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Résumé

Les rapports successifs de l’OMS sur le paludisme, malgré leur caractère alarmant sur l’émergence
d’une résistance du Plasmodium falciparum (Pf ), la forme la plus virulente du parasite, mettent sous
silence un danger majeur. En effet, depuis la mise en place de la thérapie combinée à l’artémisine
(TCA) en 2006, des cas de résistance du Pf ont été enregistrés comme l’indiquent les publications
scientifiques. Il apparaît ainsi que le traitement du paludisme dans le monde ne tient qu’à un fil,
le TCA. Une résistance massive à cette combinaison en fera une pathologie sans traitement. Dans
ce travail qui a pour titre “ Computer-aided drug design of inhibitors of falcipain-3 (FP-3) of Plas-

modium falciparum, with favorable pharmacokinetic profiles”, notre but consiste à concevoir in silico

des molécules biologiquement actives contre l’agent pathogène du paludisme, le Pf, qui par la suite
pourront être développées en médicaments contre le paludisme. Pour ce faire, nous avons ciblé une
enzyme vitale dans le processus de maturation du germe à savoir, la falcipain-3 (FP-3) qui est une
protéase à cystéine impliquée en dernier dans la dégradation de l’hémoglobine dans la vacuole di-
gestive de Pf. Pour conduire nos travaux, nous avons utilisé les techniques modernes de conception
assistée par ordinateur de molécules à activité biologique. Il s’agit de la complexation et de la généra-
tion de pharmacophores. Toutes ces techniques ont pour objectif de déterminer l’énergie d’interaction
entre le ligand (molécule bioactive) et le récepteur (enzyme cible de l’agent pathogène) à l’aide du
schéma de Mécanique Moléculaire-Poisson Boltzmann (MM-PB). A partir d’un certain nombre de
molécules (peptidomimétiques) dont l’activité a été testée contre l’enzyme cible, des modèles quanti-
tatifs structure-activité (QSAR) ont été bâtis et utilisés pour prédire l’activité de nouveeaux analogues
(de novo design). L’analyse pharmacocinétique de ces nouvelles molécules s’est faite par le calcul des
descripteurs moléculaires qui sont liés à l’absorption, la distribution, le métabolisme, l’élimination et
la toxicité des molécules médicamenteuses. Ces nouvelles molécules serviront alors de squelette de
base pour le développement de nouveaux médicaments contre le paludisme. Les composés les plus
intéressants feront l’objet de synthèses chimiques et de tests biologiques.
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Abstract

Malaria, a widespread disease caused by Plasmodium falciparum (Pf ), has been declared a pub-
lic health concern in many developing countries by the World Health Organization (WHO). Indeed
since the implementation of artemisinin-combined therapy (ACT) in 2006, Pf -resistance cases were
recorded as indicated by the scientific literature. Currently, the treatment of malaria depends mainly
on ACT. Massive resistance to this combination may quickly render malaria into a pathology without
treatment. In the current work entitled "Computer-aided drug design of inhibitors of falcipain-3 (FP-
3) of Plasmodium falciparum, with favorable pharmacokinetic profiles”, our aim was to discover new
antimalarial compounds, which could be further developed into next generation antimalarials drugs,
by using in silico methodologies. We have targeted falcipain-3 (FP3) which is a cysteine protease of
Pf involved later in the process of hemoglobin degradation in the food vacuole of the parasite. To
carry out our work, we used modern techniques of computer-aided drug design of molecules with
biological activity. It is the complexation and the generation of pharmacophore. All these techniques
aim to determine the interaction energy between the ligand (bioactive molecule) and the receptor (tar-
get enzyme of the pathogen) using the Molecular Mechanics-Poisson Boltzmann (MM-PB) scheme.
From a number of molecules (peptidomimetics) whose activity has been tested against the target en-
zyme, quantitative structure-activity models (QSARs) have been constructed and used to predict the
activity of novel analogues (de novo design). Pharmacokinetics analysis was done by the calculation
of molecular descriptors, which are often used to predict the absorption, distribution, metabolism, ex-
cretion and toxicity (ADMET) of drug candidates. The best predicted new molecules will then serve
as a scaffold for the development of new drugs against malaria. The most promising compounds
discovered have been proposed for synthesis and biological tests.
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General Introduction and Objectives

Preamble

Diseases are nowadays one of the major problems facing world populations in general and those
in sub-Saharan Africa in particular [1, 2]. To cope with diseases, more often chemical entities are
used. Thus, several chemical entities have been discovered as drugs and are grouped into different
categories based on their actions on the disease. Among them are antibiotics and anti-inflammatories
[3-5]. Unfortunately, these drugs often date back many years, and as a result, resistance has been
developed by pathogens that cause diseases. This is currently a major public health concern that
needs to be taken into consideration by both governments and researchers [6]. The most promising
approach to fighting with these resistances is the more than urgent development of new therapeutic
formulas. These new drugs must interact with well-known target proteins as well as the search for
new targets that might lead to new successful therapies [7, 8].

In addition to drug resistance problems currently used to control some of the major diseases affecting
the African populations, such as Ebola, tuberculosis, malaria, trypanosomiasis, schistosomiasis, on-
chocerciasis, and HIV/AIDS, exist the problem of the high cost of research and development of new
drugs in the process of overcoming the problem of resistance to the use of current drugs. The new
drugs must be selective and less toxic, which requires huge investments to design and develop them
into marketable drugs [9-11]. However, in due of the poverty of the African continent in general, the
pharmaceutical industries have oriented their research on diseases that affect the "rich" countries and
do not see the need to invest in the development of drugs against diseases that affect the poorest coun-
tries in the world [12]. The direct consequence is that these diseases have become endemic on the
continent, and are known as neglected diseases, neglected tropical diseases or simply poverty-related
diseases [13, 14]. This, therefore, suggests the urgent need to incorporate low-cost techniques or
methods into the process of drug discovery for these diseases [15, 16]. Computer-aided drug design
(CADD) also known as in silico methods by molecular modeling (MM) and combinatorial chemistry
(CC) methods, for lead discovery and lead optimization represents one of such strategies [17, 18].
This makes use of bioinformatics [19] and cheminformatics tools [20] in goal to respectively identify
potential drug targets against parasitic diseases and propose new molecules which interact favorably
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against these targets and which can be developed into drugs. This involves docking, complexation
methods, the virtual screening (VS) of huge compound virtual library or databases against validated
drug targets and evaluating the interactions between the potential binders and the receptor active site
by the use of mathematical scoring functions methods, followed by the careful selection of virtual hit
compounds to be screened by biological assays. The evaluation of the effectiveness of these methods
often rests on the ability of the scoring method to clearly discriminate the active compounds from
inactive ones. When this objective is achieved, the number of compounds to undergo biological tests
is considerably narrowed down and hence the cost of discovery of a drug drastically reduced [21].

The rationale of the work

Malaria, a widespread disease caused by Plasmodium falciparum (Pf ), has been declared a pub-
lic health concern in many developing countries by the World Health Organization (WHO). Indeed
since the implementation of artemisinin-combined therapy (ACT) in 2006, Pf -resistance cases were
recorded as indicates the scientific literature [22-25]. Currently, the treatment of malaria in the de-
pends mainly on the ACT. Massive resistance to this combination may quickly render malaria into a
pathology without treatment. The above observations strongly suggest the need for industry-academia
partnerships for the search of new antimalarials with alternative modes of action. In the search for
new drugs against malaria, two strategic approaches are distinguished; one based directly on the par-
asite, in which only two known antimalarials are known, viz quinine and artemisinin. The second
approach engages the inhibition of a therapeutic target of the parasite. Unfortunately, for the first
approach, for example, the mechanisms of action of quinine and artemisinin are not known so far
with precision. The second approach, which involves the indirect inhibition of the parasite by the
inhibition of its vital processes of life requires designing new molecules which bind specifically to
known drug targets in the parasite. The identification of therapeutic targets against Pf has increased
tremendously over the past two decades [22-25]. This favors the use of the second approach in the
rational drug discovery and design. The work presented here is part of this second approach. His aims
is to use CADD methods (structure-based and ligand-based in silico methods) to design and screen
new antimalarials against cysteine protease falcipain-3 (FP-3) one of the enzymes most involved in
the degradation of hemoglobin and which is totally different of the cysteine protease of the human
[26, 27] and multidrug resistant strains, in order to cut down the cost required to design and develop
next generation antimalarials drugs. It wants to benefit from the strong scientific production that ul-
timately allowed designing inhibitors of proteases of Pf in the image of those of HIV [28, 29]. In
addition to identifying the structural information at the level of each pocket of the active site of the
cysteine protease FP-3. Thus, the pathway may be open to the easy design of FP-3 inhibitors which
have the potential to be developed as drugs against malaria, particularly against resistant forms. This
will reduce the costs of designing and developing new generation antimalarial drugs.
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Goals and Objectives

Our main aim will be to design and screen novel antimalarial compounds, which are likely to be lead
for the discovery of drugs against malaria, particularly against drug-resistant malaria, by computer-
aided methodologies.

Specific goals will include :

1. Elaboration of a model of 3D-quantitative structure activity relationship (3D-QSAR) :

From a series of Inhibitors (Ix) with biological activities
(
ICexp

50

)
that have been determined experi-

mentally against FP-3, we will construct the FP-3:Ix complexes by in situ modification of the X-ray
crystal structure of FP-3 in complex with K11017 (PDB entry code: 3BWK [30]). We will calcu-
late the Gibbs free energies of ligand-receptor complex formation ∆∆Gcomp according to the in silico

approach of Molecular Mechanics Poisson-Boltzmann (MM-PB) in order to establish a correlation
pICexp

50 =− log10 ICexp
50 = a×∆∆Gcomp +b (*) which explains the variation of

(
ICexp

50

)
by that of ∆G.

This task will require a relevant use of the thermodynamics of Enzyme-ligand interactions.

2. Elaboration of an inhibition pharmacophore from 3D-QSAR :

The QSAR model will produce the inhibition conformation in the active site of FP-3. From this con-
formation, the pharmacophore (PH4) model will be constructed. This model will reveal the relative
positions of the active centers (hydrophobic, acceptor, hydrogen bond donor) required to inhibition.

3. Building virtual library (VL) containing 3D structures analogues of Ix :

The skeleton of the Ix will allow substitutions that, once combined, populate a part of the chemical
space, reaching several million compounds. Filtering based on the pharmacokinetic and bioavailabil-
ity properties of absorption, distribution, metabolism, excretion and toxicity (ADMET) will allow the
size of this VL to be reduced to a few hundred thousand compounds.

4. Screening the virtual library (VL) and identifying the «leads» :

The filtered VL will be screened with the inhibition PH4. The best leads will be evaluated by com-
plexation and their predictive inhibitory activity (pICpre

50 ) will be deduced after calculating ∆G and
using the previously established QSAR (*) equation. The best analogues will then be proposed for
chemical synthesis and biological evaluation.

Results expected

We will be able to develop a QSAR predictive model for FP-3 inhibiting peptidomimetic derivatives,
from the crystal structure of the enzyme (3BWK) in complex with K11017 by the use of the com-
plexation model. The conformations of the inhibitors and structural information from the previously
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established QSAR model will be used in the development of the PH4 model and the construction of
the VL. Filtering based on the pharmacokinetic and bioavailability properties of absorption, distri-
bution, metabolism, excretion, and toxicity (ADMET) will allow the size of this VL to be reduced
to a smaller number of peptidomimetic analogues. These peptidomimetic analogues retained will be
screened with the inhibition pharmacophore (PH4), but just few of these analogues will perfectly map
the PH4. The 3D-QSAR model will be used to predict their activities, and will led to the discovery
of a smaller subset of inhibitors that will be declared provisionally active against FP-3, with activities
are in the nano molar range. From the point of view of ADMET, these inhibitors should have a profile
that allows them to be developed as potential drugs in the fight against resistant forms of malaria and
will be proposed for synthesis and biological evaluation. It schould be recalled that the present work
has the goal to propose new molecules likely to be potent drugs against malaria and which will be far
from resistances in the future.

Outline of the thesis

This thesis has been subdivided into three chapters. The first chapter describes the bibliographical
study of malaria and the search for antimalarial drugs. A structural study of cysteine proteases of Pf

(falcipain-2 and falcipain-3) is also made (with their known inhibitors). The use of molecular mod-
elling in the drug discovery process is also defined. The second chapter describes the computational
methodology used to carry out the task. It focuses mainly on molecular mechanics (MM), implicit
solvation of Poisson Boltzmann (PB), thermodynamics of protein-ligand interactions. In the third
chapter, we presented the results and their discussion.
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CHAPTER ONE

OVERVIEW

1.1 Malaria as a burden in the world

The malaria parasite was discovered in 1878 by the French Alphonse Laveran [31]. The incidence
of the disease has increased 2- to 3-fold over the last 35 years [32]. In 1982, it was estimated that
approximately 215 million people were chronically infected and that some 150 million new cases
were reported each year [33-35]. Globally, death cases related to malaria grew rapidly from 1990
and reached a peak of 232 million cases in 2003, with 1.2 million deaths in 2004 alone. In the year
2000, with the adoption of the Millennium Development Goals (MDGs) to improve the state of the
world by 2015, one of the eight goals was to reduce the number of malaria cases by 50% by 2015 [34].
Malaria incidence has indeed declined in recent years in all regions of the world [35]. This is because,
between 2000 and 2015, an expansion of interventions against malaria contributed to a 37% decline
in malaria mortality rates globally, which reduced an estimated 4.3 million deaths. It is, however,
reported that more than 3.2 billion people worldwide are still at risk for malaria, considered high risk
for 1.2 billion, with an estimated 214 million malaria cases, leading to approximately 438,000 malaria
deaths [35]. According to WHO, at the beginning of 2016, nearly half of the world’s population
was at risk of malaria, Fig. 1.1, [36]. Malaria is known to have a large global burden, with strong
poverty-promoting effects. It persists as chronic infections, in spite of the available effective medical
treatments. Thus it could be classified as a neglected tropical disease [37, 38]. Diseases like malaria,
caused by tropical parasites, represent a major cause of mortality and morbidity in the developing
world [38]. Malaria being one of the deadliest diseases the world is facing. Most of the morbidity
cases have been recorded in Africa, South East Asia and South America, the majority being pregnant
women and children under five years of age [39]. The situation has been worsened by the resistance of
the malaria parasites to conventional drugs, particularly in P. falciparum, added to the fact that these
poverty-stricken populations hardlyhave access to commercialized drugs 1 [40-42]. P. falciparum

causes hundreds of millions of infections annually and is regarded as the most virulent human malaria
pathogen [43-45]. This species is responsible for one death in five children dying in Africa [46].

1A typically approach to resolve this problem is to identify key pathways in P. falciparum physiology in which enzymes
might be novel drug targets. Thus, the present challenge of most scientists working on novel antimalarial drugs is to
design, synthesize and test more potent and specific drugs that inhibit new targets than those inhibitedby currently used
drugs.
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Figure 1.1: World distribution of malaria in 2016 [36].

Moreover, it is reported that an African child has between 1.6 and 5.4 episodes of malaria every year
and every 30 seconds a child dies of malaria in Africa [46].

1.2 The case of Africa

According to the WHO report in 2017 [47], 90% of malaria-related deaths in 2016 were recorded
in Africa, making a total of 206 Africans dead from mosquito bites2. The incidence of malaria has
increased in Africa between 2014 and 2016. Pf is the most prevalent malaria parasite in sub-Saharan
Africa where it is responsible for 99% of estimated malaria cases in 2016 [47].

1.3 Malaria in Cameroon

Malaria is the most prevalent disease in Cameroon and remains the leading cause of morbidity and
mortality. It is recognized as a public health problem and is at the center of health concerns by
the public authorities. Indeed, this disease occurs in the ten regions of the country, and nearly two-
thirds of the population is exposed (MINSANTE/PNLP3, 2006). Moreover, in 2017 according to the

2Referred to as High-burden continent
3PNLP: Programme National de Lutte contre le Paludisme.Cameroonian Ministry of Health.
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Cameroon National Program for Malaria Control of the Cameroonian Ministry of Health, and the
WHO report 2017, Cameroon recorded 4000 deaths from malaria, 70% of which were constituted
children under five. The northern region is the most affected area with a morbidity rate of 29.3%. The
Northwest has the lowest morbidity rate at 13.06%. The WHO report on malaria in 2017 in Cameroon
shows that the curve of malaria infection has risen, contrary to the downward trend observed since
2010. And in this report Cameroon is ranked among the top 10 most countries affected by malaria in
the world, contributing 3% of the mortality rate of the entire planet. These statistics show that malaria
remain a major challenge for public authorities and researchers in Cameroon.

1.4 The different species of Plasmodium

Malaria is a parasitosis caused by a protozoan of the genus Plasmodium of the apicomplex family,
transmitted by the bite of a female anophele. Four species were known to infect humans but recently
a fifth long-confounded species was discovered [48, 49]. This brings to five the number of species
that can infect humans. Thus we have:

. Plasmodium falciparum (Pf ): it is the species responsible for the most serious form of the often
fatal disease. It is present in the tropical zones of Africa, Latin America and Asia. This species
develops resistant forms recorded against existing antimalarial treatments.

. Plasmodium vivax (Pv): it co-exists with Pf in many parts of the world, and is widespread in South
America and Asia. It is responsible for mild benign fever. The Pv is not as innocuous as one can
imagine, because serious cases even fatal, due to Pv were reported [50-52]. And recently in 2016
Shaw et al. have reported serious cases related to Pv infection [53]. This species is also a serious
threat to many peoples in the world.

. Plasmodium oval (Po): it is found in intertropical Africa, as well as in certain regions of the Pacific
(mainly present in endemic areas where Pv is absent). Po does not kill but can cause reviviscence for
4 to 5 years.

. Plasmodium malariae (Pm): it has a scattered geographical distribution. Pm is not lethal but can
cause relapses 20 years after the first infection.

. Plasmodium knowlesi (Pk): infections in humans due to Pk are recent. This is explained because
this species has long been confused with Pm [48, 49]. This species is only present in Asia [54].

Of these five species, Pf and Pv appear to be responsible for high rates of malaria-related morbidity
and mortality around the world [55].
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1.5 Malaria vectors

Anopheles mosquitoes are vectors of malaria. It is estimated that there are about 400 species of
Anopheles. Of these species, 25 are known by their vector criteria. The main characteristics of these
vectors are:

. a long life;

. resistance to environmental change; and

. a tropism for the man.

Funestus anopheles and gambiae anopheles remain the predominant vectors found in wetlands, while
Anopheles arabiensis is the most dominant vector in dry (or arid) areas. The intensity of malaria
transmission in sub-Saharan Africa depends on the abundance of these species in these areas [56]. In
sub-Saharan Africa, Anopheles gambiae is the vector of Pf [57].

1.6 Malaria co-infected with HIV

Coupling of malaria co-infection with HIV/AIDS is nowadays a real public health problem. Indeed,
it is becoming increasingly clear that the coupling of malaria co-infection with HIV/AIDS causes
an interaction between infections. Malaria worsens HIV infection in adults and pregnant women by
increasing viral load. It is also possible that malaria accelerates progression to AIDS and increases
the risk of HIV transmission from adult to adult and from mother to child. HIV-infected people
at increased risk of complicated and severe malaria and death. Reports also suggest that failure of
malaria treatment may be more common among people with HIV who have low CD4 counts compared
to HIV-free patients. Further research is suggested in goal to investigate the impact of malaria on the
natural course of HIV, potential therapeutic implications, interactions at the cellular and molecular
levels, and drug interactions that may arise between antimalarial and drug treatments ARVs.

1.7 Means of control of malaria and the limits of existing treat-
ments

1.7.1 Fight against malaria

The development of an effective vaccine against malaria remains a major challenge for researchers in
the eradication of this disease [58, 59]. Indeed, vaccine attempts remain limited because of the com-
plexity of the parasite’s biology and its antigenic diversity [60]. Clinical trials of vaccine candidates
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to date have not shown good results in terms of protection and duration of action [60]. RTS, S/AS01,
also called MosquirixTM, is an injectable vaccine developed by GlaxoSmithKline since the 1980s in
partnership with PATH. It has been proven that this vaccine has been shown to provide young chil-
dren with partial protection against malaria. This product is now evaluated in sub-Saharan Africa as
a complementary tool for control that can be added (and not replaced) to the core set of prevention,
diagnostic and treatment measures recommended by the WHO. Currently, the means to fight against
malaria are: Anti-vector prevention and curative treatment

a) Anti-vector prevention

It involves the control of the vector agent through the use of long-lasting pyrethroid insecticides, long-
lasting pyrethroid insecticide-treated mosquito nets [61, 62] and sometimes by a preventive treatment
for travelers. Besides this, there are other means, especially for personal protection. Domestic insec-
ticides are used here, clothing is provided for body parts exposed to mosquito bites, a fine mesh is
recommended for house openings, air conditioning and the use of repellents. Remember that these
measures are to clean up the environment and the living environment. This allows among other things
to eliminate some potential breeding sites [61, 62]. In addition, chemical and biological methods are
used to limit the mosquito population [62]. In fact, the larvae of the vector mosquito can be destroyed
by larvicides (Temephos) and by biological control by introducing larvivorous fish (such as Aphanius

dispar) or bacteria (such as Bacillus thurengiensis) into larval breeding sites [61].

b) Curative treatment

The drug can be defined as any substance that has curative or preventive properties against diseases
[63]. By extension, it is considered as any product that can be administered to humans for the purpose
of establishing a medical diagnosis, or restoring, correcting or modifying an organic function. It also
defines as a small organic molecule that either activates or inhibits the function of a biomolecule
like proteins which are involved in disease and hence results in a therapeutic benefit to the patient.
Antimalarials are drugs active against the infection of the body by four species of haematozoa of the
genus Plasmodium [64]. The history of antimalarial therapy includes the use of a large number of
small molecules, e.g. quinine, chloroquine, artemisinin and atovaquone, are the treatment of choice
[65]. Artemisinin, which is the most efficient currently used anti-malarial drug, is only a single
mutation away from emerging drug resistance [66]. Artemisinin combination therapy (ACT), the first-
line treatment, was suggested by WHO since 2006 in order to decrease the transmission of Pf and
delay the onset of resistance against artemisinin alone in malaria-endemic regions [67]. Since 2012,
WHO has recommended for countries in the phase-out phase of falciparum malaria and in countries
with artemisinin-resistant strains, the addition of a single low dose of primaquine to treatment ACTs
in order to reduce gametocyte carriage. Which will limit vector transmission [68]. Many of the
currently used antimalarial drugs were not, however, developed on the basis of rationally identified
targets. On the contrary, they were discovered by the identification of the antimalarial activity of
natural products (NPs) (e.g. quinine and artemisinin, Fig. 1.2), compounds chemically related to
NPs (e.g. chloroquine and artesunate), or compounds active against other infectious pathogens (e.g.
antifolates and tetracyclines [69]).
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Figure 1.2: Natural products and synthetic molecules currently used as antimalarial drugs

1.7.2 Limitations of existing treatments

By the mid-1950s, it was confidently expected that malaria would be eradicated worldwide. However,
by the mid-1960s these expectations were cut off by the problems of resistance [70]. The vector
mosquito developed resistance to potent insecticides such as dichlorodiphenyltrichloroethane [71]
and certain strains of Pf became resistant to chloroquine treatment so that by the early 1980s, several
strains of Pf had become multi-drug resistant [33]. Also, the existence of Pf strains resistant to ACT
was already reported in South East Asia almost a decade ago [72] (Fig. 1.3). This raises concerns
about malarial intervention in Africa, where virulent and resistant strains of Pf are prevalent. Malaria
drug resistance is often associated with genetic mutations in genes encoding for target proteins. This
may result in an unusual expression and folding of these proteins, thus modifying the usual binding
site of the drug. This is sometimes due to massive and systematic use of the available drugs. To date,
one of the major problems in the curative fight against malaria is the emergence and spread of resistant
strains of parasites to available drugs [73-75] and the lack of an effective vaccine. It is therefore very
needed to develop other generations of antimalarial drugs, acting against new biochemical targets.

1.8 Discovery of drugs against malaria

The increasing resistances of the mosquitoes to insecticides on the one hand and that of existing anti-
malarial drugs, on the other hand, show the need for rapid discoveries of innovative and inexpensive
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Figure 1.3: Geographical distribution of mortality due to artemisinin and artemisinin-combination therapy
resistance in malaria-endemic areas, year 2014 [76].

drugs. It is, therefore, more than urgent to seek new therapeutic targets at the level of the parasite.
This requires a better understanding of its development process that is to say the biology of the para-
site. Thus, many malaria prevention and treatment programs involving various actors have been put
in place. We can cite :

. Roll back malaria (RBC) launched in November 1998 jointly by WHO, the World Bank, the United
Nations Children’s Fund (UNICEF) and the United Nations Development Program (UNDP). Its main
objective was to halve the death rate of the disease by 2010.

. Malaria Vaccine Initiative (MVI), launched by the Bill and Melinda Gates Foundation in 2000,
aimed at improving prevention and developing a vaccine against malaria.

. Other programs have emerged such as Medicines for Malaria Venture (MMV), Multilateral Initia-
tive on Malaria (IMI).

In the year 2002, a flagship program called Pf Genome Sequencing Consortium was launched. His
goal was to sequence the entire genome of the human malaria parasite. And nowadays, the sequence
of almost all Pf genes will have been determined [77]. This result opens the way for genetic, bio-
chemical and immunological research aimed at developing new drugs and vaccines for malaria.
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1.9 Plasmodium falciparum: life cycle of the parasite

To rationally develop new anti-malaria agents, it is essential to study the genetics and physiology of
P. falciparum. It is equally important to understand the P. falciparum-host interaction in order to learn
how the parasite circumvents host defences and causes disease. The life cycle of Plasmodium par-
asites is completed through many morphological changes, which alternate between invertebrate and
vertebrate hosts. P. falciparum has three critical points in its life cycle, during which a small number
of parasites multiply rapidly in order to generate much larger populations [78]: the mosquito vector
stage, liver and blood stages (Fig. 1.4) [78, 79]. The two last processes take place in the vertebrate
(human) host. All malaria types have a similar life cycle. The female and male gametocytes (the
only stages within the parasite’s life cycle able to mediate the transition from the human host to the
insect host [80]) mate inside the gut of the mosquito vector and go through meiosis and thereafter
migrate to the midgut wall of the vector mosquito and produce oocyst [79], in which many sporo-
zoites develop [81]. Sporozoites, the infectious form of the parasite, are injected into a human host
through the saliva of an Anopheles mosquito when it bites the human host to feed on blood. These
sporozoites travel to the liver, where they invade the human liver cells within a few minutes, thus
taking a new form and multiplying (exo-erythrocytic forms). During the process of liver cell rupture,
blood stage parasites (also known as merozoites), are released, thereby constituting the erythrocytic
cycle/ asexual blood stage. Each merozoite invades a red blood cell. After two days the parasite starts
repeating mitotically. This continues through some stages (e.g. ring, trophozoite and schizont), thus
producing more merozoites [82, 83]. This is the stage of the life cycle which causes disease, often
leading to death if nothing is done [41, 84]. Some merozoites change into gametocytes, a form which
does not cause disease but remains in the blood until cleared by drugs or the immune system, or taken
up by a mosquito bite. In the mosquito’s midgut, "male" gametocytes fertilize the "female" to form
oocysts [85], which mature into thousands of sporozoites, eventually swimming to the mosquito’s
salivary glands to initiate another life cycle (Fig. 1.4). The form of the parasite best studied is the
asexual blood stage, largely due to the fact that this is the disease-causing stage. Its experimental
accessibility is relatively easy [82]. Thus, most Plasmodium proteins that have been well character-
ized are expressible during the erythrocytic cycle. Although P. falciparum proteases may be involved
in many processes, only three functions (hydrolysis of host hemoglobin, erythrocyte invasion, and
erythrocyte rupture) in erythrocytic parasites are well defined. Therefore, potential anti-malarial drug
targets could be broadly classified into three mainly categories: hemoglobin (Hb) degradation en-
zymes, signaling and transport protein factors [40]. Thus Pf enzymes involved in the degradation of
hemoglobin have been validated as potential targets of antimalarials after the unveiling of the human
genome in 2002 [40, 86] because the degradation of hemoglobin is a vital process for Pf [87].
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Figure 1.4: The malaria parasite life cycle [88].

1.10 The proteome of Plasmodium falciparum

According to the works of Gardner et al. [77], Pf has approximately 5268 predicted proteins, about
these, 60% (3 208 hypothetical proteins) did not have sufficient similarity to proteins in other organ-
isms to justify the provision of functional assignments. In order to better know the proteins involved
in different stages of the Pf development cycle, other studies have been leaded. Thus, the analysis
of four stages of the cycle (sporozoite, merozoite, trophozoite and gametocyte) by Florens et al. [89]
has led to identify 152 proteins (6%) present in these four stages. At the sporozoite stage, about
49% of the proteins were identified specifically at this stage. Similarly, merozoites, trophozoites, and
gametocytes are present at about 20 to 33% of specific proteins.

