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A methodology to incorporate the three-dimensional molecular shape descriptor (3D-MSD) 
into a quantitative structure-activity relationship is discussed in detail. The 3D-MSD is 
calculated and correlated with A^app values for a set of 2,4-diamino-5-benzylpyrimidines which 
inhibit E. coli DHFR. The correlation (« = 22, r = 0.95, 5 = 0.214, F = 55.10) indicates that the 
polarization interaction dominates the enzyme-inhibitor interactional pattern. 

1. Introduction 

The three-dimensional , conformat ion-dependent 
molecular shape descriptor 3 D - M S D = [OV, NOV], 
pairwise related to the overlapping (OV, A3) and 
non-overlapping (NOV, A 3 ) van der Waals volume 
of molecules, has been reported in a previous paper 
[1]. 

In the present paper , we discuss in detail a 
methodology to generate quant i ta t ive structure-
activity relationships (QSAR) based upon the 3D-
MSD and apply the procedure to quantitatively 
analyse the observed Kiapp values for a set of 
5-(substituted-benzyl)-2,4-diaminopyrimidines which 
inhibit Escherichia coli d ihydrofola te reductase 
( D H F R ) ; the pyr imid ine antifolates are important 
broad-spect rum antibacterial agents [2], ant i tumor 
and antimalarial drugs [3], Consequently, this class 
of D H F R inhibitors has received the most ex-
tensive QSAR study [4], employing a variety of 
methods : Hansch approach [ 5 - 7 ] , Free-Wilson 
analysis [8], M T D technique [9], distance geometry 
[10], molecular shape analysis [11], molecular 
mechanics [12. 13], molecular graphics [14, 15]. This 
data base may serve, therefore, as a " s tandard" for 
evaluating quanti tat ive-structure-activi ty methods. 
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2. Structure-Activity Correlations 
Based Upon 3 D - M S D 

The three-dimensional molecular shape descriptor 
is defined as the twin-number 

3 D - M S D (a, ß) = [OV (a, ß); N O V (/?, a ) ] , (1) 

where O V ( a , ß) is the over lapping van der Waals 
(VdW) volume of the two molecules, and NOV(/?, a) 
is the non-overlapping VdW volume of molecule ß 
superimposed over molecule i according to appro-
priate criteria. The computer implementa t ion of the 
3 D - M S D approach is based on Eqs. (5), (12), (13) 
and (14) derived in the previous paper [1]; the 
program efficiency is greatly improved by using a 
Simplex opt imizer [16] to de te rmine the orientat ion 
of the super imposed molecules (the local cartesian 
f ramework is s tandardized) which corresponds to 
the smallest e m b e d d i n g paral lel ipiped. Further , the 
program has been interfaced with the Sybyl soft-
ware [17]; thereby, obtaining easy access to basic 
functions as: 

(i) Molecular construction: a collection of small 
molecules (the s tandard f ragment library) provides 
the building blocks for larger organic molecules; the 
f ragment geometry was ob ta ined f rom crystallo-
graphic data or using standard bond lengther and 
angles. The molecular model can be visualized a n d / 
or plotted as sticks or space-fil l ing representation. 

(ii) Force field calculations, using the Whi te 
parametr izat ion [18], with a p rogram which allows 
useful options, e . g . , constrain the geometrical rela-
tionship among a toms as an aggregate, or constrain 
the distances be tween specified a toms [19]. 
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(iii) Molecular orbital calculations at semi-empir-
ical ( M O P A C package) or ab initio (Gauss ian 80) 
level. 

(iv) Compar i son of molecules which is per formed 
by overlaying the molecules either as rigid entities 
(the least-squares fit procedure [20]) or flexible 
entities (the dynamic fit technique [21]). 

