs are reported under the "NAS 
adjusted conformations" column in Table 6. The NAS 
conformer replacements improved the (15,6) and (15,8) 
models by explaining an additional 10% or more of the 
M2 activity. However, when the NAS conformers 
replacements are made to the (15,9) model, the resulting 
MSA-3D-QSAR explains 60% less M2 variance than 
the MSA-3D-QSAR composed of the original PLS 
selected conformers. 

The importance of a descriptor is related to the 
relative variance explained by that descriptor in each 
PLS component. Plots of the loadings of the NAS 
adjusted conformations for the M2 activity for the (15,8) 
MSA-3D-QSAR are given in Figure 6. The columns 
are labeled with the names of the features correspond
ing to each column in the bar graph. The sign of the 
loading is the direction of correlation and the height of 
the bar indicates the square root of the variance 
explained by that descriptor in that component. The 
indicated (*) bars in the figure are those variables with 
the highest amount of variance explained by each 
feature (for example, 'E1Jt). In component 1, with the 
exception of variables 14—16, the first 20 variables are 
essentially equivalent and not correlated with 21-26. 

The starred (*) features for each of the five shape 
reference conformers of compound 15 with the highest 
correlation coefficients, using the conformers adjusted 
for NAS, are listed in Table 7. By way of example, the 
first component for (15,8) is optimally related to V0, Yjt-
(N = 0.0) 4.5 A, I1Jt(N = 0.0) 5.0 A, JMN = 0.0) 5.5 A, 
and ISASA 4.0 A for the M2 activity. The second 
component is mainly composed of SSASA 3.0 A, DistNC, 
AE, and NAS-9. The third component contains the 
previously unselected NAS-16 term which is also nega
tively correlated with activity. A range of features is 
given if the loadings are about the same within a type 
of descriptor. For example, if for the T1Tt feature, the 
loadings at three radii are all about the same, then Jit 
terms for all three radii are used to create the reduced 
feature data matrix. 

In general, for each of the five shape reference 
conformers of compound 15, the first component of each 
MSA-3D-QSAR is related to the volume/shape of the 

Table 6. PLS Regression Results Using Lr (N = 0.0) Data Matrices for Reference Conformations with the Highest R2 

reference 
conformation (a,v) 

15,3 
15,6 
15,7 
15,8 
15,9 

15,6 
15,8 

cross-validated coefficient of correlation squared (x 
(number of cross-

PLS selected 
conformations 

M2 M3 

85(3) 
78(2) 
97(6) 
77(2) 
91(5) 

26 
26 

95(4) 
96(4) 
96(4) 
88(2) 
95(5) 

26 
26 

validated components 

NAS adjusted 
conformations 

M2 M3 

84(3) 
88"(3) 
93(4) 
93(3) 
34(1) 

95(4) 
97(5) 
91(2) 
91(2) 
88(2) 

number of features 
26 
26 

26 
26 

100%) 
in parentheses) 

reduced 
features 

M2 

71(2) 

91(3) 

M3 

84(2) 

92(3)" 

in data matrices 
14 
10 

14 
9 

reduced 
features 

M2 

88(3) 

15 

no. 2 

M3 

94(3) 

16 

additit mal features in 
reduced features no. 2 

M2 

2 J T 5 . 5 A 

M3 

L r 5.5 A, NAS-10 

- Includes NAS-10 and NAS-24. 
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Component 1 
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ISASA IAE " N | DistflAE 

NCJ 
Il 2 9 16 

NAS 

-0.1 " 

Component 2 
variance explained) 

-0.5 
Weight/Radii/Compound 

and Descriptors 

Component 3 
(% variance explained) 

-0.7 
Weight/Radii/Compound 

and Descriptors T7V1T VoIl 10 20 30 40 2.5 3.0 3.5 4.0 4.5 5.0 5,5 6.0 
Ic Il I n ( N = CQ) 

2.0 2.5 3.0 3,5 4.0 4,5 5.0 
ISASA 

DiJiElI N I! 2 9 16 

NCI IUJ NAS 

Figure 6. A plot of loadings for the NAS adjusted conformations for the M2 activity of the (15,8) MSA-3D-QSAR. 
compound. The second component is a consistent 
mixture of SSASA, NAS, and other features. The 
internal distance measure, DistNC, and the NAS terms 
constitute the bulk of the remaining terms. A feature 
of the third component is the repetition of previously 

selected physicochemical features, such as V0, NAS, and 
DistNC terms. The presence of significant fourth and 
fifth components is relatively infrequent (30% of the 
cases), and they exhibit no apparent pattern of feature 
distribution. For the complete data matrix (NAS ad-
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justed), the range in percent of dependent variable 
variance explained by each component is approximately 
as follows: (1) 30-50%, (2) 30-50%, (3) 3-10%, and 
(4) 2-10%. 