1.11 Mode of action of antimalarial drugs

The majority of antimalarials target the erythrocyte cycle of the parasite. It is a little more than
60 years since the research focuses on this erythrocyte cycle of the parasite in order to deepen the
biochemical knowledge to understand the mechanisms of action of antimalarials [90]. Thus, anti-
malarials can be classified into two categories according to their modes of action and their chemical
structures:

. Erythrocyte schizonticides; and

. Inhibitors of metabolite synthesis.
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a) Erythrocyte schizonticides

The schizonticides are antimalarial which have a quinoline or endoperoxide core. Among these we
have:

. Aminoalcohols (quinine, mefloquine, lumefantrine) ;

. Amino-4-quinoline (chloroquine, amodiaquine,) ;

. Artemisinin and its derivatives

The product of degradation of hemoglobin in the digestive vacuole of the parasite called heme (Fer-
riprotoporphyrin IX), is targeted by these antimalarials [91]. Heme is crystallized by the parasite in
order to protect itself from its toxic effects. The mechanism of action of quinine can be explained
by its accumulation in lysosomes (acidic digestive vacuoles) of blood schizonts. Here, hemoglobin
is digested, subsequently inhibiting the enzyme that polymerizes hemozoin (a degradation product of
hemoglobin) that is toxic to the parasite. Chloroquine and amodiaquine have the advantage of having
a fast action. Their mechanism of action is almost similar to that of quinine. Andchloroquine was the
most studied, although its mechanism of action is not fully understood. Many studies have suggested
that chloroquine would act by forming a complex with hematin (oxidized heme) by electrostatic
bonds and thus inhibit the crystallization of heme into hemozoin [92-94]. This chloroquine-hematin
complex is thought to have toxic effects on parasites. Artemisinin and its derivatives have a fast but
brief activity. They act on multidrug-resistant and chloroquine-resistant Pf strains. Their antimalarial
activity is based on their peroxide (trioxane) structure and the adverse effects are few and relatively
safe. The mechanism of action of artemisinin remains the subject of much debate in the scientific
community. It has been reported that artemisinin and its derivatives are pro-drugs, and are adminis-
tered inactive form [95]. In the presence of the ion Fe2+, the endoperoxide bridge of artemisinin is
cleaved. This cleavage leads to the activation of artemisinin and the release of free radicals having
toxic properties on parasite development [95, 96]. Others studies have showed that artemisinin would
have an inhibitory activity on cysteine proteases (falcipains) [96, 97].

b) Inhibitors of metabolite synthesis

During the erythrocyte phase, P. falciparum uses a nucleotide synthesis pathway to synthesize its
nucleic acids [90]. This pathway of synthesis of folic acid by the parasite is inhibited by antifolics
and antifolinics. Thus, the main antimalarial inhibitors of parasite nucleic acid biosynthesis are:

. antifolinics (proguanil, pyrimethamine); and

. antifolics(sulfonamides and sulfones)
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1.12 The cause of resistance to existing treatments

Drug resistance4 can be defined as the reduction in effectiveness of a drug in curing a disease [98].
Since the appearance of chloroquine-resistant strains, many studies have been led in order to under-
stand the molecular mechanisms involved in antimalarial drug resistance. Thus it is reported that two
transport proteins called P. falciparum multidrug resistance 1 (Pf mdr1) and P. falciparum chloroquine
resistance transporter (Pf crt) located in the food vacuole of the parasite are involved in the mechanism
of resistance [99].

1.13 The pharmaceutical drug discovery process

From the previous sections, it stands out clear that the eradication of malaria will require the design
and development of new therapeutically active agents against, particularly, the resistant strains of Pf

that is responsible of the lethal cases of malaria [45]. In traditionally drug discovery approach, on
average, it takes 10-15 years and US $500-800 million to introduce a drug into the market [100, 101].

Over the years there have been numerous efforts in the development of new drugs against Malaria
[102, 103]. Drug discovery today is an interdisciplinary undertaking, involving enormous costs5 . A
recent study leaded by Lubell et al. [76] compares the projected health and economic consequences if
widespread malaria resistance to ACTs spreads or emerges in many more countries. The authors have
developed an economic model to explore a scenario where ACTs failed at a rate of 30% and treatment
for severe cases of malaria is reverted to quinine. The model projects that the scenario of widespread
antimalarial resistance will result in each year in an increase of more than 116,000 deaths, an excess
of $32 million in health care costs, and an estimated $385 million from productivity losses due to
extended patient illness. This is usually because the release of a new drug on the market involves
many years of expensive laboratory work 6 and clinical testing (which represents the greatest cost
in the drug development process). Thus, pharmaceutical companies expect to require a significant
payback from each new drug in order to compensate for the heavy investments, which may be the
reason why the cost of treatment for malaria-resistant cases is estimated this high [104, 105].

A typical procedure for the design and development of a drug involves several crucial steps, beginning
with the identification and validation of a drug target 7 (receptor), followed by the identification and

4In any population of infectious agents, some have a mutation that helps them resist the action of a drug. The drug then
kills more of the nonresistant microbes, leaving the mutants without competition to multiply into a resistant strain. This
situation is more likely if the drug is not taken properly (e.g., a course of antibiotics not completed, anti-HIV drug doses
missed) or not prescribed properly (e.g., an antibiotic given for a viral disease). Resistance factors can also be transferred
between species that infect the same body. The over prescription of antibiotics in humans has accelerated the evolution of
resistant strains of bacteria making it increasingly difficult to fight off certain disease-causing organisms.

5It is estimated that $US 49.3 billion was invested globally in drug development in 2004.
6It often takes at least 12 years to conceive and develop a single new drug.
7This involves the identification of a disease related biochemical (pathological) process and the molecular structures

that can be used to interfere with this process, so as to eventually cure the disease.
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Figure 1.5: The pharmaceutical drug discovery pipeline today [108].

validation of a lead compound 8 which should be active at concentrations of 10 µM or less [106],
then preclinical and clinical trials before the eventual release into the market [107] as one can see in
the modern day drug discovery pipeline outlined in Fig. 1.5. The overall success of a drug discovery
program depends on the choice of the biological target, the correct disease association for the chosen
target and the correct choice of a drug development candidate for successful human clinical trials
[104, 105].

Practically this whole process involves five major steps:

(i) selection of a biological target of interest,

(ii) identification of a lead chemical compound, often referred to as the hit 9,

(iii) optimization of the lead structure (hit to lead10 ),

(iv) animal tests in the goal to ensure that the drug is efficacious in animal disease models and therefore
safe for human clinical trials, and

(v) human clinical trials that prove the drug to be efficacious and safe for use in the general patient
population.

Computer-aided drug design/discovery (CADDD)

It is generally recognized that drug discovery and development are very time and resources consuming
processes11. Computer-aided drug design and discovery is also known as rational drug design use

8Defined here as a compound which will interact with the target in some way, so as produce a relevant pharmaceutical
intervention.

9A compound that inhibits or has a high binding affinity for one or more targets. Often, hits are initially virtual entities,
i.e., coming from computational calculations.

10A lead is a hit that has been well characterized experimentally, e.g., one that has been shown to have a high dissocia-
tion constant (Kd) for the target of interest such that the functional activities of the target are decreased on binding and/or
has demonstrated effectiveness of treatment against disease in an animal model. A potential lead is a computationally
predicted hit that has been shown to work experimentally against in vitro (cell culture) disease models of the organism.

1112 to 15 years.
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computational approaches to discover, develop, and analyze drugs. CADDD approaches make use
of the structural knowledge of either the target (structure-based) or known ligands with biological
activity (ligand-based) to facilitate the determination of promising candidate drugs. When a target is
selected for the design of new lead compounds three different situations can be faced regarding the
amount of information of the system that is available:

i) the structure of the receptor is well known and the bioactive conformation of the ligand is not
known,

ii) only the bioactive conformation of the ligand is known and

iii) the target structure and the bioactive conformation of the ligand are unknown.

For the first situation, techniques such as structure-based computer-aided drug design and discovery
(SB-CADDD) can be used while techniques as ligand-based computer-aided drug design and discov-
ery (LB-CADDD) are often used for the second case. These two techniques are summarized in Fig.
1.6. For the last case, the technique named De novo design is often used.

Figure 1.6: An example of workflow for in silico drug design and discovery [109].
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1.13.1 Structure-based computer-aided drug design and discovery (SB-CADDD)

Structure-based computer-aided drug design (SB-CADDD) relies on the ability to determine and
analyze 3D structures of biological molecules. This technique is based on the fact that the ability of
molecule (often call ligand) to interact with a specific protein and exert a desired biological effect
depends on its ability to favorably interact with a particular binding site on that protein [110, 111].
Thus, molecules that share favorable interactions will exert similar biological effects. Compounds
like-drug have been identified through this approach [110, 111]. Nowadays, the coupling of SBDD
with in silico drug design approaches has played a key role in the development of several marketed
drugs. [112, 113]. Table 1.1 gives examples of marketed drugs obtained from the structure-based
drug design while Fig. 1.7 displays its structures.

Table 1.1: Example of marketed drugs involving use of Structure-based drug design.

Year Generic name Brand name Manufacturer Against/Inhibits Ref
1989 Zanamivir Relenza GlaxoSmithKline Neuraminidase [114]
1997 Nelfinavir Viracept Hoffman-La Roche HIV protease [115]
1998 Raltitrexed Tomudex AstraZeneca Thymidylate [116]
1999 Amprenavir Agenerase GlaxoSmithKline HIV protease [117]
2007 Raltegravir Agenerase Merck HIV integrase [118]
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Figure 1.7: Chemical structures of example of marketed drugs involving use of structure-based-drug
design [114-118].
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1.13.2 Ligand-based computer-aided drug design and discovery (LB-CADDD)

When the 3D structure of the target is not available, information taken from a set of ligands against
this target can allow identifying significant structural and physicochemical properties responsible for
the observed biological activity. The ligand-based computer-aided drug discovery (LB-CADDD)
approach, therefore, consists of analyzing of known ligands which interact with a validated target but
which 3D structure is not already available. The goal of this technique is to predict the binding affinity
between a ligand and its target based on the fact that similar compounds display similar interactions
(often similar biological responses) with the same target. [119]. Ab initio quantum physics methods,
or density functional theory, are frequently used to predict the conformation of the small molecule
and to model conformational changes in the biological target that may occur when the small molecule
binds to it. These methods provide an estimate of the electronic properties (electrostatic potential,
polarizability, etc.) of the ligands which will affect the affinity with its target [120].

1.14 Antimalarial target pathways in this study

A promising target for drug development should be essential for growth, metabolism and survival of
the pathogen and also absent from the human host or structurally dissimilar from the human homo-
logue, this allows for developing non-toxic therapeutic agents [121]. Thus, several drug targets have
been identified and validated against Pf. The design of anti-malarial compounds by structure-based
drug design (SBDD) approaches have received much attention. Earlier studies indicated that P. fal-

ciparum has a limited capacity for de novo amino acid synthesis. The hemoglobin hydrolysis is a
source of amino acids necessary for the life of a parasite [122].

1.14.1 Heamoglobin degradation process by Plasmodium falciparum

To obtain the nutrients required for growth during the intra-erythrocytic stage, the parasite has to
break down a great amount of hemoglobin from the host cell [123]. The Hb degradation process
occurs in food vacuoles of the parasite where 25-75% hemoglobin is digested, thereby releasing the
required amino acids for incorporation into parasite proteins [40, 124]. Several proteases are involved
in this degradation [125] and they can be divided into two major functional groups:

i). proteases involved in the invasion and rupture of erythrocytes, and

ii). proteases involved in hemoglobin hydrolysis [126].

In the latter, two relevant protease families: aspartic proteases and cysteine proteases, called plas-
mepsins and falcipains (FPs), respectively [87], one metalloprotease (falcilysin) [127], and one dipep-
tidyl aminopeptidase [128] are involved. The degradation process follows an ordered pathway (Fig.1.8)
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Figure 1.8: Summary of the degradation process of hemoglobin in the P. falciparum food vacuole [129].

[129]. Therefore, blocking the process (or inhibiting any of these enzymes) would be lethal to the
parasite. We can therefore conclude that the inhibition of hemoglobin degradation by cysteine pro-
tease inhibitors would lead to parasites containing abnormal food vacuoles full of undegraded host
hemoglobin.

As display in figure Fig.1.8, Hemoglobin is initially degraded by aspartic proteases (e.g. plasmepsins
I, II, and possibly III and IV) located in the digestive vacuole [40, 127, 130] following by cysteine
proteases. There are a total of 30 predicted cysteine proteases [43], which have been named according
to the function of a catalytic cysteine mediating protein hydrolysis via the nucleophilic attack on the
carbonyl carbon of a susceptible peptide bond [86].

1.15.2. Catalytic mechanism of the cysteine protease

The cysteine proteases are most commonly exemplified by papain, a well-described plant enzyme
isolated from the latex of Carica papaya fruit. The papain molecule consists of two subdomains
forming the active site cleft of the enzyme [131, 132]. The proteolytic activity of all cysteine proteases
arises from the presence of the catalytic Cys and His residues in the enzyme active site [133]. In
the case of papain-like cysteine proteases, the catalytic site is complemented with Asn that ensures
an orientation of the His imidazole ring optimal for successive stages of hydrolysis. The crucial
step of the catalytic process involves the formation of a reactive thiolate/imidazolium ion pair (Cys-
S–/His-Im+), which results from proton transfer between Cys-25 and His-159 (papain numbering). In
principle, the thiolate anion attacks the carbonyl carbon of the scissile peptide bond, and the double
bond between the carbon and the oxygen converts into a single on Fig. 1.9. The oxygen assumes a
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Figure 1.9: Schematic reaction mechanism of the cysteine protease-mediated cleavage of a peptide bond
[129].

negative net charge allowing the formation of the first tetrahedral transition state. Subsequent rotation
of the His residue enables proton transfer from the imidazolium cation to the nitrogen of the peptide
bond being hydrolyzed, and cleavage occurs. A schematic representation of the mechanism of action
is outlined in Fig. 1.9.

1.15 Domains of cysteine proteases of Plasmodium falciparum (fal-
cipains)

Four cysteine protease also known as falcipains (FPs) have been identified so far in the P. falciparum

genome: falcipain-1 (FP-1), FP-2 and -2’ (now known as FP-2A and -2B), and FP-3. Only FP-2A,
-2B, and -3 have been shown to be involved in Hb degradation, further degrading the plasmepsin-
digested products. The majority of previous studies was devoted to the inhibitors search of FP-2
and FP-3 [134]. It is generally known that FPs have two main domains; the prodomain and the
mature domain (1.10). The prodomain has an N-terminal part, required for trafficking FPs to the
food vacuole, while the C-terminal part of the prodomainis required for inhibiting the mature do-
main. The N-terminalpart of the mature domain is required for refolding. It has been shown that the
prodomain contains unique motifs responsible for targeting the FPs [135]. FP-2 and FP-3 share two
unique insertions that distinguish plasmodial cysteine proteases from all other structurally character-
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ERFNIN GNFD
Refolding domain Hb binding domain

FP-3AsnHisCys

PapainHisCys Asn

Prodomain Mature domain

Figure 1.10: Domains of falcipains The active site residues (Cys, His, Asn) are conserved within the papain
family, but falcipains have a unique N-terminal extension, which acts as a refolding domain, and a C-terminal
inserted as a hemoglobin (Hb) binding domain. The prodomain has the ERFNIN and GNFD motifs, which are
conserved in falcipains and papain[135].

ized papain-family enzymes [136]. It has been recently demonstrated that the first insertion is located
at the N-terminus of the mature enzyme [136]. It has been shown from previous functional studies that
the N-terminal extension of FP-2 and FP-3 plays a crucial role in folding of the mature protein into
its active conformation [137]. FP-2 and FP-3 efficiently hydrolyze human hemoglobin in the acidic
food vacuole of parasite [138, 139]. Pandey et al. [135] showed that FPs have a hemoglobin-binding
domain near the C-terminus end of the mature domain (Fig. 1.10).

1.15.1 Key aspects of FP-2 and FP-3

The interaction of a drug with a macromolecular target involves a process known as binding. There
is usually a specific area of the macromolecule where this takes place, known as the active site or
binding site Fig.1.11.
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Figure 1.11: The equilibrium of a drug being bound and unbound to its target.

It has been reported that the active sites of FP-2 and FP-3 are located within a cleft between the struc-
turally distinct domains of the papain-like fold and three amino acids residues Cys42/51, His174/183,
Asn204/213, respectively (His159, Cys25 and Asn175 following papain convention, Fig. 1.10), are
responsible of the catalytic activity [135]. The binding site of FP-2 and FP-3 is large enough to be
subdivided into pockets S1’, S1-S4 for a better analysis of the interactions between the amino acids
of each pocket and inhibitors [136].

1.16 Currently known FP-2 and FP-3 inhibitors

Nowadays, many compounds have been identified as inhibitors of FP-2 and FP-3, which are able to
block the enzyme’s activity by forming a reversible or irreversible covalent bond with the amino acids
of active site cysteine. These FP inhibitors can be broadly divided into three categories [32]:

i). peptide-based inhibitors,

ii). non peptidic inhibitors and

iii). peptidomimeticinhibitors.
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Most of the FP inhibitors identified so far are peptide-based inhibitors [32]. Peptide-based inhibitors
include: peptidylfluoromethyl ketones [140], peptidyl vinyl sulfones [141], peptidyl aldehydes and
ketoamide derivatives [142], epoxysuccinyl derivatives [143] and peptidylazirines [144]. Peptidyl-
aldehydes and -ketoamides are reversible inhibitors, while the other inhibitors are irreversible. The
drug design approaches discussed here include, rational approaches for the discovery of non-peptidic
and peptidic inhibitors against cysteine proteases, along with examples of FPs, SBDD and CADD
approaches for the design of peptidomimetic. We also include NP-based drug discovery and provide
insight for the understanding of drug discovery process against both the targets. We will then review
steps towards the discovery of the inhibitors against FP-2 and FP-3 using rational approaches. Many
significant computer-aided drug design/ discovery approaches targeting FP-2 and FP-3 has been pre-
viously carried and have been recently fully described in the first part of this thesis [145]. Some of
these inhibitors is display in Figs. 1.12, 1.13, 1.14, and 1.15.
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Figure 1.12: Non-peptidic structures of some FP-2/3 inhibitors identified from the ZINC database and using
molecular dynamics simulation.
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1.17 Available crystal structures of FP-2

Traditionally, the first consideration before embarking on a CADD project is whether the detailed 3D
structure of the drug target is known. SBDD of antimalarial compounds targeting FP inhibition is
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possible due to the availability of several 3D-structures of these enzymes. Severals crystal structures
of FP-2 from P. falciparum have been published and stored in the protein databank (PDB) [146]. A
summary of the available crystal structures of FP-2 so far is given in Table 1.2.
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Although the majority of previous studies was devoted to the inhibitors search of FP-2 and FP-3, it
has been, reported that FP-3 is expressed later in the life cycle and appears to be a more efficient
haemoglobinase than FP-2 [139]. And the literature indicates that the inhibition of FP-3 is lethal for
the parasite [145]. FP-3 is, therefore, a well-known drug target of Pf. Thus, from the above due, we
have focused in the design of FP-3 inhibitors in the current work.

1.18 Available crystal structures of FP-3

For FP-3, two crystal structures from P. falciparum have been deposited so far. A summary of the
available crystal structures of of P. falciparum FP-3 is given in Table 1.3.
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Figure 1.16: The Binding pocket of chain A of FP-3 crystal structure (PDB code 3BWK, resolution 2.42 Å).
K11017 (color in yellow) in stick representation, protein atoms in line representation (carbon atoms in their
usual colours). This diagram was produced using the Discovery studio software.

Figure 1.17: 3D Binding pocket of chain A of FP-3 crystal structure (PDB code 3BWK, resolution 2.42 Å).

In view of the crystallographic structures of FP-3 available in the PDB and presented above, the
3BWK complex presents a ligand similar to the series of molecules that we used (cf chapter 2 Fig.
3.2). This is one of the reason why this complex was chosen for the calculations performed in the
current work.
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1.19 Molecular modeling

Molecular modeling is a general term which covers all the theoretical and computational methods,
used to model or simulate the behaviour of molecules. These techniques are often used to build,
display, manipulate, simulate, and analyze molecular structures, and to calculate the properties of
these structures [152] in order to guide the researcher to draw and design new molecules, which is
called drug design. Molecular modeling is used in a number of different research areas as biophysics,
chemistry, bioinformatics, etc., thereby the term does not have a rigid definition. In a general way,
it describes the generation, manipulation or representation of three-dimensional (3D) structures of
molecules and their associated physico-chemical properties. So it is a tool for researchers concerned
about the structure and reactivity of molecules. And it involves a range of computerized techniques
based on theoretical chemistry methods and experimental data in order to predict molecular and bio-
logical properties. Molecular modeling methods can be classified in the following categories [153]:

. Quantum methods; also known quantum physics, quantum theory, including quantum field theory,
is a fundamental theory in physics which describes nature at the smallest scales of energy levels of
atoms and subatomic particles [154-156]. QM is the correct mathematical description of the behavior
of electrons [157, 158].

. Molecular mechanics;

. The hybrid method combining quantum mechanics (QM) and molecular mechanics (QM/MM);

. Molecular dynamics; and

. Pharmacophore

Here we most describe the methods used in this work.

1.19.1 Molecular mechanics

a) Rationale of molecular mechanics methods

Appeared in 1930 by Andrews [159], the term Molecular mechanics (MM) is a formalism which
was developed in order to evaluate molecular systems (geometries and properties). It is an empirical
method which allows representing the potential energy of small molecules as well as large molecular
systems (as the case of biological systems or material assemblies having thousands of atoms) as
a function of geometric variables [152]. This is done by adjusting bond lengths, bond angles and
torsion angles to equilibrium values that are dependent on the hybridization of an atom and its bonding
scheme. MM methods are less complicated, fast, and are able to handle very large systems including
enzymes. The MM calculations are used to determine [152]:
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(i) which conformations (or geometry) are stable;

(ii) which conformations are the most preferred and;

(iii) the energy differences between stable conformations.

b) Underlying principles of MM

The advanced developments in MM started in the sixties when computers were becoming more ac-
cessible and more efficient [152]. The MM calculations are based on classical mechanic principles
(Itself based on the Born-Oppenheimer approximation where the motion of electrons is much faster
than nuclei) [159]. In this method, a potential energy function is associated with each degree of
freedom of the molecule viz: elongation of the bonds, variation of valence angles, dihedrals (rota-
tion around a bond). The optimization of all the parameters by minimizing the energy leads to the
equilibrium geometry of the various conformers and their relative energies. For molecules with a
large number of conformers, there are automatic search procedures for local energy minima. In MM
techniques, the molecule is treated essentially as a set of charged point masses (the atoms) which are
coupled together with springs having different constants of stiffness [152]. The values of these force
constants come from: experimental data or values obtained by ab initio methods [152]. A MM calcu-
lation results give a disposition of nuclei such that the sum of all energy contributions is minimized
[152, 159]. These results mainly concern the geometry and energy of the system. In MM approach,
one establishes a mathematical equations and parameters that relates a molecule’s potential energy to
its geometry. These equations are called "forcefield" [160], and is composed of a sum of terms that
represent different types of energy contributions. The principle of the MM is therefore, to calculate
the potential energy of a molecule (or a system of molecules) as a function of the coordinates of the
atoms [161] by using the forcefield.

EP = f (−→r 1,
−→r 2, ...

−→r n) (1.1)

Where −→r i is the vector position of the ith atom.

1.19.2 Forcefields for MM analysis of protein and macromolecular systems

1.19.2.1 Forcefield terms

In molecular modeling field, the term forcefield (used in molecular mechanics and molecular dynam-
ics simulations) refers to mathematical equation describing the dependence of the energy (potential
energy) of a system of atoms on the coordinates of its particles [162]. This mathematical equation is an
analytical form of interatomic potential energy, U(r1, r2,...,rN), with a set of parameters [163]. These
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Figure 1.18: Schematic view of interactions.

parameters come from ab initio or semi-empirical quantum mechanical calculations, experimental
data ( X-ray, neutron, and electron diffraction, NMR, Raman, infrared, and neutron spectroscopy...)
[164-168]. The optimization (i.e. accurate forcefield) of a forcefield can be done by fitting these pa-
rameters. A forcefield must be simple in order to be evaluated quickly, but also detailed to reproduce
the properties (experimental data) of the molecular system studied [168, 169]. An expression of a FF
is composing of:

- the bonded terms that relate to atoms that are linked by covalent bonds and;

- nonbonded or non-covalent terms that describe the long-range electrostatic and van der Waals forces.
See Fig. 1.18

Nowadays, many forcefields are available [163]. These FF have different degrees of complexity, and
usually oriented to treat different types of molecular systems. However a typical expression of a FF
may be look like as follow:

Etotal = Ebonded +Enon−bonded (1.2)

or explicitly as follow:

E = ∑
bonds

1
2

kb (r− r0)
2 + ∑

angles

1
2

ka (θ −θ0)
2 + ∑

torsions

Vn

2
[1+ cos(nφ −δ )]+ ∑

improper
Vimp +∑

LJ
4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]
+ ∑

elec

qiqi

ri j
(1.3)

where the first four terms refer to bonded terms or local contributions to the total energy (bond stretch-
ing, valence angle bending, and dihedral and improper torsions), and the last two terms (nonbonded
interactions) serve to describe the repulsive and Van der Waals interactions (in this case by means of
a 12-6 Lennard-Jones potential) and the Coulombic interactions. The symbols r,θ and φ are the bond
lengths, angles and torsions respectively; r0 and θ0 are the reference or equilibrium values; n and δ
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Figure 1.19: Elongation between two atoms..The Morse potential (blue) and harmonic oscillator potential
(green). Unlike the energy levels of the harmonic oscillator potential, which are usually spaced by è, the Morse
potential level spacing decreases as the energy approaches the dissociation energy. The dissociation energy De

is larger than the true energy required for dissociation D0.

are the torsional multiplicity and phase respectively. The phases δ are usually constrained at 0° or
180°. kb and ka are the bonded force constant. Vn determines the height of the potential barrier. ri j is
the nonbonded distance between atoms i and j. εi j and σi j are the Lennards-Jones parameters, qi and
q j are atomic partial charges. σ12

i j and σ6
i j are repulsion and attraction parameters, respectively, which

depend on the types of the atoms i and j.

a) Description of the bonded terms

The first term of Equation 1.3 (bond stretching) represented with a simple harmonic function that
controls the length of covalent bonds. But this harmonic function supposes that the bond must not
be broken. Consequently, no chemical processes can be studied. Additionally, this potential is a
bad approximation for bond displacements greater than 10% of the equilibrium value. This can limit
the accuracy of FF during the MD simulations for example compared to ab initio MD approach.
Sometimes, other functional forms are employed to improve the accuracy of this term (usually Morse
potential Fig. 1.19).

Ebondstretching−Debye = De

(
1− e−α(ri j−r0)

)2
(1.4)

De is the well depth; α a well width α =
√

ke
2De

where ke is the force constant at the minimum of the
well.
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Unfortunately, these functional forms are more expensive in terms of computing time and in most
cases, the harmonic approximation is reasonably good. To this, most of the existing potentials use the
simple harmonic function.

The second term of Equation 1.3 which constitutes the deformation energy of the valence angles
is also represented by a harmonic potential, but in some circumstances a trigonometric potential is
preferable:

Eanglebinding =
1
2

ka (cosθ − cosθ0)
2 (1.5)

For optimizing the fitting to vibrational spectra, other terms are often added, and the most common
addition is the introduction of the Urey-Bradley (UB) potential:

EUB = ∑
angles

1
2

kUB (S−S0)
2 (1.6)

where S is the distance between the two external atoms forming the angle (for example distance
between atom 2 and atom 4 in Fig. 1.18), and S0 is equilibrium distance.

In any molecule which contains more than four consecutive atoms (atom 1, 2, 3, and 4 in Fig. 1.18),
the torsional or dihedral term must be also included. Torsional motions are necessary to reproduce
the major conformational changes of a molecule due to rotations around bonds. The third term of
equation 5 is the energy corresponding to the deformation of the dihedral angles. Torsional motions
play an important role in the determination of the local structure of a molecule and can also give an
insight into the relative stability of different molecular conformations. As display in the Equation 1.3,
torsional energy is usually represented by a cosine function. In this function, φ is the torsional angle,
is the phase, n defines the number of minima (or maxima) between 0 and 2, and Vn represents the
height of the potential barrier. The tortional potential have others alternative representations which
can be found in the scientific publications. The normal torsion terms described above are not sufficient
to maintain the planarity of some particular groups (sp2 hybridized carbons in carbonyl groups or in
aromatic rings for example) [168]. The fourth term "improper torsion" It ( called improper torsions
because the four implicated atoms are not linearly linked) is needed to ensure it. This extra component
describes the contribution to the energy of those out-of-plane motions. Typical expressions for the
improper torsion term are given as follow:

Eimp = ∑
impropers

kimp

2
[1+ cos(2ω−π)] (1.7)

Or

Eimp = ∑
impropers

kimp

2
(2ω−ω0) (1.8)
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where ω0 is the improper angle corresponding to the deviation from planarity.

b) Description of the non-bonded terms

In molecular physics, Van der Waals forces (or interactions) act between any pair of atoms belonging
to different molecules or between atoms of the same molecule that are sufficiently separated. These
interactions coming from the equilibrium between repulsive and attractive forces between two atoms.
The repulsion component modeled by the function form b

rn
i j

or be−αri j) is due to the overlap of the
electron clouds of both atoms, while the attractive component that varies as− a

r6
i j

, result by interactions

between induced dipoles. Various formulations of the van der Waals’ interaction were proposed.
They use different power (e.g., 9 or 10) for the repulsive part of the potential in order to give a
less steep curve. The Lennard-Jones (LJ) potential (12-6 ie when n is equal to 12) is very often
used to represent these interactions (term five in equation 5). Other functions used occasionally are
the 9-6 LJ potential used in the COMPASS FF or even a buffered 14-7 LJ term, as employed in
MMFF. A set of parameters is often define (e.g. σi j and εi j) for each different pair of atoms, but for
practical reasons, most forcefields give individual atomic parameters (i.e. σi and εi), together with
some rules to combine them. In the case of LJ potential for example, the well depth for the interaction
between two atoms i and j is given by the geometric mean, εi j =

(
εiε j
) 1

2 , while the value at which
the potential is equal to zero can be given by the geometric,σi j =

(
σiσ j

)
, or the arithmetic mean,

σi j =
1
2

(
σi +σ j

)
, depending on the FF chosen. The last term in equation (5) serves to describe the

electrostatic interactions by assigning a partial atomic charge to each nucleus and use Coulomb’s law
to compute their contribution to the total energy [169].

c) Special terms of forcefields

The terms described above to the contributions of potential energy appear in almost all forcefields.
However, in certain cases, some other additional terms can be encounter. These additional terms
describe the coupling effect between stretching, bending, and torsion and are known as cross terms.
Certain force fields (such as Allinger’s MM2, MM3 and MM4 [170, 171]) introduce even cross terms
that involve up to three internal coordinates (eg. bond-angle-bond and angle-torsion-angle). The goal
of these cross terms is to bring corrections to the intramolecular energy and allow to well reproduce
the subtle physical phenomena. The following equations are examples of such cross-terms.

