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Abstract

Starting from a set of 32 antitubercular compounds, for the first time a three-dimensional pharmacophore model has been
derived through a computational approach based on CATALYST software. The model proved to be able to identify compounds
belonging to classes of molecules already reported as antitubercular agents. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Tuberculosis is an important human pathology that
has recently re-emerged despite the existence of an
effective chemotherapy. In addition, AIDS co-infection
coupled with some societal features (homelessness, poor

nutrition, and so on) are changing the tubercular or-
ganism into a more formidable killer. As a conse-
quence, the World Health Organization has reported
that more people died of tuberculosis in 1995 than in
any other year in history [1].

Although many structurally diverse compounds
showing antitubercular activity are known and an ex-
tensive knowledge of the detailed mechanisms of action
of current antimycobacterial drugs, such as isoniazid,
ethionamide, ethambutol, rifampin, is now available [2],
no pharmacophore model has yet been suggested for
antitubercular compounds. During the last few years
we have been synthesizing a number of imidazole
derivatives 1–106 [3–8], which have shown interesting
activity against Mycobacterium tuberculosis 103471 and
Mycobacterium a6ium 103317 (Chart 1, Table 1). On
the basis of these findings, we decided to develop a
pharmacophore model, which could account for the
antimycobacterial activity of this novel class of antitu-
bercular agents, on the assumption that all the struc-
turally related compounds 1–106 may act through the
same biological mechanism. Accordingly, we have per-
formed a two step computational study in order to (i)
generate a three-dimensional pharmacophore model for
antitubercular compounds; and (ii) use this model to
perform a search on chemical databases with the aim of
identifying interesting structural templates. Thus, lead-
ing by synthetic optimization, to compounds that possi-
bly could act against mycobacteria [9].

Chart 1. General structures of the antitubercular compounds 1–106
used in this study.
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2. Results and discussion

The pharmacophore generation, which represents the
first step of our computational work, uses the program
CATALYST [14] which provides two different methods.
The first method is usually applied to develop three-di-
mensional pharmacophore models, starting from a
collection of molecules possessing a range of diversity
both in structure and activity with the last spanning at
least five orders of magnitude. The second method,
called HipHop or common feature hypothesis genera-
tion [15], is able to generate pharmacophore models
only by identification of the common chemical features
shared by the molecules and their relative alignment to
the common feature set, without considering biological
data.

The structural analogy between the studied com-
pounds, combined with their small activity range of
only two orders of magnitude, led to the conclusion
that the common feature hypothesis generation was the
most suitable method to be applied to this class of
compounds. In fact, although the biological activity of
these compounds represent a good result from the
medicinal chemistry point of view, the activity range
seems to be too narrow to generate a statistically
significant quantitative model able to correlate the
structural features of these compounds with their bio-
logical data. For this reason, the first pharmacophore
generation method was considered inappropriate.

Since each computational run is limited to no more
than 32 compounds, a selection within the original set
of molecules was performed. In order to enhance the
probability of finding a significant model, it is impor-
tant to maximize the information content of the newly
generated set. For this purpose, the following two rules
were applied: (i) inclusion of the most active com-
pounds in the set, as CATALYST pays particular atten-
tion to these molecules when it generates the chemical
feature space (see Section 4); (ii) maximization of the
kinds and relative positions of the chemical features
shared by the molecules because the program recog-
nizes the molecules as collections of chemical features,
not as assemblies of atoms or bonds. Accordingly,
compounds 1, 8, 10, 15, 16, 19, 23, 28, 33, 36, 38, 40,
44, 46, 49, 56, 58, 63, 67, 68, 70, 74, 76, 78, 81, 86, 88,
95, 97, 103, 105, and 106 were selected as ‘the training
set’.

Experimental data on the biologically relevant con-
formations of the 32 selected compounds (for example,
atomic coordinates derived from X-ray crystallographic
studies of their complexes with the putative receptor)
was not available, so a molecular mechanics approach
was applied to build the conformational models to be
used for pharmacophore generation. The ‘best con-
former’ analysis implemented in CATALYST has been
applied to collect a representative set of conformers