An examination of Table 4 reveals that the shape 
reference conformers (15,3), (15,6), and (15,9) occupy 
similar space. Likewise, the shape reference conformers 
(15.7) and (15,8) are similar in conformation. Each set 
of related conformers form a family of conformations 
which are similar to each other. In Table 6, the shape 
reference conformers with the highest cross-validated 
R2 (NAS adjusted conformers) from each of these two 
families are reported. The conformer with the highest 
R2 values in the first family is (15,6). In the second 
family, (15,7) and (15,8) are equivalent within the 
highest R2 value. For (15,6) and (15,8), a reduced data 
matrix was constructed using only those features with 
large absolute values for the loadings as given in Table 
7. Again, these are features which are selected as most 
highly correlated with activity. PLS regression was 
performed on the reduced-descriptor data matrices. The 
cross-validated R2 values are reported under the "re
duced features" column in Table 6. The number of 
features used in each PLS regression is listed in the 
lower portion of Table 6. 

The MSA-3D-QSARs with the reduced feature data 
matrices explain less variance than the complete feature 
data matrix for (15,6) and about the same amount as 
(15,8). The amount of M2 activity explained is 17% 
lower and the amount of M3 activity explained is 13% 
lower for (15,6). However, the amount of M2 activity 
explained is 2% lower, and the amount of M3 activity 
explained is 1% higher for (15,8). The additional 
variance explained by the reduced descriptor matrix for 
(15.8) is due to an additional component in the MSA— 
3D-QSAR. Upon examination of the features selected 
for (15,8), In(N = 0.0) 5.5 A and NAS-10 were added 
to the (15,6) data matrix. The variance explained for 
the MSA-3D-QSAE is reported under the "reduced 
features no. 2" column of Table 6. The addition of these 
terms explain an additional 10%, or more, of M2 and 
M3 activity above that which is explained under the 
"reduced features" column. In general, the reduced 
features matrices (composed of 9—16 features) explain 
most of the variance taken into account by the entire 
data matrix (26 features). The MSA-3D-QSAR, using 
the reduced feature data matrix no. 2 for (15,6), explains 
about the same amount of variance in both the M2 and 
the M3 activity as the reduced feature MSA-3D-QSAR 
for (15,8). 

Both of the MSA-3D-QSARs are consistent with the 
hypothesis that there is a secondary binding site avail
able only to the compounds that can adopt extended 
conformations, that it is a lipophilic site, and that there 
are key intermolecular effects which are responsible for 
the reduced activity of compounds 2, 9, and 16. In 
particular, the length of the side chain is a significant 
variable in both MSA-3D-QSARs. It is difficult to 
postulate the size of the receptor pocket because the 2> 
terms are similarly correlated with activity over a wide 
range of radii. 

The set of MSA-3D-QSARs constructed for JTN = 
—3.8, model 2, are, overall, very nearly the same as 
those having TTN = 0.0. The conformers selected by the 
PLS selection method are almost the same for every 
shape reference conformer for MSA-3D-QSAR models 
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Table 8. PLS Conformer Selection Dependence Based Upon 
AJT Representation in the Data Matrix 

shape reference 
conformation 

(of 15) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

compound 

-
-
4 
3 
-
-

13 
13 
16 
16 
16 

9, 16 

number of times 
selected conformers 

were different" 

0 
0 
1 
1 
0 
0 
1 
1 
1 
1 
1 
2 
9 total cases 

° The number of times for each compound where different 
conformers were selected by the PLS selection procedure based 
upon the 2> representation organized by shape reference confor
mation. 

1 and 2. Even though the PLS conformers selection 
matrices are different (one contains 5XAT = 0.0) and 
the other Iji (N = -3.8)), the Yjt representation makes 
little difference in the overall conformer selection. Out 
of the 216 (12 x 18) conformers selected by the PLS 
selection procedure, in only nine cases are the two sets 
of PLS selected conformers different between the two 
2>r models (see Table 8). 

