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In Silico and In Vitro: Identifying New Drugs
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Abstract: Drug development is a high cost and laborious process, requiring a number of tests until a drug is made avail-
able in the market. Therefore, the use of methods to screen large number of molecules with less cost is crucial for faster
identification of hits and leads. One strategy to identify drug-like molecules is the search for molecules able to interfere
with a protein function, since protein interactions control most biological processes. Ideally the use of in silico screenings
would make drug development faster and less expensive. Currently, however, the confirmation of biological activity is
still needed. Due to the complexity of the task of drug discovery, an integrated and multi-disciplinary approach is ulti-
mately required. Here we discuss examples of drugs developed through a combination of in silico and in vitro strategies.
The potential use of these methodologies for the identification of active compounds as well as for early toxicity and

bioavailability is also reviewed.
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INTRODUCTION

Protein-protein and protein-ligand interactions (PPIs,
PLIs) control most biological processes, and the prospect of
manipulating macromolecular complexes, either by blocking
or stabilizing molecular interactions, holds promise for gen-
erating novel therapeutic agents as well as tools to improve
our understanding of biochemical pathways [1-6]. The proc-
ess of drug development involves several steps, from target
identification and screening, hit and lead generation and op-
timization, preclinical and clinical studies to final registra-
tion of a drug [7]. Several methodologies can be employed in
order to identify drug-like molecules able to interfere with a
protein function, including in silico, in vitro, and in vivo
tests. These vary regarding the amount of a certain molecule
to be assayed, with time and costs and, consequently, in the
number of molecules to be tested.

Although ultimately tests in animals and humans are re-
quired, there is a need to develop methods using in silico and
in vitro tests in order to decrease the number of animals used
in experimentation, as well as time and cost of drug devel-
opment. Because undesired toxicity and pharmacokinetic
properties are the main reasons for failures during drug de-
velopment process [8], efforts have been made aiming to
render in silico [9] and in vitro [10,11] tests capable of se-
lecting molecules with desired features earlier in the pipeline
of drug development. In the past few years in vitro methods,
which can be adapted to high throughput screenings (HTS),
have been introduced by all major pharmaceutical companies
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for preclinical prediction of metabolic properties of drug
candidates. Development and rapid progress of in vitro drug
metabolism testing methods have resulted in screening of a
large number of new chemical entities and in generation of
large amount of data [10]. In vitro methods may also en-
hance the knowledge of the drug metabolism processes as
well as the mechanisms, e.g. for drug-drug interactions.

One key concept to understand the process of drug dis-
covery is the definition of hit. Activity criterion for hit iden-
tification may vary for each drug discovery project. To illus-
trate the basic ideas underlying this definition consider the
criterion for hit activity for development of drugs against
protozoa, such as Plasmodium falciparum and Trypanosoma
brucei rhodesiense. Hits against these organisms should pre-
sent IC50 values below 0.2 pg per ml [12]. With this infor-
mation, and considering Lipinski’s rule of five [13], concern-
ing the molecular weight cutoff of an orally administered
compound (molecular weight should be less than 500 Da)
[13], we reach an IC50 value below 0.4 uM. To use a more
flexible approximation, we may take a cutoff of 1 uM, to
consider a molecule a hit. This cutoff value is also employed
to identify hits for CDK2 (Cyclin-Dependent Kinase 2) [14-
17] and for human Purine Nucleoside Phosphorylase [18-
23].

Molecular biophysical methods, such as NMR and crys-
tallography and high-throughput screening (HTS) experi-
ments have all been shown efficient for hit finding [24-27].
However, a major drawback of these experimental ap-
proaches is the cost, with screening campaigns easily reach-
ing hundred thousands to millions of dollars [28-30]. On the
other hand, with the advent of computational technology, the
in silico strategies have been successfully applied to identify
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catalytic sites. Targeting PPLs is still considered as ex-
tremely challenging. This kind of interactions depends on the
topology, physicochemical nature and malleability of the
interface area. In fact, several molecules disrupting PPls and
PPLs have already been reported, often through a combina-
tion of in silico and in vitro strategies [31-34] and these stud-
ies definitively open new avenues for therapeutic interven-
tions. Considering the complexity of the task of drug discov-
ery, an integrated and multi-disciplinary approach is re-
quired. With this in mind, the purpose of this review is to
present some recent studies in which these methodologies
were able to identify molecules which modulate protein-
ligand interactions through combined in silico and in vitro
screening experiments.