chosen within a range of energetically reasonable con-
formations for each compound. In particular, all con-
formers within a range of 20 kcal mol−1 with respect to
the global minimum, have been employed to build a set
of pharmacophore hypotheses. On the basis of the
summary of the computational run (Table 2) provided
by the program, a selection was made among the ten
best pharmacophores found in order to obtain a new
and more complete pharmacophore hypothesis. Thus,
two hypotheses (namely the first and the third, showing
different sets of functions with two features in com-
mon) were found for which the same conformer of one
of the most active compounds 63 maps as the best fit.
The superimposition of the two hypotheses led to the
identification of three pairs of chemical features located
at the same spatial positions. In particular, both the
hypotheses show a hydrophobe accommodating the
para methyl group on the phenyl moiety of compound
63 and an aromatic ring feature able to fit one portion
of the naphthyl ring of the same ligand. The third pair
of features located almost exactly at the same coordi-
nates is an aromatic ring from hypothesis 1 and a
hydrophobe from hypothesis 3. We decided to choose
the aromatic ring feature and discard the hydrophobic
one, because many compounds of the original set show,
in this position, an aromatic group that could be a key
element for antimycobacterial activity.

Finally, the two complementary four-feature hy-
potheses were merged into a new single five-feature
hypothesis (the final pharmacophore model), shown in
Fig. 1 with compound 63, taken as a representative
example, superimposed on it. The calculated energy of
the conformer shown is 5.33 kcal mol−1 above the
lowest energy conformation. The chemical functionali-
ties of the hypothesis are all matched by the chemical
groups of the molecule: the imidazole ring fits the
region of the hydrogen bond acceptor feature (HBA);
the phenyl portion of the molecule and the methyl
substituent of the carbon atom at the para position are
located inside an aromatic ring (RA1) and a hydropho-
bic feature (HY1), respectively; the naphthyl moiety
maps to both the second hydrophobic (HY2) and the
second aromatic ring (RA2) features of the hypothesis.

Inspection of isomeric pairs of compounds indicated
that there were two possible modes in which the iso-
mers could be aligned to the hypothesis. Fig. 2 shows
the mapping of two isomers (40 and 36, Z- and E-iso-
mer, respectively, taken as representative examples of
the whole set of geometric isomers) on the five-feature
hypothesis. Both isomers have the same alignment of
their phenyl portions on the hypothesis. In fact, the
benzyl group bound to the oxygen atom of the oxime
moiety (right portion of Fig. 2) fulfills the RA2 aro-
matic ring feature and the second phenyl group of the
molecules (on the left in Fig. 2) is mapped to the RA1
aromatic ring feature of the hypothesis. An additional
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Table 1
Chemical and biological properties of compounds 1–106