1.19.2.2 General classification of forcefields

The development of molecular mechanics (appeared in 1930) allowed in 1960 the apparition of first
forcefields. Their main goal was to predict molecular structures, vibrational spectra, and enthalpies of
isolated compounds [170]. They were, therefore, primary oriented to treat small organic molecules.
Certain of them continue to be developed and used nowadays. The MM potentials developed by

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 37 Boris D BEKONO©2018



Overview

Allinger’s group [170-174] are the best example. The molecular mechanics application at the more
complex systems (biological molecules for example) was lead to develop more widely applicable
forcefields. The Assisted Model Building with Energy Refinement AMBER forcefield [175], are the
good example. This forcefield contain parameters for all the atoms in the periodic table. CHARMM,
AMBER , CFF, MMFF, GROMOS, and OPLS [175-179] for example are other popular forcefields.
Let’s mention that many of these forcefields are continuously developping and different versions are
available. These forcefields was developed by academic research groups.

According to the form of Equation 1.3 and the add of the cross term above describe, forcefields are
usually classified (class I, class II and class III).

a) Class I forcefields

The forcefields using an energy expression such as in Equation 1.3 i.e the internal terms in this equa-
tion are primarily harmonic or sinusoidal in nature are often called first-generation or class I force-
fields.

b) Class II forcefields

Class II forcefields are referred to the forcefields that include the cross terms above mentioned. They
contain cubic and/or quartic terms in the potential energy for bond and angles (anharmonic terms).
These higher-order terms allow for a more accurate reproduction of quantum mechanic potential
energy surfaces and such as experimental properties (vibrational spectra for example). They also
introduce more parameters in the forcefield (k

′
b, k

′
a,...).

b) Class III forcefields

Accuracy of modeling of drug target systems (biomolecular systems ) requires an explicit treatment
of electrostatics, including electronic polarization. Thus with the advances in quantun physics, sim-
ulation algorithms and computers hardware, class III forcefieds also known as polarizable forcefields
were develop. As the second-generation forcefields, Class III forcefields contain also cubic and/or
quartic terms in the potential energy for bond and angles. They were appeared in 1990. As above men-
tion, many efforts to include the explicit treatment of induced electronic polarization in biomolecular
forcefields. In spite of the fact that QM/MM methods have often used to treat the electronic explicit
effect, now, there are variety of methods to include explicit electronic polarizability in FFs. Here, the
goal is not to discuss in detail the theoretical methods by which polarizability can be included into
forcefields because there are a number of scientic publications that have previously described these
theoretical methods in some detail. Basic concepts of these models are briefly described. Thus, an
explicit treatment of electrostatics can be performed by two manners: the charge redistribution within
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each atom, either by induced dipole or by Drude oscillator (also called the charge-on spring model
or shell model), and the other is based on charge flow between atoms, such as the fluctuating charge
model (FQ model) which is also known as charge equilibration or chemical potential equilibration
(see Fig. 1.20) [180].

Figure 1.20: Electron cloud represented by the fixed-charge model and polarization models [180]

The induced dipoles are often determined iteratively via the self-consistent field (SCF) method which
uses isotropic atomic polarizabilities following by the charge-charge, charge-dipole, and dipole-dipole
interactions are computed in order to obtain the electrostatic energy of the system. AMOEBA [181]
is a good example of forcefield which use thes methods. In the classical Drude oscillator model
[182], a Drude particle is attached to the atomic core of its parent atom via a harmonic spring with
force constant kD. The displacement of the Drude particle creates an induced dipole moment. The
positions of the Drude particles are solved iteratively via SCF to ensure that the Drude particles are at
the ground state. Drude FF is a good example which is based on fluctuating charges. The FQ model is
based on the electronegativity equalization principle. The atomic charges are redistributed to equalize
the electronegativity/chemical potential at each site [181, 183]. CHEQ is a good example of forcefield
which is based on fluctuating charges. Owing to the nature of polarization, these three polarization
models have similar functional forms. In addition, some of the general forcefields mentioned above
have also developed polarizable versions. Thus polarization has been introduced into CHARMM
using either fluctuating charges or the shell model, and AMBER, OPLS and GROMOS have also
been extended to include polarization [184]. A more comprehensive list of polarizable forcefields is
available in science publications.
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1.19.3 Description of forcefields used in the current work

1.19.3.1 The Consistent Forcefield (CFF91)

The CFF forcefield [185, 186] is one of the forcefields implemented to read protein structures and
macromolecules in the accelrys software packages [187]. CFF is a class II force field [188]. The
CFF91 has been developed to yield consistent accuracy of results for conformations, vibrational
spectra, strain energy, and vibrational enthalpy of proteins. CFF forcefield has been implemented
in the Discovery Studio software package [189] in order to read the atomic coordinates of the pro-
teins and complexes prior to solvation. Its variant, the consistent forcefield 91 (CFF91) [190] was
generally employed in the Insight II software package [191]. The CFF91 is an all-atom forcefield
for proteins, nucleic acids (organic molecules in general). CFF91 describes an intramolecular part,
comprising bonds and bond angles with harmonic functions and also includes a torsional potential.
CFF91 is useful for hydrocarbons, proteins, protein-ligand interactions. For small models it can be
used to predict: gas-phase geometries, vibrational frequencies, conformational energies, torsion barri-
ers, crystal structures. For liquids: cohesive energy densities. For crystals: lattice parameters, atomic
coordinates, sublimation energies and for macromolecules: protein crystal structures.

CFF91 proposes potential energy functions including terms of anharmonicity (cubic and quartic
terms) in order to increase their accuracy. The energy associated with the elongation or compres-
sion of the bond length is given as follows in CFF91:

Er = ∑
r

[
K2 (r− r0)

2 +K3 (r− r0)
3 +K4 (r− r0)

4
]

(1.9)

The bond angle bending energy in CFF91 is given as follows:

Eθ = ∑
θ

[
H2 (θ −θ0)

2 +H3 (θ −θ0)
3 +H4 (θ −θ0)

4
]

(1.10)

The torsional energy of dihedral angle modification energy in CFF91 is shown by equation 1.11 :

Eφ = ∑
φ

V1 [1− cos(φ −φ01)]+V1 [1− cos(2φ −φ02)]+V1 [1− cos(3φ −φ03)] (1.11)

The out-of-plane energy in CFF91 is illustrated below:

Eχ = ∑
χ

Kχ (χ−χ0)
2 (1.12)

Ecross: represents the coupling between the first four terms ( Equation 1.4). In CFF91 is give as follow
;
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Ecross = Err′+Erθ +Eθθ ′+Eθθ ′φ +Erφ +Elφ (1.13)

with Err′ represents potential energy between two consecutive bonds of respective lengths r and r’

Err′ = ∑
r
∑
r′

Krr′ (r− r0)
(
r′− r′0

)
(1.14)

Erθ represents potential energy between a valence angle θ and one of the length links r defining this
angle:

Erθ = ∑
r
∑
θ

Krθ (r− r0)(θ −θ0) (1.15)

Eθθ ′ represents potential energy between two consecutive measurement valence angles θ and θ ′

Eθθ ′ = ∑
θ

∑
θ ′

Kθθ ′ (θ −θ0)
(
θ
′−θ

′
0
)

(1.16)

Eθθ ′φ represents potential energy between two consecutive valence angles θ θ ′ and φ the central
dihedral angle.

Eθθ ′φ = ∑
θ

∑
θ ′

∑
φ

Kθθ ′φ (θ −θ0)
(
θ
′−θ

′
0
)

cosφ (1.17)

Erφ represents potential energy between a dihedral angle φ and one of its peripheral links of length r

Erφ = ∑
r
∑
φ

(r− r0) [V1cosφ +V2cos2φ +V3cos3φ ] (1.18)

Elφ represents potential energy between a dihedral angle φ and the central link of length l:

Elφ = ∑
l
∑
φ

(l− l0) [F1cosφ +F2cos2φ +F3cos3φ ] (1.19)

while the non-bonded interactions are respectively represented by a Lennard-Jones potential and a
Coulomb potential as follows:

Evdw = ∑
i
∑
j�i

[
2
(

σi j

ri j

)9

−3
(

σi j

ri j

)6
]

(1.20)
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Enonbonded = ∑
i
∑
j�i

qiq j

Ri j
(1.21)

In the above equations, Kx, Hy, and Vz are force constants; the r0 and θ0 respectively represent the
equilibrium bond length and angle; ε represents the dielectric constant, qi is the partial charge on
atom i and ri j is the interatomic distance between atoms i and j. The parameters of the bonded and
nonbonded potential parts of the standard CFF91 MM forcefield (εi j and σi j ) are defined in the
Discover user guide [192]. CFF91 is particularly adapted to MM calculations in the gas phase and
gives interesting results for vibrational spectra of a molecule, when compared to other forcefields.

1.19.3.2 The Merck Molecular Forcefield (MMFF94)

The potential energy of a molecular system is usually expressed as a function of atomic coordinates.
In the present work, the MMFF forcefield that was implemented in the MOE [193] software packages
has been used to minimize the molecules of the built virtual library. MMFF was developed by Halgren
[194-196] and has been aimed more at drug-like organic compounds than at proteins. The potential
energy of this forcefield may be written as:

E (x) = Estr +Eang +Estb +Eoop +Etor +Evdw +Eele +Esol +Eres (1.22)

Each energy term itself, being a sum of several kinds of atomic interactions, such that; Estr: repre-
sents the bond stretching energy; Eang: represents the bond angle bending energy; Estb : represents the
stretch-bending energy; Eoop: represents the out-of-plane energy; Etor: represents the torsional energy
of dihedral angle modification energy; Evdw : represents the van der Waals energy; Eele : represents
the electrostatic interaction energy; Esol: represents the implicit solvation energy, and Eres: represents
the restraint energy. Among the MMFF, exist MMFF94 which is a particular all-atom forcefield pa-
rameterized for small organic molecules in which partial charges are based on bond-charge increments
and is particularly adapted for use with the Generalized Born solvation models, with conjugated nitro-
gen atoms considered to be tetrahedral [194]. In the MMFF94s variant of this forcefield, conjugated
nitrogen atoms are less tetrahedral than in MMFF94, while in MMFF94x conjugated nitrogen atoms
are planar [195, 196]. Like CFF91, MMFF94 is a class II forcefield.

MM is presently the only practical method for the calculations on very large molecules or for con-
formational searching on highly flexible molecules. Although MM calculations are extremely useful,
they consider essentially the position of the nuclei and therefore cannot fully represent chemical real-
ity. Also, MM provides no information on electronic structure, and furthermore cannot be used when
the molecule is not in its ground state, or when covalent bonds are being broken or formed. Thus,
in other projects of research, MM techniques is often coupling by QM techniques [197, 198]. In this
case the method is called the Hybrid quantum mechanics/molecular mechanics (QM/MM) method.
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This Hybrid method can be used in order to study well the molecular systems [199, 200] and have
become the method of choice for modeling reactions of biomolecular systems in condensed phases
[201, 202].

1.20 Conformational analysis

Conformational analysis can be used to define the study of the conformations of a molecule and their
influence on its properties. Le Bel [203] and Hoff [204] are considered as the founding fathers of the
conformational analysis. Modern MM programs often have a graphical interface that allows the user
to enter the structure of a molecule and minimize its energy in that conformation [205]. Conforma-
tional analysis allows for the calculation of the relative energy associated with the conformation of a
molecule [206]. To perform a conformational search, one find a method to systematically generate all
possible structures (all conformations) determines the energy of each conformation as described by
the potential energy function. The energies of conformations can be calculated by using QM methods
or any one of the MM forcefields previously described. Often, the conformational energy calculated
is function of the applied forcefield. i.e. for the same conformation, the value of energy can change
[207]. Many techniques to carry out a conformational search are described in the literature [208, 209].
In all of them, the energy evaluation of the molecule via the potential energy function (forcefield) is
an important step [210]. In a nonlinear molecular system without constraint and having a number
of atoms n> 2, the number of degrees of freedom is equal to the number of internal coordinates i.e.
3n-6. In the conformational search, the structures are generated by varying the most flexible degrees
of freedom, namely the dihedral angles [206]. In conformational research based on the rotation of the
group of atoms around single bonds (torsion drive), one vary systematically all the dihedral angles of
a molecule. Thus, for example, a molecule with three dihedral angles generates 216 conformations if
the increment of angle is of 60°. 46656 conformers with six dihedral angles and more than 10 million
for 9 dihedral angles. The increment of 30° is often used. The goal of the conformational analysis is
to find as much minima as possible and to calculate the Boltzmann population.

Ni = N0exp
(
− Ei

KbT

)
(1.23)

N j = N0exp
(
−

E j

KbT

)
(1.24)

so
Ni

N j
= exp

(
−

∆Ei j

KbT

)
(1.25)

The "Boltzmann formula" gives the ratio between the number of particles, respectively Ni and N j ,
occupying the energy states Ei and E j:

E j: energy of the molecule;
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Kb : Boltzmann constant;

T : Temperature (Kelvin).

Conformational analysis is, therefore, an effective approach to determine the stable conformations of
a molecular structure corresponding to the minima of its intramolecular energy. The calculated energy
measures the difference between the energy of the molecular structure under consideration and that
of a hypothetical structure of which all coordinates would take their reference values. The values of
this energy are all very useful when it comes to comparing the relative stability of conformations or
stereoisomers of the same molecule [211].

1.20.1 Energy minimization

In any drug design study, the protein and ligand interactions are carried out in their lowest energy state.
Usually the proteins are selected from Protein Data Bank and the ligands can be either from literature
or a database. In such cases, where ligands are derived from literature, certain steps need to be
undertaken to perform ‘protein-ligand’ interactions studies. Of all the steps involved in these studies,
the first and foremost major step is often energy minimization and conformation search analysis.
Also known as better known as geometry minimization, energy minimization is used to determine the
lowest or the minimum energy conformation for a molecule under study. When a molecular structure
is built, it usually needs to be refined to bring it to a stable, sterically acceptable, conformation. This
is all the more true after building in three dimension of some structures when the process of adding
fragments generates serious atom clashes. The refinement process is also refer to minimization (or
optimization), and is an iterative procedure in which the coordinates of the atoms are adjusted so
that the energy of the structure is brought to a minimum. i.e. start with an initial geometry and then
change that geometry to find a lower-energy shape. This often results in finding a local minimum of
the energy as depicted in Fig. 1.21.

The structure with the lowest energy is considered to have the most stable arrangement, and by def-
inition the optimum geometry. Minimization generally results in a modeled structure with a close
resemblance to a real physical structure. The ability to compute the energy of a structure is a nec-
essary part of the minimization process, and is an extremely important aspect of a modeling system.
To facilitate calculations, it is generally considered that the variable term of this energy depends on
the construction of the molecule and the arrangement of its atoms: this is the principle of empirical
methods (MM, MD). In most of these methods, the interactions with the solvent are not taken into
account. Only interactions between the constituent atoms of the molecule are evaluated [212]. The
total energy function has many minima and maximas. There is no general mathematical method to
find the overall minimum of this function. Numerical analysis methods are used to find local minima.
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Figure 1.21: Representation of the energy of all possible conformers of a molecular system. The
energy of the system is calculated using the forcefield. The conformation of the system is altered to
find lower energy conformations through a process called minimization.

1.20.2 Energy minimization methods

Conformation search algorithms are an automated means for generating many different conformers
and then comparing them based on their relative energies. In drug design and discovery studies some
algorithms are often used.

1.20.2.1 The steepest descent approach

The steepest descent (SD) method is also called the biggest slope method. In this method, the gradient
vector −→g points in the direction where the function increases most, i.e. the function value can always
be lowered by stepping in the opposite direction [213]. The descent direction, i.e. the direction in
which atoms are moved down towards the minimum, in step k in SD is dictated by the gradient gk.
When the function starts to increase, an approximate minimum may be determined by interpolation
between the calculated points. At this interpolated point, a new gradient is calculated and used for
the next line search. If the line minimization is carried out accurately, it will always lower the energy
function value. It is therefore guaranteed that this function approaches a minimum. The steepest
descent path therefore oscillates around the minimum path, as illustrated in Fig. 1.22

As show in Fig. 1.22, when the minimum is approached, the rate of convergence slows down based
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Figure 1.22: Steepest descent minimization [213]

on the fact that the steepest descent will actually never reach the minimum, it will crawl towards it at
an ever decreasing speed. SD is very simple, requires only storage of a gradient vector and it is one
of the few methods that is guaranteed to lower the function value.

1.20.2.2 The conjugate gradient method

The Conjugate Gradient (CG) method is an improvement of SD [214]. The pitch is adjusted at each
cycle to obtain a better decrease in energy. It achieves a minimum in fewer steps than the SD method
and requires significant computation time when the starting structure is far from the minimum. The
initial step in the CG algorithm is equivalent to a steepest descent step, but subsequent searches are
performed along a line formed as a mixture of the current negative gradient and the previous search
direction. Often, the minimization beginning with Steepest Descent followed by Conjugate Gradient.
This protocol is implemented in Accelrys Discovery Studio software [189].

1.20.2.3 The Newton-Raphson method

Newton’s method Raphson evaluates the second derivatives of molecular energy with respect to ge-
ometric parameters and thus converges more rapidly. The programming of this procedure is more
difficult than that of the SD and CG methods. Only the gain in computation time and accuracy is so
important that almost all molecular mechanics programs have adopted it. This method is effective
only when the geometry of the initial conformation is close to the minimum [215].

1.20.2.4 The simulated annealing method

Developed by Kirkpatrick et al. [216] Simulated Annealing (SA) [217] works are based on the non-
linear cooling process of glass where various steps of changes precede the formation of a crystal.
Here it is assumed that different rates of cooling lead to different formations of glass. The system is
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first ‘melted’ at a high effective temperature. Annealing is the lowering of the temperature via slow
steps to ensure the system ‘freezes’ so that there are no other changes. This technique performs a
check at every interval of cooling where if the energy is lower, the step of cooling is accepted.

1.20.2.5 The simplex method

The simplex is referring as a geometric figure defined by a number of points higher by one compared
withthe number of factors (or dimensions of the, factor space). In the 2D-dimensional factor space the
simplex is a triangle and in the 3D-dimensional space it is a tetrahedron. In this method, the ”simplex”
is moved in the factor space depending on the results of experiments performed for the factor values
corresponding to the simplex vertices. There is always a possibility that the optimum found is a local
optimum. This method is interesting when the starting structure is close to the global minimum [218].
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Data collection

Before embarking any calculations in the current work, we have described rational and computer-
aided drug discovery approaches for the design of promising FP-2 and FP-3 inhibitors, with a focus
on a variety of structure-based and ligand-based modeling approaches [145]. Moreover, the key
features of ligand recognition against these targets have been emphasized [145].

2.2 The complexation model empoyed

Scheme 1 display the workflow of different steps involved for the computer-aided drug design of
novel PEP analogues
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Figure 2.1: Novel PEP analogues design methodology workflow.

2.2.1 Preparation of the structure 3BWK

Structures downloaded in Protein Data Bank have often many errors [219, 220]. The correction
of these structures (or preparation) is a first step in the field of computer-aided drug design. Due
to this, the high-resolution X-rays crystal structure of the native inhibitor K11017 (Mu-Leu-Hph-
VSPh where VSPh: phenyl vinyl sulfone; Hph: homophenylalanyl; Mu: morpholino urea:) bound
to the plasmodial FP-3 (Protein Data Bank [220] entry code 3BWK) has been prepared by using an
algorithm that consisted in reading the protein and ligand atoms with the CFF91 forcefield, with no
Morse and cross terms. In this step wise process, the SD method is employed initially, followed by
the CG (smart minimizer method) as follows:

Step 1: For heavy atoms of both protein and ligand, 500 iterations with the SD method until the
maximum derivative is less than 3.00 kcal mol−1Å−2, followed by 1000 iterations using the CG
method until the maximum derivative is less than 1.00 kcal mol−1Å−2.

Step 2: For heavy atoms of ligand only, 500 iterations with the SD method until the maximum deriva-
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tive is less than 1.00 kcal mol−1Å−2, followed by 2000 iterations using the CG method until the
maximum derivative is less than 0.20 kcal mol−1Å−2.

Step 3: For heavy atoms of ligand only, 1000 iterations with the SD method until the maximum
derivative is less than 1.00 kcal mol−1Å−2, followed by 1000 iterations using the CG method until
the maximum derivative is less than 0.20 kcal mol−1Å−2.

Step 4: For heavy atoms of ligand only, 500 iterations with the SD method until the maximum deriva-
tive is less than 1.00 kcal mol−1Å−2, followed by 3000 iterations using the CG method until the
maximum derivative is less than 0.20 kcal mol−1Å−2.

Step 5: For general relaxation of the entire system, 500 iterations with the SD method until the
maximum derivative is less than 1.00 kcal mol−1Å−2, followed by 2000 iterations using the CG
method until the maximum derivative is less than 0.50 kcal mol−1Å−2, then 2000 iterations using
the CG method until the maximum derivative is less than 0.10 kcal mol−1Å−2, 2000 iterations using
the CG method until the maximum derivative is less than 0.05 kcal mol-1 Å−2 and finally 10000
iterations using the CG method until the maximum derivative is less than 0.001 kcal mol−1Å−2. The
vibrational energy of this final structure is then calculated.

This methodology has been applied in order to preserve the three dimensional structure of the enzyme
(3BWK) use as start point for the calculations.

2.2.2 Biological activities of compounds included in the training and test sets

The chemical structures and biological activities (ICexp
50 ) of training and validation sets of peptidomimetic

(PEP) inhibitors of Pf FP3 used in the current work were taken from the reported study by Weldon et
al. [221]. This covered a broad range of activities

(
60nM ≤ ICexp

50 ≤ 47230nM
)
, suitable for QSAR

model construction. The data set has been divided into a training set of eight (08) molecules for gener-
ating the subsequent QSAR models and a test set of two (02) molecules for evaluating the predictive
quality of the models. Table 2.1 depicts pICexp

50 values (nM) of the data set while Fig.2.2 depicts
several representative skeletons of the data set.
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Figure 2.2: The chemical structures of training (PEPx) and validation (VEPx) sets of inhibitors obtained from
literature [221].

Table 2.1: Training and validation sets of PEP inhibitors obtained from the literature.

Training seta Mw
b (g mol−1) ICexp

50
c,d(nM)

PEP1 (ref) 482 36360
PEP 2 440 60
PEP 3 574 520
PEP 4 498 3560
PEP 5 450 20180
PEP 6 438 23900
PEP 7 466 47230
PEP 8 488 11910

Validation seta Mw
b (g. mol−1) ICexp

50
c,d (nM)

VEP1 452 540
VEP2 470 8220

aSee Fig. 2.2 for the chemical structures of training and validation. bMolar weight of PEP analogues.
cThis is ICexp

50 expressed in nanomolar concentration. dFor potencies of PEP analogues against FP-3,
Ref. [221] is referred.
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2.3 Model building by in situ modification

Three dimensional (3D) molecular models of the free enzyme (E), free inhibitors (I) and the enzyme-
inhibitor complexes (E:I), have been constructed from a high-resolution X-rays crystal structure of the
native inhibitor K11017 (Mu-Leu-Hph-VSPh where VSPh: phenyl vinyl sulfone; Hph: homopheny-
lalanyl; Mu: morpholino urea:) bound to the plasmodial FP-3 (Protein Data Bank [220] entry code
3BWK) via the graphical user interface available in molecular modelling program Insight-II [222].
Chain A of the enzyme was selected in the computations. The structures of FP-3 and enzyme-inhibitor
(E:I) complexes were considered in the computations to be at the pH of 7with neutral N- and C-
terminal residues and all protonated and ionized residues charged. Co-crystallized water molecules,
contained in the initial structure were deleted. The inhibitors have been built into the crystal ref-
erence structure by in situ modifying of derivatives groups in the molecular scaffold of the native
inhibitor K11017. All rotatable bonds of the replacing residues have been subject at an exhaustive
conformational search coupled with a careful gradual energy minimization of the modified inhibitor
and the active site residues of FP-3 located in the vicinity of the inhibitor (≤5Å ). This methodology
has helped to identify low-energy bound conformations of the modified inhibitor and leads to various
low-energy structures of the E:I complexes which have been then carefully refined by minimization of
the whole complex. This process has been successfully used in many works on complexation models
[223-232].

2.4 Molecular mechanics

Simulations of the models of inhibitors, FP-3 and E:I complexes were carried out by molecular me-
chanics (MM) using an all-atom representation and the class II consistent force field CFF91 [222].
All MM calculations used a dielectric constant of 4 for representing dielectric shielding effects in the
proteins. The optimisation (energy minimisation process) of the free E, free I and E:I complexes were
carried out by a gradual relaxation of the structures, beginning by adding H-atoms, then the residue
side chain heavy atoms, and ending up with the relaxation of the protein backbone. In all the geome-
try optimizations, a sufficient number of steepest descent and conjugate gradient iterative cycles have
been used with the convergence criterion for the average gradient set to of 0.01 kcal mol−1Å−2.

2.5 Conformation search of free inhibitors by molecular dynam-
ics

In the current work, we have used Molecular Dynamics (MD) calculations. These techniques have
been used in order to conformational research and to refine structures. MD is a method that studies
the movements and evolution of the spatial configuration of molecular systems. In practice, we work
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by solving the classical equations of Newton’s motion, given a potential energy function and its
associated forcefield.

2.5.1 Principles of molecular dynamics

MD is an in silico technique which simulates, from the laws of classical mechanics, the trajectories
of atoms or molecular systems in the crystalline phase, in solution or in the gas phase [233, 234].
This is doing by using the principles of Newton’s classical mechanics [235]. It gives the evolution
of a system in conformational space over time. A numerical resolution of the classical equations of
motion is used in order to calculate the energy of the system along its path over the potential area of
the system. In this technique, intramolecular motions are simulated and visualized in the real time.
These motions correspond to the vibrations around a minimum or the transition from a minimum to
another minimum level of energy. MD simulations, therefore, consist to calculate the positions and
speeds of a system of atoms or molecular systems [236]. In classical MD, each atom of the molecule
is considered as a point mass whose motion is determined by the set of forces exerted on it by other
atoms as a function of time [237]. In MD simulations, we need a set of initial conditions (positions
and velocities of each particle), a good model to represent the forces acting between the particles (by
using forcefields presented in the previous section). Then we need to solve the classical equation of
motion: (equation 2.1).

∑
−→
F i = mi

−→a i = mi
d2−→r i (t)

dt2 =
−d
−→
E p

r (t)
(2.1)

Where:
−→
F i: force vector acting on the atom i; mi: mass of the atom i; −→a i: acceleration vector of the

atom i, and −→r i: The position vector of the atom i.
−→
E p is potentiel energy of the system

As illustrated by the Newton’s equation, the velocity and direction of atomic motion depend on the
forces acting on the atoms.

In practice, atoms have their own initial velocity that conforms to the total kinetic energy of the
system. This kinetic energy depends on the simulation temperature of the system 2.2. This kinetic
energy allows the system to cross potential barriers that other minimizers cannot cross. Velocities are
thus assigned to atoms by random draw following a Maxwel distribution:

Ec =
1
2 ∑mi ≺ vi �2=

3
2

NKbT (2.2)

With:

≺ vi �2 : value of the square average of the speed;

N : number of atoms in the system;
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Figure 2.3: Forces acting on atoms of the molecule.

Kb : Boltzmann constant; and

T : absolute temperature

As we already said, the equation (2.1) can only be solved numerically. So we need to discretize the
trajectory and use an integrator to advance over small time steps:

ri (t0)→ ri (t0 +∆t)→ ri (t0 +2∆t)→ ...ri (t0 +n∆t) (2.3)

The following properties of such an integrator are usually required:

. Minimal need to compute the forces: This is the most time-consuming step in the simulation, thus
any algorithm requiring more than one cycle of evaluation of the forces per time step will not be
accurate.

. Good stability if large time steps ∆t are used.

. Good accuracy.

. Good conservation of energy and momentum.

. Time-reversibility.

The immediately apparent solution would be to use a simple Taylor expansion, so:
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ri (t0 +∆t) = ri (t0)+
dri (t0)

dt
∆t +

1
2

d2ri (t0)
dt2 ∆t2 +0

(
∆t3) (2.4)

Unfortunately, this algorithm is unstable and inaccurate. Verlet has proposed a better solution. If we
sum the Taylor expansions for +∆t and −∆t, the terms in ∆t, ∆t3 , etc. cancel and we obtain:

ri (t0 +∆t) =−ri (t0−∆t)+2ri (t0)+ai (t0)∆t2 +0
(
∆t4) (2.5)

The velocities are not used in the algorithm, but they can be obtained as:

vi (t0) =
1

2∆t
[ri (t0 +∆t)− ri (t0−∆t)] (2.6)

And the velocity-Verlet algorithm:

ri (t0 +∆t) = ri (t0)+ vi (t0)∆t +
1
2

ai (t0)∆t2 (2.7)

vi (t0 +∆t) = vi (t0)+
1
2
[ai (t0)+ai (t0 +∆t)]∆t (2.8)

A general scheme of the MD procedure is display in Fig. (2.4). The starting point refers to the
definition of the forcefield and the molecular topology, which is the essence of the proposed model.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 55 Boris D BEKONO©2018



Materials and Methods

Figure 2.4: Steps of the molecular dynamics simulation procedure.