2.1. The reference structure 

Consider the molecules M\,M2,...,M„ which 
exhibit the biological activity via a c o m m o n mode 
of action. Let Mr, 1 ^ r ^ n, be the most active 
compound in the data base considered; then, in 
agreement with drug-receptor theory [22 -24 ] , Mr is 
the best avai lable "copy" of the receptor site fea-
tures, including the steric ones, and, therefore , it 
will be considered the reference structure. Con-
sequently, the shape of each molecule M,-, 1 ^ / ^ n, 
will be characterized by 3 D - M S D (/*, /') = [OV(r, /'), 
N O V (/, r)]. 

2.2. The superposition criterion 

Since one is usually operat ing in the absence of 
any molecular informat ion concerning the receptor, 
the basic assumption generally made is a common-
ality among the molecules considered which ex-
plains their bioactivity. T h e basic tenet is the 
presence of a receptor which interacts with all 
molecules under investigation by a s imilar set of 
interactions. The three-dimensional a r rangement of 
chemical groups responsible for recognition by the 
receptor and its subsequent activation has been 
designated the pha rmacophore [25-27] , The 
pha rmacophore concept may be regarded, in the 
present context, as a general f r ame of reference for 
the receptor and, in principle, allows meaningful 
compar ison of congeneric a n d / o r non-congeneric 
molecules exhibit ing the same biological action. 
Accordingly, our cri terion for geometrical con-
gruence of the compared molecule M,- over the 
reference molecule Mr imposes that the pharmaco-
phore groups occupy approximate ly the same posi-
tion. In the case of conformat ional ly rigid M/s this 
is achieved by a s t ra ightforward appl icat ion of 
Nyburg algori thm [20]. The conformat ional ly flex-
ible molecules impose util ization of a least-squares 
method combined with molecular mechanics cal-
culations [21]; the way of matching the n molecules 

includes matching the pha rmacopho re groups and 
simultaneous minimizat ion of all molecules, with 
the coordinates of all atoms being varied. The quality 
of the geometrical fit and the value of the energy 
difference between the best fi t ted conformat ion and 
the lowest energy conformat ion of M, indicate the 
ability of the molecule to present the pharmaco-
phore in the assumed three-dimensional arrange-
ment - this approach has been used in a s tudy of 
competi t ive antagonists of h is tamine Hx receptor 
[28]). Hence, the 3 D - M S D is calculated employing 
the best fitted conformat ions of Mr and M/s , which, 
in general, are not energy min ima conformers . 

2.3. The three-dimensional molecular shape descriptor 

The receptor and the substrate " fee l " the shape 
and the size of each another through the van der 
Waals interactions. It follows f rom the def ini t ion of 
the reference structure that OV (/•./') represents the 
"receptor-excluded" volume, i.e.. that region of the 
receptor-active site available for binding by sub-
strate, substrate analogues, or non-substrate anal-
ogues, and, therefore, not occupied by the receptor 
itself. Thus, OV(r , /') may be regarded as the polar-
izability volume available to the molecule M,; 
hence, OV(r, / ' ) is an approx ima te measure of the 
(attractive) dispersion interaction between receptor 
and M,. Further , N O V (/',/•) may represent the 
"receptor-essential" volume, i.e., regions occupied 
by the receptor and, therefore , not avai lable for 
binding by other molecules. Hence, we assume that 
N O V (/',/•) is an approx imate averaged measure of 
the repulsive van der Waals interaction between 
receptor and M,-justif ication of this assumpt ion is 
offered by the demonst ra ted qual i ta t ive predict-
ability of the active analog approach [29], the 
excellent correlations yielded by the steric molec-
ular descriptor [30], steric congestion funct ion [31], 
cone angle approach [32], or other over lapping 
methods (for a review see [33]). 

Because van der Waals interactions fall off 
rapidly with distance, the balance between disper-
sion and repulsion potentials depends to a ma jo r 
degree on the topography of the active site cavity 
[34, 35]. Obviously, a molecular shape descriptor of 
3D-MSD- type possesses the ability to encompass 
this feature of the van der Waals interactions. No te 
that, for example, the molecular shape analysis 
approach [36], based only on OV (r, i), is in principle 
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Table 1. The set of 5 (substituted benzyl)-2,4-diaminopyrimidine inhibitors of E. coli DHFR: the 
inhibition activity and the values of the 3 D-MSD calculated with the compound no. 1 as 
reference structure. 

