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Abstract

Based on the structural characters of PPAR modulators, a virtual combinatorial library containing 1226,625 compounds was constructed
using SMILES strings. Selected ADME filters were employed to compel compounds having poor drug-like properties from this library. This
library was converted to sdf and mol2 files by CONCORD 4.0, and was then docked to PPARY by DOCK 4.0 to identify new chemical entities
that may be potential drug leads against type 2 diabetes and other metabolic diseases. The method to construct virtual combinatorial library
using SMILES strings was further visualized by Visual Basic.net that can facilitate the needs of generating other type virtual combinatorial

libraries.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

The needs to generate large amounts of structure-diverse
new chemical entities or drug-like chemical moieties are
essential for a successful drug discovery program in modern
pharmaceutical setting. Combinatorial chemistry is far more
rapidly than is possible using conventional approaches to
facilitate the identification of biologically active molecules
in drug discovery efforts [ 1-3]. Depending on their use, com-
binatorial libraries can be divided into two main categories:
(1) a library directly focused on a specific target, structural
class, or known pharmacophore, and (2) a probe library that
is target-independent and is designated to span a wide range
of physicochemical and structural characteristics.

Virtual combinatorial chemistry is a conceptually differ-
ent approach that rests on supramolecular chemistry [4]. It
relies on a reversible connection process for the spontaneous
and continuous generation of all possible combinations of a
set of basic components, thus making virtually available of
all the structural and interaction features these combinations

* Corresponding author. Tel.: +86 755 2695 7737, fax: +86 755 2695
7291.
E-mail address: czliao@chipscreen.com (C. Liao).

0223-5234/$ - see front matter © 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ejmech.2005.02.006

may present. There are two ways to construct virtual combi-
natorial libraries. Briefly, the first one is based on the appli-
cation of a Markush structure, which represents a common
scaffold with variation sites labeled as R-groups, each of
which is associated with a list of alternatives [5]. The second
one is rather more flexible: it encodes a reaction as a chemi-
cal “transform”. The transform specifies the parts of the react-
ing molecules that undergo chemical transformations and
nature of these transformations. This approach mimics more
closely the steps that are involved in actual synthesis, does
not require a common template or the generation of clipped
reagents, and can be applied to a broad spectrum of chemical
reaction [6,7]. Accordingly, the programs for constructing vir-
tual combinatorial libraries such as Legion [8] and CombiL.ib-
Maker [9] operate in either of the two modes that correspond
to one of the two combinatorial processes: (1) the “core + side
chains”, and (2) the “combine reactants”. They are generally
referred as product-based and reactant-based approaches,
respectively, in which the former one appears superior to the
latter.

Simplified Molecular Input Line Entry Specification
(SMILES) proposed by Weininger [10] in 1988 is a simple
yet comprehensive chemical notation for specifying mol-
ecules or molecular fragments. Comparing with mol and other
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file formats, SMILES is broadly used in saving chemical
molecular structures and data exchange due to its very com-
pact volume.

Upon construction of the virtual combinatorial library using
above-mentioned methods, virtual screening [11-14], a pow-
erful computational filter for reducing the size of a chemical
library, can then be applied to identify new leads from the
designed library based on a given three-dimensional struc-
ture of the target. Currently, there are several docking pro-
grams available for the screening, for instance, the FlexX [15],
AutoDock [16], Gold [17] et al., but the most well-known
and applied docking program is DOCK [18].

Peroxisome proliferator activated receptor-y (PPARY),
PPARa and PPARS are ligand-activated transcriptional fac-
tors belonging to the nuclear hormone receptor superfamily,
which are essential in control of lipid, glucose, and energy
homeostasis [19]. At present, PPARY agonist rosiglitazone
has been successfully prescribed for the patients having type
2 diabetes, and other selective agonists, partial agonists and
antagonists of PPARY, dual agonists of PPARy and PPAR«
are in clinical phases of the development as anti-type 2 dia-
betic and metabolic syndrome treatments. Because of the side
effects such as weight gain and water retention associated
with agonists of PPARy [20] and the potential fat burning
activity of PPARa and PPARGS [21], balanced triple agonists
for PPARa/y/d or selective agonists for PPARa or d are also
the pursuits of pharmaceutical companies.