In the current work, the conformation of each free inhibitor was obtained from its bound conformation
in the E:I complex, which had been previously obtained by the gradual relaxation to the nearest
local energy minimum. The geometries of the free ligands were then obtained by the molecular
dynamics method. These simulations were performed with the Insight II software [222] and the
CFF91 forcefield [222].The temperature T has been gradually increased from 30 to 300 K in 30 K
steps. The equations of motion were integrated according to the verlet algorithm with a time increment
t=1fs. At each value of T, the system is heated for 500 fs. At the end of the calculation, 200 optimized
conformers are generated. After the analysis of the results, the lowest conformer energy is selected
and then optimized again with a dielectric constant ε = 4
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2.6 Solvation Gibbs free energy

Drug targets in the body exist in an aqueous environment and the drug needs to cross that environment
in order to reach its target. Therefore, both the drug and its target are solvated with water molecules
before they meet each other. It is well accepted that the role of solvent in biochemical processes is
crucial. The estimation of hydration energy, binding energy of ligands or protein residues heavily
depends on a good description of the solvent behavior. Specific water molecules and their placement
within protein active sites have been shown to make specific contributions to the energetics of protein-
ligand. Thus, it is important to take account the effects of these water molecules in the ligands binding
interaction in order to better explain the observed activities compared to experimental ones. Proper
theoretical description of the solvation effects of water within a ligand-binding pocket is a significant
computational challenge. Several studies have shown that water molecules have an important role in
the affinity between the ligand and his target. When a ligand binds, in the active site of a target, sol-
vent molecules within the active site rearrange or become displaced. These rearrangements of water
molecules within the binding pocket of the target, affect the binding free energy. For example, wa-
ter solvation of hydrophobic pockets is very unfavorable energetically because water in this situation
cannot form hydrogen bonds. Conversely, the expulsion of water in such regions of the protein leads
to an improvement in ligand-protein binding affinity Fig. 2.5.

Figure 2.5: Desolvation of a drug and its target active site prior to binding.

It is clear that an accurate description of the thermodynamics of ligand-protein association requires a
consideration of all interacting species at every stage of the process. Figure 2.6 shows the thermody-
namic cycle of protein-ligand interactions.

In the field of computer-aided drug design, the methods have been developed for describing accu-
rately the effects of solvent. These in silico methods describe the physics involved and calculate the
solvation energy of the solute (ligand, protein, complex...) [238]. There are two principal types of
solvation which are more known: explicit and implicit solvation [239]. We are use implicit solvation
method in our calculations.
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Figure 2.6: The thermodynamic cycle of protein-ligand interactions.

Implicit solvation is the continuum model. Solvent molecules disappear and they are substituted
by a continuous dielectric of infinite extent that surrounds a cavity containing the solute molecule
(see Figure 2.7). The molecular system (solute) is placed into a cavity described by the surface
tension of continuous medium (the solvent) characterized by macroscopic properties. Implicit solvent
models are more approximate but incur less computational cost than explicit solvent models [240-
242]. Calculations with implicit models can be performed in MM [243] or with QM [244]. The
physical phenomenon that is represented (but not exclusively) in implicit solvent approaches is the
linear response to the electric field generated by the solute. In this work, the PB Equation has been
used to calculated ligand solvation and estimate ligand binding free energies by calculating the total
energy of the protein-ligand complex and then subtracting the solvated energy of the protein and
ligand separately. This commonly used protocol is known as the Molecular Mechanics-Poisson-
Boltzmann (MM-PB) [245, 246]. MM-PB is a scheme currently used for the determination of binding
free energies for protein-ligand complexes [247].
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Figure 2.7: Implicit solvation model

In Figure 2.7

� Region 1 is a cavity within the solvent. In this cavity, the immobile solute (inhibitor, enzyme, or
enzyme-inhibitor complex) is placed. This region is characterized by its dielectric permittivity ε1 and
its charge volume density ρ1. Usually ε1 varies between 2.5 to 4 [247]. Charges of solute are treated
by a forcefield.

� Region 2 is located in the immediate vicinity of the solute. Occupied by the solvent, this region is
called the exclusion zone because the ions do not have access to it. Therefore, the density ρ2 is zero.
In this region a dielectric permittivity constant of the solvent is ε2 ( ε2 is equal to ε3). For an aqueous
solvent, ε2 varies between 78 and 80 [246].

� Region 3 is also occupied by the solvent. Here the presence of mobile ions that are modeled by a
charge density ρ3 is notable.

The free energy of solvation has three terms each relate to a purely theoretical process: the creation of
a cavity (∆Gcav) within the solvent to accommodate the solute molecule and embedding of the solute
molecule into the cavity leading to van der Waals (∆GvdW ) and electrostatic (∆Gelec) interactions
between solute and solvent ( see equation 2.9).
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∆Gsolv = ∆Gcav +∆GvdW +∆Gelec (2.9)

The first term of equation 2.9 represents the entropic cost of reorganization of the solvent molecules.
It also represents the cost of the pressure resistance of the solvent to form the cavity and high values
of this energy is an indicator that the drug could be ineffective. In some cases, a polar group of a drug
can be removed in order to lower its energy of desolvation.The first two terms are generally expressed
by a non-polar (np) term (see equation 2.10)

∆Gsolv,np = ∆Gvac +∆GvdW (2.10)

2.6.0.1 The Poisson-Boltzmann Equation with Non-polar Surface Area (PBSA)

In a homogeneous and isotropic dielectric medium, ε is constant. When the medium is non-homogeneous,
ε depends on the position −→r i.e ε = ε (−→r ). The Poisson equation relates the scalar electric potential
φ to the charge density ρ is written:

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
=−4πρ (−→r ) (2.11)

where φ (−→r ) is the electrostatic potential. ρ (−→r )= ρ1 (
−→r )+ρ3 (

−→r ); ε (−→r ) has the interior or exterior
value depending on whether r lies inside or outside the molecular surface.

Equation 2.11 becomes:

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
=−4π [ρ1 (

−→r )+ρ3 (
−→r )] (2.12)

Suppose that M is the number of ionic species present in region 3, and Ni (
−→r ) the number of ions per

unit volume of each ionic species (i = 1, 2, ..., M) of charge qi = Zie; Zi is a valence of atom i and e
is the elementary electric charge. The charge distribution ρ3 (

−→r ) is written as follow:

ρ3 (
−→r ) =

M

∑
i=1

Ni (
−→r )qi =

M

∑
i=1

Ni (
−→r )ezi (2.13)

According to Debye-Hückel theory for ionic concentrations below 0.2 M at thermodynamic equilib-
rium, Ni (

−→r ) is given by the Boltzmann distribution as follow:

Ni (
−→r ) = Nt

i exp(−βqiφ (−→r )) (2.14)
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with Nt
i the total density of ion i, β =

(
kβ T

)−1; kβ is the Boltzmann constant and T is the absolute
temperature of the medium. Equation 2.13 becomes:

ρ3 (
−→r ) =

M

∑
i=1

qiNt
i exp(−βqiφ (−→r )) (2.15)

The Poisson equation (Equation 2.11) designed to describe the electrostatic proteins in the water, was
improved in 1923 by Peter Debye and Erich Hückel. They added a Boltzmann term (Equation 2.15)
taking into account the mobility of ions [248]. Thus the general form of PB equation is as following:

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
+4π

M

∑
i=1

qiNt
i exp(−βqiφ (−→r )) =−4πρ1 (

−→r ) (2.16)

Equation 2.16 is usually solved numerically. Although the PB calculation is more accurate than other
implicit solvent methods deployed in the application, it is computationally expensive. For this, the
Debye-Hückel approximation allow to find an approximate solution of this equation. Here the po-
tential electrostatic energy qiφ (−→r ) is low compared to energy due to thermal agitation (kβ T = β−1).
Knowing that−1≤ βqiφ (−→r )≤ 1, Taylor’s development limited to the first order of exp(−βqiφ (−→r ))

give:

exp(−βqiφ (−→r ))≈ 1−βqiφ (−→r ) (2.17)

With this hypothesis, ρ3 (
−→r ) is rewrite as follow:

ρ3 (
−→r ) =

M

∑
i=1

qiNt
i −

[
M

∑
i=1

q2
i Nt

i

]
βφ (−→r ) (2.18)

Taking into account the electroneutrality of the solution:

M

∑
i=1

qiNt
i = 0 (2.19)

Thus,

ρ3 (
−→r ) =

[
M

∑
i=1

q2
i Nt

i

]
βφ (−→r ) (2.20)

By definition, the ionic strength of the solution IS is:
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Is =
1
2

M

∑
i=1

Ct
i Z

2
i =

1000
2NA

M

∑
i=1

Nt
i Z2

i (2.21)

where Ct
i =

1000
NA

Nt
i is the molar concentration of each ionic species and, NA the number of Avogadro.

Thus, we have:

M

∑
i=1

Nt
i Z2

i =
2NAIS

1000
(2.22)

And finally, the expression of ρ3 (
−→r ) is the following:

ρ3 (
−→r ) =

−2NAISe2

1000kβ T
φ (−→r ) (2.23)

So, the Equation 2.16 becomes:

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
− 8πNAISe2

1000kβ T
φ (−→r ) =−4πρ1 (

−→r ) (2.24)

Using the modified parameter of Debye-Hückel, k̄ (−→r ) is define as follow:

k̄ (−→r )=0 in region 1 or 2; k̄ (−→r )=k
√

ε in the region 3, k is the Debye-Hückel parameter. k2 = 8πNAISe2

1000ε3kβ T

A linearized PB equation can be written in the following form:

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
− k2

φ (−→r ) =−4πρ1 (
−→r ) (2.25)

This linearized PB (Equation 2.25) is solved by the Finite Difference method based on a grid map.

2.6.0.2 The Finite Difference method (FDM)

The numerical solution usually chosen to solve the PB is to map the ligand or a complex onto a three-
dimensional grid and apply the finite difference approximation. Here, the solvation takes place in a
cube. The volume of this cube is fonction of the volume of the solute. In the calculation with the
Delphi module [187] for example, a filling to 70% of the cube volume is recommended. This cube is
subdivided into several elementary cubes of side l ( l expressed in Å) as display in Fig.2.8.

A charge q (k0, φ0) is placed in the center of an elementary cube. A dielectric constant is defined for
each face of this cube. (εi i=1,2,.......6), and charges are placed (qi, k̄i, φi). The electrostatic potential
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Figure 2.8: Cubic in finite difference method. A: Fragmentation of the medium in identical cubic cells
of side ` (in red). B: Zoom on one of the cubic cells where the PB equation is discretized.

φ0 at the center of a cell is obtained by integrating the linear equation of PB into the volume V of this
cell:

ˆ ˆ ˆ
V grid

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
dv−

ˆ ˆ ˆ
V grid

k2
φ (−→r )dv =−4π

ˆ ˆ ˆ
V grid

ρ1 (
−→r ) (2.26)

Knowing that the volume V = l3and the volume density of charge into the cell ρ1 (
−→r ) = q0l−3,

Equation 2.26 becomes:

ˆ ˆ ˆ
V grid

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
dv− k2

0l3
φ0 =−4πq0 (2.27)

The Green-Ostrogradski theorem allows to write:

ˆ ˆ ˆ
V grid

−→
∇

[
ε (−→r )

−→
∇ φ (−→r )

]
dv =

"
ε (−→r )

−→
∇ φ (−→r )−→n ds (2.28)

Using the above relation, the equation 2.27 can be expressed as:

"
ε (−→r )

−→
∇ φ (−→r )−→n ds− k2

0l3
φ0 =−4πq0 (2.29)

Substituting the gradient of the electrostatic potential
−→
∇ φ (−→r ) by its discrete shape along the three

directions, we obtain:
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6

∑
i=1

εi
(φi−φ0)

l
l2− k2

0l3
φ0 =−4πq0 (2.30)

The expression of the electrostatic potential φ0 in the center of each elementary cube is obtain as
follow:

φ0 =

6
∑

i=1
εiφi +4π

q0
l

6
∑

i=1
εi + k2

0l2
(2.31)

In the current work, the electrostatic component of solvation Gibbs free energy that incorporates also
the effects of ionic strength through the solution of nonlinear Poisson–Boltzmann equation [190] was
computed by the DelPhi package of Discovery Studio [249]. This DelPhi program treats the solvent
as a continuous medium of high dielectric constant (ε0 = 80) while the solute is treated as a cavity
with low dielectric (εi= 4). Boundaries are linked to the solute’s molecular surface, which enclose the
solute’s atomic charges. The molecular electrostatic potential and reaction field around the solute are
solved by a finite difference method on a (235 x 235 x 235) cubic lattice grid for the complexes and
free enzyme and (65 x 65 x 65) grid for the free inhibitors, implementing the full Coulombic boundary
conditions. In both cases, two (02) subsequent focusing steps led to a similar final resolution of about
0.3 Å per grid unit at 70 % filling of the grid by the solute. Physiological ionic strength of 0.145 mol
dm−3, atomic partial charges and radii defined in the CFF91 parameter set [190] and a probe sphere
radius of 1.4 Å were used. In this implementation, the electrostatic component of the solvation Gibbs
free energy was calculated as the reaction field energy [250].

2.7 Calculation of the entropic term

For the drug discovery scientist, the term “thermodynamics” refers to the study of the heat change that
occurs when drug targets interact. Thus, entropy variation well knows to be among the physical laws
that govern drug-target binding. For example when the hydrophobic region of a drug interacts with a
hydrophobic region of a target, water molecules are freed and become less ordered ( As display in Fig.
2.5 ). This leads to an increase in entropy and a gain in binding energy. So the change of entropy is
probably a good indicator of the rearrangements undergone by the atoms or solvent (water) molecules
when a drug binds to its target. In the gas phase simulation, the vibrational entropy change which
occurs as the inhibitor binds to the enzyme was computed by normal mode analysis of the inhibitor
vibrations, by using a simplified method previously described by Fischer and co-workers [251, 252].
This approach involves the vibrational analyses of the inhibitor bound at the active site of a ‘frozen’
enzyme, while the low-energy conformers of the free inhibitor were are computed for fully minimised
structures. This was done using the Discover package [251] and the formula:
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T ∆Svib = T ∆Svib {I}FP3−T ∆Svib {I} (2.32)

The method has previously provided a good approximation of the vibrational entropy change of the
fully flexible system for small and relatively stiff ligands, i.e. including the degrees of freedom of the
protein receptor [29]. In this calculation, the T ∆Svib {I} term can explain vibrational motions of the
free inhibitor and the conformational flexibility of the molecule, i.e. low frequency vibrations, which
correspond to collective motions of atoms with larger amplitudes (conformational changes contribute
mostly to this term). The relative values of ∆∆T Svibwith respect to the reference inhibitor were used
to compensate partially for the restricted flexibility of the E. In this respect, the entropy term is also
recognized as an important factor for drug optimization, even though an enthalpy contribution to
binding affinity is known to be more essential [253].

2.8 Binding affinity calculations

It has been previously proven that the concentration of a competitive tight binding inhibitor that causes
50% reduction of the rate of catalytic substrate conversion (ICexp

50 ) of a reversible inhibitor depends
on the enzyme-inhibition constant Ki as follows:

ICexp
50 = Ki +

[S] .Ki

KM
+

[E]
2

(2.33)

where [S] and [E] are the substrate and active enzyme concentrations, respectively, while KM repre-
sents the Michaelis constant [254]. The ICexp

50 value can thus be predicted from the standard Gibbs
free energy change during the enzyme: inhibitor complex formation,

∆Gcomp =−RT lnKi (2.34)

assuming the following equilibrium in solution:

{FP3}aq +{I}aq↔{FP3 : I}aq (2.35)

Where {FP3}aq, {I}aq, and {FP3 : I}aq respectively indicate solvated enzyme (E), inhibitor and
their complex. The standard Gibbs free energy change of the reaction (1) can be derived by molecular
simulations of the complex and the free reactants E and I [255]:

∆Gcomp = G{FP3 : I}−G{FP3}−G{I} (2.36)
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In our the present work, the exact values of standard Gibbs free energies for larger systems such as
enzyme: inhibitor complexes have been approximated by the expression [256, 257]:

G{FP3 : I} ∼= [EMM {FP3 : I}+RT −T Svib {FP3 : I}+Gsol {FP3 : I}] (2.37)

Where EMM {FP3 : I} represents the molecular mechanics total energy of the complex (including
bonding and non-bonding contributions), Gsol {FP3 : I} is the solvation Gibbs free energy and T Strv {FP3 : I}
the entropic term:

T Strv {FP3 : I}= T Strans {FP3 : I}+T Srot {FP3 : I}+T Svib {FP3 : I} (2.38)

i.e., a sum of contributions arising from translational, rotationaland vibrational motions. When assum-
ing that the translational and rotational terms for the free enzyme and for the enzyme: inhibitor com-
plex are approximately equal T Strans {FP3 : I}≈ T Strans {FP3} and T Strv {FP3 : I}≈ T Strv {FP3},
we obtain:

∆Gcomp = ∆HMM +T Strans {I}+T Srot {I}−T ∆Svib +∆Gsol (2.39)

with
∆HMM = [EMM {FP3 : I}−EMM {FP3}−EMM {I}] (2.40)

T ∆Svib = [T Svib {FP3 : I}−T Svib {FP3}−T Svib {I}] (2.41)

∆Gsol = [Gsol {FP3 : I}−Gsol {FP3}−Gsol {I}] (2.42)

T Strans {I} and T Srot {I} describe the translational and rotational entropy terms of the free inhibitor
respectively and ∆T Svib represents the vibrational entropy change upon the complex formation. Com-
parison between different inhibitors was done via relative changes in the complexation Gibbs free en-
ergy with respect to a reference inhibitor, Ire f (PEP 1), assuming ideal gas behaviour for the rotational
and translational motions of the inhibitors:

∆∆Gcomp = ∆Gcomp (I)−∆Gcomp
(
Ire f
)
= ∆∆HMM−∆∆T Svib +∆∆Gsol (2.43)

The advantage of such an approach is that the evaluation of relative changes is preferable, since it
results in the partial cancellation of errors caused by the approximate nature of the MM method.
Additionally, addition solvent and entropic effects are included in the description.
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2.9 Quantitative correlation methods

Quantitative structure-activity relationships (QSAR) have been used for decades in the development
of relationships between physico-chemical properties of chemical substances and their biological ac-
tivities in order to obtain a reliable statistical model which is able to predict the activities of new
chemical compounds [258]. In terms of drug design, the structure here refers to the properties or
descriptors of the molecules, their substituents or interaction energy fields, function corresponds to an
experimental biological/biochemical endpoint like binding affinity, activity, toxicity or rate constants.
The fundamental principle underlying the formalism is that the difference in structural properties is
responsible for the variations in observed biological activities of the molecules. In the classical QSAR
studies, for example, affinities of ligands to their binding sites, inhibition constants, and other biolog-
ical parameters ( molecular properties s lipophilicity, polarizability, electronic and steric properties)
are often correlated. When some property other than the biological activity is concerned, the term
‘quantitative structure-property relationship’ (QSPR) is often used. However, the formalism (QSAR)
has only a limited utility for designing a new molecule due to the lack of consideration of the 3D
structure of the molecules. 3D-QSAR has emerged as a natural extension to the classical Hansch and
Free-Wilson approaches, which exploits the three-dimensional properties of the ligands to predict
their biological activities. It has served as a valuable predictive tool in drug design and discovery.
Although the trial and error factor involved in the development of a new drug cannot be ignored com-
pletely, 3D-QSAR certainly decreases the number of compounds to be synthesized by facilitating the
selection of the most promising candidates. In general, mostly all the QSAR methods focus on the
following goals:

.To quantitatively correlate and recapitulate the relationships between chemical structure and respec-
tive changes in biological activity in order to understand the chemical properties which are responsible
for biological activities of the compounds,

.To optimize the existing leads in order to improve their biological activities, and

.To predict the biological activities of untested and sometimes yet unavailable compounds.

2.10 Interaction energy calculations

Interaction energy values were computed using Discovery Studio 2.5 [259]. The MM interaction
energy (Eint) protocol available in this program computes the (non-bonded) van der Waals and elec-
trostatic interactions between enzyme residues and each inhibitor. The CFF force field [190] with
a dielectric constant of 4 was used during the calculations. The breakdown of Eint into active site
residues contributions reveals the significance of individual interactions and permits us to carry out a
comparative analysis. The approach leads to the identification of affinity values which would enhance
the prediction of favourable and unfavourable PEP substitutions.
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2.11 Pharmacophore (PH4) modeling

At the end of the XIXe siècle, Paul Ehrlich has developed the original concept of the pharmacophore
(PH4) [259]. At that time, it was known that certain “chemical groups” or functions in a molecule
were responsible for a biological effect, and molecules with similar effect had similar functions in
common. Schueler has coined much later the word pharmacophore in his 1960 book Chemobiody-
namics and Drug Design, and was defined as “a molecular framework that carries (phoros) the essen-
tial features responsible for a drug’s (pharmacon) biological activity [260]. Thus, the definition of a
PH4 was therefore no longer concerned with “chemical groups” but “patterns of abstract features.”
Since 1997, a PH4 has been defined by the International Union of Pure and Applied Chemistry as fol-
lowing: A PH4 is the ensemble of steric and electronic features that is necessary to ensure the optimal
supramolecular interactions with a specific biological target and to trigger (or block) it’s biological
response [261]. The PH4 must be considered as the largest common denominator of the molecular
interaction features shared by a set of active molecules. Thus a pharmacophore does not represent
a real molecule or a set of chemical groups but is an abstract concept. Often the long definition is
simplified as follow “A pharmacophore is the pattern of features of a molecule that is responsible
for a biological effect,” This means that a pharmacophore is built from features rather than defined
chemical groups.

A pharmacophore is often regarded as a set of features arranged in 3D space which are essential for
a molecule to have in order to exert a certain biological activity. The perception of a pharmacophore
is often an essential step towards understanding the interaction between a ligand and its receptor. The
PH4 concept is based on the assumption that a set of structural features in a molecule is recognised
at the receptor site and is responsible for the molecule’s biological activity. Bound conformations
of inhibitors taken from E:I complexes were used to construct 3D-QSAR pharmacophore models
using Catalyst HypoGen algorithm implemented in DS 2.5 [259]. This consisted in building a top
scoring pharmacophore hypothesis from the most active inhibitor. Three stages (construction, sub-
traction and optimisation) are involved, meanwhile the inactive ones were used to define the exclusion
volume. A maximum number of five features were selected according to the PEP scaffold and sub-
stituents, i.e. hydrophobic aliphatic (HYd), hydrophobic aromatic (HYdAr), hydrogen-bond acceptor
(HBA) hydrogen-bond donor (HBD) and ring aromatic (Ar). As per the adjustable parameters in
the HypoGen protocol, all were kept by default excepting for the uncertainty on the activity and the
minimum inter-feature distance, which were set to 1.6 and 1.25 Å, respectively. These parameters
were carefully chosen in order to bring the uncertainty interval of experimental activity from a wide
span

[
IC50

3 ,3× IC50

]
to a relatively narrow one

[
4×IC50

5 ,5× IC50
4

]
.This is important because the ac-

curacy and homogeneity of the measured inhibitory activities based on the fact that the experimental
biological activities were derived from the same laboratory must be taken into account [221]. Dur-
ing the generation of 10 pharmacophores, 0 was set as the number of missing features and the best
pharmacophore models were selected.
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2.12 ADME-related properties

In the past, many clinical candidates failed during development. The reasons for failure are now
much better understood. The author of this contribution, Chris Lipinski, was among the first to point
out that drugs typically have physicochemical and structural properties within certain ranges. Drug
metabolism and pharmacokinetic (DMPK) assessment has come to occupy today an important place
during the early stages of drug discovery. Computer-based methods are gradually gaining ground in
this area and are often used as an initial tool to eliminate compounds likely to present uninteresting
pharmacokinetic profiles and unacceptable levels of toxicity from the list of potential drug candi-
dates, hence cutting down the cost of discovery of a drug. A typical drug discovery workflow, which
involves CADD, combined with early stage in silico DMPK assessment methods is. Note that design-
ing “drug-like” molecules having interesting pharmacokinetic properties is an important paradigm in
drug discovery programs [262]. This involved the search for lead compounds which can be easily
orally absorbed, easily transported to their desired receptor, but not easily attacked by metabolising
enzymes so as to form toxic metabolic products before reaching the targeted site of action and easily
eliminated from the body before accumulating in sufficient amounts that may produce adverse side
effects. The ensemble of the above properties is often referred to as ADME (absorption, distribu-
tion, metabolism and elimination) properties, or better still ADMET, ADME/T or ADMETox (i.e.,
if toxicity criteria are also taken into consideration). Computer-based in silico methods for the pre-
diction of ADMET profiles of drug leads at early stages of drug discovery are increasingly gaining
ground [263-265]. This could be explained by the relative cost advantage added to the time factor
when compared to standard experimental approaches for ADMET profiling [264, 265]. As an ex-
ample, it takes a minute in an in silico model to screen 20,000 molecules but takes 20 weeks in the
“wet” laboratory to do the same exercise [262]. Due to the accumulated ADMET data in the late
1990s, many pharmaceutical companies are now using computational models that, in some cases, are
replacing the “wet” screens [262]. This paradigm shift has, therefore, stimulated the development
of several theoretical methods for the prediction of ADMET parameters. Several theoretical meth-
ods for the determination of ADMET parameters have been developed and implemented in a number
of currently available softwares for drug discovery protocols [266-268], even though predictions are
sometimes disappointing [268]. Such software often make use of quantitative structure-activity rela-
tionships (QSAR) [267, 268] or knowledge-base methods [269]. The goal has been to considerably
cut down on the currently very high cost of discovery of a drug [270]. A promising lead is often
defined as a compound which combines potency with an admirable ADMET profile. So, compounds
with unfavourably predicted pharmacokinetic profiles are either completely dismissed from the list of
potential drug candidates (even if they prove to be highly potent) or the DMPK properties are “fine-
tuned” in order to improve their chances of making it to clinical trials [270]. This explains why the
“graveyard” of very highly potent compounds which do not make it to clinical trials keeps filling up,
to the extent that the process of drug discovery often presents the challenge of either resorting to new
leads or “resurrecting” some buried leads with the view of “fine-tuning” their ADMET profiles.

Properties that determine the pharmacokinetics profile of a compound, besides octanol/water par-

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 69 Boris D BEKONO©2018



Materials and Methods

titioning coefficient, aqueous solubility, blood/brain partition coefficient, Caco-2 cell permeability,
serum protein binding, number of likely metabolic reactions and eighteen more descriptors related to
adsorption, distribution, metabolism and excretion (ADME properties) of the inhibitors were com-
puted by the QikProp program [271] based on the methods of Jorgensen [272, 273]. According to
those methods, experimental results of more than 710 compounds among which about 500 drugs
and related heterocycles were correlated with computed physico-chemical descriptors resulting in
an accurate prediction of molecule’s pharmacokinetic profile. Drug likeness (#stars) the number of
property descriptors that fall outside the range of values determined for 95 % of known drugs out
of 24 selected descriptors computed by the QikProp [271], was used as an additional ADME-related
compound selection criterion.

2.13 Generation of the virtual library

Molecular models of new analogues were generated using the Molecular Operating Environment
(MOE) program [274]. This was carried out by attaching the R-groups (fragments, building blocks)
onto the PEP scaffolds using the Quasar CombiDesign module of MOE program. Chemical reagents
considered in this study were taken from the directories of chemicals available from the commercial
suppliers of chemicals [275]. Each analogue was built as a neutral molecule in MOE program [274]
and its molecular geometry was refined by MM optimization, implemented in the Discovery Studio
2.5 [259] smart minimizer. Convergence criteria (energy difference of 10−4 kcal mol−1, R.M. S.
displacement of 10−5 Å) and a dielectric constant of 4 using class II consistent force field CFF [259]
as described in Molecular Mechanics section.

2.14 ADME-based library focusing

The library focusing strategy based on ADME-related properties and the pharmacophore-based li-
brary focusing procedure was previously described [231]. Twenty four pharmacokinetic molecular
descriptors available in QikProp [271], which characterize a wide spectrum of molecular properties
as described in section 2.12. such as molecular mass, total solvent-accessible molecular surface,
hydrophobic portion of the solvent-accessible molecular surface, total volume of molecule enclosed
by solvent-accessible molecular surface, number of non-trivial non-hindered rotatable bonds, esti-
mated number of hydrogen bonds that would be donated by the solute to water molecules in an
aqueous solution, estimated number of hydrogen bonds that would be accepted by the solute from
water molecules, logarithm of partitioning coefficient between n-octanol and water phases, logarithm
of predicted aqueous solubility, logarithm of predicted binding constant to human serum albumin,
logarithm of predicted brain/blood partition coefficient, apparent Caco-2 cell membrane permeability
in Boehringer-Ingelheim scale, number of likely metabolic reactions, percentage of human oral ab-
sorption in gastrointestinal tract, etc. Optimum ranges of the 24 descriptors were defined in terms of
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upper and lower bounds, and average values according to QikProp [272]. Drug likeness was used as
ADME-related compound selection criterion.