No. Compound ~ log *,app OV(r, /') 3 D-MSD [A3] 
NOV (/, r) 

NOV(r, i) 

1 3.4,5-(OCH3)3) 8.87 97.83 0.00 0.00 
2 3-CF3 7.02 49.09 15.82 48.78 
3 3-CHj 6.70 42.63 7.85 55.17 
4 4-CH3 6.48 46.81 3.64 51.03 
5 3-C1 6.65 45.23 7.27 52.61 
6 4-C1 6.45 48.28 4.16 49.56 
7 3-F 6.23 40.52 1.99 57.31 
8 4-F 6.35 41.29 1.18 56.54 
9 H 6.18 36.81 1.03 61.02 

10 4-N(CH3)2 6.78 58.52 14.07 39.35 
11 4-NH2 6.30 45.45 2.18 52.39 
12 4-NHCOCH3 6.89 52.34 24.23 45.48 
13 4 - N 0 2 6.20 52.67 6.39 45.16 
14 3-OC4H9 6.89 50.18 46.02 47.82 
15 4-OCF3 6.57 53.62 18.72 44.24 
16 3-OCH,C6H5 6.99 55.46 60.23 42.40 
17 3-OCH3 6.93 49.54 8.36 48.25 
18 3.4-(OCH3)2 7.72 64.52 13.28 33.32 
19 3,5-(OCH3)2 8.38 67.63 10.26 30.20 
20 4-OCH3 6.82 51.37 6.43 46.47 
21 3-OH 6.47 42.34 2.35 55.49 
22 3,4-(OH)2 6.46 48.55 3.12 49.29 

The molecular shape descriptor [OV(/ ; /'), 
NOV(/, /-)] can be incorpora ted into a quan t i t a t ive 
structure-activity relat ionship by calculating the 
regression equat ion 

Yi=F(a]h 6t2/, . . . ) + COV(/-, i) - t N O V ( / , r), 

where Y, is the est imated bioactivity of A/,. C and r 
are the corresponding susceptibilities to the molec-
ular shape features, and F is a funct ion of other 
molecular features (expressed quanti tat ively by 
crj,, <72/»• • •) which may also condit ion the bio-
activity. 

3. QSAR Study of D H F R Inhibition 
by 5-(Substituted-Benzyl)-2,4-Diaminopyrimidines 

The general form of the 22 pyr imidines included 
in the study (Table 2) is shown in Figure 1 A. Sub-
stitutions on the 3 to 5 positions of the benzyl ring 
were considered, and the observed activities, as 
measured by Kiapp for in vitro inhibi t ion of D H F R 
from E, coli, span a range of 2.69 log { \ /K i a p p ) units. 

Tr imethopr im, i.e., the molecule no. 1 in Table 1, 
is the most active inhibi tor in the data base and will 

(A) (B) (C) 

Fig. 1. The general form of D H F R inhibitors (a); the 
molecular fragment (solid line) used in 3 D-MSD calcula-
tions (b); geometrical relations among non-hydrogen 
atoms of trimethoprime substituents (c). 

unable to describe steric effects, while the M T D 
approach [37], arbitrari ly prescribing [38] equal 
weights* to the attractive and repulsive potentials, 
lacks the needed flexibility to adequate ly account 
for the effect of molecular shape on bioactivity. 

* Within the present formalism, MTD is given by [1]: 
MTD = NOV(#\ i) + NOV(/, r)\ but, OV(r, /) + NOV(r, /) 
= Fw r , where Fw r denotes the van der Waals volume of 
the reference structure which is constant for the data base 
under study; accordingly, 

MTD = Fw , - OV(r, /) + NOV(/. r). 
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represent the reference structure in calculating the 
3 D - M S D values. 