IsomerCompd. RX R% R%% MIC (mmol ml−1) a

Z H1 b H H 7.95×10−2

2 Z Cl H H 3.39×10−2

Z F H H3 1.46×10−1

Z Cl Cl4 H 1.18×10−1

Z H H E-cinnamyl5 2.52×10−2

6 Z Cl H E-cinnamyl 2.27×10−2

Z F H E-cinnamyl7 2.38×10−2

Z Cl Cl8 b E-cinnamyl 2.07×10−2

Z H H p-biphenylmethyl9 2.17×10−2

Z Cl H10 b p-biphenylmethyl 1.99×10−2

Z F H p-biphenylmethyl11 2.07×10−2

Z Cl Cl12 p-biphenylmethyl 1.83×10−2

Z H H 1-naphthylmethyl13 2.34×10−2

Z Cl H 1-naphthylmethyl14 2.13×10−2

Z F H 1-naphthylmethyl15 b 2.22×10−2

16 b Z Cl Cl 1-naphthylmethyl 1.95×10−2

17 E H H H 3.97×10−2

E Cl H H18 3.39×10−2

19 b E F H H 7.29×10−2

E Cl Cl H20 1.18×10−1

E H H21 E-cinnamyl 2.52×10−2

E Cl H E-cinnamyl22 2.27×10−2

23 b E F H E-cinnamyl 2.38×10−2

E Cl Cl E-cinnamyl24 2.07×10−2

E H H25 p-biphenylmethyl 2.17×10−2

E Cl H p-biphenylmethyl26 1.99×10−2

E F H27 p-biphenylmethyl 2.07×10−2

E Cl Cl p-biphenylmethyl28 b 1.83×10−2

E H H29 1-naphthylmethyl 2.34×10−2

E Cl H 1-naphthylmethyl30 2.13×10−2

E31 F H 1-naphthylmethyl 2.22×10−2

E Cl Cl 1-naphthylmethyl32 1.95×10−2

33 b E H H benzyl 1.72×10−3

34 E Cl H benzyl 1.53×10−3

E F H benzyl35 1.29×10−2

36 b E Cl Cl benzyl 2.22×10−2

Z H H benzyl37 3.43×10−3

Z Cl H38 b benzyl 1.53×10−3

Z F H benzyl39 2.59×10−2

40 b Z Cl Cl benzyl 1.39×10−3

H HNH E-cinnamyl41 5.27×10−2

Cl H42 E-cinnamylNH 9.47×10−2

F HNH E-cinnamyl43 2.49×10−2

Cl Cl44 b E-cinnamylNH 2.15×10−2

H HNH p-biphenylmethyl45 1.13×10−2

Cl H46 b p-biphenylmethylNH 5.16×10−3

F HNH p-biphenylmethyl47 1.07×10−2

NH48 Cl Cl p-biphenylmethyl 1.89×10−2

H HNH 1-naphthylmethyl49 b 2.44×10−2

Cl H50 1-naphthylmethylNH 2.21×10−2

F HNH 1-naphthylmethyl51 9.26×10−2

Cl Cl52 1-naphthylmethylNH 8.08×10−2

H HO E-cinnamyl53 1.32×10−2

Cl H54 E-cinnamylO 2.37×10−2

CH3 HO E-cinnamyl55 1.26×10−2

Cl Cl56 b E-cinnamylO 2.15×10−2

H HO p-biphenylmethyl57 2.26×10−2

Cl H58 b p-biphenylmethylO 5.15×10−3

CH3 HO p-biphenylmethyl59 5.43×10−3

Cl Cl60 p-biphenylmethylO 9.47×10−3

H HO 1-naphthylmethyl61 3.05×10−3

Cl H62 1-naphthylmethylO 1.10×10−2

(Continued on next page)
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Table 1 (Continued)