In this study, we have constructed a virtual combinatorial
library (anti-type 2 diabetic virtual combinatorial library,
A2DVCL) using SMILES strings to represent the fragments
of backbones and side chains according to the structural char-
acters of previously published PPAR modulators. Permuting
all side chains at the various attachment points of the back-
bones generated all of the allowed products. The resultant
compounds were then filtered by the selected ADME proper-
ties that gave a total of 1226,625 molcules in the library. The
library was converted to sdf and mol2 files by the CON-
CORD 4.0 program and screened virtually by DOCK 4.0 pro-
gram when setting PPARY as the target to identify potential
new chemical entities in the management of type 2 diabetes
and other metabolic diseases. This method to construct vir-
tual combinatorial library using SMILES strings was further
visualized by the software of Visual Basic.net to meet the
needs in generating other type virtual combinatorial librar-
ies.

2. Methods
2.1. Structural characters of PPAR modulators

Examples of the structures of PPAR modulators are shown
in Fig. 1 where compounds 1, 2 are agonists of PPARa; com-
pounds 3, 4, 5 are agonists of PPARY; compounds 6, 7 are
dual agonists of PPARa/y; compound 8 is a modulator of
PPARGJ. Kurogi has initially separated the « possible » phar-
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Fig. 1. Examples of PPAR modulators.

macophoric structure of thiazolidinediones (TZDs), the typi-
cal compounds are 3 and 4, into the binding and the effector
site [22]. That is, the binding site is the thiazolidinedione moi-
ety essential in all TZDs, and the effector site is a secondary
region that modifies the biological potency. And there is a
linker between the binding and the effector sites, as shown in
Fig. 2. Besides TZDs, the pharmacophoric characters existed
in most of PPARY’s agonists, a number of PPARY’s partial
agonists and antagonist, PPARa and PPARS’s modulators can
also be considered to constitute these three partitions (here
we called them as binder, linker and effector, respectively).
This can be seen in Fig. 1: except compound 2 (Wy-14643),
all of the remaining seven compounds are thought to have
this trait. Because of the different binding sites and binding
modes, there are several kinds of PPAR modulators do not
possess such properties, for instance GW 0072 [23], a highly
flexible partial agonist of PPARY.

As to PPARY’s agonists, the binder (polar head) forms
hydrogen bonds with PPARY at the hydrophilic pocket com-
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Fig. 2. Pharmacophoric structure from TZD type PPAR agonist.
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prised of His449, Tyrd73, His323, GIn286, and Ser289. In
contrast, the effector (hydrophobic tail) stretches into the
hydrophobic pocket of PPARY with various orientations: they
either point up to form hydrophobic interactions with Glu343,
Ile341, and Arg288 or direct down to contact with Arg280,
[1e281, and Gly284 [19,24]. The tail-up and tail-down con-
figurations have also been observed in the crystal structure of
eicosapentaenoic acid when complexed with PPARS [25]. It
indicates that these ligands may adopt multiple tail confor-
mations within the receptor and the hydrophobic pocket has
a large space for the structural modification of the modula-
tors of PPAR. The linker also plays an important role in the
binding of ligands with PPARY: it occupies a narrow pocket
among Cys285, Tyr327, and Met364, which means that vol-
ume of the linkers should not be too big.

2.2. Thinking of A2DVCL

Fig. 3 has summarized the method of constructing
A2DVCL and its application in drug discovery.

2.3. Backbones and fragments of A2DVCL

Normally, the first step in the combinatorial process is to
define a backbone (also called “core” or “scaffold”) structure
to which the side chains will be attached. In this study, we
define the linker of the TZDs’ pharmacophoric structure as
the backbone. The attachment points (2 in this study) also
will be defined by special denotation that will be discussed
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Fig. 3. Construction method of A2DVCL.

latter. The binder and effector are considered as the side chains
in this study.

The backbones and side chains presented by SMILE strings
were collected from literature and patents related to PPAR.
Besides these, the authors have designed some fragments
according to the physical chemical properties of the PPARs’
binding pockets. We exemplified this progress with the eight
compounds as shown in Fig. 1 (although we can not get effec-
tor fragment from the compound 2, we can still get linker and
binder fragments from it). Tables 1,2 and 3 list separately the
molecular fragments and corresponding SMILES strings rep-
resenting the effector, linker, and binder decomposed from
these eight molcules. It needs to point out that in the SMILES
of the linker (backbone), “(&)” and “($)” imply the attach-
ment points.