The interactions responsible for inhibitor recogni-
tion by the D H F R receptor consist in the complex 
of hydrogen bonds involving the 2,4-diaminopyrim-
idine moiety, see, e.g. [39, 40]; consequently, this 
moiety represents the pharmacophore . Hence, the 
geometrical congruence of the compared inhibitor 
over t r imethopr im will be per formed imposing that 
the 2 ,4-d iaminopyr imidine moiety occupies the 
same position. 

All of the compounds in Table 1 are qui te flexible 
in conformat ion with respect to and d2 (Fig. 1 A), 
and, as expected, force field calculations show 
[11,41] that the min imum-energy conformers are 
close in energy; therefore , it is plausibly to assume 
that each inhibi tor in Tab le 1 can easily mimic the 
bioactive conformat ion of t r imethopr im and, ac-
cordingly, the conformat ion with respect to QX and 
02 does not represent a critical variable. In order to 
initiate the 3 D - M S D calculations we have frozen 
the benzyl-2 ,4-diaminopyr imidine in a m in imum-
energy conformat ion character ized by an angle be-
tween the two rings of 87.3°. Then, using the 
dynamical fit t echnique [21], each inhibi tor was 
super imposed over t r ime thopr im * and the best 
fitted conformat ion used to calculate the 3 D - M S D . 
For all of the c o m p o u n d s in Table 1, the geo-
metrical fit of the benzyl-2,4-diamino-pyrimidine 
moiety over the same f ragment in t r imethopr ime is 
practically perfect (i.e., the root mean square values 
are between 0.098 and 0.327 A ) . The 3 D - M S D is 
calculated, therefore , for the molecular f ragment 
indicated by solid line in Fig. 1 B; obviously, the 
van der Waals vo lume of the f ragment indicated by 
broken line in Fig. 1B adds as a constant to 
OV(r , /), 1 = / = /7, hence, it only shifts the origin of 

OV(7", /). 
The calculations were per formed by numerical 

integration of the van der Waals envelopes [1] using 
card W = 4 0 0 , 0 0 0 and the effective a tomic van der 
Waals radii given in [1, 42], The 3 D - M S D (r, i) 
= [OV(/•,/), NOV(/ , / • ) ] and NOV(r , i) values col-
lected in Table 1 have a s tandard deviat ion of about 
0.05 A3, as est imated f rom 22 independent calcula-
tions of the van der Waals volume of the reference 
structure, F w - r , i.e., Fw , r = OV(r , /) + NOV(7-, /). 

* Non-hydrogen substituents were constrained to that 
shown in Figure 1 C. 

The 3 D - M S D values of Table 1 provide the 
following equat ion relating K i a p p to the shape 
characteristics of inhibi tor molecules: 

log \/Kiapp = 4.317 ( ± 0 . 0 6 7 ) 

(/ = 64.27) 

+ 0.048 ( ± 0.005) OV(r , /') 
(/ = 8.85) 

+ 0.003 ( ± 0 . 0 0 5 ) NOV(1, r) 
(t = 0.61) (1) 

with 77 = 22, / = 0.90, 5 = 0.300, F = 25.14. Student 
t values indicate that only O \ ( r , i) is significant, 
and, consequently, Eq. (1) becomes 

log lAK / app = 4.331 ( ± 0 . 0 6 6 ) 
(t = 65.90) 

+ 0.048 ( ± 0.005) O (7-, 7) 
(> = 9.11) (2) 

with 77 = 22, /• = 0.90, 5 = 0.301, F = 39.40. 
Equat ion (2) shows, in agreement with experi-

mental evidences [39, 40] and previous QSAR 
studies [7], that the benzyl substi tuents point away 

Table 2. The values3 of 3D-MSD's [A3] used to derive (3) 
and (4); the compounds are indexed as in Table 1. 

Compd. 
No. 