STRUCTURE-PROPERTY RELATIONSHIP

Chemoinformatic approaches combined with structural
bioinformatics and appropriate experimental approaches are
nowadays well established and help to prioritize, design,
analyze and rationalize experiments, and facilitate the design
of new therapeutic compounds. Chemoinformatics can be
used to identify “drug-like” molecules. The concept of drug-
likeness may be considered as an overall feature concerning
several structural and physicochemical aspects [35]. This
may be expressed as an index. There are many drug-likeness
indices that may be used to guide prediction of structure-
property relationship (SPR). One landmark work in this field
is the Lipinski’s rule of five [13], which is used to estimate
solubility and permeability in drug discovery. These guide-
lines predict that poor passive absorption or permeation of an
orally administered molecule is more prone to occur if this
drug satisfies at least two of the following rules:

1) Molecular weight higher than 500 Da,

2) High lipophilicity (cLogP>5),

3) More than 5 intermolecular hydrogen-bond donors,

4) More than 10 intermolecular hydrogen-bond acceptors.

Fig. (1a and 1b) show binary complexes involving CDK2
and roscovitine and PNP and immucillin-H, respectively.
Both molecules satisfy the Lipinski’s rule of five, as we can
see in Table 1.

Small-molecule databases employ the Lipinski’s guide-
lines to select subsets of drug-like molecules. This idea has
been implemented in the ZINC database [36], which con-
tains over a million molecules and presents subsets where
molecules following Lipinski’s rules are available for down-
load, which may be used for virtual screening initiatives. In
addition to the rule of 5, other features can also be taken into
consideration in order to identify orally bioavailable drug
candidates, such as the number of rotatable bonds [37] and
the polar surface area [38].

ABSORPTION, DISTRIBUTION, METABOLISM,
EXCRETION AND TOXICITY (ADMET)

Drug discovery was traditionally carried out by testing
synthesized compounds in a time-consuming multi-step
process against a battery of in vivo biological screens. Phar-
macokinetic properties and potential toxicity were only in-
vestigated at the development process and adverse findings
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were often made at this stage [8]. Then the projects would be
halted or restarted to find another clinical candidate, becom-
ing a big burden on the research and development budget of
any pharmaceutical company.

Fortunately, this paradigm has been overcome in several
ways. As the capacity for biological screening and chemical
synthesis has dramatically increased, so have the demands
for large quantities of early information on absorption, dis-
tribution, metabolism, excretion and toxicity data (together
called ADMET data). Various media and high-throughput in
vitro ADMET screens are therefore now in use. In addition,
there is an increasing need for good tools for predicting these

(@)

(b)

Fig. (). Binary complexes involving CDK2 and roscovitine (a) and
PNP and immucillin-H (b).
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Table 1.  Molecular Descriptors for Roscovitine and Immucillin-H
Ligand Molecular Weight (g/mol) LogP #HB Donors #HB Acceptors
NH
HsC 2 N 266.253 2.79 1 4
N
N
NS
HO\)\ NN \
J—c,
Roscovitine
NI N
W,
N OH
354.449 3.04 1 0
HN
"/OH
HO
Immucillin-H

properties to serve two key aims - first, at the design stage of
new compounds and compound libraries so as to reduce the
risk of late-stage attrition and second, to optimize the screen-
ing and testing by looking only the most promising com-
pounds [9].

Early, fast and relevant ADMET data is tackled in three
ways. First, a variety of in vitro assays have been further
automated through the use of robotics and miniaturization.
Second, in silico models are being used to assist in the selec-
tion of subsets of compounds to go through these screens.
Third, predictive models have been developed that might
ultimately become sophisticated enough to replace in vitro
assays and/or in vivo experiments [9].

ADMET data are needed when the design of new com-
pounds is started and can influence the decision to proceed
with synthesis either via traditional medicinal chemistry or
combinatorial chemistry strategies. At this stage, computa-
tional approaches are the only option to obtain this informa-
tion [9]. A deeper understanding of the relationships between
important ADMET parameters and molecular structure prop-
erties have been used to develop in silico models that allow
early estimation of several ADMET properties [39-45].

These models require three-dimensional structural infor-
mation on the protein, which can be built by homology mod-
eling [46-48] of related structures if the three-dimensional
protein structure is not available. If no structural information
on the protein is available, an alternative way of assessing
the potential of a small molecule to interact with a particular
protein is to use pharmacophore models, which are built
from a superposition of known substrates of the protein

[9,49]. For data modeling, quantitative structure-activity
relationship (QSAR) approaches [50] are typically applied.

The first generation of predictive ADMET models is now
commercially available and others have been published and
can now be implemented [51,52]. In the short term, these
tools should allow concentrating on compounds with the
highest chances of meeting the required pharmacokinetic and
safety criteria, and should contribute to a reduction in late
stage compound attrition [9].