Every fragment of the backbones has 2 attachment posi-
tions. Here we use “($)” and “(&)” to indicate these 2 attach-
ment points: “($)” represents the site of effector and “(&)”
represents the site of binder. If the attachments are in rings,
“$” and “&” should be marked. But if effector is not in a ring,
“($)” no need to write out. In this case, the fragment of the
backbone should be written according to the principle that
the first character of the string can connect the effector directly.
By the same token, if the binding site is not in a ring, “(&)”’is
also no need to write out. In this case, the fragment of the
backbone should be written according to the principle that
the last character of the string can connect the binder directly.
Also, the fragments of the effectors should be written accord-

Table 1
Molecular fragments and SMILES strings of effector from eight modulators
of PPAR

Fragments Coming from SMILES strings
1 clee(CleeclC(=0)N
3 clee(CC)enclC

| 4 nlcceeel N(C)C
N_‘- N\
>l
3 5 cl(F)cceec1CO
S
?é o "‘rﬁ“ 6 ¢lee(0S(=0)(=0)C)ceclC
B L

c1(C)oc(cdcccecd)nclC

8 clee(C(=0)C)c(0)c(CCC)eclOCC
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Table 2
Molecular fragments and SMILES strings of linker from eight modulators
of PPAR

Fragments Coming from SMILES strings*
[""‘ﬂ . 1 CCc2ccc(&)cc2
2 CNc2ce(Chne(&)n2
[, ] 3,4,6,7,8 COc2ccc(&)cc2
~
od 5 c2($)cec5ee(&)eec5c2

#“$” and “&” implying the attachment points of effector and binder to the
linker.

Table 3
Molecular fragments and SMILES strings of binder from eight modulators
of PPAR

Fragments Coming SMILES strings

from

*o__cooH 1 OC(C)(O)C(=0)0

X
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\<0
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OCH,
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N
e
Ph
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ing to the principle that the last character of the string can
connect the backbone directly; the fragments of the binders
should be written according to the role that the first character
of the string can connect the backbone directly.

Although some programs such as JME [26] can generate
SMILES of a compound automatically, it is not recom-
mended to use them to generate the fragments of this library
because the results often are not the things we hoped origi-
nally. The SMILES of the fragments should be written manu-
ally and then we can use some useful tools [27] to verify them
before they enter into fragment libraries.

We have constructed three ASCII formatted text files; each
of them comprises effector, linker, and binder fragments,
respectively. In each fragment library file, every row repre-

sents a molecular fragment, so the number of rows in a file is
equal to the number of molecular fragments.

When combining the fragments of the three different sec-
tors, the virtual compounds are generated according to the
manners described here as shown in Fig. 4: (1) if the back-
bone does not contain “$” and “&”, the program just con-
nects the 3 SMILES strings directly from left to right; (2) if
the backbone does not contain “$” but contains “&”, the pro-
gram connects the SMILES strings of effector and linker, and
replace the character of “&” by the SMIELS string of binder;
(3) if the backbone contain “$”, the SMILES string of effec-
tor should be converted firstly, and then replace the character
of “$”.

2.4. ADME filters

Lipinski et al. [28] have concluded that poor absorption or
permeation of a compound are more likely to occur when (1)
the molecular weight is over 500; (2) the octanol/water par-
tition coefficient (logP) is over 5; (3) there are more than five
hydrogen bond donors (expressed as the sum of the O-H and
N-H groups), and (4) there are more than 10 hydrogen bond
acceptors (expressed as the sum of N and O atoms). This is
the well-known “rule of 5 (ROS5). In addition to the RO5 cri-
teria, other properties also can be used to filter virtual librar-
ies prior to the enumeration stage. With filtering, one can
avoid, for example, the presence of large numbers of halo-
gens in the products; the presence of highly flexible unsub-
stituted, unbranched alkyl chains with, e.g. more than eight
CH, groups; the formation of compounds that exceeds the
maximum accepted number of rings, or ionizable groups, in
the product library.