O V ( r 3 , / ) OV(r, 7) ov (r5,o 

1 36.24 36.24 36.24 
2 25.88 18.02 15.93 
3 20.81 16.63 15.96 
4 15.38 25.17 17.16 
5 23.32 16.61 16.09 
6 15.66 26.57 17.03 
7 19.36 16.04 15.93 
8 15.67 20.42 16.10 
9 15.62 16.01 15.96 

10 15.84 30.71 22.91 
11 15.51 23.58 17.29 
12 15.53 26.59 21.23 
13 15.85 27.76 20.04 
14 28.91 16.01 15.96 
15 16.03 32.08 16.37 
16 34.40 15.98 15.95 
17 28.24 16.14 15.90 
18 30.37 28.77 16.33 
19 29.36 16.54 32.68 
20 15.85 30.19 16.28 
21 21.06 16.11 15.96 
22 20.97 21.36 17.13 

3 
a Note that ^ OV(r, /) > OV(r, /) in Table 1 because 

/ = 1 
OV(r, /') does not account for the overlapping volume 
between the benzyl carbon atoms shown in Figure 1 B. 
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f rom the active site and (because the dispersion 
interaction falls off so rapidly with distance) the 
atoms beyond the O C H 3 g roup are located too far 
away f rom the active site surface to make a con-
tr ibution to binding. The correlation (2) clearly 
brings out that the b inding via dispersion interac-
tion is fully used by t r ime thoper im (TMP) and the 
design of T M P analogues with higher aff ini ty for 
E. coli D H F R must identify and exploit other 
enzyme-inhibi tor interactions, e.g., as it was 
a t tempted in [15]. 

Inspection of Fig. 1C suggests that the benzyl 
substituents (most likely the substi tuent in posi-
tion 4) may have di f ferent contr ibut ions to the dis-
persion interaction due to their possible di f ferent 
location relative to enzyme surface. To test this 
possibility, the OV values of the f ragments shown in 
Fig. 1B have been calculated against the T M P 
OCH3 g roup (including the carbon a tom adjacent to 
oxygen) in the 3, 4. and, respectively, 5 positions, 
and are denoted by OV(/ - 3 , / ) , O V ( r 4 , / ) and, re-
spectively OV(/-5 , i) in Table 2. 

The equat ion generated by these descriptors is: 

log 1 IK, a p p = 3.9620 ( ± 0.043) 
(/ = 81.23) 

+ 0.0608 ( ± 0.0073) O V ( r 3 , / ) 
(t = 8.36) 

+ 0.0193 ( ± 0.0076) OV(/-4 , / ') 
(t = 2.53) 

+ 0.0604 ( ± 0.0091) O V ( r 5 , / ) 
(/ = 6.63) (3) 

with « = 22, /- = 0.95, 5 = 0.212, F= 39.88, and the 
following intercorrelat ion matr ix: 

obtains the following variant of (3): 

log lAK ;app= 3.9650 (±0 .0479) 
(/ = 82.42) 

+ 0.0604 ( ± 0.0047) [OV (r 3 , t) 
( / = 12.69) 

+ O V ( r 5 , /)] 

+ 0.0200 ( ± 0.0075) O V ( r 4 , i ) 
(t = 2.66) (4) 

n = 22, /• = 0.95, 5 = 0.214, F = 55.10, and the inter-
correlation matrix reads as: 

l o g l / % a p p [ O V ( r 3 , / ) 

+ O V 0 - 5 , 0 ] 

OV(r4,i) 

l o g 1 / ^ a p p 

[ O V (r3, z) 

+ O V (r5, / ) ] 

OV(r4,i) 

1.000 
0 . 9 3 0 

0 . 2 7 8 

1.000 

0 . 0 9 5 1.000 

Equat ion (4) represents a clear instance where the 
systematic consideration of molecular shape leads to 
a QSAR model in agreement with avai lable experi-
mental evidence [33, 40]. Fur ther , (4) clarifies the 
meaning of a previous QSAR derived by Hansch et 
al. [7] using physicochemical pa ramete rs ; their 
equation, recomputed for the data base shown in 
Table 1, reads as: 

log 1 /^,app = 5.692 ( ± 0.044) 

+ 1.528 ( ± 0 . 1 0 3 ) MR'3 i 5 

+ 0.823 ( ± 0 . 1 4 0 ) M R ' 4 , (5) 

a? = 22, /• = 0.96. 5 = 0.194, F = 68.21, with the fol-
lowing intercorrelation matrix: 

l o g 1 / ^ a p p 

O V ( / - 3 , / ) 