CASE STUDIES

The development of a drug requires the analysis of a
large amount of data. For example, activity against a range
of targets has to be measured to ensure that the compounds
have not only good activity against their intended target, but
also good selectivity with respect to a range of other targets.
When it comes to rationalizing results, many other parame-
ters have to be considered, such as molecular weight, log P,
and pK,. The handling of such large amounts of data requires
dedicated software.

Several software programs are available for the handling
of data which allow medicinal chemists to assess biological
activity versus physical properties, or to compare the activi-
ties of a series of compounds at two different targets. Recent
reviews summarize the development of such approaches
[9,53-58]. These programs permit results to be presented in a
visual qualitative fashion, allowing a quick identification of
any likely correlations between different sets of data. Other
programs can be used to assess the biological results from a
combinatorial synthetic study [59].
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It is interesting to say here that it was once claimed that
drugs could be designed using molecular modeling alone
[59]. However, no drug has been designed purely by this
method so far. The following case studies illustrate how in
vitro and computer methods (in silico) have been used as an
aid in drug design.

FINDING NOVEL ANXIOLYTIC AND ANTIDEPRES-
SANT AGENTS

The project described below was carried out by Smith-
Kline Beecham and was aimed at finding novel anxiolytic
and antidepressant agents [60-64]. The first step was to find
a suitable protein target. In this case the choice was to design
an antagonist for a serotonin receptor. Serotonin (or 5-
hydroxytryptamine) is an important neurotransmitter in the
central nervous system, and abnormalities in its level are
related to a variety of disorders such as anxiety, depression,
and migraine. Serotonin receptor antagonists are therefore
useful in treating these diseases. The discovery of various
types of serotonin receptors allows the possibility of design-
ing antagonists more selective in their action and with fewer
side effects, as a result [59].

There are several types of serotonin receptors (5-HT; — 5-
HT;) with many subtypes. For 5-HT, receptor there are three
subtypes (A, B and C). The 5HT,c receptor is of particular
interest because there is evidence of its role in anxiety. At
the time that this project was being developed there was no
selective serotonin antagonists for 5-HT,. available in the
market and therefore the premise was that a selective an-
tagonist would have improved properties over established
drugs [59]. In this study we can see a typical example of the
advantages to ally in vitro, in vivo, and in silico methods to
develop a more efficacious new drug, as summarized below.

Lead Compound to SB 200646

Lead compound to SB 200646 [60]. The lead compound
for the project was a drug that had been produced by Lilly
Pharmaceuticals. One of the problems with this compound
was its insolubility in water, and so it was decided to replace
the phenyl ring with a more polar pyridine ring (ring varia-
tion). Among various analogues tested the 3- and 5- substitu-
tion, respectively, were ideal (substituent variation). Finally
the methyl and ethyl substituents on the indole ring were not
essential to the biological activity and could be absent (sim-
plification). The final compound proved to be the first selec-
tive 5HT,pc antagonist, having modest 5HT,c affinity in
vitro, some oral activity in vivo, and a 50-fold selectivity
over the closely related 5HT4 receptor.

SB 200646 to SB 206553

SB 200646 to SB 206553 [61]. The urea functional group
is the most flexible region of SB 200646. The rigidification
was rationalized by a molecular modeling study aiming at a
reduction of the total number of conformations maintaining
the active conformation. It lead to SB 206553, resulting in a
10-fold increase in in vitro affinity and in a 160-fold selec-
tivity over the 5-HT,s receptor. The compound was also
shown to relieve anxiety in vivo, with a 4-fold increase in
potency in the rat hypolocomotion assay. Unfortunately, this
compound was found to undergo metabolisation in the body,
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resulting in N-demethylation and production of a non-
selective, active metabolite.

Many strategies were tried in order to replace or stabilize
the metabolically labile N-methyl group of SB 206553. After
the synthesis of several analogues, molecular modeling was
carried out to overlay both active and inactive compounds,
using the urea group as the common feature. A model of 5-
HT,c receptor was built using molecular modeling software
and used for docking SB 206553 into the binding site. This
allowed the identification of the features responsible for the
affinity and specificity of this compound against the 5-HT,¢
receptor.