According to the above-mentioned ADME filters, a mol-
ecule can not enter into the A2DVCL when (1) it does not
accord with the drug-like principle; (2) the number of rings is
greater than 7; (3) the number of halogen elements is greater
than 7; (4) the number of unsubstituted, unbranched alkyl
chains is greater than 8. The so-called drug-like principle here
means when a molecule in the virtual library meets any of
two conditions from the followings: (1) the molecules weight
is less than 650; (2) the calculated logP is less than 6; (3) the
number of hydrogen bond acceptors is equal or less than 10;
(4) the number of hydrogen bond donors is equal or less than
5.

Since all three of PPAR subtypes have a more spacious
pocket (~1400 A®) than any other nuclear hormone receptors
[29], we, therefore, set molecular weight of 625 but not 500 as
the cutoff value as the upper limitation to reflect such differ-
ence. For instance, the molecular weight of farglitazar [30], a
dual agonist of PPARa/y, is 546.6.

We can accurately enumerate the number of rings, the num-
ber of halogens, the number of unsubstituted and unbranched
alkyl chains, the number of hydrogen bond acceptors and the
number of hydrogen bond donors, and molecular weight, of
the molecule expressed by SMILES since these parameters
are additive. But the definite value of logP needs to be mea-
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Fig. 4. Generation of virtual molecules.

sured in laboratory. Some algorithms, for example, KLOGP
[31] etc. can estimate the logP value. The logP value of every
molecule in A2DVCL is calculated by XLOGP [32] that is
based on atom-additive method.

2.5. Virtual screening

The A2DVCL was transformed to sdf and mol?2 files by
CONCORD standalone 4.0 [33] at the SGI workstation. The
sdf file was used to evaluate the diversity of the library, and
the mol2 file was used to screen virtually in order to discover
potent leads for type 2 diabetes and other metabolic diseases.

In the present study, the program DOCK 4.0 was employed
for the primary screening. 1FM9, a X-ray crystal structure of
PPARY downloaded from Brookhaven Protein Data Bank
(PDB) [34] was used as the target for virtual screening. Resi-
dues around the ligand, farglitazar, at radius of 5 A was iso-
lated for constructing the grids of docking screening, and the
pocket composed by these residues was larger enough to
include residues of the binding pocket. The conformational
flexibility of the compounds from the database was consid-
ered in the docking searching. The DOCK program is

designed to find possible orientations of a ligand in a recep-
tor site [35]. The orientation of a ligand is evaluated with a
shape scoring function and/or a function approximating the
ligand-receptor binding energy.

3. Results and discussions
3.1. The fragments

Except a small portion of fragments are designed by the
authors, most of the fragments were collected from the litera-
ture and patents published before May 1, 2003. The numbers
of fragments obtained for effector, linker, and binder are 283,
40, and 151, respectively. All of them contain (1) 2D connect-
ing information; (2) double bond orientation information if it
has; (3) tetrahedral chirality information if it has.

3.2. Generation of the virtual library

The permutation of fragments of the three parts of PPAR
modulators will generate numerous molecules. For example,
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ing to some rules; permutate and combine the fragments to
form the molecules; calculate the number of rings; calculate

the number of halogen elements; examine the presence of

the fragments collected from eight compounds depicted in
Fig. 1 will create 168 molcules if none will be discarded by

the ADME filters. Among the 168 molcules, 160 are new.

highly flexible unsubstituted and unbranched alkyl chains with

According to the thinking mentioned above, a C++ pro-
gram containing one main program and nine sub programs

was compiled to fulfill the following tasks: judge the need to

eight or more CH, group; judge whether or not the com-

pound is an aliphatic or aromatic hydrocarbon, or an amino
acid, if so, calculate the correction value of logP; judge

convert the SMILES string of effector, if so, convert it accord-
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Fig. 5. Distribution of drug-like properties of the A2DVCL. (A) the distribution of molecular weight; (B) the distribution of logP (calculated by XLOGP); (C)
the distribution of number of hydrogen bond acceptors; (D) the distribution of number of hydrogen bond donors; (E) the distribution of molecular refractivity.
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whether or not the compound can form intramolecular hydro-
gen bond or has halogen—halogen geminal interaction, if so,
calculate the correction value of logP value; calculate the
molecular weight of the compound, the number of hydrogen
bond acceptors, the number of hydrogen bond donors; calcu-
late the number of different descriptors in atom classification
by XLOGP, and then calculate the logP value; judge the suit-
ability of designed molecule entering into the library; and at
last create the virtual combinatorial library containing mil-
lions of compounds.