2.15 Pharmacophore-based library focusing

The pharmacophore models (PH4) previously describe was derived from the bound conformations
of PEPs at the active site of FP3. The enumerated and ADME-focused virtual library was further
focused by using the ligand pharmacophore mapping protocol available of Discovery Studio [259].
Within this protocol, each generated conformer of the analogues was geometry optimized by means
of the CFF forcefield for a maximum of 500 energy minimization steps and subsequently aligned and
mapped to the PH4 model in order to select the top ranking overlaps. Twenty best fitting conformers
were saved and clustered into ten conformational families according to their mutual r.m.s. deviations
by means of Jarvis-Patrick complete linkage clustering method [276]. The best representative of each
cluster was considered in the virtual screening of analogues.

2.16 In silico screening

The conformer with the best mapping on PH4 pharmacophore in each cluster was selected for virtual
screening using the complexation QSAR model. For each E:I complex, the relative complexation
Gibbs free energy ∆∆Gcomp, was calculated. This was then used to compute the predicted activities
pICpre

50 of each of the newly designed analogues against FP-3. The predicted ICpre
50 values were then

calculated using the formular:

ICpre
50 = 10−pICpre

50 (FP3) (2.44)
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CHAPTER THREE

RESULTS AND DISCUSSION

Our aim was to design low nanomolar antimalarial agents, peptidomimetics (PEP) inhibitors, which
inhibit cysteine protease falcipain-3 protein of Plasmodium falciparum (Pf ). Three-dimensional (3D)
models of FP3-PEP complexes for training sets of published PEP analogues with known in vitro

biological activities (ICexp
50 ) have been prepared by in situ modification of the crystal structure of

Pf FP3 inhibited by K11017 (Protein Data Bank entry 3BWK [30]). Molecular mechanics, confor-
mational searching and implicit solvation model have been used to compute Gibbs free energies of
inhibitor-FP3 receptor complex formation. A Quantitative structure-activity relationships (QSAR)
model has been built leading to a linear correlation between the calculated free energies of com-
plexation (∆∆Gcomp) and in vitro biological activities: pICexp

50 = log10 ICexp
50 =−0.8037×∆∆Gcomp+

4.0009; R2 = 0.95). The obtained complexation model could explain about 95% of the FP-3 in-
hibition. In addition, ligand-based quantitative pharmacophore model (PH4) was built from bound
conformations of the training set compounds and confirmed the correlation between molecular mod-
els and observed in vitro biological activities pICexp

50 = − log10 ICexp
50 = 0.9958× pICpre

50 + 0.0219;
R2 = 0.95). Structural information obtained from the both model guided us in designing virtual
combinatorial libraries of novel PEP analogues. Comparative analysis of the active site interactions
directed us in the selection of building blocks used in the libraries. The initial virtual library was fo-
cused by means of computationally predicted oral bioavailability (ADME profile) and subsequently in

silico screened with the PH4 pharmacophore models to identify new PEP inhibitor candidates. Their
inhibitory activities predicted by the QSAR model fall into the low nanomolar concentration range.
The best inhibitor reached a predicted of 0.003M.

3.1 Selection of training and validation (or test) data sets

A data set of ten (10) FP-3 inhibitors with a broad range of in vitro activities, obtained from ( ICexp
50 )

the same laboratory, with a sufficiently broad range of activities (60 – 47230 nM) [221] were used
to generate a 3D-QSAR model. This was divided into a training set of eight (08) analogues (PEP1−8

) used to build the QSAR model and a validation (or test) set of two (02) analogues for evaluating
the model. Table 3.1 give a summary of the in vitro activities (in ICexp

50 values against FP-3) of the
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selected PEP analogues used in this study. Their chemical structures are provided in the Materials
and Methods chapter. The ICexp

50 is the inhibitory concentration that causes 50% decrease in the rate
of substrate conversion by the enzyme, measured in the enzyme inhibition assay [221]:

ICexp
50 = Ki +

[S] .Ki

KM
+

[E]
2

(3.1)

where [S] and [E] are the substrate and active enzyme concentrations and KM the Michaelis constant
[254].

Comparison of ICexp
50 s let observe that PEP2 and related compounds (PEP3 and PEP4) may serve as

a promising direction forward to the design of potent inhibitors of FP-3 to be used as leads for the
effective treatment of resistant forms of malaria.

Table 3.1: In vitro Biological Activities of data set of PEP inhibitors obtained from the literature.

Inibitora Mwb(g. mol−1) ICexp
50

c,d(nM)

PEP 1 (ref) 482 36360
PEP 2 440 60
PEP 3 574 520
PEP 4 498 3560
PEP 5 450 20180
PEP 6 438 23900
PEP 7 466 47230
PEP 8 488 11910
PEP 9 452 540

PEP 10 470 8220

aSee Fig 3.2. chapter 3 for chemical structures of inhibitors,bMolar weight of PEP analogues, cThis is ICexp
50 expressed in

nanomolar concentration, dFor potencies of PEP analogues against FP-3, Ref. [221] is referred.

3.2 Data set and complexation model

3.2.1 Energies of the protein-ligand complexes

The lowest energy structures for the protein-ligand complexes obtained using the procedure earlier
described in chapter 3 by torsion drives were retained. The same physical quantities were calculated
as previously. These are presented in Table 3.2.
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3.2.2 Energy of free ligands

In the complexation model proposed within this study a conformational analysis of the free ligands
was carried out. The enthalpy (∆HMM ), the entropy factor (T Svib ) and the solvation energy (Gsol )
were each calculated for the series of 10 ligands studied [221]. The search for stable conformations
was carried out using a Molecular dynamic and Monte Carlo search at 5000 K (see detailed description
in chapter 2). This generated 200 different conformations, corresponding to different energies. Figure
3.1, for example, displays 200 conformations obtained by MD simulation of the most active ligand.

Figure 3.1: 200 snapshots obtained during the molecular dynamics simulation of the most active
ligand.

The lowest energy (most stable) conformations were selected and further minimized by molecular
mechanics method using the suitable forcefield. The results from energy calculations of the free
ligands were then used in the complexation model for FP-3. These values are presented in Table3.3
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3.2.3 Complexation energies of the protein-ligand complexes

The relative Gibbs free energy change related to the enzyme-inhibitor complex formation was deter-
mined using the following relation (equation 3.2):

∆∆Gcomp = ∆∆HMM +∆∆Gsol−∆∆T Svib (3.2)

where ∆∆HMM (∆∆EMMor ) is the relative enthalpic contribution to the Gibbs free energy change
related to the intermolecular interactions in the enzyme-inhibitor complex derived by molecular me-
chanics, i.e., the difference between the interaction energy ( EMM) of each complex within the series
and that of the reference complex

{
FP3 : Ire f

}
, expressed in equation 3.3. Ire f is the reference in-

hibitor PEP 1.

∆∆HMM =
[
HMM

{
FP3 : Ire f

}
−HMM {Ix}

]
−
[
HMM

{
FP3 : Ire f

}
−HMM

{
Ire f
}]

(3.3)

∆∆Gsol is the relative solvation Gibbs free energy contribution to the Gibbs free energy of the enzyme-
inhibitor complex formation, i.e., the difference between the solvation energy (Gsol ) of each complex
within the series and that of the reference complex (equation 3.4):

∆∆Gsol =
[
Gsol

{
FP3 : Ire f

}
−Gsol {Ix}

]
−
[
Gsol

{
FP3 : Ire f

}
−Gsol

{
Ire f
}]

(3.4)

and −∆∆T Svib is the relative entropic contribution of the inhibitor to the Gibbs free energy related to
the enzyme-inhibitor complex, i.e., the difference between the entropy term (∆T Svib) of each ligand
within the series and that of the reference ligand (equation 3.5):

−∆∆T Svib =
[
T Svib

{
FP3 : Ire f

}
−T Svib {Ix}

]
−
[
T Svib

{
FP3 : Ire f

}
−Gsol

{
Ire f
}]

(3.5)

The results presented in Table 3.4:
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3.2.4 Selection of training and validation (or test) data sets

A data set of FP-3 inhibitors (ten inhibitors 10) with measured in vitro biological activities (ICexp
50 and

pICexp
50 = −log10ICexp

50 ) values obtained from the same laboratory [221] was used to generate a 3D-
QSAR model. The dataset was divided into a training set of eight (08) molecules for generating the
subsequent QSAR models and a test set of two (02) molecules for evaluating the predictive quality of
the models. Table 3.1 depicts ICexp

50 values of the data set while Fig 3.2 depicts several representative
skeletons of the data set. By comparison of ICexp

50s of PEP derivatives against FP-3, it is observed that
PEP2 and related compounds (PEP3 and PEP4) may serve as a promising direction forward in the
design of potent inhibitors of FP-3 that will be used as drugs for the effective treatment of resistant
forms of malaria.

3.3 Correlation curve including 8 ligands of training set

A plot of pICexp
50 against ∆∆Gcomp (Figure 3.2) reveals that 94.71% of the activities of all the 8 PEP

derivaties against FP-3 could be explained by the complexation model (a squared correlation coeffi-
cient, R2= 0.95). The most active inhibitor (PEP 2, pICexp

50 = 7.22) and the least active inhibitor (PEP 1,
pICexp

50 = 4.33) against FP-3 at the two extremes of the best fit straight line. The following statistically
significant correlation equation was obtained (equation 3.6):

pICexp
50 = log10ICexp

50 =−0.8037×∆∆Gcomp +4.0009 (3.6)

3.4 Validation of QSAR model

The reason behind any QSAR study is to obtain a model with the highest predictive and generalization
abilities. The QSAR model obtain was validated both internally and externally. Internal validation
was used to verify the robustness of the model, while external validation was used to determine its
predictivity.

3.4.1 Internal validation by leave-one-out (LOO) method

One compound in the training set was left out at a time and its biological activity was then calculated
(or predicted) using the QSAR model derived from the biological activity of the 7 other molecules.
The theoretically predicted activities (pICpre

50 ) of each of the 8 molecules obtained by the LOO method
were then compared with the experimental activities (Table 3.5). A correlation plot of the experimen-
tally measured activities, pICexp

50 (on the y-axis) against pICpre
50 (on the x-axis), was then obtained
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Figure 3.2: A plot of the correlation equation between pICexp
50 and relative complexation Gibbs free energies

of the 8 training set of FP-3 inhibitors ∆∆Gcomp

(Fig 3.3). The cross validated correlation coefficient R2
xv value of 0.90, which indicates that a major

portion (about 90 %) of the variance of the training set data was well described by this QSAR model.

The SDEP (standard deviation of error prediction, s) was also calculated from the experimentally
observed and theoretically predicted potencies of each compound.

where n is the number of compounds in the dataset (n = 8). This gave us the following linear relation-
ship between the experimentally observed and theoretically predicted potencies as (shown in Figure
3.3):

pICexp
50 =− log10 ICexp

50 =−0.8037×∆∆Gcomp +4.0009, n = 8, R2
xv= 0.90, s = 0.24

The cross validation correlation coefficient obtained (0.90) is high. This reflected the high positive
gradient of this curve. Moreover low SDEP (0.24) indicate that there is a true correlation between the
experimental and predicted potencies.
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Figure 3.3: Internal validation of QSAR model and calculation of cross validation coefficient ( ).
Outlier (PEP 1) is highlighted in blue.

3.4.1.1 Comparison between theoretical and experimental activities

The ratio of pICpred
50

pICexp
50

is close to 1 for all the molecules in the training set (Table 3.5). Concerning the

ratio of ICpred
50

ICexp
50

, only the values corresponding to PEP 1 and PEP 4 are quite far from 1. The rest of the
values are close to 1 (practically along the regression line). However, we can note that PEP 1 is the
almost least active compound within this dataset, which could explain the abnormality. However the
residual values (pICpred

50 − pICexp
50 ) of -0.34 corresponding to PEP 1 is < 0.40 in absolute value, which

is a good indicator that this model is acceptable.
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Noted that the correlation coefficient R is a measure of quality of fit of the model. It constitutes the
variance in the data. The ideal situation correspond the correlation coefficient is equal to or approach
1. But in reality because of the complexity of biological data, any value above 0.90 (corresponding to
R2 = 0.81) is adequate. The standard deviation is an absolute measure of the quality of fit. In an ideal
situation, s should approach zero, but in experimental situations, this is not so. It should be small but
it cannot have a value lower than the standard deviation of the experimental data. The magnitude of
s may be attributed to some experimental error in the data as well as imperfections in the biological
model. Generally, a larger dataset and a smaller number of variables lead to lower values of s. The
F value is usually used as a measure of the level of statistical significance of the regression model.
Thereby, the above model was further validated by calculation of the F-statistic. This was calculated
from the value of R2, the number of data points (or degrees of freedom) in the training set and the
number of variables used to build the QSAR model.

F-statistic of 120.7 for a level of the statistical significance α > 95%, signifying that the probability
of having a chance correlation1 is < 0.128. When one has a larger value of F, this implies that a
more significant correlation has been reached. Table 3.6 gives a summary of the statistical data of the
model.

Table 3.6: Statistical information of correlation between computed ∆∆Gcomp of training set inhibitors
and their experimental activities ICexp

50 against FP-3.

pICexp
50 = log10ICexp

50 =−0.8037×∆∆Gcomp +4.0009
Statistical data of linear regression:

Number of compounds n 8
Squared correlation coefficient of regression R2 0.95

Leave-one-out cross-validated squared correlation Coefficient R2
xv 0.88

Standard error of the regression σ 0.24
Statistical significance of regression, Fisher F-test 120.7

Level of statistical significance α >95%
Range of activities of ICexp

50 (nM) 60–47230

3.4.1.2 External validation by using a test set

In addition to internal validation, the quality of the complexation model was confirmed by predicting
the FP-3 inhibitory activities for a validation (or test) set of 2 randomnly selected PEP analogues
PEP9 and PEP10 (not included into the training set) with known ICexp

50 values (Table 3.7). The ratio
of the predicted activities derived from equation 3.6 obtained from the QSAR model of a training set

of 8 analogues and observed activities ( both pICpred
50

pICexp
50

and ICpred
50

ICexp
50

, see Table 3.5), which yielded values
close to 1, confirmed the predictive power of the QSAR model. The training and validation sets used
[221] display some change at the position P1’ and P2. However, the validated model could be used to

1This was verified from the Student-Fischer statistics distribution table
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predict the activities of PEP analogues against FP-3, provided that these ones bind to the FP-3 active
site in the same way as PEP2.

Table 3.7: Training and Validation Sets of PEP derivatives used in the QSAR Model of FP-3 Inhibition
and in the Validated Complexation Model[221].

Training Seta pICexp
50 ICexp

50 [µM]
PEP 1 4.44 36.36
PEP 2 7.22 0.06
PEP 3 6.28 0.52
PEP 4 5.45 3.56
PEP 5 4.70 20.18
PEP 6 4.62 23.90
PEP 7 4.33 47.23
PEP 8 4.92 11.91

Validation Set a pICexp
50 ICexp

50
PEP 9 6.27 0.54
PEP 10 5.09 8.22

aSee Fig 3.2. chapter 2 for chemical structures of training and validation, pICpred
50 and experimental

ICexp
50 . For experimental data ( ICexp

50 ), see Ref [221] and Table 3.1.

3.5 Binding mode of inhibitors of training set

The binding mode and the Connolly surface of the best active PEP2 coming from the complexation
model are illustrated in 3D and 2D depiction in Figure 3.4 and 3.6 . The main interactions with the
active site residues namely the H-Bond with the catalytic residue Cys51 are in line with docking study
and WaterMap calculations [221] which, unfortunately, did not provide any statistical correlation
between binding affinity and activity (results not shown). The bound conformation of PEP shed light
on the structural features for binding affinity, which are vital for the design of novel potent non-
peptidic FP-3 inhibitors by exploiting the S1’ to S2 pockets.

In Figure 3.6, the binding site surface is colored according to residue hydrophobicity: red -hydrophobic,
blue -hydrophilic and white – intermediate.

3.6 Interaction energy calculations

In order to check if other interesting interactions not displayed have to be taken account in the de-
scription of PEP binding mode at FP-3 active site for the rational design of new analogues, interaction
energy (IE) between some active site residue of FP-3 (S2) and PEPx (P2) was computed.
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Figure 3.4: Enzyme-ligand interactions at the active site of FP-3 depicted in 3D for the most active
PEP2.

Table 3.8: Interaction energy between some active site residue of FP-3 (S2) and PEPx (P2).

inibitor ser 158 pro 181 asn 182 his 183 ala 184 glu- 245 total ie (kcal.mol−1) pICexp
50

pep 1 -1.00 -1.01 -1.50 -1.56 -0.87 -0.99 -6.94 4.44
pep 2 -0.94 -1.18 -1.75 -2.97 -1.34 -1.31 -9.50 7.22
pep 3 -0.99 -1.06 -2.06 -2.76 -1.45 -1.00 -9.32 6.28
pep 4 -0.95 -1.60 -1.77 -2.13 -1.37 -1.02 -8.83 5.45
pep 5 -1.68 -1.24 -0.88 -0.13 -0.56 -0.42 -4.92 4.70
pep 6 -1.19 -1.18 -1.60 -1.37 -1.32 -0.81 -7.48 4.62
pep 7 -1.20 -1.23 -1.68 -1.10 -1.24 -0.96 -7.41 4.33
pep 8 -1.33 -2.03 -1.08 -1.52 -1.01 -1.02 -7.99 4.92

The breakdown of IE diagram into some active sub-site residues S2 contribution of FP-3 for PEPs,
displayed in Fig 3.7, indicate the particular behavior of P2. Also, Table 3.8 show that the most
active inhibitor PEP2 interacts more with residues from sub-site S2 (IE= -9.50 kcal.mol−1) than other
inhibitors. The particular contribution of His 183 to IE for the most active compound PEP2 is observe.
This contribution of His 183 to IE at the P2 position of PEPs listen in Table3.9 can be correlated with
the observed activity of the training set inhibitors as shown in Fig 3.8.
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Figure 3.5: 2D schematic interaction diagram of the most potent inhibitorPEP2 at the active site of
PfFP3.

Table 3.9: Interaction energy between P1 chains and HIS183 residues.

Inibitor HIS 183 (Eint) 4Eint pICexp
50

PEP 1 -1.56 0.00 4.44
PEP 2 -2.97 1.43 7.22
PEP 3 -2.76 0.19 6.28
PEP 4 -2.13 0.46 5.45
PEP 5 -0.13 0.04 4.70
PEP 6 -1.37 -1.41 4.62
PEP 7 -1.10 -1.20 4.33
PEP 8 -1.52 -0.57 4.92

Moreover, the breakdown of IE diagram into each S1’ pocket residues contribution of FP-3 for PEPs,
as displayed in Fig 3.9 shows that TPR 215 is mostly involved in the contribution of IE of the two
most active compounds PEP2 and PEP3, and that ASN 213 residue is most involved in IE with PEP 2
the most active compound than the others residues in S1’ pocket. We have focused on the S1’ and S2
subsites because substitutions were made in P1’and P2 during the original SAR performed by Weldon
et al [221] (see Fig 3.2).

The above results suppose that it is important to design molecules capable to interact with His 183 at
S2 and interact with TPR215 in S1’.

It was observed that the IE diagrams analysis could not significantly guide the choice of the R-groups
in S1’ and S2 subsites, when compared with the case for the design of thymine-like inhibitors of
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Figure 3.6: Connolly surface of the active site of PfFP-3 with the most potent inhibitor PEP2. The
binding site surface is colored according to residue hydrophobicity: red -hydrophobic, blue - hy-
drophilic and white – intermediate.

thymidine monophosphate kinase [275]. It would rather be suggested that a large and diverse combi-
natorial virtual library (VL) of PEPs be built and screened with our FP-3 inhibition 3D PH4, based on
the complexation one descriptor QSAR model. A successful case study was in the design pyrrolidine
carboxamide inhibitors of Mycobacterium tuberculosis InhA [231].

3.7 Ligand-based 3D-QSAR PH4 model of FP3 inhibition

In order to build 3D-QSAR pharmacophore based on Catalyst HypoGen algorithm implemented in
DS 2.5 [259], the active conformations of inhibitors taken from E:I complexes have been used. Fig:
3.10 shows the active conformations of these inhibitors in the active site of FP-3.

The 3D-QSAR PH4 pharmacophore generation process follows three main steps namely: the con-
structive, the subtractive and the optimization steps [259]. The constructive phase of HypoGen has
automatically selected the most active compounds for which ICexp

50 ≤ 1.6× 60 nM as leads. Thus,

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 87 Boris D BEKONO©2018



Results and Discussion

Figure 3.7: Breakdown of FP3-PEP interaction energy into each active site residue contribution at
S2 pocket.

only the most active compound PEP2 (ICexp
50 = 60 nM) was used to generate the starting PH4 fea-

tures. Only those features were retained which matched this lead. In the subtractive phase, which
is normally used to remove pharmacophoric features present in poorly active molecules, none of the
training set compounds were found inactive (ICexp

50 > 60×103.5 = 189736.7). During the optimization
phase, the score of the pharmacophoric hypothesis is improved. Hypotheses are scored according to
errors in activity estimates from regression and complexity via a simulated annealing approach. At the
end of the optimization, the top scoring 10 unique pharmacophoric hypotheses (see Table 3.10) were
kept, all displaying four features. The generated pharmacophore models were then assessed for their
reliability based on the calculated cost parameters. The overall costs ranged from 37.97 (Hypo1) to
38.94 (Hypo10). The relatively small gap between the highest and lowest cost parameter corresponds
well with the homogeneity of the generated hypotheses and the consistency of the training set.

Table 3.10: Output parameters of the 10 generated PH4 pharmacophoric hypotheses for FP-3 in-
hibitors after CatScramble validation procedure.

Hypothesis RMSDa R2b Total costsc

Hypo 1 1.024 0.978 37.97
Hypo 2 1.050 0.977 38.15
Hypo 3 1.033 0.975 38.21
Hypo 4 0.994 0.977 38.32
Hypo 5 1.053 0.974 38.54
Hypo 6 1.065 0.973 38.56
Hypo 7 1.075 0.973 38.63
Hypo 8 1.013 0.976 38.67
Hypo 9 1.102 0.972 38.92

Hypo 10 1.098 0.971 38.94
Fixed Cost 0.0 1 33.76
Null Cost 4.685 0.0 107.93

aroot mean square deviation; bcorrelation coefficient; coverallcost parameter of the PH4
pharmacophore.
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Figure 3.8: Plot of correlation between pICexp
50 and P2, His 183 contribution to the intermolecular

interaction energy of PfFP3-PEPs.

For this PH4 model, the fixed cost (33.76) is lower than the null cost (107.92) by a difference ∆ =
74.17. This difference is a major quality indicator of the PH4 predictability (∆>70 correspond to an
excellent chance or a probability higher than 90% that the model represents a true correlation [259]).
To be statistically significant the hypotheses have to be as close as possible to the fixed cost and as far
as possible from the null cost. The difference ∆ ≥ 70.03 for the set of 10 hypotheses confirm the high
quality of the pharmacophore model.

The standard indicators such as the root-mean-square deviations (RMSD) between the hypotheses
ranged from 1.024 to 1.098 and the squared correlation coefficient (R2) falls to an interval from 0.978
to 0.971. The first PH4 hypothesis with the best RMSD and R2 was retained for further analysis. The
statistical data for the set of hypotheses (costs, RMSD, R2) are listed in Table 3.10. The geometry of
the Hypo1 pharmacophore of FP-3 inhibition is displayed in Fig. 3.11. Table 3.12 list the regression
equation for pICexp

50 vs pICpred
50 estimated from Hypo1 pICexp

50 =−log10
(
ICexp

50

)
= 0.9958× pICpred

50 +

0.0219. The regression equation coefficient is close to one indicating that the ratio of predicted and

observed activities
(

pICpred
50

pICexp
50

)
for the training set is relatively close to one (Table 3.11). Moreover,

the statistical data in Table 3.12 such as R2, R2
xv, greater than 0.9 and a significance Fisher F-test

108.41 document substantial predictive power of this regression for the best PH4 model. Fig. 3.12
display a plot of estimated and experimental activity for PH4 (pICexp

50 vs pICest
50 ). Also, to check the

consistency of the generated pharmacophore model we have computed the ratio of predicted and

observed activities
(

pICpred
50

pICexp
50

)
for the validation set. The computed ratios are as follows: PEP9: 0.95;

PEP10: 1.10 all of them relatively close to one, which documents substantial predictive power of the
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Figure 3.9: Breakdown of FP3-PEP interaction energy into each active site residue contribution at
S1’ pocket.

Figure 3.10: Bound conformations of inhibitors taken from E:I complexes

regression for the best PH4 model.
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Figure 3.11: Coordinates (A,B) of the Hypo1 pharmacophore of FP-3 inhibition, (C) features of the
pharmacophore of FP-3 inhibition, (D) pharmacophore mapping with PEP2 (with blue carbons) and
PEP7 (with yellow carbons). Color legend of features: hydrophobic (blue), acceptor (green), donor
(purple).
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Figure 3.12: Plot of estimated and experimental activity for PH4.

Table 3.11: Computed the ratio of predicted and observed activities ( pICpred
50

pICexp
50

) for the training set.

Inhibitor (I) pICexp
50 pICpred

50
pICpred

50
pICexp

50

PEP 1 4.44 4.47 1.01
PEP 2 7.22 7.19 0.99
PEP 3 6.28 5.96 0.95
PEP 4 5.45 5.87 1.08
PEP 5 4.70 4.52 0.96
PEP 6 4.62 4.51 0.98
PEP 7 4.33 4.46 1.03
PEP 8 4.92 4.98 1.01

Table 3.12: Statistical data on regression analysis of correlation for the training set between PH4
predicted activity (pICexp

50 vspICpred
50 ) and experimental one (pICexp

50 ) against FP-3.

pICexp
50 = log10ICexp

50 = 0.9958× pICpred
50 +0.0219

Statistical data of linear regression:
Number of compounds n 8

Squared correlation coefficient of regression R2 0.95
Leave-one-out cross-validated squared correlation Coefficient R2

xv 0.91
Standard error of the regression σ 0.25

Statistical significance of regression, Fisher F-test 108.41
Level of statistical significance α >95%
Range of activities of ICexp

50 (nM) 60–47230
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3.8 Library design and ADME focusing

In order to identify more potent orally bioavailable Pf FP-3 inhibitors, We have built a virtual library of
new analogues inhibitors of Pf FP-3 based on substitutions at two positions (P1’, and P2) of a scaffold
of a lead compound PEP2 in order to better fit S1’ and S1 pockets. This virtual library was built to
identifying more potent orally bioavailable Pf FP-3 inhibitors. The 35 R-groups listed in Fig. 3.13
have been attached in positions R1 to R5 of the appropriate scaffold to form a combinatorial library of
the size: R1 X R2 X R3 X R4 X R5 = 35 X 35 X 35 X 35 X 35= 52,521,875 PEPA. It should be noted
that one of the important criteria for the design of new anti-malarials, is their oral bioavailability.
Thus in the goal to design a more focused library of a reduced size and increased content of drug-like
and orally bioavailable molecules, we have introduced a set of filters and penalties, which can help
to select smaller number of suitable PEPs which can undergo in silico screening. The initial virtual
library has been then filtered in an ADME-based focusing step to remove compounds with expected
poor oral bioavailability and low drug likeness. Only compounds not violating any rule of Lipinski’s
[277] computed for the entire virtual library using QikProp software [271], were kept. This focusing
has reduced the size of the initial library to 125,887 PEPA less than 5% its original number size.

3.9 Screening PEPs virtual library using the obtained in silico
model

The library of PEP analogues has been further screened for molecular structures matching to the 3D-
QSAR PH4 pharmacophore model Hypo1 of FP-3 inhibition. From the set of 125,887 analogues,
few thousands of PEPAs mapped to at least 2 features, 592 of which mapped to 4 features of the
pharmacophore. Out of then, only 80 best fitting analogues (PH4 hits) have been retained and sub-
mitted to screening with help of the complexation QSAR model. Their Gibbs free energy (GFE)
upon complex formation with Pf FP-3 has been computed along with its component and their pre-
dicted half-maximal inhibitory concentration ICpred

50 has been estimated with the correlation equation
(pICexp

50 = log10 ICexp
50 =−0.8037×∆∆Gcomp+4.0009). The results obtain are given in Table 3.13. Of

the 80 analogues whose inhibitory activities were predicted in Table 7, 30 showed better activities than
the most active compound of the training set among them three showed even more activity PEP-2-1-
1-16-2 ICpred

50 = 0.004 nM, PEP-2-1-12-21-30 ICpred
50 = 0.04 nM and PEP-2-1-30-7-2 ICpred

50 = 0.003
nM.
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Figure 3.13: R-groups (fragments, building blocks, substituents) used in the design of the initial
diversity library of PEP analogues. Dashed bonds indicate the attachment points of the fragments.

Table 3.13: Molar masses, complexation Gibbs free energies and their components for the top 80
scoring virtually designed analogues.