The R2 terms for the MSA-3D-QSARs, for model 2, 
with the highest PLS correlation coefficients are listed 
in Table 9. The columns in this table are the same as 
Table 6 and reflect the same treatment of the data used 
to construct the MSA-3D-QSARs of model 1. As with 
the MSA-3D-QSARs of model 2, NAS conformer re
placements improve the ability of the (15,8) shape 
reference state to account for additional (12%) M2 
activity. NAS conformer replacements for (15,9) yield 
a MSA-3D-QSAR which explains less (15%) M2 vari
ance than not correcting for NAS interactions. This 
behavior is the same as for the corresponding MSA-
3D-QSAR, model 1. 

The general trends found for MSA-3D-QSAR model 
2 are similar to those seen in MSA-3D-QSAR model 1 
(see Tables 7 and 10). Shape (V0 and I0) terms are 
always found in the first component. In general, the 
MSA-3D-QSAR is insensitive to AEU. There is little 
change in the correlations with activity between V0 and 
Ic. The exception is (15,9) in MSA-3D-QSAR model 2. 
The second component consists primarily of I X XSASA, 
DistNC, and NAS terms. NAS terms consistently 

include NAS-9 and NAS-16 for M2 regressions, and 
usually NAS-2, NAS-9, and NAS-16 for M3 regressions. 
The exception is for (15,1), which includes only NAS-
16 in component 2 and NAS-9 in component 3. The 
third component contains 2> terms and XSASA. Nchg 
is seen most often in this component, and some NAS 
terms are repeated in this component. The fourth 
component is significant in one-third of the cases and 
shows no apparent pattern of descriptor distribution. 
The ranges of variance in activity explained by compo
nents 1-4 are 30-70%, 20-40%, 2-10%, and 1-7%, 
respectively, for the NAS adjusted data matrices which 
contain all of the descriptors. 

Conformational families are defined for MSA-3D-
QSAR model 2 as for MSA-3D-QSAR model 1. The 
(15,1) reference conformation represents a third class 
of conformations for model 2. Using (15,1) as the shape 
reference conformer, the MSA-3D-QSAR using a re
duced descriptor data matrix describes the same amount 
of variance as the full descriptor matrix. 

In the case of (15,8), the reduced descriptor data 
matrix regression explains slightly more (3%) of the M2 
variance in activity than the complete descriptor data 
matrix. This can be attributed to the additional com
ponent allowed by cross-validation. The amount of M3 
activity explained is 4% lower for (15,8). However, the 
amount of M2 activity explained (70%) is 16% lower and 
the amount of M3 activity explained is 2% lower for 
(15,3). Upon examination of the descriptors selected for 
(15,3), compared to those for (15,8), AE was added to 
the (15,3) data matrix. The M2 variance included in 
this MSA-3D-QSAR is 76% and is listed under the 
"reduced descriptors no. 2" column of Table 9. Notice 
that the reduced data matrices for (15,8) contain fewer 
descriptors (8 and 11) than the other reduced data 
matrices (12 or 13 descriptors), while explaining more 
variance in the activity. The MSA-3D-QSAR for (15,8) 
explains 21% more variance in the M2 activity, and 2% 
more in the M3 activity than the MSA-3D-QSAR for 
(15,3). The MSA-3D-QSAR for (15,1) with reduced 
descriptors explains the same amount of variance as 
(15,8) for the M2 data, but does not explain the M3 
activity. Overall, the reduced descriptor matrices (com
posed of 8—13 descriptors) explain most of the variance 
taken into account by the entire data matrix (27 
descriptors). 

Plots of predicted (using the reduced descriptor 
matrix) versus observed M2 and M3 activity for MSA-
3D-QSAR model 2 for (15,8) are given in Figure 7. An 
illustration of a stick representation of a shape reference 

Table 9. PLS Regression Results Using Jjrt (N = -3.8) Data Matrices for Reference Conformations with the Highest R2 

reference 
conformation 

15,1 
15,3 
15,6 
15,7 
15,8 
15,9 

15,1 
15,3 
15,8 

cross -validated coefficient of correlation squared (xl00%) 
(number of cross-validated 

PLS selected 
conformations 

M2 M3 

90(2) 
87(4) 
71(2) 
81(2) 
77(2) 
76(3) 

27 
27 
27 

48(1) 
98(5) 
94(4) 
93(3) 
99(6) 
92(3) 

27 
27 

NAS adjusted 
conformations 

M2 M3 

90(3) 
86(4) 
71(2) 
81(2) 
89(2) 
61(2) 

27 
27 
27 

47(1) 
94(4) 
93(3) 
97(4) 
98(4) 
87(3) 

component s in parentheses) 

reduced 
features 

M2 

90(4) 
70(3) 