OV (r4, i) 
o v (,-5,o 

l o g l / t f , a p p 

1.000 
0 . 7 6 6 

0 . 2 7 8 

0 . 7 9 4 

OV(z-3,0 OV(r4 , 0 OV(r5 , i) 

1.000 
- 0 . 1 7 6 

0 . 3 8 6 

1.000 
0 . 3 9 8 1.000 

l o g 1 / K i t 

M R ' , 
M R ; 

3.5 

l o g l A K , a p p 

1.000 
0 . 8 8 3 

0 . 1 7 3 

M R 3 , 5 

1.000 
-0.218 

M R ; 

1.000 

Equation (3) and the above matr ix indicate an 
equal contr ibution to binding of the substi tuents in 
the 3 and 5 positions, and a significantly smaller 
contribution of the substituent in position 4; lumping 
together the effect of the fo rmer two variables, one 

M R 3 5 stands for the sum of molar refractivity for 
substituents in the 3 and 5 positions and M R 4 is the 
molar refractivity of substituents in the 4-posi t ion 
only. The pr ime with MR signifies that the value of 
M R in each position is l imited to the M R value 
corresponding to O C H 3 , regardless of the total 
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value of MR. The intereorrelation matrix given 
below clarifies the physical meaning of (5). 

[O V (r3, 0 OV(r4,i) MR 3 5 M R ; 
[OV(r3 , /') + OV(/- 5 ,0] 

MR 3 5 

+ OV(r 5 , /')] 1.000 
OV(/-4,/) 0.095 1.000 
MR 3 5 0.942 -0.111 1.000 
MR 4 -0 .026 0.953 -0 .218 1.000 

A convenient way to further test (4) is to verify 
how well it predicts the activity of known com-
pounds not included in the data base used to 
derive the equation. We have done this by using 
3 , 5 - ( 0 C H 3 ) 2 , 4 - 0 ( C H 2 ) 2 0 C H 3 ( te t roxoprime, with 
O V ( r 3 , 0 + V( r 5 , z) = 57.74, O V ( r 4 , / ) = 25.06) and 
3-1 (with O V ( r 3 , 0 + O V ( r 5 , 0 = 44.06, O V ( r 4 , i) 
= 23.44) for which the estimated log 1 /AT,app values 
are 7.93 and 6.96, and the observed ones are 8.35 
and 7.23, respectively. Also, the equat ion qui te 
plausibly suggests that the activity of 3 ,5-(CF 3 ) 2 , 
with OV(/-3,/) + O V ( r 5 , 0 = 55.56, O V ( / - 4 , 0 = 17.26, 

3,5-I2 , with OV(/-3, 0 + OV(/-5 , 0 = 56.74. OV(/-4 . /) 
= 17.66, or 3 ,5- (OC 2 H 5 ) 2 , 4 -OCH 3 , with OV(/-3, 0 
+ OV(/-5 , /) = 56.11. OV(/-4, /) = 29.19, compounds 
which were not tested in E. coli D H F R system, 
would compare well with the te t roxoprime activity. 

In conclusion, the present paper discusses in 
detail a methodology to incorporate the three-di-
mensional molecular shape descriptor 3 D - M S D 
into quant i ta t ive structure-activity relat ionships; it 
allows for inclusion of structurally diverse a n d / o r 
conformational ly flexible compounds exhibit ing 
common biological action into the conceptual 
f ramework of the QSAR approach. The three-di-
mensional shape descriptors 3 D - M S D have been 
calculated for a set of 2,4-diamino-5-benzylpyrim-
idines which inhibit E. coli D H F R and led to a 
significant QSAR. However, the QSAR reported 
here only partially illustrates the potential of the 
3 D - M S D as the enzyme-inhibi tor interactional 
pattern is domina ted by the polarization interaction, 
the steric effects being inoperat ive in this case. 
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