Isomer R R%X R%%Compd. MIC (mmol ml−1) a

63 b O CH3 H 1-naphthylmethyl 1.46×10−3

Cl ClO 1-naphthylmethyl64 2.52×10−3

O65 H H p-tert-buthylbenzyl 2.99×10−3

66 O Cl H p-tert-buthylbenzyl 2.71×10−3

CH3 HO p-tert-buthylbenzyl67 b 2.87×10−3

O68 b Cl Cl p-tert-buthylbenzyl 2.48×10−3

ortho 1-imidazolyl69 p-Cl-phenylmethyl 2.69×10−2

meta 1-imidazolyl p-Cl-phenylmethyl70 b 1.34×10−2

71 para 1-imidazolyl p-Cl-phenylmethyl 1.34×10−2

ortho 1-imidazolyl p-biphenylmethyl72 2.36×10−2

meta 1-imidazolyl p-biphenylmethyl73 1.18×10−2

para 1-imidazolyl74 b p-biphenylmethyl 2.36×10−2

ortho 1-N-methylpiperazinyl p-Cl-phenylmethyl75 9.78×10−2

76 b meta 1-N-methylpiperazinyl p-Cl-phenylmethyl 9.78×10−2

para 1-N-methylpiperazinyl p-Cl-phenylmethyl77 9.78×10−2

78 b ortho 1-N-methylpiperazinyl p-biphenylmethyl 1.08×10−2

79 meta 1-N-methylpiperazinyl p-biphenylmethyl 2.16×10−2

para 1-N-methylpiperazinyl p-biphenylmethyl80 1.08×10−2

81 b ortho 1-morpholinyl p-Cl-phenylmethyl 2.50×10−2

meta 1-morpholinyl82 p-Cl-phenylmethyl 5.01×10−2

para 1-morpholinyl p-Cl-phenylmethyl83 1.01×10−1

84 ortho 1-morpholinyl p-biphenylmethyl 8.94×10−2

85 meta 1-morpholinyl p-biphenylmethyl 2.23×10−2

para 1-morpholinyl p-biphenylmethyl86 b 1.12×10−2

ortho 1-thiomorpholinyl87 p-Cl-phenylmethyl 1.03×10−1

meta 1-thiomorpholinyl p-Cl-phenylmethyl88 b 2.57×10−2

89 para 1-thiomorpholinyl p-Cl-phenylmethyl 1.03×10−1

ortho 1-thiomorpholinyl p-biphenylmethyl90 8.55×10−2

91 meta 1-thiomorpholinyl p-biphenylmethyl 8.55×10−2

92 para 1-thiomorpholinyl p-biphenylmethyl 8.55×10−2

ortho 1-thiomorpholinyl E-cinnamyl93 9.88×10−2

94 meta 1-thiomorpholinyl E-cinnamyl 9.88×10−2

para 1-thiomorpholinyl95 b E-cinnamyl 2.47×10−2

ortho 1-thiomorpholinyl p-Cl-phenyl96 9.23×10−2

97 b meta 1-thiomorpholinyl p-Cl-phenyl 2.31×10−2

98 para 1-thiomorpholinyl p-Cl-phenyl 9.23×10−2

ortho 1-thiomorpholinyl p-biphenyl99 8.25×10−2

100 meta 1-thiomorpholinyl p-biphenyl 8.25×10−2

para 1-thiomorpholinyl101 p-biphenyl 8.25×10−2

ortho 1-thiomorpholinyl E-cinnamoyl102 9.47×10−2

103 b meta 1-thiomorpholinyl E-cinnamoyl 2.37×10−2

para 1-thiomorpholinyl104 E-cinnamoyl 9.47×10−2

105 b 5.57×10−2

106 b 3.46×10−2

a Biological tests have been performed according to the methods described in references [10–13].
b Compounds used to generate the pharmacophore model.

chlorine atom at the para position of the latter phenyl
group is able to locate itself within the HY1 hydro-
phobic feature very close to RA1. The key differ-
ence between the Z and E isomers is shown in
the mapping and involves the imidazolylmethyl portion
of the compounds. The E-isomer 36 places the im-
idazole moiety very close to the HBA feature of
the hypothesis in such a way so as the N3 nitro-

gen atom of the imidazole group is able to map
the HBA feature. Conversely, the imidazole ring of
the Z-isomer 40 reaches the HY2 hydrophobic feature
of the hypothesis. This result suggests that the HY2
feature fulfills a region of the space that is very im-
portant for the biological activity (40 is 16 times
more active than 36). In addition, although the chemi-
cal functionalities are different for each generated
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hypothesis, an HY or RA feature is present in the
region occupied by HY2. Therefore, it is likely that a
hydrophobic feature in this position may be a represen-
tative portion of the common pharmacophore for this
class of compounds. More quantitative considerations
are not possible because of the very similar values of
antimycobacterial activity of these molecules. More-
over, HipHop method does not take into account rela-
tive biological data of compounds and thus is not
intended for predicting activities but only to highlight
the common chemical features shared by the molecules.

The five feature pharmacophore hypothesis was then
used as a three-dimensional query to perform a data-

Fig. 1. Compound 63 mapped to the five-feature hyothesis (the final
pharmacophore model) obtained by superimposition and merging of
hypothesis 1 and hypothesis 3. RA, atomatic ring feature; HY,
hydrophobic feature; HBA, hydrogen bond acceptor feature.

Table 2
Summary of properties associated to the best three pharmacophore
hypotheses found by a common feature hypothesis run

Numbera Ranking scorecCompositionb Direct (DH) and
partial hits (PH)d

DH:RRZZ 251.9881
11111111111111111
101110011111111
PH:
00000000000000000
000000100000000

RRZZ DH:245.9492
11111111111111111
101110011111111
PH:
00000000000000000
000000100000000

RZZH3 243.065 DH:
11111111111111111
101110101111111
PH:
00000000000000000
010001010000000

a Progressive numbers of the pharmacophore hypotheses.
b R: aromatic ring feature; Z: hydrophobic feature; H: hydrogen

bond acceptor feature.
c The higher the ranking score, the less likely it is that the molecules

in the set fit the hypothesis by a chance correlation. The best
hypothesis shows the highest value.

d Each number in the DH and PH rows corresponds to a particular
compound used to generate the pharmacophore hypotheses. DH and
PH indicate whether (1) or not (0) a molecule mapped every features
or all but one features in the hypothesis, respectively, giving an idea
of how well each compound is able to fit to a particular hypothesis.
For example, the alignment of the ninth, tenth and fourteenth
compounds (numeration is from right to left in both the DH and PH
rows) to the first hypothesis is not the best possible (DH values equal
to zero mean that these compounds are unable to map all the features
of this hypothesis). On the other hand, if we consider the third
hypothesis, an optimal alignment for the ninth compound (DH=1)
and a good alignment for the tenth and fourteenth compounds
(PH=1, in both cases; these compounds map all but one hypothesis
features) can be highlighted. These considerations provide some help
to choose the hypotheses to be compared, superimposed and merged
in order to obtain more complex and complete pharmacophore
hypotheses.