SB 206553 to SB 221284

SB 206553 to SB 221284 [62]. The metabolically labile
N-methyl group had to be removed, but it was important to
replace it with something that could fit the identified hydro-
phobic pocket in order to retain selectivity. In this study, the
in vivo evaluation was allied to in silico methods, which in-
volved molecular modeling studies, Quantitative-Structure
Activity Relationship (QSAR) analysis, and Comparative
Molecular Field Analysis (CoMFA) studies. Molecular mod-
eling was used to model the receptor and to obtain a three-
dimensional model for the binary complex involving recep-
tor and drug. QSAR analysis is concerned with mathematical
modeling connecting chemical structure and pharmacologi-
cal activity in a quantitative approach for a set of com-
pounds. Methods which can be used in QSAR include vari-
ous regression and pattern recognition techniques. COMFA
methods could be defined as a 3D-QSAR method that em-
ploys statistical correlation methods for the analysis of the
quantitative relationship between the biological activity of a
set of compounds with a specified alignment, and their three-
dimensional electronic and steric properties. The main goal
of CoMFA is to derive a correlation between the identified
biological activity of a set of compounds and their three-
dimensional, electrostatic and intermolecular hydrogen
bonds features. In conclusion, the authors reported the syn-
thesis and biological activity of a series of substituted 1-(3-
pyridylcarbamoyl)-indolines which illustrates the use of 5,6-
disubstituted monocyclic rings as N-methylindole isosteres
in the context of 5-HT,c,g receptor antagonists. Compound
SB 221284 was selected on the basis of its overall biological
profile for further evaluation as a potential, novel, nonsedat-
ing anxiolytic agent. Unfortunately, these compounds were
found to be potent inhibitors of several human cytochrome
P450 enzymes which precluded their further development
[63]. A CoMFA analysis of these compounds produced a
model with good predictive value and, in addition, good
qualitative agreement both with our 5-HT,¢ receptor model
and with proposed binding mode for this class of ligands
within that model.

SB 221284 to SB 228357

SB 221284 to SB 228357 [64]. A series of biarylcar-
bamoylindolines has been identified with excellent 5-HT,¢
affinity and selectivity over the 5-HT,4 receptor. In addition,
bispyridyl ether carbamoylindolines have been identified
with additional selectivity over the closely related 5-HTg
receptor. These compounds are inverse agonists at the hu-
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man 5-HT,¢ receptor, completely abolishing basal activity in
a functional Protease inhibitor (Pl) assay. This series has
reduced P450 inhibitory liability compared to a previously
described series of 1-(3-pyridylcarbamoyl) indulines from
which they evolved. Some analogues demonstrated excellent
oral activity in a rat pharmacodynamic model and in animal
models of anxiety. On the basis of the favorable biological
profile, SB 228357 has been selected for further develop-
ment to determine its therapeutic potential for the treatment
of CNS disorders, such as depression and anxiety.

HIV PROTEASE INHIBITORS

The acquired Immunodeficiency syndrome (AIDS) pan-
demic was first recognized in 1981 in Los Angeles, Califor-
nia [65,66] and has been spreading continuously. The
HIV/AIDS pandemic has quickly advanced to become one of
the great plagues of all times, now affecting between 30.6
and 36.1 million persons worldwide and causing more than
2.08 million deaths per year [65, 67]. The HIV is a retrovirus
that utilizes the genomic RNA to generate a viral DNA. In
common with other retroviruses, human immunodeficiency
virus (HIV), the causative agent of AIDS, codes for a prote-
inase that plays an essential role in the virus replication cy-
cle. Inhibition of HIV proteinase is, therefore, a potential
therapeutic approach for the treatment of AIDS [68,69].
There are two main types of HIV, type 1 (HIV-1) and type 2
(HIV-2). HIV-1 is the most prevalent in the worldwide pan-
demic, whereas HIV-2 is present mainly in West Africa,
where it was discovered in 1986 [70,71].

Discovery of highly active antiretroviral therapy
(HAART) represents a significant advance in the manage-
ment of AIDS [72,73]. As one of the crucial ingredients in
HAART, protease inhibitors (PIs) play an important role in
preventing the replication of HIV. Although several HIV Pls
have been used in clinical practice, emergence of viral resis-
tance [74,75], adverse side effects [76-81] and high costs of
the production have limited their utilization. Development of
novel HIV Pls against multi-drug resistant viral strains with
unique profiles is still urgently required for HAART [82].