Analog a Mw
(g.mol−1)

b ∆∆HMM
(kcal.mol−1)

c ∆∆Gsol
(kcal.mol−1)

d ∆∆T Svib
(kcal.mol−1)

e ∆∆Gcomp
(kcal.mol−1)

f pIC50
(nM)

g

PEP 1 482 0 0 0 0 - 47230
12-1-6-16-30 485 -2.52 2.20 2.93 3.25 242.01
12-1-1-16-30 471 -2.01 0.89 2.93 -4.05 55.76
30-6-1-16-29 495 0.58 0.07 1.30 -0.66 29515.86
27-1-1-30-6 498 -4.90 -0.92 0.90 -6.71 0.40

30-11-1-16-30 498 -0.83 0.74 0.26 -0.35 52240.29
31-1-12-13-1 485 -5.72 -0.27 1.31 -7.30 0.14
12-1-12-13-1 470 -5.91 0.36 0.29 -5.84 2.02

30-30-6-12-30 483 -0.13 -0.05 0.46 0.28 168136.11
16-21-30-30-1 498 3.33 2.72 -4.98 1.07 725268.72
16-21-24-1-1 493 2.24 2.50 6.56 -1.82 3429.37

16-1-21-12-30 499 -5.11 1.90 1.62 -4.83 13.20
16-1-12-1-13 486 -2.48 2.20 1.90 -2.19 1749.69
30-6-12-1-12 469 -2.43 1.59 3.34 -4.18 43.98
16-1-12-1-1 456 -0.29 -0.31 3.82 -4.42 28.06

aAnalogue; bMw is molecular mass of the inhibitor; c∆∆HMM is the relative enthalpic contribution to the Gibbs free energychangerelatedtothe FP3-PEP
complex formation ∆∆Gcomp; d∆∆Gsol is the relative solvation Gibbs free energy contribution to ∆∆Gcomp; e ∆∆T Svib is the relative entropic

(vibrational) contribution to ∆∆Gcomp; f ∆∆Gcomp is the relative Gibbs free energy change relatedtotheenzyme-inhibitor FP3-PEP complex formation
∆∆Gcomp = ∆∆HMM +∆∆Gsol −∆∆T Svib; gICpre

50 is the predicted inhibition constant towards Pf FP-3 calculated from ∆∆Gcomp, using correlation
equation (pICexp

50 = log10 ICexp
50 =−0.8037×∆∆Gcomp +4.0009).
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Table 3.14: Table 3.13 continued.

Analog a Mw
(g.mol−1)

b ∆∆HMM
(kcal.mol−1)

c ∆∆Gsol
(kcal.mol−1)

d ∆∆T Svib
(kcal.mol−1)

e ∆∆Gcomp
(kcal.mol−1)

f pIC50
(nM)

g

PEP 1 482 0 0 0 0 - 47230

30-1-12-6-12 469 -5.79 1.52 -0.36 -3.91 72.03
30-1-12-24-13 494 -3.05 1.79 1.20 -2.46 1045.39
30-1-12-7-29 497 -5.14 1.48 1.02 -4.68 17.43
30-1-3-12-29 500 -4.53 1.04 1.87 -5.36 4.94
30-1-1-16-3 490 -4.14 0.14 0.85 -4.85 12.58
30-1-1-16-29 481 -3.67 1.14 1.63 -4.16 45.26

30-1-1-30-7 452 0.38 0.22 1.20 -0.61 32506.46

30-1-2-24-29 492 -5.05 0.53 -0.19 -4.32 33.52

16-29-30-1-30 496 2.53 0.73 3.39 -0.13 77834.04

17-21-12-1-1 498 0.87 2.62 4.30 -0.81 22383.93

16-31-1-6-1 499 1.52 2.23 3.36 0.39 204327.86

16-29-12-1-12 498 1.03 1.46 5.53 -3.03 363.75

16-30-30-1-30 485 1.30 1.18 3.63 -1.15 11876.59

16-30-30-6-30 499 0.17 0.81 3.10 -2.12 1979.706

30-1-30-30-35 495 -5.08 2.34 -0.33 -2.41 1149.01

30-1-30-6-16 484 -2.11 0.25 -0.49 -1.38 7806.17

30-1-30-7-29 478 -3.77 1.59 -0.66 -1.53 5853.75

30-1-35-12-30 496 -3.32 4.25 -2.38 -1.45 6853.57

30-1-34-1-29 475 -3.14 -1.31 -0.77 -3.69 108.35

30-2-12-6-29 514 -2.99 1.40 -1.66 0.07 113594.2

30-2-28-1-12 497 0.44 0.85 1.63 -0.34 53132.96

30-6-12-24-30 493 -1.52 0.48 2.85 -3.90 73.23

24-1-12-1-21 477 -4.04 0.55 3.42 -6.91 0.28

24-1-6-6-.21 489 -3.08 -0.45 0.36 -3.89 75.14

24-29-30-1-12 490 0.49 -0.08 1.02 -0.62 31858.85

aAnalogue; bMw is molecular mass of the inhibitor; c∆∆HMM is the relative enthalpic contribution to the Gibbs free energychangerelatedtothe FP3-PEP
complex formation ∆∆Gcomp; d∆∆Gsol is the relative solvation Gibbs free energy contribution to ∆∆Gcomp; e ∆∆T Svib is the relative entropic

(vibrational) contribution to ∆∆Gcomp; f ∆∆Gcomp is the relative Gibbs free energy change relatedtotheenzyme-inhibitor FP3-PEP complex formation
∆∆Gcomp = ∆∆HMM +∆∆Gsol −∆∆T Svib; gICpre

50 is the predicted inhibition constant towards Pf FP-3 calculated from ∆∆Gcomp, using correlation
equation (pICexp

50 = log10 ICexp
50 =−0.8037×∆∆Gcomp +4.0009).
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Table 3.15: Table 3.13 continued.

Analog a Mw
(g.mol−1)

b ∆∆HMM
(kcal.mol−1)

c ∆∆Gsol
(kcal.mol−1)

d ∆∆T Svib
(kcal.mol−1)

e ∆∆Gcomp
(kcal.mol−1)

f pIC50
(nM)

g

PEP 1 482 0 0 0 0 - 47230

24-21-12-1-12 493 -1.57 3.38 6.88 -5.07 8.39

24-21-34-1-1 487 2.98 -0.05 4.76 -1.84 3337.61

28-21-12-1-2 494 -3.78 5.35 6.37 -4.80 13.97

29-21-6-12-1 492 -6.27 4.79 3.19 -4.68 17.34

28-1-31-30-1 492 5.00 1.19 5.05 1.15 833592.8

28-30-30-30-30 492 -0.37 1.97 4.39 -2.79 3 567.71

28-12-31-1-1 493 2.62 2.75 6.84 -1.47 6608.46

16-1-1-35-12 498 -2.58 3.49 5.05 -4.14 47.07

16-1-21-12-30 499 -5.23 2.54 1.01 -3.69 107.40

30-6-30-29 494 -0.18 -0.51 -2.91 2.22 6070563.65

12-32-1-12-12 496 0.78 1.18 -0.23 2.19 5721021.85

12-30-12-6-29 495 -1.72 3.76 0.25 1.79 2729505.81

12-30-6-30-13 498 -2.11 0.57 -2.93 1.39 1295249.99

12-21-1-30-13 497 -0.41 1.05 1.13 -0.50 39472.32

12-21-12-1-13 498 -4.94 3.24 1.87 -3.56 136.55

12-21-12-6-12 498 -1.21 1.34 1.17 -1.05 14416.23

12-21-24-6-1 491 2.64 -0.85 3.51 -1.72 4113.86

12-1-1-12-13 470 -7.81 2.59 0.77 -5.98 1.55

12-1-1-35-2 484 -1.26 1.65 1.02 -0.63 31044.62

12-11-1-16-30 499 0.89 1.65 1.94 0.60 304896.76

aAnalogue; bMw is molecular mass of the inhibitor; c∆∆HMM is the relative enthalpic contribution to the Gibbs free energychangerelatedtothe FP3-PEP
complex formation ∆∆Gcomp; d∆∆Gsol is the relative solvation Gibbs free energy contribution to ∆∆Gcomp; e ∆∆T Svib is the relative entropic

(vibrational) contribution to ∆∆Gcomp; f ∆∆Gcomp is the relative Gibbs free energy change relatedtotheenzyme-inhibitor FP3-PEP complex formation
∆∆Gcomp = ∆∆HMM +∆∆Gsol −∆∆T Svib; gICpre

50 is the predicted inhibition constant towards Pf FP-3 calculated from ∆∆Gcomp, using correlation
equation (pICexp

50 = log10 ICexp
50 =−0.8037×∆∆Gcomp +4.0009).
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Table 3.16: Table 3.13 continued.

Analog a Mw
(g.mol−1)

b ∆∆HMM
(kcal.mol−1)

c ∆∆Gsol
(kcal.mol−1)

d ∆∆T Svib
(kcal.mol−1)

e ∆∆Gcomp
(kcal.mol−1)

f pIC50
(nM)

g

PEP 1 482 0 0 0 0 - 47230

12-11-12-1-.29 494 -2.66 2.76 -1.03 1.13 804378.82

12-11-12-1-13 498 -4.80 2.71 -0.78 -1.31 8907.34

12-2-1-12-13 488 -8.52 1.68 -0.65 -6.19 1.056

12-6-2-30-29 497 -1.18 -0.83 1.92 -3.93 69.46

12-6-1-12-13 480 -3.48 1.75 2.40 -4.13 47.92

16-21-30-1-30 498 2.03 1.40 4.78 -1.35 8209.10

16-6-12-1-23 499 -2.96 1.02 3.71 -5.65 2.86

6-21-12-1-30 481 -3.85 2.14 5.50 -7.21 0.16

7-21-12-1-30 499 -5.90 2.76 2.79 -5.93 1.72

8-21-30-1-1 500 -0.44 1.24 3.63 -2.84 523.39

11-1-30-30-21 494 -3.30 0.08 2.44 -5.66 2.84

11-21-12-1-2 498 -5.74 2.44 1.36 -4.66 17.92

12-1-16-30-28 495 -3.01 2.67 0.32 -0.65 29703.71

2-1-1-16-2 476 -3.46 -0.58 5.19 -9.22 0.004

2-1-12-21-30 485 -6.91 1.70 2.75 -7.96 0.04

2-1-30-7-2 491 -6.13 0.50 3.76 -9.39 0.003

2-2-12-1-30 475 -4.78 1.51 4.03 -7.31 0.13

2-6-12-21-30 499 -3.41 0.66 3.72 -6.47 0.63

3-1-12-1-13 488 -5.63 1.72 2.33 -6.24 0.96

3-24-12-1-30 498 1.85 2.75 5.19 -0.59 33461.37

6-1-30-7-2 487 -6.91 0.44 -1.12 -5.35 5.03

aAnalogue; bMw is molecular mass of the inhibitor; c∆∆HMM is the relative enthalpic contribution to the Gibbs free energychangerelatedtothe FP3-PEP
complex formation ∆∆Gcomp; d∆∆Gsol is the relative solvation Gibbs free energy contribution to ∆∆Gcomp; e ∆∆T Svib is the relative entropic

(vibrational) contribution to ∆∆Gcomp; f ∆∆Gcomp is the relative Gibbs free energy change relatedtotheenzyme-inhibitor FP3-PEP complex formation
∆∆Gcomp = ∆∆HMM +∆∆Gsol −∆∆T Svib; gICpre

50 is the predicted inhibition constant towards Pf FP-3 calculated from ∆∆Gcomp, using correlation
equation (pICexp

50 = log10 ICexp
50 =−0.8037×∆∆Gcomp +4.0009).

3.10 Analysis of new inhibitors

In order to identify the substituents that make the analogues predicted to be active, we have analyzed
the frequency of occurrence of certain substituents chosen from figure 3.13, on the predicted active
analogues. From the 7 best analogues proposed (seen chemical structure in Figure 3.14) the following
R-groups are present 1,2, 3, 6, 7,12, 13, 16,21,24,30 and 31. And Figure 3.15 display the best virtual
hit, analogue PEP-2-1-30-7-2 and the least active PEP7 mapped a PH4. Figure 3.16 display 2D
schematic interaction diagram of the most potent analogue design at the active site of Pf FP3. Figure
3.17 shows a Connolly surfaces of the active site of Pf FP-3 with the predicted most active PEP
inhibitor 2-1-30-7-2.
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Figure 3.14: Chemical structures towards Pf FP-3 of seven most potent PEP analogues.

Figure 3.15: The best virtual hit, analogue PEP-2-1-30-7-2 (with purple carbons), the inhibitor PEP7
(Figure 1) shown in yellow carbons, mapped a PH4.
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Figure 3.16: 2D schematic interaction diagram of the most potent analogue design PEP-2-1-30-7-2
at the active site of PfFP3.
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Figure 3.17: Connolly surface of the active site of PfFP-3 with the predicted most active PEP inhibitor
PEP-2-1-30-7-2. The binding site surface is colored according to residue hydrophobicity: red -
hydrophobic, blue - hydrophilic and white-intermediate.

3.10.1 Predicted ADMET profiles of designed PEPs

The ADMET values for the best active designed PEPs were compared with those computed for drugs
used for the treatment of malaria individually or in Artemisinin combined therapy (ACT) or are cur-
rently undergoing clinical trials, Table 3.17. Among the 11 analogues compared, 9 display #stars
descriptor equal to zero, meaning that the optimal value range of none of the drug-likeness descrip-
tors has been violated. Additionally, oral bioavailability is among the main requirements of the WHO
with regard to new drugs in general also anti-malarial drugs. In the last column of Table 3.17, a
high level drug-likeness descriptor is displays. It is the percentage of human oral absorption in gas-
trointestinal tract (HOA). All the best provisionally actives compounds used for comparison have this
descriptor comprise between 58.3% and 100% (< 25% - poor, > 80% high) is the range of 95% of
drugs. Interesting fact, the #stars is equal to 0 for the designed PEP analogues which is not the case
to those of most of the ACT antimalarials.
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Results and Discussion

The following figure show the 2D interaction diagrams between the best previously propose inhibitors
and the active site residus of FP-3.

Figure 3.18: 2D interaction diagram of PEP-2-1-1-16-2 hydrogen bonds (HBs) (black, blue and green
dashed line)

Figure 3.19: 2D interaction diagram of PEP-2-1-12-21-30 hydrogen bonds (HBs) (black, blue and
green dashed line).
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Results and Discussion

Figure 3.20: 2D interaction diagram of PEP-2-1-30-7-2 hydrogen bonds (HBs) (black, blue and green
dashed line).

Figure 3.21: 2D interaction diagram of PEP-2-6-12-21-30 hydrogen bonds (HBs) (black, blue and
green dashed line).
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Results and Discussion

Figure 3.22: 2D interaction diagram of PEP-24-1-12-1-21 hydrogen bonds (HBs) (black, blue and
green dashed line).

Figure 3.23: 2D interaction diagram of PEP-3-1-12-1-13 hydrogen bonds (HBs) (black, blue and
green dashed line).
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Results and Discussion

Figure 3.24: 2D interaction diagram of PEP-31-1-12-13-1 hydrogen bonds (HBs) (black, blue and
green dashed line).
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General Conclusions and Perspectives

In the current work, our focus was to carry out computer-aided design of potential lead compounds for
the discovery process against Falcipain-2/3 protein. Thus, firstly, we have attempted to discuss and
summarize recent efforts towards the design of malarial cysteine protease inhibitors. It was shown that
combining computational techniques with organic synthesis was effective in delivering novel poten-
tial inhibitors and providing insight for further improvement of drug candidates. Despite significant
efforts from international collaborations and local efforts aimed at controlling the malaria burden,
enormous challenges are still being faced by researchers. These include the challenge of developing
effective vaccine candidates, together with the drawbacks associated with the use of existing ther-
apies. The emergence and spread of resistance against insecticides, and the available drugs remain
another set of challenges. We have attempted to summarize the main finding of several research teams
involved in searching for potent cysteine protease FP-2/3 inhibitors against P. falciparum.

It appears that the current discussion on efforts towards the design of P. falciparum cysteine proteases
inhibitors drives us towards combining computational techniques with organic synthesis and using
NPs as lead scaffolds for delivering novel potential inhibitors and providing directions for further
improvements. Thus, computer-based methods like docking, binding-free energy calculations, virtual
screening, and pharmacophore modeling, often used for hit/lead identification along with combina-
torial design of novel inhibitors against P. falciparum FP-2/3 could be employed. These therefore
constitute the available techniques for the development of new drugs against malaria.

Secondly, we have used with success structural information from the crystal structure of FP3-K11017
complex in order to establish a reliable QSAR model of non-covalent inhibition of the FP3 of && by
peptidomimetics (PEP) inhibitors. This model correlates the unique descriptor, namely the computed
Gibbs free energies (GFE) upon complex formation, with observed inhibitory potencies and is able
to identify a few compounds which could be low nM range inhibitors of P. falciparum. As GFE is a
combined descriptor involving enthalpic gas phase, entropic contributions and solvation free energy, a
precise insight into S1’ and S2 pockets filling have been performed from the model by analysis of in-
teractions between the enzyme active-site residues and the inhibitor. For this purpose, the breakdown
of the interaction energy clearly indicated the residues involved in the affinity with the most active
inhibitors. This information has helped to design an initial diversity virtual combinatorial library

106



Results and Discussion

of new analogues to be screened by the pharmacophore models derived from the GFE QSAR. The
focused library filtered by a set of ADME-related descriptors and screened by matching of the ana-
logues to the PH4 pharmacophore permitted selection of a library subset of orally bioavailable PEP.
This subset of 80 best virtual hits was submitted to the computation of predicted Pf FP-3 inhibitory
potencies by the formerly established complexation QSAR model. The best analogues reached pre-
dicted activities in the low nanomolar concentration range. The most promising dual hits selected for
further investigation were, PEP-31-1-12-13-1, PEP-24-1-12-1-21, PEP-2-1-1-16-2, PEP-2-1-12-21-
30, PEP-2-1-30-7-2, PEP-2-6-12-21-30,and PEP-3-1-12-1-13, which have respective ICpre

50 of 0.14,
0.28, 0.004, 0.04, 0.003, 0.63, and 0.96 against Pf FP-3. These have been proposed for synthesis and
biological screening and may lead to a discovery of novel potent orally bioavailable anti-malarial.

In perspectives, we plan to extend the approaches to other diseases provided that the targets are clearly
identified.

However, due to the relatively high computational cost of running the software used within this work
in terms of CPU time, the realization of the above objectives would require the acquisition of high
performance computers and software tools that will allow the development of fast and more efficient
methods.

This will probably speed up the drug discovery process against the resistance cases of Malaria and
also other neglected tropical diseases currently studied within our research team. In that way, we
shall be making our own contribution toward the preclinical drug discovery program as well as in the
training of younger scientists engaged in the field of Computer-aided-drug design and discovery.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 107 Boris D BEKONO©2018



Bibliography

[1] World malaria report 2018. Geneva: World Health Organization; 2018.
https://www.who.int/malaria/publications/world_malaria_report/en/. Accessed 27 Nov
2019.

[2] Nwaka S, Hudson A. Innovative lead discovery strategies for tropical diseases. Nature Reviews

Drug Discovery, 2006, 5, 941-955.

[3] Walsh CT. Antibiotics: actions, origins, resistance. American Society for Microbiology (ASM),
2003.

[4] Baltz RH. Antibiotic discovery from actinomycetes: will a renaissance follow the decline and
fall?. Sim News, 2005, 55, 186-196.

[5] Baltz RH. Marcel Faber Roundtable: Is our antibiotic pipeline unproductive because of starva-
tion, constipation or lack of inspiration? Journal of Industrial Microbiology and Biotechnology,
2006, 33, 507-513.

[6] DrlicaK. Antibiotic resistance: can we beat the bugs? Drug Discovery Today, 2001, 6, 714-715.

[7] Böhm HJ, Schneider G. Computer software reviews. Journal of the American Chemical Soci-

ety, 2001, 123 (29), 7197-7198.

[8] Lyne PD. Structure-based virtual screening: an overview. Drug Discovery Today, 2002, 7,
1047-1055.

[9] Pink R, Hudson A, Mouriès MA, Bendig M. Opportunities and challenges in antiparasitic drug
discovery. Nature Reviews Drug discovery, 2005, 4, 727-740.

[10] Aitken SG. Drug discovery in the new millennium. Chemistry in New Zealand, 2006, 88-92.

[11] Qi D, King RD, Hopkins AL, Bickerton GRJ, Soldatova LN. An ontology for description of
drug discovery investigations. Journal of Integrative Bioinformatics, 2010, 7, 126-138.

108



BIBLIOGRAPHY

[12] Trouiller P, Olliaro P, Torreele E, Orbinski J, Laing R, Ford N. Drug development for neglected
diseases: a deficient market and a public policy failure. The Lancet, 2002, 359(9324), 2188-
2194.

[13] Horton J. Drug development for tropical diseases - present situation, future perspectives. Trends

in Parasitology, 2003, 19, 1-6.

[14] Widdus R, White K. Combating diseases associated with poverty: financing strategies for
product development and the potential role of public-private partnerships. Initiative on Public-

Private Partnerships for Health. 2004,15-16 April.

[15] Nwaka S, Ramirez B, Brun R, Maes L, Douglas F, Ridley R. Advancing drug innovation for
neglected diseases-criteria for lead progression. PLoS neglected tropical diseases, 2009, 3(8),
e440.

[16] Nwaka S, Ridley RG. Virtual drug discovery and development for neglected diseases through
public-private partnerships. Nature Reviews Drug Discovery, 2003, 2(11), 919-928.

[17] Terstappen GC, Reggiani A. In silico research in drug discovery. Trends in Pharmacological

Sciences, 2003, 22(1), 23-26.

[18] Joseph-McCarthy D. Computational approaches to structure-based ligand design. Pharmacol-

ogy & Therapeutics, 1999, 84(2), 179-191.

[19] Kantardjieff K, Rupp B. Structural bioinformatic approaches to the discovery of newantimy-
cobacterial drugs. Current Pharmaceutical Design, 2004, 10(26), 3195-3211.

[20] Xu J, HaglerA. Cheminformatics and drug discovery. Molecules, 2002, 7(8), 566-600.

[21] DiMasi JA, Hansen RW, Grabowsk HG. The price of innovation: new estimates of drug devel-
opment costs. Journal of Health Economics, 2003, 22(2), 151-185.

[22] Rosenthal PJ, Sijwali PS, Singh A, Shenai BR. Cysteine proteases of malaria parasites: targets
for chemotherapy. Current Pharmaceutical Design, 2002, 8(18), 1659-1672.

[23] Yeh I, Altman RB. Drug targets for Plasmodium falciparum: a post-genomic review/survey.
Mini Reviews in Medicinal Chemistry, 2006, 6(2), 177-202.

[24] White SW, Zheng J, Zhang YM, Rock CO. The structural biology of type II fatty acid biosyn-
thesis. Annual Reviews in Biochemistry, 2005, 74, 791-831.

[25] Zhang YM, Lu YJ, Rock CO. The reductase steps of the type II fatty acid synthase as antimi-
crobial targets. Lipids, 2005, 39(11), 1055-1060.

[26] Walker NPC,Talanian RV, Brady KD, Dang LC, Bump NJ, Ferenza CR, Franklin S, Ghayur
T, Hackett MC, Hammill LD, Herzog L, Hugunin M, Houy W, Mankovich JA, McGuiness
L, Orlewicz E, Paskind M, Pratt CA, .Reis P, Summani A, Terranova M, Welch JP, Xiong

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 109 Boris D BEKONO©2018



BIBLIOGRAPHY

L, Möller A, Tracey DE, Kamen R, Wong WW. Crystal structure of the cysteine protease
interleukin-1β -converting enzyme: a (p20/p10)2 homodimer. Cell, 1994, 78(2), 343-352.

[27] Thornberry NA. The caspase family of cysteine proteases. British medical bulletin, 1996, 53(3),
478-490.

[28] Frecer V, Jedinak A, Tossi A, Berti F, Benedetti F, Romeo D, Miertus S. Structure based design
of inhibitors of aspartic protease of HIV-1. Letters in drug design and discovery, 2005, 2(8),
638- 646.

[29] Frecer V, Berti F, Benedetti F, Miertus S. Design of peptidomimetic inhibitors of aspartic pro-
tease of HIV-1 containing–PheΨPro–core and displaying favourable ADME-related properties.
Journal of Molecular Graphics and Modelling, 2008, 27(3), 376-387.

[30] Kerr ID, Lee JH, Farady CJ, Marion R, Rickert M, Sajid M, Pandey KC, Caffrey CR, Legac J,
Hansell1 E, McKerrow JH, Craik CS, Rosenthal PJ, Brinen LS. Vinyl sulfones as antiparasitic
agents: a structural basis for drug design. Journal of Biological Chemistry, 2009, 284, 25697-
25703.

[31] Laveran A. Note sur un nouveau parasite trouvé dans le sang de plusieurs malades atteints de
fièvre palustre. Bulletin de l’Académie Nationale de Médecine, 1888, 9, 1234-1235.

[32] Ettari R, Bova F, Zappala M, Grasso S, Micale N. Falcipain-2 inhibitors. Medicinal Research

Reviews, 2010, 30, 136-167.

[33] Faraz Mojab. Antimalarial natural products: a review. Avicenna Journal of Phytomedicine,
2012, 2, 52-62.

[34] Objectifs du Millénaire pour le développement (http://www.un.org/fr/millenniumgoals/).

[35] WHO. World malaria report 2015. Geneva: World Health Organization; 2015.
https://www.who.int/malaria/publications/world_malaria_report/en/. Accessed December
2015.

[36] WHO. World malaria report 2016. Geneva: World Health Organization; 2016.
https://www.who.int/malaria/publications/world_malaria_report/en/. Accessed December
2016.

[37] MacNeil A, Rollin PE. Ebola and Marburg hemorrhagic fevers: neglected tropical diseases.
PLoS Neglected Tropical Diseases, 2012, 6, e1546.

[38] Utzinger J. A research and development agenda for the control and elimination of human
helminthiases. PLoS Neglected Tropical Diseases, 2012, 6, e1646.

[39] Nethavhani SA, van Ree T. Synthesis and antimalarial activities of some novel 2-pyridones.
Arabian Journal for Science and Engineering, 2014, 39(9), 6595-6598.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 110 Boris D BEKONO©2018



BIBLIOGRAPHY

[40] Kesharwani RK, Singh DV, Misra K. Computation-based virtual screening for designing novel
antimalarial drugs by targeting falcipain-III: A structure-based drug designing approach. Jour-

nal of Vector Borne Diseases, 2013, 50(2), 93-102.

[41] Rosenthal PJ. Proteases of malaria parasites: new targets for chemotherapy. Emerging Infec-

tious Diseases, 1998, 4(1), 49-57.

[42] Ramjee MK, Flinn NS, Pemberton TP, Quibell M, Wang Y, Watts JP. Substrate mapping and
inhibitor profiling of falcipain-2, falcipain-3 and berghepain-2: implications for peptidase anti-
malarial drug discovery. Biochemical Journal, 2006, 399(1), 47-57.

[43] Potshangbam AM, Tanneeru K, Reddy BM, Guruprasad L. 3D-QSAR and molecular docking
studies of 2-pyrimidinecarbonitrile derivatives as inhibitors against falcipain-3. Bioorganic and

Medicinal Chemistry Letters, 2011, 2, 7219-7223.

[44] Kamkumo RG, Ngoutane AM, Tchokouaha LRY, Fokou PVT, Madiesse EAK, Legac J, Keze-
tas JJB, Lenta BN, Boyom FF, Dimo T, Mbacham WF, Gut J, Rosenthal PJ. Compounds from
Sorindeia juglandifolia (Anacardiaceae) exhibit potent anti-plasmodial activities in vitro and
in vivo. Malaria Journal, 2012, 11(1), 382.

[45] World malaria report 2008. Geneva: World Health Organization; 2008.
https://www.who.int/malaria/publications/world_malaria_report/en/. Accessed December
2008.

[46] Tadigoppula N, Korthikunta V, Gupta S, Kancharla P, Khaliq T, Soni A, Srivastava RK, Sri-
vastava K, Puri SK, Raju KSR, Sijwal PS, Kuma V, Mohammad IS. Synthesis and insight into
the structure-activity relationships of chalcones as antimalarial agents. Journal of Medicinal

Chemistry, 2013, 56(1), 31-45.

[47] World malaria report 2017. Geneva: World Health Organization; 2017.
https://www.who.int/malaria/publications/world_malaria_report/en/. Accessed December
2017.

[48] Cox-Singh J, Davis TM, Lee KS, Shamsul SS, Matusop A, Ratnam S, Rahman HA, Conway
DJ, Singh B. Plasmodium knowlesi malaria in humans is widely distributed and potentially life
threatening. Clinical Infectious Diseases, 2008, 46(2), 165-171.

[49] Singh B, Sung LK, Matusop A, Radhakrishnan A, Shamsul SS, Cox-Singh J, Thomas A, JCon-
way D. A large focus of naturally acquired Plasmodium knowlesi infections in human beings.
The Lancet, 2004, 363(9414), 1017-1024.

[50] Getachew S, To S, Trimarsanto H, Thriemer K, Clark TG, Petros B, Aseffa A, Price RN, Sarah
Auburn. Variation in complexity of infection and transmission stability between neighbouring
populations of Plasmodium vivax in Southern Ethiopia. PLoS one, 2015, 10(10), e0140780.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 111 Boris D BEKONO©2018



BIBLIOGRAPHY

[51] Barnadas C, Timinao L, Javati S, Iga J, Malau E, Koepfli C, Robinson LJ, Senn N, Kini-
boro B, Rare L, Reeder JC, Siba PM, Zimmerman PA, Karunajeewa H, Davis TM, Mueller I.
Significant geographical differences in prevalence of mutations associated with Plasmodium

falciparum and Plasmodium vivax drug resistance in two regions from Papua New Guinea.
Malaria Journal, 2015, 14(1), 399.

[52] Marfurt J, de Monbrison F, Brega S, Barbollat L, Müller I, Sie A, Goroti M, Reeder JC, Beck
HP, Picot S, Genton B. Molecular markers of in vivo Plasmodium vivax resistance to amodi-
aquine plus sulfadoxine-pyrimethamine: mutations in pvdhfr and pvmdr1. The Journal of In-

fectious Diseases, 2008, 198(3), 409-417.