The formed A2DVCL is an ASCII format file. Permuta-
tion can generate 1709,320 molcules, but after filtering, the
library contains 1226,625 molcules. The rate of molecules
being filtered is 28.24%.

3.3. The distributions of drug-like properties

We have analyzed the distribution of molecular weight,
logP (calculated by XLOGP), and number of the hydrogen
bond acceptors and number of hydrogen bond donors of the
final A2DVCL. Since molecular refractivity is a very impor-
tant steric parameter that influences the actions of the ligand
and acceptor, we also calculated this parameter for every com-
pound in this library. The distribution diagrams of these
parameters are shown in Fig. 5.

All of the five charts are like bell, which implies all of
them fit the Gaussian distribution. The minimal and maximal
of the molecular weight is 199.25 and 828.07, respectively.
Most of the molecular weight is at the span of 400—600. The
minimal of logP is —2.19, and the maximal reaches a value of
11.92 that corresponds to the compound having only two
hydrogen bond acceptors. Most of the logP is at the span of
2-8. Although increasing the logP value at some extent will
increase the affinity to PPAR, it is not a good idea to argu-
ment logP too much since this will induce bad distribution of
the compound on fat and body fluid. The number of hydro-
gen bond acceptors and donors are ordinal spanning from 2 to
13 and 0-5, respectively. Most of the compounds have four
to seven hydrogen bond acceptors and one to three hydrogen
bond donors while only one compound has 13 hydrogen bond
acceptors in this library. The minimal and maximal of molecu-
lar refractivity are 6.25 and 23.11, respectively. Most of this
value is concentrated on the scope from 9 to 18.

3.4. Diversity evaluation

The following parameters are often used to describe the
diversity profiling of a combinatorial library [36]: two-
dimensional descriptors, three-dimensional descriptors, physi-
cochemical descriptors, electronic descriptors, etc. Dr Xu [37]
has presented a new term topological scaffold to classify the
structures. This arithmetic is called scaffold-based classifica-
tion approach (SCA). The steps to define the topological scaf-
fold can be described as follows: (1) Define ring bond. A ring
bond is a bond with both of its atoms in the same ring. (2)
Define linker bond. A linker bond is not a ring bond, but both

Prune side chains

7 \ —— Chain bond
—— Ring bond
— Linker bond

QVC

Fig. 6. Definition of topological scaffold.

of its atoms are connect to ring directly or indirectly. (3) Define
chain bond. A chain bond is a bond neither a ring bond nor a
linker bond. (4) Define topological scaffold. A topological
scaffold is a structure that contains ring bond and linker bond
but no chain bond. Fig. 6 gives the illustration of the defini-
tion of a topological scaffold.

Unlike most conventional approaches for clustering chemi-
cal compounds, SCA is based on topological scaffold but not
structural descriptors. The main idea is that if the structures
have the same topological scaffold they will be in the same
group. In this study, we used SCA to calculate the diversity
of our library, and the result are compared with other well-
known public database such as NCI3D (1994 released) [38],
MDDR-3D [39], AIDS (1999 released) [40], CANCER
(1999 released) [41], Traditional Chinese Medicine Data-
base (TCMD) developed by Zhou et al. [42]. The databases,
their structure numbers, structure scaffold diversity (SSD) are
listed in Table 4 [43].

From Table 4, we can see that the SSD value of A2DVCL
is 20.03%, more than the value obtained from NCI3D, but
less than the value obtained from CANCER, AIDS, MDDR-
3D, and TCMD. It is possible that the limited number of the
backbones leads to finite scaffolds of this virtual library.

3.5. Result of virtual screening

Before we put the A2DVCL into virtual screening, we have
docked some ligands that are crystallized with PPARY to
check the interactions between the ligands and PPARY by
DOCK 4.0 program. The results are showed in Table 5.