Fig. 2. Compound 40 (Z-isomer, grey) and compound 36 (E-isomer,
black) mapped on the five-feature hypothesis. RA, atomatic ring
feature; HY, hydrophobic feature; HBA, hydrogen bond acceptor
feature.

base search in order to find other structural motifs that
fulfill the functional and spatial constraints of the
model. This method constitutes a powerful way for
quickly finding new potential lead compounds in a
medicinal chemistry project. In particular, NCI (Na-
tional Cancer Institute), Maybridge, MiniBioByte and
Sample databases (provided by MSI along with CATA-

LYST 4.0), containing a total number of approximately
178 600 compounds, were searched using the pharma-
cophore model as a query. As a result of this search,
2249 compounds (about 1.25% of total compounds)
were retrieved and then pruned according to a molecu-
lar weight cutoff set to 600. This filter was applied to
avoid excluded volume problems. In fact, compounds
that possess the appropriate chemical functions for a
good fit onto the pharmacophore hypothesis may also
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have some functionalities that bump into a portion of
the receptor preventing close contacts of the binding
functions. On the basis of this consideration, we chose
600 as an optimal cutoff to reduce the occurrence of
this problem. The remaining 1837 compounds (about
1.03% of the total) were submitted to a geometric fit
calculation and ranked by descending fit numbers.

As a result, in addition to mapping some compounds
structurally similar to the training set (see Chart 2), the
pharmacophore model has also retrieved compounds
belonging to different structural classes of well known
antitubercular agents, assuming that they bind to the
receptor in the same way as the molecules of the
training set. In particular, miconazole and (E)-oxicona-
zole, identified by the database search, showed an anti-
tubercular activity of 1.03×10−2 mg ml−1 and
9.32×10−3 mg ml−1, respectively (determined accord-
ingly to the methods described in references [11–13]).
Moreover, a variety of diarylthioureas, thiosemicarba-
zones, and isoniazid derivatives were also stored (Chart
3). There is some experimental evidence showing that
the above cited classes of molecules act as antitubercu-
lar compounds on the basis of the same mechanism. In
particular, a number of diarylthioureas have shown

considerable activity against M. tuberculosis and one of
these (4-4%-diisoamyloxydiphenylthiourea) has proved
to strongly inhibit mycolic acid synthesis [16,17], as
isoniazid and ethionamide do [18]. Moreover, though
the actual mode of action of thiacetazone (a member of
the thiosemicarbazones) is unknown, it has been sug-
gested that also thiacetazone, like ethionamide, might
inhibit mycolic acid biosynthesis [19] since some thiac-
etazone-resistant strains of M. tuberculosis exhibit
cross-resistance to ethionamide [20].

A subsequent investigation aimed at checking the
presence of additional thioureas, thiosemicarbazones,
and isoniazid derivatives within the searched databases,
highlighted some interesting compounds such as thiac-
etazone ({N-[4-[[(aminothiomethyl)hydrazono]-methyl-
ene]phenyl]-}acetamide), thiambutosine ({N-(4-bu-
toxyphenyl) -N %- [4 -(dimethylamino)phenyl] -}thiourea),
and isoniazid, not identified during the database search.
On the other hand, the pharmacophore model retrieved
many compounds structurally related to those reported
in Chart 3, all characterized by a higher number of
features with respect to that of thiacetazone, thiambu-
tosine, and isoniazid. In the light of these last findings,
the database search missed the identification of the
most simple compounds (thiacetazone, thiambutosine,
and isoniazid) because the pharmacophore model de-
scribed here and used for the search corresponds to an
overall explanation of the common chemical features
present in the most active compounds reported in this
paper. Thus, compounds unable to fit one or more
features of the model have been rejected by the search.

In conclusion, we suggest that the proposed pharma-
cophore hypothesis represents a model able to accom-
modate a variety of derivatives corresponding to the
precursors of well known antitubercular drugs such as
thiacetazone, thiambutosine, and isoniazid.

With these considerations, our pharmacophore
model, which was able to identify thiourea, thiosemi-
carbazone and isoniazid derivatives in the database
search, seems to be a promising model to describe the
structural properties required for antitubercular activi-
tyor, at least, inhibition of mycolic acid biosynthesis in
mycobacteria.

3. Conclusions

By the application of a two step computational pro-
tocol, for the first time we have proposed a general
pharmacophore model for antitubercular compounds
that might interfere with the biosynthesis of mycolic
acid. This model has now been used to retrieve from
databases of known molecules some structures that all
contain the chemical features shared by the original set

Chart 2. Representative examples of compounds found in the data-
base search and structurally related to the molecules used to generate
the pharmacophore hypothesis.