[53] Shaw SK, Thomson-Luque R, Obaldía N, Nuñez M, Dutary S, Lim C, Barnes S, Kocken CHM,
Duraisingh MT, Adams JH, Pasini EM. Insights into an optimization of Plasmodium vivax Sal-
1 in vitro culture: the Aotus primate model. PLoS neglected tropical diseases, 2016, 10(7),
e0004870.

[54] Singh B, Daneshvar C. Plasmodium knowlesi malaria in Malaysia. Medical Journal of

Malaysia, 2010, 65(3), 166-172.

[55] Cornejo OE, Escalante AA. The origin and age of Plasmodium vivax. Trends in Parasitology,
2006, 22(12), 558-563.

[56] Kibret S, Lautze J, McCartney M, Nhamo L, Wilson GG. Malaria and large dams in sub-
Saharan Africa: future impacts in a changing climate. Malaria Journal, 2016, 15(1), P. 448.

[57] Hoffman SL, Subramanian GM, Collins FH, Venter JC. Plasmodium, human and anopheles
genomics and malaria. Nature, 2002, 415(6872), 702-709.

[58] Enayati A, Hemingway J. Malaria management: past, present, and future. Annual review of

entomology, 2010, 55, 569-591.

[59] Kilama, Ntoumi F. Malaria: a research agenda for the eradication era. The Lancet, 2009,
374(9700), 1480-1482.

[60] Rogier C. Orlandi-Pradines E, Fusai T, Pradines B, Briolant S, Almeras. Malaria vaccines:
prospects and reality. Medecine et Maladies Infectieuses, 2006, 36(8), 414-422.

[61] Djogbenou L. Vector control methods against malaria and vector resistance to insecticides in
Africa. Medecine Topicale, 2009, 69(2), 160-164.

[62] Pages F. Vector control for armed forces: a historical requirement requiring continual adapta-
tion. Medecine Topicale, 2009, 69(2), 165-172.

[63] https://www.merriam-webster.com/dictionary/drug.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 112 Boris D BEKONO©2018



BIBLIOGRAPHY

[64] WHO. World malaria report 2003. Geneva: World Health Organization; 2003.
https://www.who.int/malaria/publications/world_malaria_report/en/. Accessed December
2003.

[65] Mott BT, Tripathi A, Siegler MA, Moore CD, Sullivan DJ. Synthesis and antimalarial effi-
cacy of two carbon-linked, artemisinin-derived trioxane dimers incombination with known an-
timalarial drugs. Journal of Medicinal Chemistry, 2013, 56(6), 2630-2641.

[66] Uhlemann AC, Cameron A, Eckstein LU, Fischbarg J, Iserovich P, Zuniga FA, East M, Lee
A, Brady L, Haynes RK, Sanjeev Krishna. A single amino acid residue can determine the
sensitivity of SERCAs to artemisinins. Nature structural and molecular biology, 2005, 12(7),
628-629.

[67] Dali B, Keita M, Megnassan E, Frecer V, Miertus S. Insight into selectivity of peptidomimetic
inhibitors with modified statine core for plasmepsin II of Plasmodium falciparum over human
Cathepsin D. Chemical biology and drug design, 2012, 79(4), 411-30.

[68] Ashley EA, Dhorda M, Fairhurst R M, Amaratunga C, Lim P, Suon S, Sreng MDS, Anderson
JM, Mao S, Sam B, Sopha C, Chuor CM, Nguon C, Sovannaroth S, Pukrittayakamee S, Jitta-
mala P, Chotivanich K, Chutasmit K, Suchatsoonthorn C, Runcharoen R, Hien TT, Thuy-Nhien
NT, Thanh NV, Phu NH, Htut Y, Han KT, Aye KH, Mokuolu OA, Olaosebikan RR, Folaranmi
OO, Mayxay M, Khanthavong M, Hongvanthong B, Newton PN, Onyamboko MA, Fanello CI,
Tshefu AK, Mishra N, Valecha N, Phyo AP, Nosten R, Yi P, Tripura R, Borrmann S, Bashra-
heil M, Peshu J, Faiz A, Ghose A, Hossain A, Samad R, Rahman R, Hasan M, Islam A, Miotto
O, Amato R, MacInnis B, Stalker J, Kwiatkowski DP, Bozdech Z, Jeeyapant A, Cheah PY,
Sakulthaew T, Chalk J, Intharabut B, Silamut K, Lee SJ, Vihokhern B, Kunaso Cl, Imwong M,
Tarning J, Taylor WJ, Yeung S, Woodrow CJ, Flegg JA, Das D, Smith J, Venkatesan M, Plowe
CV, Stepniewska K, Guerin PJ, Dondorp AM, Day NP, White NJ. Spread of artemisinin re-
sistance in Plasmodium falciparum malaria. New England Journal of Medicine, 2014, 371(5),
411-423.

[69] Mishra PS, Sharma H, Mishra R, Gupta SK. A review on antimalarial drug discovery and its
screening method. World Journal of Pharmacy and Pharmaceutical Sciences, 2014, 8, 1288-
1304.

[70] Phillipson JD, O’Neill MJ. Antimalarial and amoebicidal natural products. Biologically active

natural products. Edited by K. Hostettmann and PJ Lea, 1987.

[71] Reilly HB, Wang H, Steuter JA, Marx AM, Ferdig MT. Quantitative dissection of clone-specific
growth rates in cultured malaria parasites. International Journal of Parasitology, 2007, 37(14),
1599-1607.

[72] Wongsrichanalai C, Steven RM. Declining artesunatemefloquine efficacy against falciparum
malaria on the Cambodia-Thailand border. Emerging Infectious Diseases, 2008, 14(5), 716-
719.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 113 Boris D BEKONO©2018



BIBLIOGRAPHY

[73] Pandey KC, Wang SX, Sijwali PS, Lau AL, McKerrow JH, Rosenthal PJ. The Plasmodium

falciparum cysteine protease falcipain-2 captures its substrate, hemoglobin, via a unique motif.
Proceedings of the National Academy of Sciences, 2011, 102(26), 9138-9143.

[74] Thomas MB, Godfray HCJ, Read AF, van den Berg H, Tabashnik BE, van Lenteren JC, Waage
JK, Takken W. Lessons from agriculture for the sustainable management of malaria vectors.
PLoS Medicine, 2012, 9(7), e1001262.

[75] Chanda E, Hemingway J, Kleinschmidt I,Rehman AM, Ramdeen V, Phiri FN, Coetzer S,
Mthembu D, Shinondo CJ, Chizema-Kawesha E, Kamuliwo M, Mukonka V, Baboo KS,
Colema M. Insecticide resistance and the future of malaria control in Zambia. PLoS One, 2011,
6(9), e24336.

[76] Lubell Y, Dondorp A, Guérin PJ, Drake T, Meek S, Ashley E, Day NPJ, White NJ, White LJ.
Artemisinin resistance- modelling the potential human and economic costs. Malaria Journal,
2014, 13(1), 1-10.

[77] Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, Carlton JM, Pain A, Nelson
KE, Bowman S, Paulsen IT, James K, Eisen JA, Rutherford K, Salzberg SL, Craig A, Kyes S,
Chan MS, Nene V, Shallom SJ, Suh B, Peterson J, Angiuoli S, Pertea M, Allen J, Selengut J,
Haft D, Mather MW, Vaidya AB, Martin DMA, Fairlamb AH, Fraunholz MJ, Roos DS, Ralph
SA, McFadden GI, Cummings LM, Subramanian GM, Mungall C, Venter JC, Carucci DJ,
Hoffman SL, Newbold C, Davis RW, Fraser CM, Barrell B. Genome sequence of the human
malaria parasite Plasmodium falciparum. Nature, 2002, 419(6906), 498-511.

[78] Rosenberg R. Malaria: some considerations regarding parasite productivity. Trends Parasitol-

ogy, 2008, 24(11), 487-491.

[79] Kappe SHI, Duffy PE. Malaria liver stage culture: in vitro veritas? The American journal of

tropical medicine and hygiene, 2006, 74(5),706-707.

[80] Kuehn A, Pradel G. The coming-out of malaria gametocytes. Journal of Biomedicine and

Biotechnology, 2010, 2010, ID 976827.

[81] Stone WJR, Eldering M, Gemert GJ, Lanke KH, Grignard L, van de Vegte-Bolmer MG,
Siebelink-Stoter R, Graumans W, Roeffen WFG, Drakeley CJ, Sauerwein RW, Bousema T.The
relevance and applicability of oocyst prevalence as a read-out for mosquito feeding assays. Sci-

entific Reports, 2013, 3, 3418.

[82] Kappe SH, Gardner MJ, Brown SM, Ross J, Matuschewski K, Ribeiro JM, Adams JH, Quack-
enbush J, Cho J, Carucci DJ, Hoffman SL, Nussenzweig V. Exploring the transcriptome of
the malaria sporozoite stage. Proceedings of the National Academy of Sciences, 2001, 98(17),
9895-9900.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 114 Boris D BEKONO©2018



BIBLIOGRAPHY

[83] Reilly HB, Wang H, Steuter JA, Marx AM, Ferdig MT. Quantitative dissection of clone-specific
growth rates in cultured malaria parasites. International Journal for Parasitology, 2007, 37(14),
1599-1607.

[84] Dhangadamajhi G, Kar SK, Ranjit M. The survival strategies of malaria parasite in the red
blood cell and host cell polymorphisms. Malaria Research and Treatment, 2010.

[85] Ranford-Cartwright LC, Mwangi JM. Analysis of malaria parasite phenotypes using experi-
mental genetic crosses of Plasmodium falciparum. International Journal for Parasitoly, 2012,
42, 529-34.

[86] Teixeira C, Gomes JRB, Couesnon T, Gomes P. Molecular docking and 3D-quantitative struc-
ture activity relationship analyses of peptidyl vinyl sulfones: Plasmodium falciparum cysteine
proteases inhibitors. Journal of Computer-aided Molecular Design, 2011, 25, 763-775.

[87] Coombs GH, Goldberg DE, Klemba M, Berry C, Kay J, MottramJC. Aspartic proteases of
Plasmodium falciparum and other parasitic protozoa as drug targets. Trends in Parasitoly,
2001, 17, 532-537.

[88] Klein EY. Antimalarial drug resistance: a review of the biology and strategies to delay emer-
gence and spread. International Journal of Antimicrobial Agents, 2013, 41, 311-317.

[89] Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, Haynes JD, Moch JK, Muster
N, Sacci JB, Tabb DL, Witney AA, Wolters D, Wu Y, Gardner MJ, Holder AA, Sinden RE,
Yates JR, Carucci DJ. A proteomic view of the Plasmodium falciparum life cycle. Nature,
2002, 419(6906), 520-526.

[90] Krungkrai SR, Krungkrai J. Insights into the pyrimidine biosynthetic pathway of human
malaria parasite Plasmodium falciparum as chemotherapeutic target. Asian Pacific Journal of

Tropical Medicine, 2016, 9(6), 525-534.

[91] Sullivan DJ, Gluzman IY, Russell DG, Goldberg DE. On the molecular mechanism of chloro-
quine’s antimalarial action. Proceedings of the National Academy of Sciences, 1996, 93(21),
11865-11870.

[92] Bray PG, Martin RE, Tilley L, Ward SA, Kirk K, Fidock DA. Defining the role of PfCRT in
Plasmodium falciparum chloroquine resistance. Molecular Microbiology, 2005, 56(2), 323-
333.

[93] Egan TJ. Haemozoin formation. Molecular and Biochemical Parasitology, 2008, 157(2), 127-
136.

[94] Pisciotta JM, Sullivan D. Hemozoin: oil versus water. Parasitology International, 2008, 57(2),
89-96.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 115 Boris D BEKONO©2018



BIBLIOGRAPHY

[95] Dogovski C, Xie SC, Burgio G, Bridgford J, Mok S, McCaw JM, Chotivanich K, Kenny S,
Gnädig N, Straimer J, Bozdech Z, Fidock DA, Simpson JA, Tilley L. Targeting the cell stress
response of Plasmodium falciparum to overcome artemisinin resistance. PLoS Biology, 2015,
13(4), e1002132.

[96] O’Neill PM, Victoria EB, Stephen AW. The molecular mechanism of action of artemisinin-the
debate continues. Molecules, 2010, 15(3), 1705-1721.

[97] Woodrow CJ, Haynes RK, Krishna S. Artemisinins. Postgraduate Medical Journal, 2005,
81(952), 71-78.

[98] Drug Resistance at the US National Library of Medicine Medical Subject Headings (MeSH),
2017.

[99] Jovel IT, Mejia RE, Banegas E, Piedade R, Alger J, Fontecha G, Ferreira PE, Veiga MI, Enam-
orado IG, Bjorkman A, Ursing J. Drug resistance associated genetic polymorphisms in Plas-

modium falciparum and Plasmodium vivax collected in Honduras, Central America. Malaria

Journal, 2011, 10(1), p.376.

[100] Basak SC. Chemobioinformatics: the advancing frontier of computer-aided drug design in the
post-genomic era. Current computer-aided drug design, 2012, 8(1), 1-2.

[101] Song CM, Lim SJ, Tong JC. Recent advances in computer-aided drug design. Briefings in

Bioinformatics, 2009, 10(5), 579-591.

[102] Flannery EL, Chatterjee AK, Winzeler EA. Antimalarial drug discovery: approaches and
progress towards new medicines. Nature Reviews Microbiology, 2013, 11(12), 849-862.

[103] Raphemot R, Posfai D, Derbyshire ER. Current therapies and future possibilities for drug de-
velopment against liver-stage malaria. The Journal of Clinical Investigation, 2016, 126(6),
2013-2020.

[104] World Health Organization. The Global Plan to Stop TB 2011-2015: Transforming the Fight
Towards the Elimination of Tuberculosis; WHO: Geneva, Switzerland, 2010, p. 7.

[105] Aitken SG. Drug discovery in the new millennium. Chemistry in New Zealand, 2006, 88-92.

[106] Verlinde CLMJ, Hol WGJ. Structure-based drug design: progress, results and challenges.
Structure, 1994, 2(7), 577-587.

[107] Schneider G, Baringhaus KH, Molecular Design: Concepts and Applications. John Wiley &
Sons, 2008, pp. 149-160.

[108] Ntie-Kang F. Computer-aided design and virtual screening of novel inhibitors of pantothenate
synthetase, enoyl-acyl carrier protein reductase and multidrug-resistant strains of mycobac-
terium tubercu- losis. Thèse de Doctorat/PhD, CEPAMOQ, Université de Douala, 2014.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 116 Boris D BEKONO©2018



BIBLIOGRAPHY

[109] Macalino SJY, Gosu V, Hong S, Choi S. Role of computer-aided drug design in modern drug
discovery. Archives of Pharmacal Research, 2015, 38(9), 1686-1701.

[110] Lavecchia A, Di Giovanni C. Virtual screening strategies in drug discovery: a critical review.
Current Medicinal Chemistry, 2013, 20(23), 2839-2860.

[111] Grinter SZ, Zou X. Challenges, applications, and recent advances of protein-ligand docking in
structure-based drug design. Molecules, 2014, 19(7), 10150-10176.

[112] Beddell CR, Goodford PJ, Norrington FE, Wilkinson S, Wootton R. Compounds designed to
fit a site of known structure in human haemoglobin. British Journal of Pharmacology, 1976,
57(2), 201-209.

[113] Seddon G, Lounnas V, McGuire R, van den Bergh T, Bywater RP, Oliveira L, Vriend G. Drug
design for ever, from hype to hope. Journal of Computer-Aided Molecular Design, 2012, 26(1),
137-150.

[114] Von Itzstein M, Dyason JC, Oliver SW, White HF, Wu WY, Kok GB, Pegg MS. A study of the
active site of influenza virus sialidase: an approach to the rational design of novel anti-influenza
drugs. Journal of Medicinal Chemistry, 1996, 39(2), 388-391.

[115] Kaldor SW, Kalish VJ, Davies JF, Shetty BV, Fritz JE, Appelt K, Burgess JA, Campanale
KM, Chirgadze NY, Clawson DK, Dressman BA, Hatch SD, Khalil DA, Kosa MB, Lubbe-
husen PP, Muesing MA, Patick AK, Reich SH, Su KS, Tatlock JH. Viracept (nelfinavir mesy-
late, AG1343): a potent, orally bioavailable inhibitor of HIV-1 protease. Journal of Medicinal

Chemistry, 1997, 40(24), 3979-3985.

[116] Blackledge G. New developments in cancer treatment with the novel thymidylate synthase
inhibitor raltitrexed (’Tomudex’). British Journal of Cancer, 1998, 77(S2), 29-37.

[117] Adkins JC, Faulds D. Amprenavir. Drugs, 1998, 55(6), 837-842.

[118] Schames JR, Henchman RH, Siegel JS, Sotriffer CA, Ni H, McCammon JA. Discovery of a
novel binding trench in HIV integrase. Journal of Medicinal Chemistry, 2004, 47(8), 1879-
1881.

[119] Prathipati PAD, Saxena AK. Computer-aided drug design: Integration of structure-based and
ligand-based approaches in drug design. Current Computer-Aided Drug Design, 2007, 3, 133-
148.

[120] Awanish K, Anubhuti J. Drug development strategies. Anticandidal Agents, 2007, 63-71.

[121] Basso LA, Silva LHPD, Fett-Neto AG, Azevedo JWFD, Moreira ÍDS, Palma MS, Calixto JB,
Filho SA, dos Santos RR, Soares MPB, Santos DS. The use of biodiversity as source of new
chemical entities against defined molecular targets for treatment of malaria, tuberculosis, and
T-cell mediated diseases: a review. Memórias do Instituto Oswaldo Cruz, 2005, 100(6), 475-
506.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 117 Boris D BEKONO©2018



BIBLIOGRAPHY

[122] Padmanaban G, Nagaraj VA, Rangarajan PN. Drugs and drug targets against malaria. Current

Science, 2007, 92(11), 1545-1555.

[123] Michael EAD, McIntosh T, Dean H, Chen S, Zhang G, Baevova P, Joiner KA. Four distinct
pathways of hemoglobin uptake in the malaria parasite Plasmodium falciparum. Proceedings

of the National Academy of Sciences, 2008, 105(7), 2463-2468.

[124] Miller LH, Su X. Artemisinin: discovery from the Chinese herbal garden. Cell, 2011, 146(6),
855-863.

[125] Liu J, Gluzman IY, Drew ME, Goldberg DE. The role of Plasmodium falciparum food vacuole
plasmepsins. Journal of Biological Chemistry, 2005, 280(2), 1432-1437.

[126] Blackman MJ. Proteases involved in erythrocyte invasion by the malaria parasite: function and
potential as chemotherapeutic targets. Current Drug Targets, 2000, 1(1), 59-83.

[127] Eggleson KK, Duffin KL, Goldberg DE. Identification and characterization of falcilysin, a
metallopeptidase involved in hemoglobin catabolism within the malaria parasite Plasmodium

falciparum. Journal of Biological Chemistry, 1999, 274(45), 32411-32417.

[128] Klemba M, Gluzman I, Goldberg DE. A Plasmodium falciparum dipeptidylaminopeptidase
I participates in vacuolar hemoglobin degradation. Journal of Biological Chemistry, 2004,
279(41), 43000-43007.

[129] Teixeira C, Gomes JRB, Gomes P. Falcipains, Plasmodium falciparum cysteine proteases as
key drug targets against malaria. Current Medicinal Chemistry, 2011, 18(10), 1555-1572.

[130] Padmanaban G, Nagaraj VA, Rangarajan PN. Drugs and drug targets against malaria. Current

Science, 2007, 92(11), 1545-1555.

[131] Kamphuis R, Kalk KH, Swarte MBA, Drenth J. Structure of papain refined at 1.65 Å resolution.
Journal of Molecular Biology, 1984, 179(2), 233-256.

[132] GaravitoRM, Rossmann MG, Argos P, Eventoff W. Convergence of active center geometries.
Biochemistry, 1977, 16(23), 5065-5071.

[133] Malgorzata R, Dorota C, Stec-Niemczyk J. Modes of inhibition of cysteine proteases. Acta

Biochemical Polonica, 2004, 51, 861-873.

[134] Coterón JM, Catterick D, Castro J, Chaparro MJ, Díaz B, Fernández E, Ferrer S, Gamo FJ,
Gordo M, Gut J, de las Heras L, Legac J, Marco M, Miguel J, Muñoz V, Porras E, de la Rosa
JC, Ruiz JR, Sandoval E, Ventosa P, Rosenthal PJ, Jose M. Fiandor JM. Falcipain inhibitors:
optimization studies of the 2-pyrimidinecarbonitrile lead series. Journal of Medicinal Chem-

istry, 2010, 53(16), 6129-6152.

[135] Pandey KC, Dixit R. Structure-function of falcipains: malarial cysteine proteases. Journal of

Tropical Medicine, 2012, 2012, ID 345195.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 118 Boris D BEKONO©2018



BIBLIOGRAPHY

[136] Kerr ID, Lee JH, Pandey KC, Harrison A, Sajid M, Rosenthal PJ, Brinen LS. Structures of
falcipain-2 and falcipain-3 bound to small molecule inhibitors: implications for substrate speci-
ficity. Journal of Medicinal Chemistry, 2009, 52(3), 852-857.

[137] Shenai BR, Sijwali PS, Singh A, Rosenthal PJ. Characterization of native and recombinant
falcipain-2, a principal trophozoite cysteine protease and essential hemoglobinase of Plasmod-

ium falciparum. Journal of Biological Chemistry, 2000, 275(37), 29000-29010.

[138] Sijwali P S, Rosenthal PJ. Gene disruption confirms a critical role for the cysteine protease
falcipain-2 in hemoglobin hydrolysis by Plasmodium falciparum. Proceedings of the National

Academy of Sciences, 2004, 101(13), 4384-9438.

[139] Sijwali PS, Koo J, Singh N, Rosenthal PJ. Gene disruptions demonstrate independent roles for
the four falcipain cysteine proteases of Plasmodium falciparum. Molecular and Biochemical

Parasitology, 2006, 150(1), 96-106.

[140] Powers JC, Asgian JL, Ekici OD, James KE. Irreversible inhibitors of serine, cysteine, and
threonine proteases. Chemical Reviews, 2002, 102(12), 4639-4750.

[141] Vicik R, Busemann M, Baumann K, Schirmeister T. Inhibitors of cysteine proteases. Current

Topics in Medicinal Chemistry, 2006, 6(4), 331-353.

[142] Lee BJ, Singh A, Chiang P, Kemp SJ, Goldman EA, Weinhouse MI, Vlasuk GP, Rosenthal
PJ. Antimalarial activities of novel synthetic cysteine protease inhibitors. Antimicrobial Agents

and Chemotherapy, 2003, 47(12), 3810-3814.

[143] Schulz F, Gelhaus C, Degel B, Vicik R. Heppner S, Breuning A, Leippe M, Gut J, Rosenthal
PJ, Schirmeister T. Screening of protease inhibitors as antiplasmodial agents. Part I: Aziridines
and epoxides. ChemMedChem, 2007, 2(8), 1214-1224.

[144] Martichonok V, Plouffe C, Storer AC, Menard R, Jones JB. Aziridine analogues of [[trans-
(epoxysuccinyl)-L-leucyl]amino]-4-guanidinobutane (E-64) as inhibitors of cysteine proteases.
Journal of Medicinal Chemistry, 1995, 38(16), 3078-3085.

[145] Bekono BD, Ntie-Kang F, Owono LCO, Megnassan E. Targeting cysteine proteases from Plas-

modium falciparum: a general overview, rational drug design and computational approaches
for drug discovery. Current Drug Targets, 2018, 19(5), 501-526.

[146] Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, Shindyalov IN, Bourne
PE. The protein data bank. Nucleic Acids Research, 2000, 28(1), 235-242.

[147] Wang SX, Pandey KC, Somoza JR, Sijwali PS, Kortemme T, Brinen LS, Fletterick RJ, Rosen-
thal PJ, McKerrow JH. Structural basis for unique mechanisms of folding and hemoglobin
binding by a malarial protease. Proceedings of the National Academy of Sciences, 2006,
103(31), 11503-11508.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 119 Boris D BEKONO©2018



BIBLIOGRAPHY

[148] Hogg T, Nagarajan K, Herzberg S, Chen L, Shen X, Jiang H, Wecke M, Blohmke C,Hilgenfeld
R, Schmidt CL. Structural and Functional Characterization of Falcipain-2, a Hemoglobinase
from the Malarial Parasite Plasmodium falciparum. Journal of Biological Chemistry, 2006,
281(35), 25425-25437.

[149] Wang SX, Pandey KC, Scharfstein J, Whisstock J, Huang RK, Jacobelli J, Fletterick RJ, Rosen-
thal PJ, Abrahamson M, Brinen LS, Rossi A, Sali A, McKerrow JH. The structure of chagasin
in complex with a cysteine protease clarifies the binding mode and evolution of an inhibitor
family. Structure, 2007, 15(5), 535-543.

[150] Kerr ID, Lee JH, Pandey KC, Harrison A, Sajid M, Rosenthal PJ, Brinen LS. Structures of
falcipain-2 and falcipain-3 bound to small molecule inhibitors: implications for substrate speci-
ficity. Journal of Medicinal Chemistry, 2009, 52(3), 852-857.

[151] Hansen G, Heitmann A, Witt T, Li H, Jiang H, Shen X, Heussler VT, Rennenberg A, Hilgenfeld
R. Structural basis for the regulation of cysteine-protease activity by a new class of protease
inhibitors in Plasmodium. Structure, 2011, 19(7), 919-929.

[152] Pissurlenkar RR, Shaikh MS, Iyer RP, Coutinho EC. Molecular mechanics force fields and their
applications in drug design. Anti-Infective Agents in Medicinal Chemistry (Formerly Current

Medicinal Chemistry-Anti-Infective Agents), 2009, 8(2), 128-150.

[153] Debord J. Introduction à la modélisation moléculaire. 2004, 37-41.

[154] Foresman JB, Frisch A. Exploring chemistry with electronic structure methods second edition.
Gaussian Inc Pittsburg PA, 1995, 254-285.

[155] Hartree DR. The wave mechanics of an atom with a non-Coulomb central field. Part I theory
and methods. Mathematical Proceedings of the Cambridge Philosophical Society, 1928, 24(1),
89-110.

[156] Born M, Oppenheimer JR. Onthe quantum theoryof molecules. Annalen der Physik, 1927, 84,
457-484.

[157] Dalgaard E, Jorgensen P. Optimization of orbitals for multi-configurational reference states.
The Journal of Chemical Physics, 1978, 69(8), 3833-3844.

[158] Bethe HA, Jackiw R. Intermediate quantum mechanics. Lecture notes in Physics. Benjamin,

New York, 1958.

[159] Andrews DH. The relation between the raman spectra and the structure of organic molecules.
Physical Review, 1930, 36(3), p.544.

[160] Lifson S, Warshel A. Consistent force field for calculations of conformations, vibrational spec-
tra, and enthalpies of cycloalkane and n-alkane molecules. The Journal of Chemical Physics,
1968, 49(11), 5116-5129.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 120 Boris D BEKONO©2018



BIBLIOGRAPHY

[161] Bartol P, Comba M, Zimmer M. Conformational searching of transition metal compounds.
Journal of Computational Chemistry, 1999, 20(14), 1549-1558.

[162] Josephson BD, Pallikari-Viras F. Biological utilization of quantum nonlocality. Foundations of

Physics, 1991, 21(2), 197-207.

[163] Pearlman DA, Kollman PA. Evaluating the assumptions underlying force field development and
application using free energy conformational maps for nucleosides. Journal of the American

Chemical Society, 1991, 113(19), 7167-7177.

[164] Dillen JLM. PEFF: a program for the development of empirical force field. Journal of compu-

tational chemistry, 1992, 13(3), 257-267.

[165] Momany FA, McGuire RF, Burgess AW, Sheraga HA. Energy parameters in polypeptides. VII.
Geometric parameters, partial atomic charges, nonbonded interactions, hydrogen bond interac-
tions, and intrinsic torsional potentials for the naturally occuring amino acids. The Journal of

Physical Chemistry, 1975, 79(22), 2361-2381.

[166] Allinger NL. Conformational Analysis. 130. MM2. A hydrocarbone force field utilizing V1
and V2 torsional terms. Journal of the American Chemical Society, 1977, 99 (25), 8127-8134.

[167] Ermer O, Lifson S. Consistent force field calculations. III. Vibrations, conformations, and heats
of hydrogenation of nonconjugated olefins. Journal of the American Chemical Society, 1973,
95(13), 4121-4132.

[168] Oostenbrink C, Villa A, Mark AE, Van Gunsteren WF.A biomolecular force field based on the
free enthalpy of hydration and solvation: The GROMOS force-field parameter sets 53A5 and
53A6. Journal of Computational Chemistry, 2004, 25(13), 1656-1676.

[169] Warshel A, Lappicirell A. Calculations of ground and excited-state potential surfaces for con-
jugated heteroatomic molecule. Journal of the American Chemical Society, 1981, 103(16),
4664-4673.

[170] Lipkowitz KB, Boyd DB. Reviews in computational Chemistry. Wiley online library, 1991, 2,
99-164.

[171] Chen KH, Allinger NL. Molecular mechanics (MM4) study of saturated four-membered ring
hydrocarbons. Journal of Molecular Structure: Theochem, 2002, 581, 215-237.

[172] Allinger NL, Calculation of molecular structure and energy by force-field methods. Advances

in physical organic chemistry, 1976, 13, 1-82.

[173] Li JH, Allinger NL. Molecular mechanics. The MM3 force field for hydrocarbons.3. The van
der Waals’ potentials and crystal data for aliphatic and aromatic hydrocarbons. Journal of the

American Chemical Society, 1989, 111(23), 8576-8582.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 121 Boris D BEKONO©2018



BIBLIOGRAPHY

[174] Allinger NL, Chen K, Lii JH. An ImprovedForceField (MM4) for Saturated Hydrocarbons
Journal of computational chemistry, 1996, 17, 642-668.