91(3) 

number of features in 

27 
27 

12 
12 

8 

M3 

92(4) 

94(3) 

data matrices 

13 
11 

reduced 
features no 

M2 

76(3) 

13 

. 2 

M3 

additional featui 
reduced features 

M2 

AE 

res in 
no. 2 

M3 
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Observed vs. Predicted M2 Activity 

Predicted = 0.60753 + 0.90685 (Observed) R squared = 0.907 

Observed activity, -log(IC50) 

Observed vs. Predicted M3 Activity 
Predicted = 0.34843 + 0.94081 (Observed), R squared = 0.941 

Observed activity, -log(ICJ0) 

Figure 7. A plot of the observed versus predicted activity 
given as -log(ICso) using the reduced descriptor data matrix 
for (23,8). 

compound in a proposed shape reference conformation, 
along with the other analogs in their proposed QSAE 
conformations, using (15,7) as the references state, is 
given in Figure 8. 

Not all analogs adopt conformations which best fit to 
the shape reference compound. (15,1) is a notable 
exception, with compound 9 (at conformations below 6 
kcal/mol) fitting differently than illustrated in Figure 
8 because 4>\ and 4>2 of the shape reference state cannot 
be adopted by 9 below the 6 kcal/mol cutoff. 

Each of the two MSA-3D-QSAE models with respect 
to selection of the nitrogen Ji value are consistent with 
the hypothesis that there is a secondary binding site 
available only to the compounds that can adopt ex
tended conformations, that it is a lipophilic site, and 
that there are also key intermolecular effects which are 
responsible for the reduced activity of compounds 2, 9, 
and 16. The V0,11Jt, SSASA features are the primary 
independent variables in the MSA-3D-QSARs. The 
length of the side chain (DistNC) is also a significant 
variable. 

"Classic" MSA-3D-QSARs were constructed using 
multidimensional linear regression (MLR) analysis and 
the most significant Vu,v and Hu,v physicochemical 
features identified in the PLS analyses, see Figure 6. 
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Figure 8. Stick representations of the PLS-selected, NAS-adjusted conformations of the analogues for the MSA-3D-QSAR using 
(23,7). 

The optimum correlation equations found for the case 
in which TTN = 0.0, model 1, are 

-log(IC50) M2 = 0.0048(0.0018)[V0] + 0.319(0.085) 

($ji(N = 0.0) 2.5 A] - 1.02(0.32)[NAS-9] -
1.13(0.32)[NAS-16] + 4.47 (6) 

R2 = 0.79, F = 13.1, n = 19, 

SD = 0.30, shape reference = (15,8) 

-log(IC50) M3 = 0.0O49(0.0014)[Vo] + 0.389(0.068) 

[^Jt(N = 0.0) 2.5 A] - 1.16(0.16)[NAS-2,9,16] + 
3.78 (7) 

R2 = 0.88, F =37 .8 , 
SD = 0.25, 

n = 19, 
shape reference = (15,8) 

where R2 is the correlation coefficient squared, F is the 
F statistic, n is the number of compounds in the data 
set, and SD is the standard deviation. The terms in 

parentheses are the 95% confidence intervals for the 
respective terms. 

For model 2, TTN = -3 .8 , the most significant MSA-
3D-QSAR equations are 

-log(IC50) M2 = 0.0042(0.0016)[Vo] + 0.41(0.10) 

{^7t{N = -3 .8) 5.5 A] - 0.25(0.08I)[^(AT = -

3.8) 3.5 A] - 1.51(0.34)[NAS-16] + 4.475 (8) 

i?2 = 0.79, F = 13.1, n = Vd, 
SD = 0.30, shape reference = (15,1) 

-log(IC50) M3 = 0.01(0.0014)[V0] + 

0.21(0.044)[£jr(AT = -3 .8) 4.0 A] -

1.05(0.16)[NAS-2,9,16] + 2.575 (9) 

R2 = 0.88, F = 34.9, n = 19, 
SD = 0.26, shape reference = (15,8) 



Construction of a MSA-3D-QSAR Journal of Medicinal Chemistry, 1994, Vol. 37, No. 22 3787 

There are two significant differences between eqs 6 
and 8 that presumably arise because of JTN = 0.0 versus 
TTN = -3 .8 , respectively. The first difference is that the 
shape reference for eq 6 is (15,8), but (15,1) for eq 7. 
Interestingly, the "reduced features" column in Table 9 
indicates a significant MSA-3D-QSAR for M2 activity 
using (15,1) for model 2, but no significant correlation 
using (15,1) for model 1 (see Table 6). The second 
difference between eqs 6 and 8 is that eq 6 suggests that 
the radius of the lipophilic center is 2.5 A. Equation 7 
indicates that the center is 5.5 A in radius with only 
lipophilic atoms in the 3.5-5.5 A shell contributing to 
specifying M2 activity. However, as already noted in 
the PLS analyses, the fidelity of a MSA-3D-QSAR is 
not very sensitive to the size and representation of the 
lipophilic center. 