In the mid 1990s, the use of X-ray crystallographic and
molecular modeling approaches led to structure-based design
of a series of inhibitors which act on the viral enzyme HIV
protease. The HIV protease belongs to the family of “aspar-
tyl proteases”. These enzymes catalyze the cleavage of pep-
tide bonds and contain an aspartic acid in the active site that
is crucial to the catalytic mechanism. The enzyme is relative
small (HIV protease is a dimer made up of two identical pro-
tein units, each consisting of 99 amino acids), and can be
obtained by synthesis. Alternatively, it can be cloned and
expressed in fast-growing cells, then purified in large quanti-
ties. The enzyme is easily crystallized with or without an
inhibitor bound to the active site, and this meant that it has
proved to be an ideal candidate for structure-based drug de-
sign [59]. In recent years, target based drug design has been
greatly aided by high-resolution 3D crystallographic struc-
tures of proteins and computer aided drug design (CADD).
HIV-1 protease provides an elegant example of the success-
ful application of drug design [83].

The development of new inhibitors for the HIV protease
has become an interesting area of study when was discov-
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ered that it could cleave bonds between a proline residue and
aromatic residues, which do not occur with mammalian pro-
teases. Based on the specificity of these proteases, several
proteases inhibitors were designed to act as transition-state
inhibitors, allying in silico and in vitro techniques, as de-
scribed below.

Saquinavir

It was the first HIV protease inhibitor to enter clinical
trials in 1991 and the first protease inhibitor on the market in
December 1995 [83], being developed by Roche. Received
approval from the US Food and Drug Administration (FDA)
in 1994 and since then has been re-formulated twice in order
to address bioavailability and tolerability issues. Currently
saquinavir is rarely used in HIV therapy [84].

Ritonavir

This drug was developed by Abbott Pharmaceuticals, and
it was the first to exploit the unique symmetry of the HIV-1
protease dimer for the design of inhibitors based upon C2
symmetry. Inhibitors were designed to bind in such a way as
to superimpose their symmetry axis with that of the HIV-1
protease, and to maximize intermolecular interactions with
the enzyme subsites [84]. Fig. (2) shows the intermolecular
hydrogen bonds observed in the complex HIV protease-
ritonavir, where the aspartic catalytic residues can be clearly
seen.

Indinavir

It was developed by Merck and approved by the FDA in
March 1996. A key contribution in the development of HIV
proteases inhibitors with the hydrokyethylene isostere moi-
ety was the discovery of benzocycloalkyl amines as novel C-
terminal. The indinavinir has better oral bioavailability than
saquinavir and is less bound to plasma proteins (60%) [59].

Nelfinavir

The development of nelfinavir was based on work carried
out by Lylli company. It was marketed in 1997 and is used
as part of a four-drug combination therapy. This drug inhib-
its the metabolic enzyme CYP3A4 and thus affects the
plasma levels of other drugs metabolized by this enzyme. It
is 98% bound to plasma proteins [59].

Palinavir

A highly potent and specific inhibitor of HIV-1 and HIV-
2 proteases, leads to inhibition of viral replication in cell
culture. On the basis of potency and oral bioavailability in
various animal models, palinavir was isolated from a collec-
tion of hydroxyethylamine-based inhibitors containing a sub-
stituted pipecolinic amide. As previously described [85],
palinavir is a selective and potent inhibitor of HIV-1 prote-
ase with antiviral activity against laboratory strains, clinical
isolates, and reverse transcriptase (RT) inhibitor-resistant
isolates.

Amprenavir

It was designed by Vertex Pharmaceuticals as a non-
peptide-like protease inhibitor using saquinavir as the lead
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Fig. (2). Intermolecular hydrogen bonds observed in the complex HIV protease-ritonavir, where the aspartic catalytic residues can be clearly
seen. D (aspartic residues), G (glutamine). All the distances between the atoms are measured in A. The letters A and B in parenthesis repre-

sent each of the HIV protease structure complexes.

compound. The protease inhibitor amprenavir was licensed
to GlaxoWellcome and approved in 1999 [59].

Atazanavir

In June 2003, received marketing approval from the FDA
for the treatment of HIV-1 infection in combination with
other antiretroviral agents [86,87]. Atazanavir is an azapep-
tide HIV-1 protease inhibitor that target protease enzyme,
ultimately resulting in the creation of noninfectious viral
particles. The inhibitor displays antiretroviral activity against
laboratory and primary HIV isolates in cell lines and periph-
eral blood mononuclear cells in the absence of serum pro-
teins [88].

FINAL REMARKS

A great progress has been made to develop approaches,
such as molecular dynamics, molecular docking and AD-
MET prediction, and these are evolving into methodologies
powerful enough to accelerate and reduce the costs of drug
development process. In addition, the success of the compu-
tational experiments reveals valuable new information on the
molecular mechanisms underlying cellular mechanics. Ex-
amples of this success are proteins already studied by com-
putational approaches, such as the muscle protein titin [90-
92], the cytoskeleton protein spectrin [92,93], and the ubig-
uitous protein ankyrin [94].
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