Chart 3. Representative examples of compounds found in the data-
base search and belonging to classes of molecules known as mycolic
acid biosynthesis inhibitors such as isoniazid, thiosemicarbazone, and
diarylthiourea derivatives.
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of compounds. Some of these stored compounds belong
to classes of molecules already reported as antitubercu-
lar agents (diarylthioureas [16,17], thiosemicarbazones
[19], and isoniazid [18] derivatives) acting by the same
mechanism of action based on the inhibition of the
mycolic acid synthesis. On the basis of these results, the
pharmacophore will hopefully lead to the identification
of new antitubercular compounds by synthetic modifi-
cation and optimization of the templates found in the
database search.

4. Computational methods

A set of 32 derivatives with biological data ranging
from 1.39×10−3 mmol ml−1 (compound 40) to 1.46×
10−1 mmol ml−1 (compound 3), was used in this study.
Due to the fact that the biological evaluation of all the
chiral compounds was carried out using racemic mix-
tures, while the biological activity of chiral compounds
is usually due to one of the enantiomers, it was arbi-
trarily decided to model the chiral compounds 41–68
with undefined chirality. Thus, allowing the pharma-
cophore model generation procedure to choose which
configuration of the asymmetric carbon atom common
to compounds 41–68 was most appropriate. This deci-
sion can be justified on the basis that a number of
chiral compounds (namely 44, 46, 49, 56, 58, 63, 67,
and 68) were included in the training set and compound
63 was used as one of the five ‘reference compounds’
(see below). S enantiomer of the eight compounds has
been chosen by the program to fit the proposed phar-
macophore model. To the best of our knowledge, there
are no experimental data supporting the hypothesis that
S enantiomers are more active than R enantiomers. In
fact, although some antifungal imidazole derivatives
have been recently tested as enantiopure compounds
[21], none of them have been evaluated for antitubercu-
lar activity.

The compounds were built using CATALYST 2D–3D
sketcher and a representative family of conformations
were generated for each molecule using the Poling
algorithm [22] and the ‘best conformational analysis’
method. This approach has been selected because dur-
ing the analysis of the conformation, it takes into
account the spatial arrangement of chemical features
instead of the arrangement of atoms. In addition, this
also provides the best possible conformational coverage
within CATALYST. This approach represents the method
of choice when the conformations are to be used for
hypothesis generation, as in this case. Conformations
were selected that fell within 20 kcal mol−1 range
above the lowest energy conformation found.

The training set of molecules, with their associated
conformational models, were submitted to common

feature hypothesis generation producing potential phar-
macophore models by generating alignments of com-
mon chemical features. To perform the alignment of
the molecules, instead of using only the minimum en-
ergy conformers found, all the conformers generated
for each compound have been included in the calcula-
tions. The chemical functions (features) used in this
generation step included hydrogen bond donor (HBD),
hydrogen bond acceptor lipid (HBA), hydrophobic
(HY), positive ionizable (PI), and aromatic ring (RA)
[23]. Hydrogen bond acceptor lipid includes basic nitro-
gen which is not considered in the hydrogen bond
acceptor feature. An aromatic ring function was used in
addition to the generic hydrophobic function in order
to emphasize that an aromatic interaction is likely to be
an important feature because all the compounds show
one or more aromatic rings within their structure.
Moreover, the aromatic ring function allows consider-
ation of directionality of the interactions with the re-
ceptor. Due to the size of the molecules, the minimum
permitted interfeature spacing was reduced to 1 A, . In
fact, a default value of about 3 A, works well for most
medium to large molecules, but is not good for small
molecules that do not have many features or for hy-
potheses where features are close together.

The five most active compounds (40, 63, 38, 34, and
33 ranked by decreasing activity) were used to derive
common-feature based alignments and considered as
‘reference compounds’ (except for this classification,
biological data in the analysis were not used) specifying
a ‘Principal’ value of 2 and a ‘MaxOmitFeat’ value of
0. HipHop uses these values to determine which
molecule should be considered to build hypothesis
space and how many features in the final hypotheses
must map to the chemical features in each compound,
respectively. If Principal is set to 2, the chemical feature
space of the conformers of such a compound is used to
define the initial set of potential hypotheses. Principal
equal to 1 means that this compound must map onto
the pharmacophore hypotheses previously defined. A
MaxOmitFeat value of 0 associated with the five refer-
ence compounds forces them to map all the features of
each pharmacophore hypothesis. Principal and Max-
OmitFeat values for the remaining 27 compounds of
the training set were set to 1 and 2, respectively.
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