It appears that the main interaction between ligand and
PPARY is hydrophobic force (van der Waals component)
regardless of being an agonist or a partial agonist. Although
the hydrogen bond (electrostatic component) is important to
the system, it only takes up a small portion of the energy
score.

The docking result after considering the impacts of heavy
atoms etc. on scoring shows that the affinities of lots of com-

Table 4
Topological scaffold numbers and SSD values derived from different data-
base

Database Number of structures Scaffold number ~ SSD (%)
NCI3D 126,089 23,776 18.86
CANCER 32,440 13,458 41.49
AIDS 42,389 17,986 42.43
MDDR-3D 132,726 51,124 38.52
TCMD 9126 3183 34.88
A2DVCL 1226,625 245,693 20.03
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Table 5
Docking results of some ligands crystallized with PPARy
PDB code Ligand Type of ligand Energy score van der Waals Electrostatic
1FM6 Rosiglitazone Selective agonist of y -39.94 -38.63 -1.31
1FM9 Farglitazar Dual agonist of a/y -54.17 -53.89 -0.28
1171 AZ 242 Dual agonist of a/y -37.14 -39.35 2.21
1K74 GW 409544 Dual agonist of a/y -57.40 -56.78 -0.63
4PRG GW 0722 Partial agonist of y -61.16 —62.47 1.31

pounds in the library are better than that of farglitazar, a dual
agonist of PPARa/y (nanomol level to PPARY). The remain-
ing thing is to identify the compounds that have good bioac-
tivity to PPARY but are not covered by existing patents. Since
Schapira, M. et al. previously reported that virtual screening
is so far unable to reliably discriminate among PPAR sub-
types [44], we did not try to dock the library to PPARa and
PPARG.

3.6. Visualization of the program

To make this program more robust and to apply this pro-
gram to construct other virtual combinatorial libraries, we
have written this program in Visual Basic.net. The interface
of this program, we called it virLibLinker, is shown in Fig. 7.

Through this program, we can choose a file containing
backbone fragments and at most three files containing side-
chain fragments to form a virtual combinatorial library.
VirLibLinker is capable of preserving all aspects of whatever
stereochemistry specified when defining the backbone(s) and
side-chain through checking the “Preserve Chirality” check-
box. And, as we can see at the right part of the interface, we
can set ADME filters to repel molecules having poor ADME
proprieties in theory when creating the virtual combinatorial
library.

Other filters, for example, rotatable bond limit, single bond
chain limit etc. are worth to add into the later version of
VirLibLinker to obtain more meaningful library. Since the
structure generated though SMILES can not be seen by chemi-
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Link Cancel

i

cal drawing tools, additional modules may need to add in the
future.

4. Conclusions

The further development based on other success paradigm
is called “me-too” principle in the curatorial research. At
present, the data concerning diabetes, PPAR, anti-diabetic
drugs has been booming very quickly. Effectively getting and
using these information can fasten drug design and drug dis-
covery process. Based on published works, the aim of this
article is to discover new knowledge by collecting the infor-
mation from existing literature and patents in an attempt to
identify new chemical entities that have potential in the man-
agement of type 2 diabetes and other metabolic diseases.

In this study, we have constructed a virtual combinatorial
library according to the structural characters of PPAR modu-
lators using SMILES strings, a chemical nomenclature for
specifying molecules or molecular fragments. This method
for constructing virtual combinatorial library has also been
visualized by Visual Basic.net. The library composed by
SMILES has been converted to sdf and mol2 file by CON-
CORD 4.0. The virtual screening by DOCK 4.0 results in
identification of significant number of compounds with stron-
ger binding potential against PPARY than farglitazar, an nano-
mole agonist of PPARa/y.

=1olx]

—ADME Filters

¥ Drug-like Properties

¥ Molecular Weight Limit 600

¥ Number of Acceptors Limit m
¥ MNumber of Donors Limit ﬁ
¥ LOGP Limit e =

¥ Omit Compounds with |7 3: Rings or Larger
¥ Omit Compounds with [ =1 Halogens o More

v OmﬂCompaunctswithE Unsubstituted

Unbranched alkyl or More

Help

Fig. 7. Interface of the virLibLinker.
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