The major difference between eqs 6 and 7 and 
between eqs 8 and 9 is in the NAS terms. Only the NAS 
of compounds 9 and 16 are present in eqs 6 and 8 
whereas the NAS of compounds 2, 9, and 16 occur in 
eqs 7 and 9. Thus M2/M3 selectivity might be achieved 
by analogs which occupy the NAS of compounds 2 but 
not 9 and 16. The PLS MSA-3D-QSARs only partially 
support this NAS hypothesis. 

Discussion 

PLS permits an estimation of the Tu,v for various M2 
and M3 MSA-3D-QSARs of the pyridobenzodiazepi-
none inhibitors using eq 2. In essence, conformational 
flexibility, as expressed by a, has been explored as part 
of the QSAR construction process. A criticism of the 
use of PLS is that it makes the MSA-3D-QSARs 
difficult to interpret since these models are constructed 
in terms of components each of which contain multiple 
features. However, this is not a serious consideration 
as PLS models can easily be expressed in terms of the 
original data.20 In contrast, MLR analysis is of no value 
when high degrees of collinearity are found among the 
features. In this study the most significant features 
found in the PLS analyses were used as features in 
subsequent MLR studies, see eqs 6-9 . In a sense, the 
PLS analyses uncovered the key features, and the 
corresponding MLR studies allowed an evaluation, and 
an interpretation, of these key features. In other words, 
the PLS study served as a feature filter for subsequent 
MLR calculations. The lower R2 values for eqs 6 -9 
compared to some of the PLS MSA-3D-QSARs, see 
Tables 6 and 9, show that PLS gives little predictive 
models than MLR and that the minor PLS components 
contribute to model stability and specificity. 

The shape reference conformation with the lowest 
intramolecular energy, (15,8), is not the best shape 
reference compound to explain the activity of the series 
(see Tables 6 and 9) based on the NAS model. This 
demonstrates the utility of allowing shape reference 
compounds to explore low-energy conformations which 
are neither the global, nor even local, intramolecular 
energy minima. An alternative explanation of this 
finding is that the NAS model is not an accurate 
representation of the phenomenon responsible for the 
loss of biological activity. However, this is difficult to 
rationalize in light of the similarity between the shape 
reference compounds (15,6) and (15,9). 

Only one molecular superposition criterion was tried. 
It might be important to explore whether optimization 
of the location of the protonated nitrogen is important 
by different superposition criteria. Alternate superposi
tion criteria were not used since the variances explained 
by MSA-3D-QSARs from PLS are each significant, 
especially given the limitations inherent to estimating 
the presence of a hydrophobic pocket. 

Other shape measures of molecular similarity, besides 
V0 and Ic, could have been explored in this study. The 
sum of squares of intermolecular distances between key 
groups in superimposed compounds, measures related 
to electrostatic potential such as the integrated spatial 
difference in field potential (ISDFP),21 and combinations 
of ISDFP and COSV could have been used. 

All of the MSA-3D-QSARs reported here have been 
independently constructed for M2 and M3 inhibition 
potency measures. One relatively singular advantage 
of PLS is that the Tu,v can be determined for multiple 
property P u measures. In other words, a matrix of 
property measures P u can be related to the features. In 
the current application both M2 and M3 -log(ICso) 
measures could have simultaneously been regressed 
against the feature tensors VU]V(s,a,/30) and HU;V(a,/30) 
using PLS. 

Overall, the MSA-3D-QSARs suggest that the active 
shape of the pyridobenzodiazepinones at both the M2 
and M3 receptor sites is best represented by (v,a) = 
(15,8). The best opportunity for M2/M3 specificity is 
suggested to come from the occupancy of the NAS 
associated with compound 2. Still it should be remem
bered that both the depth and breadth of the SAR of 
the data base is relatively limited. Most of the com
pounds have hydrophobic side chains. Only one com
pound has a hydrophilic side chain (see Table 1). Also, 
the location of the nitrogen in the side chain could have 
been more widely varied. 
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