[175] Weiner SJ, Kollman PA, Nguyent T,Case DA. An all atom force field for simulations of proteins
and nucleic acids. Journal of computational chemistry, 1986, 7(2), 230-252.

[176] Palmer, A. Introduction to molecular modeling, in molecular design and combinatorial chem-
istry. Ed. Miertus S, ICS-UNIDO, 1997, 1-8.

[177] Hinchliffe A. Molecular modelling for beginners. John Wiley and Sons, 2005.

[178] Momany FA, Rone R. Validation of the general purpose QUANTA® 3.2/CHARMm® force
field. Journal of Computational Chemistry, 1992, 13(7), 888-900.

[179] Roterman MH, Lambert KD, Gibson HA Scheraga. A comparison of the CHARMM, AM-
BER and ECEPP potentials for peptides. II. - maps for N-acetyl alanine N´-methyl amide:
comparisons, contrasts and simple experimental tests. Journal of Biomolecular Structure and

Dynamics, 1989, 7(3), 421-453.

[180] Jing Z, Liu C, Cheng SY, Qi R, Walker BD, Piquemal JP, Ren P. Polarizable force fields for
biomolecular simulations: recent advances and applications. Annual Reviews Biophysics, 2019,
6(48), 371-394.

[181] Patel S, MacKerell Jr AD, Brooks III CL. CHARMM fluctuating charge force field for pro-
teins: I. Parameterization and application to bulk organic liquid simulations. Journal of Com-

putational. Chemistry, 2004, 25, 1-15.

[182] Lemkul JA, Huang J, Roux B, MacKerell AD. An empirical polarizable force field based on
the classical drude oscillator model: development history and recent applications. Chemical

Review, 2016, 116, 4983-5013.

[183] Chen J, Martínez TJ. QTPIE: charge transfer with polarization current equalization. A fluctu-
ating charge model with correct asymptotics. Chemical Physics Letter, 2007, 438, 315-20.

[184] Jorgensen WL, Rives JT. The OPLS (optimized potentials for liquid simulations) potential
functions for proteins, energy minimizations for crystals of cyclic peptides and crambin. Jour-

nal of the American Chemical Society, 1988, 110 (6), 1657–1666.

[185] Hagler A, Lifson S. Energy functions for peptides and proteins. II. Amide hydrogen bond
and calculation of amide crystal properties. Journal of the American Chemical Society, 1974,
96(17), 5327-5335.

[186] Niketic SR, Rasmussen K. The consistent force field: a documentation. Lecture notes in chem-

istry, 1997.

[187] Insight-II version 2000 molecular modelling package, discover version 2.98 simulation pack-
age, and delPhi version 3.0 solvation program, 2000, Accelrys, Inc., San Diego, California.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 122 Boris D BEKONO©2018



BIBLIOGRAPHY

[188] Dinur U, Hagler AT. New approaches to empirical force fields. Reviews in computational chem-

istry, 1991, 2, 99-164.

[189] Discovery studio (version 2.1), Accelrys, Inc., 10188 Telesis Court, Suite 100 San Diego, CA
92121,USA, San Diego, California, 2008.

[190] Maple JR, Hwang MJ, Stockfish, TP, Dinur U, Waldman M, Ewing CS, Hagler AT. Derivation
of class II force fields. I. Methodology and quantum force field for the alkyl functional group
and alkane molecules. Journal of computational chemistry, 1994, 15, 162-182.

[191] Niketic SR, Rasmussen K. The Consistent force field: a documentation. Lecture notes in chem-

istry, 2012.

[192] Discover User Guide, Insight II user guide. Biosym/MSI, San Diego, CA, USA, 1995.

[193] Molecular Operating Environment Software, Chemical Computing Group Inc., Montreal,

Canada, 2007.

[194] Halgren TA. Merck Molecular Force Field. II. MMFF94 van der Waals and electrostatic param-
eters for intermolecular interaction. Journal of computational chemistry, 1996, 17, 520-552.

[195] Halgren TA. MMFF VI. MMFF94s option for energy minimization studies. Journal of compu-

tational chemistry, 1999, 20, 720-729.

[196] Halgren TA, Nachbar RB. Merck molecular force field. IV. conformational energies and ge-
ometries for MMFF94. Journal of computational chemistry, 1996, 17, 587-615..

[197] Groenhof G. Introduction to QM/MM simulations. In Biomolecular Simulations, 2013, 924,
43-66.

[198] Ferrer S, Ruiz-Pernia J, Marti S, Moliner V, Tunon I, Bertran J, Andrés J. Hybrid schemes
based on quantum mechanics/molecular mechanics simulations goals to success, problems,
and perspectives. In Advances in protein chemistry and structural biology, 2011, 85, 81-142.

[199] van der Kamp MW, Mulholland AJ. Combined quantum mechanics/molecular mechanics
(QM/MM) methods in computational enzymology. Biochemistry, 2013, 52(16), 2708-2728.

[200] Lodola A, De Vivo M. The Increasing Role of QM/MM in Drug. In Advances in Protein Chem-

istry and Structural Biology, 2012, 87, 337-362.

[201] Gleeson MP, Gleeson D. QM/MM calculations in drug discovery: a useful method for studying
binding phenomena?. Journal of chemical information and modeling, 2009, 49(3), 670-677.

[202] Menikarachchi LC, Gascon JA. QM/MM approaches in medicinal chemistry research. Current

topics in medicinal chemistry, 2010, 10(1), 46-54.

[203] Le Bel JA. Sur les relations qui existent entre les formules atomiques des corps organiques, et
le pouvoir rotatoire de leurs. Bulletin de la Société chimique de Paris, 1874, 22, 337-347.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 123 Boris D BEKONO©2018



BIBLIOGRAPHY

[204] van’t Hoff JH. Sur les formules de structures dans l’espace. Bulletin de la Société chimique de

Paris, 1875, 23, 295-230.

[205] Bartol J, Comba P, Melter M, Zimmer M.Conformational searching of transition metal com-
pounds. Journal of computational Chemistry, 1999, 20(14), 1549-1558.

[206] Keseru G, Kolossvary I. Molecular mechanics and conformational analysis in drug design.
Wiley-Blackwell, 1999

[207] Thomas J, Karplus NM. Pseudosystematic conformational search. Application to cyclohep-
tadecane. Journal of the American Chemical Society, 1997, 119(24), 5657-5667.

[208] Guida WC, Kolossvary I. Low Mode Search. An efficient, automated computational method for
conformational analysis: application to cyclic and acyclic alkanes and cyclic peptides. Journal

of the American Chemical Society, 1996, 118(21) 5011-5019.

[209] von der Lieth CW, Kozár T, Hull WE. A (critical) survey of modelling protocols used to ex-
plore the conformational space of oligosaccharides. Journal of Molecular Structure: theochem,
1997, 395, 225-244.

[210] Keserü G, Kolossváry I. Molecular mechanics and conformational analysis in drug design.
Wiley-Blackwell, 1999.

[211] Dugas H. Principe de base en modélisation moléculaire, aspects théoriques et pratiques,
Chapitre 3 introduction aux méthodes de minimisation d’énergie. Libraire de L’Université de

Montréal, 1996.

[212] Lipkowitz P. Molecular mechanics in organic synthesis. Chemical Reviews, 1993, 93(7), 2463-
2486.

[213] Jensen F. Introduction to computational chemistry. John Wiley and Sons: Chichester, 2007,
380-420.

[214] Shewchuk JR. An introduction to the conjugate gradient method. School of Computer Science

Carnegie Mellon University Pittsb urgh, Edition1, 1994.

[215] Kollman PA. Theory of complex molecular interactions: computer graphics, distance geometry,
molecular mechanics, and quantum mechanics. Accounts of Chemical Research, 1985, 18(4),
105-111.

[216] Kirkpatrick S, Gelatt CD, Vecchi MP. Optimization by simulated annealing. Science, 1983,
220(4598), 671-680.

[217] Bertsimas D, Tsitsiklis J. Simulated annealing. Statistical science, 1993, 8(1), 10-15.

[218] Bensaid MO. Thèse de Doctorat. Étude des polymères par dynamiques moléculaire. Universite

d’oran des sciences et de la technologie mohamed boudiaf, 2015.

THESE de Doctorat/PhD, UNIVERSITE DE YAOUNDE I 124 Boris D BEKONO©2018



BIBLIOGRAPHY
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 Abstract: Background: The Plasmodium falciparum cysteine proteases, also known as falcipains, are 
involved in different erythrocytic cycle processes of the malaria parasite, e.g. hydrolysis of host hae-
moglobin, erythrocyte invasion, and erythrocyte rupture. With the biochemical characterization of four 
falcipains so far, FP-2 (falcipain-2) and FP-3 (falcipain-3), members of the papain-like CAC1 family, 
are essential haemoglobinases. They could therefore be referred to as potential anti-malarial drug tar-
gets in the search for novel therapies, which could ease the burden caused by the increasing resistance 
to current antimalarial drugs. �
Objectives: This review provides a summary of the most important results, highlighting the drug de-
sign approaches essential for the understanding of the mechanism of inhibition and discovery of inhib-
itors against cysteine proteases from P. falciparum. �
Results: Rational and computer-aided drug discovery approaches for the design of promising falcipain 
inhibitors are described herein, with a focus on a variety of structure-based and ligand-based modeling 
approaches. Moreover, the key features of ligand recognition against these targets are emphasized.�
Conclusion: This review would be of interest to scientists engaged in the development of drug design 
strategies to target the cysteine proteases, FP-2 and FP-3. 
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1. DESCRIPTION OF THE SUBJECT AREA 

1.1. Background 

The malaria parasite was discovered in 1878 by the 
French Alphonse Laveran [1]. The incidence of the disease 
has increased 2- to 3-fold over the last 35 years [2]. In 1982, 
it was estimated that approximately 215 million people were 
chronically infected and that some 150 million new cases 
were reported each year [3-5]. Globally, death cases related 
to malaria grew rapidly from 1990 and reached a peak of 232 
million cases in 2003, with 1.2 million deaths in 2004 alone. 
In the year 2000, with the adoption of the Millennium De-
velopment Goals (MDGs) to improve the state of the world 
by 2015, one of the eight goals was to reduce the number of 
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malaria cases by 50% by 2015 [4]. This goal has been 
achieved. Malaria incidence has indeed declined in recent 
years in all regions of the world [5]. This is because, be-
tween 2000 and 2015, an expansion of interventions against 
malaria contributed to a 37% decline in malaria mortality 
rates globally, which reduced an estimated 4.3 million 
deaths. It is, however, reported that more than 3.2 billion 
people worldwide are still at risk for malaria, considered 
high risk for 1.2 billion, with an estimated 214 million ma-
laria cases, leading to approximately 438,000 malaria deaths 
[5]. Malaria is known to have a large global burden, with 
strong poverty-promoting effects. It persists as chronic infec-
tions, in spite of the available effective medical treatments. 
Thus, it could be classified as a neglected tropical disease [6, 
7]. Diseases like malaria, caused by tropical parasites, repre-
sent a major cause of mortality and morbidity in the develop-
ing world [8]. Over the last two decades, most of the global 
funding mechanisms have been directed at HIV/AIDS, ma-
laria, and tuberculosis [9], malaria being one of the deadliest 
diseases the world is facing. Most of the morbidity cases 
have been recorded in Africa, South East Asia and South 
America, the majority being pregnant women and children 
under five years of age [10].  
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The situation has been worsened by the resistance of the 
malaria parasites to conventional drugs, particularly in P. 
falciparum, added to the fact that these poverty stricken 
populations hardly have access to commercialized drugs 
[11-13]. P. falciparum causes hundreds of millions of in-
fections annually and is regarded as the most virulent hu-
man malaria pathogen [14-16]. Malaria is a serious prob-
lem particularly in Africa, where it is reported to be re-
sponsible for 1 in every 5 childhood deaths [17]. It is re-
ported that an African child has between 1.6 and 5.4 epi-
sodes of malaria fever each year and every 30 seconds a 
child dies from malaria [17]. The control of malaria has 
been hindered by increasing parasite strains resistant to 
available drugs [18-20]. The history of malaria therapy is 
long, and a number of small molecules, e.g. quinine, chlo-
roquine, artemisinin and atovaquone, are the treatment of 
choice [21]. Artemisinin, which is the most efficient cur-
rently used anti-malarial drug, is only a single mutation 
away from emerging drug resistance [22]. Artemisinin 
combination therapy (ACT), the first-line treatment, was 
suggested to decrease the transmission of P. falciparum and 
delay the onset of resistance against artemisinin alone in 
malaria endemic regions [23]. However, the existence of P. 
falciparum strains resistant to ACT was already reported in 
South East Asia almost a decade ago [24]. This raises con-
cerns about malarial intervention in Africa, where the most 
virulent and resistant P. falciparum strains are prevalent. It 
is, therefore, imperative to develop other classes of effec-
tive anti-malarial drugs, in particular compounds acting 
against novel biochemical targets. To develop such com-
pounds, it is very important to characterize the structural 
and biochemical features of new drug targets. Until now, 
despite the fact that several drug targets have been identi-
fied after the unveiling of the P. falciparum genome in 
2002 [11, 25], only a few anti-malarial targets have been 
validated in vivo. However, as far as availability of new 
drugs for malaria is concerned, it has to be based on new 
biological target proteins. 

P. falciparum enzymes that break down hemoglobin (Hb) 
are known to be very promising chemotherapeutic targets, 
because Hb degradation is a vital process for P. falciparum 
[26]. The protozoan consumes about 75% of the Hb in the 
infected red blood cells of the human host during the in-
traerythrocytic stage of the parasite’s life cycle [27]. This is 
the main source of amino acids for the parasite growth and 
maturation [26]. Falcipains (FPs) are a group of P. falcipa-
rum cysteine proteases. These are proteolytic enzymes char-
acterized by a cysteine residue in their active site region [28, 
29], which are involved in different processes of the erythro-
cytic cycle of the malaria parasite, e.g. hydrolysis of host 
hemoglobin, erythrocyte invasion, and erythrocyte rupture 
[8]. Cysteine proteases are classified into clans and families 
[30]. Each clan presents different sequences, different struc-
tural identities and diverse origins. However, they share the 
use of a cysteine residue to catalyze the hydrolysis of peptide 
bonds. Cysteine proteases have been classified into three 
structurally distinct groups, v.i.z. papain-like (e.g. clan CA, 
including the cathepsins, FPs, and calpains), ICE-like (e.g. 
clan CD, including the caspases and gingipains) and picor-
nain-like (e.g. clan PA(C), including the human rhinovirus 
protease 3C). Different cysteine proteases have been associ-

ated with a variety of human clinical conditions, e.g. caspa-
se-I (psoriasis, inflammation), cathepsin S (autoimmune or 
inflammatory disorders) and cathepsin K(osteoporosis). 
They are also present in the life cycle of protozoa, for exam-
ple, FPs from P. falciparum (malaria) and cruzain from 
Trypanosoma cruzi (Chagas disease), as well as in viruses 
such as HRV 3CLpro from the rhinovirus (common cold) 
and SARS 3CLpro, an etiological agent responsible for Se-
vere Acute Respiratory Syndrome (SARS) infection. Gener-
ally speaking, the mammalian cysteine proteases have been 
classified into 2 main groups; lysosomal cathepsins(clan CA, 
family C1) and the caspases (clan CD, family C14). Falci-
pains from P. falciparum are members of clan CA, family 
C1. Therefore, selectivity of a falcipain inhibitor against the 
parasite proteases, compared with the corresponding human 
targets, must be defined as the lack of activity against ca-
thepsin cysteine proteases. 

In the search for novel therapies that would ease the bur-
den caused by the increasing resistance to current anti-
malarial drugs, cysteine proteases constitute promising tar-
gets. Four of the FPs have been characterized biochemically 
so far. However, as a result of their interesting hemoglobi-
nase capacity and the ample availability of tools, the search 
for new FP inhibitors has been limited to falcipain-2 (FP-2) 
and/ or falcipain-3 (FP-3) [31]. As a result of the availability 
of several X-ray structures of FP-2 and FP-3 in the protein 
data bank (PDB) [32], several potent inhibitors have been 
developed, including the use of computational approaches. 
This review will first provide a survey of the available in-
formation on the cysteine proteases from the genus Plasmo-
dium, then describe progress towards the discovery of prom-
ising FP inhibitors, with prospects for the exploitation of this 
class of enzymes as drug targets. Finally, we would provide 
highlights on various rational approaches for the discovery 
inhibitors against cysteine proteases with examples for FP-2 
and FP-3 will be provided. In writing this review, the authors 
intend to first provide an overview of the general subject, 
then examine rational approaches to drug design before ex-
amining the computational techniques which have been used 
in this field and presenting the main results. 

1.2. Plasmodium falciparum: Life Cycle of the Parasite 

To rationally develop new anti-malaria agents, it is essen-
tial to study the genetics and physiology of P. falciparum. It 
is equally important to understand the P. falciparum-host 
interaction in order to learn how the parasite circumvents 
host defenses and causes disease. The life cycle of Plasmo-
dium parasites is completed through many morphological 
changes, which alternate between an invertebrate and verte-
brate host. P. falciparum has three critical points in its life 
cycle, during which a small number of parasites multiply 
rapidly in order to generate much larger populations [33]: the 
mosquito vector stage, liver and blood stages (Fig. 1) [33, 
34]. The two last processes take place in the vertebrate (hu-
man) host. All malaria types have a similar life cycle. The 
female and male gametocytes (the only stages within the 
parasite’s life cycle able to mediate the transition from the 
human host to the insect host [35]) mate inside the gut of the 
mosquito vector and go through meiosis and thereafter mi-
grate to the midgut wall of the vector mosquito and produce 
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an oocyst [34], in which many sporozoites develop [36]. 
Sporozoites, the infectious form of the parasite, are injected 
into a human host through the saliva of an Anopheles mos-
quito when it bites the human host to feed on blood. These 
sporozoites travel to the liver, where they invade the human 
liver cells within a few minutes, thus taking a new form and 
multiplying (exo-erythrocytic forms). During the process of 
liver cell rupture, blood stage parasites (also known as), are 
released, thereby constituting the erythrocytic cycle/asexual 
blood stage. Each merozoite invades a red blood cell. After 
two days the parasite starts repeating mitotically. This con-
tinues through some stages (e.g. ring, trophozoite and schi-
zont), thus producing more merozoites [37, 38]. This is the 
stage of the life cycle which causes disease, often leading 
todeath if nothing is done [12, 39]. Some merozoites change 
into gametocytes, a form which does not cause disease but 
remains in the blood until cleared by drugs or the immune 
system, or taken up by a mosquito bite. In the mosquito’s 
midgut "male" gametocytes fertilize the "female" to form 
oocysts [40], which mature into thousands of sporozoites, 
eventually swimming to the mosquito's salivary glands to 
initiate another life cycle (Fig. 1). The form of the parasite 
best studied is the asexual blood stage, largely due to the fact 
that this is the disease-causing stage. Its experimental acces-
sibility is relatively easy [37]. Thus, most Plasmodium pro-
teins that have been well characterized are expressible during 
the erythrocytic cycle. Although P. falciparum proteases 
may be involved in many processes, only three functions 
(hydrolysis of host hemoglobin, erythrocyte invasion, and 
erythrocyte rupture) in erythrocytic parasites are well de-
fined. Therefore, potential anti-malarial drug targets could be 
broadly classified into three mainly categories: hemoglobin 

(Hb) degradation enzymes, signaling and transport protein 
factors [11]. FP cysteine proteases are mainly involved in Hb 
degradation and only play a minor role in erythrocyte rup-
ture.  

1.3. Hb Degradation by Plasmodium falciparum 

To obtain the nutrients required for growth during the in-
tra-erythrocytic stage, the parasite has to break down a great 
amount of hemoglobin from the host cell [41]. The Hb deg-
radation process occurs in food vacuoles of the parasite 
where 25-75% hemoglobin is digested, thereby liberating the 
required amino acids for incorporation into parasite proteins 
[11, 42, 43]. Several proteases are involved in this degrada-
tion [11, 44] and they can be divided into two major func-
tional groups:  

i). proteases involved in the invasion and rupture of erythro-
cytes 

ii). proteases involved in hemoglobin hydrolysis [45].  

In the latter, two relevant protease families: aspartic pro-
teases and cysteine proteases, called plasmepsins and falci-
pains (FPs), respectively [26, 46], one metalloprotease (falci-
lysin) [47, 48], and one dipeptidyl aminopeptidase [49] are 
involved. The degradation process follows an ordered path-
way (Fig. 2) [50]. Therefore, blocking the process (or inhib-
iting any of these enzymes) would be lethal to the parasite. 
We can therefore conclude that the inhibition of hemoglobin 
degradation by cysteine protease inhibitors would lead to 
parasites containing abnormal food vacuoles full of 
undegraded host hemoglobin. 

MOSQUITO HUMAN

1. Mosquito bite 
(transmission to humans)

2. Entry of sporozites into 
humans

3. Rupture of 
liver cells and 
release of 
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Mitosis
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cycle
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rupture

5. Production of merozoites 
by gametophytes

6. Mosquito bite 
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9. Development of
sporozoites

 

Fig. (1). The malaria parasite life cycle [54]. 
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1.4. Drug Targets 

The targeting of parasite cysteine proteases with small 
molecules is a possible approach to developing drugs for the 
treatment of tropical parasitic diseases, e.g. sleeping sick-
ness, Chagas’ disease, and malaria [8]. One approach is to 
search for drug leads among existing small molecule librar-
ies. Many of the currently used anti-malarial drugs were not, 
however, developed on the basis of rationally identified tar-
gets. On the contrary, they were discovered by the identifica-
tion of the anti-malarial activity of natural products (NPs) 
(e.g. quinine and artemisinin), compounds chemically related 
to NPs (e.g. chloroquine and artesunate), or compounds ac-
tive against other infectious pathogens (e.g. antifolates and 
tetracyclines [51]). By the mid-1950s, it was confidently 
expected that malaria would be eradicated worldwide. How-
ever, by the mid-1960s these expectations were cut off by the 
problems of resistance [52]. The vector mosquito developed 
resistance to potent insecticides such as dichlorodiphenyltri-
chloroethane and certain strains of P. falciparum became 
resistant to chloroquine treatment, so that by the early 1980s, 
several strains of P. falciparum had become multi-drug re-
sistant [3]. Although resistance to these available drugs tends 
to be much less widespread geographically, in some areas of 
the world today the impact of multi-drug resistant malaria 
can be extensive. Although much of the present research 
work focuses on the identification of new drugs, researchers 
have little knowledge of the mode of action and the complete 
resistance mechanism to some of the known drugs [53]. Ma-
laria drug resistance is often associated with genetic muta-
tions in genes encoding for target proteins. This may result 
in an unusual expression and folding of these proteins, thus 
modifying the usual binding site of the drug. Drug resistance 
in Plasmodium is mediated by two processes, which include: 
(i) the rate of appearance of de novo mutations that confer 
resistance, selected through drug use within an individual; 
and (ii) the rate of spread of resistant alleles to other individ-
uals [54]. It therefore stands out clearly that the eradication 
of malaria will require the design and development of new 
therapeutically active agents against, particularly, the disease 
causing P. falciparum resistant strains. 

The development of resistance by the parasite against 
first line and second line anti-malarial drugs has underscored 
the importance to develop new drug targets and pharmaco-
phores to treat the disease. With the availability of increasing 
support for malaria research, a number of drug targets and 
candidate molecules have been made available for further 
development. These efforts are, however, still relatively lim-
ited. The success rate of candidate molecules to become 
drugs is also very low, thus making it increasingly necessary 
to develop other lead compounds, identified on a rational 
basis, thus facilitating the development of such compounds. 
It is also important to characterize the biochemical features 
and biological roles of new drug targets [55]. 

The design of anti-malarial compounds targeting 
plasmepsin and FP inhibition by structure-based drug design 
(SBDD) approaches has received much attention, due to their 
potential biomedical use. Earlier studies indicated that P. 
falciparum had a limited capacity for de novo amino acid 
synthesis. The parasite therefore depends on hemoglobin 
hydrolysis as a source of amino acids for protein synthesis 
[56]. Hemoglobin is initially degraded by aspartic proteases 
(e.g. plasmepsins I, II, and possibly III and IV) located in the 
digestive vacuole [11, 48, 56]. There are a total of 30 pre-
dicted cysteine proteases [14], which have been named ac-
cording to the function of a catalytic cysteine mediating pro-
tein hydrolysis via the nucleophilic attack on the carbonyl 
carbon of a susceptible peptide bond [25, 57]. Four cysteine 
protease FPs have been identified so far in the P. falciparum 
genome:falcipain-1 (FP-1), FP-2 and -2’ (now known as FP-
2A and -2B), and FP-3. Only FP-2A, -2B, and -3 have been 
shown to be involved in Hb degradation, further degrading 
the plasmepsin-digested products. The generated short pep-
tides are finally digested by the metalloprotease falcilysin 
[11, 46, 47]. The term “FP” describes a group of papain-
family cysteine proteases, which are expressed at different 
stages during the development cycle of the most virulent 
human malaria parasite, P. falciparum. However, to the best 
of our knowledge, no commercial drug-targeting FPs have 
been developed despite their central role in the life cycle of 
the parasites. 

Hemoglobin

Small peptides

Oligopeptides
Free amino acids

Aminopeptidases

Falcilysin DPAP1

Plasmepsins (I, II, IV and HAP)

Falcipains (-1,-2, -2' and -3)
Heme

Hematin

Hemozin

Oxidation

Polymerization

 

Fig. (2). Summary of the degradation process of hemoglobin in the P. falciparum food vacuole [50]. 
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1.4.1. Falcipain-1 (FP-1) 

The first cysteine protease gene cloned from P. falcipa-
rum was named FP-1. The physiological role of FP-1 in 
asexual blood stages of the parasite is still uncertain, while 
its primary function is more likely to be in the mosquito-
stage parasites [58]. However, some studies suggested that 
FP-1 acts as a hemoglobinase. Greenbaum et al. [59] showed 
that FP-1 activity was associated with erythrocyte invasion 
by P. falciparum merozoites and specific inhibitors of FP-1 
blocked parasite invasion of the host erythrocyte, but had no 
effect on the parasite Hb-degradation activity. Eksi et al. 
[58] and Sijwali, et al. [60] independently carriedout knock-
out studies, which suggested that FP-1 could play a role in 
oocyst production. However, FP-1 does not seem to have a 
critical role in the erythrocytic stages of the P. falciparum 
parasite. FP-1 is encoded on chromosome 14 and is a distant 
relative of the other falcipains in terms of sequence (showing 
<40% amino acid sequence identity) and function [61].  

1.4.2. Falcipain-2 (FP-2) and falcipain-2’ (FP-2’) 

FP-2 (or FP-2A), is the most extensively studied enzyme 
within this family. Recent functional and structural data sug-
gest that FP-2 is an attractive target for therapeutic interven-
tion among the identified P. falciparum drug targets [62, 63]. 
The best studied role of FP-2 is its Hb degradation [64]. FP-2 
is a principal cysteine protease and essential hemoglobinase 
of erythrocytic P. falciparum trophozoites (which constitutes 
more than 93% of its role) in the total cysteine protease ac-
tivity in the food vacuole during the early and late trophozo-
ite stages of the parasite [31]. Many in vitro studies have 
confirmed that inhibitors of FP-2 can block hemoglobin hy-
drolysis in the parasite, thereby halting the development of 
culture parasites [65-67]. Evidence of the ability of FP-2 to 
activate at least one other protease (named plasmepsin II), by 
cleaving off the propeptide, has been provided [68]. The 
literature indicate that FP-2' (or FP-2B) is a near-identical 
copy of FP-2, constituting about 98% identity in mature do-
mains [69, 70]. FP-2’ is indistinguishable from FP-2 bio-
chemically, the former also expressed in erythrocytic tropho-
zoites. FP-2’ function of is uncertain, although it is hypothe-
sized that a high complementarity exists between FP-2 and -
2’ in the process of hemoglobin degradation within the host, 
indicating that the FP.2’ is not essential.FP-2 and FP-3 (with 
65% amino acid sequence identity) resembled the papain 
family Clan CA cysteine proteases that cleave native or de-
natured human hemoglobin and are predominantly expressed 
in the acidic food vacuole of trophozoites and schizonts [71-
73]. Nowadays, the search for potent FP-2 and FP-3 inhibi-
tors is a hot topic in the search for potential malaria drugs.  

1.4.3. Falcipain-3 (FP-3) 

FP-3, a third putative cysteine protease gene, was identi-
fied in the year 2000 prior to its being fully sequenced, de-
scribed and characterized in 2001 [74]. FP-3 is very similar 
to FP-2 biochemically. It has been, however, reported that 
FP-3 is expressed later in the life cycle and appears to be a 
more efficient haemoglobinase than FP-2 [75]. Thus, cyste-
ine protease inhibitors which inhibit both FP-2 and FP-3 
consistently block hemoglobin hydrolysis and parasite de-
velopment. This suggests that the two proteases are key tar-

get enzymes [76, 77]. More importantly, FP-3 is more stable 
than FP-2 at moderately acidic pH, and also less stable at 
neutral pH, suggesting differences in physiological roles for 
the two proteases [66]. It has been discovered that the con-
centration of FP-2 in trophozoites is 1.8 times that of FP-3. 
However, the latter appears to cleave native hemoglobin 
about twice as rapidly as the former [78]. This indicates that 
FP-2 and FP-3 contribute almost equally to the digestion of 
hemoglobin in the food vacuole. The relative contribution of 
the two enzymes to the hydrolysis of native hemoglobin is, 
therefore, essentially equivalent, making both target enzymes 
equally important targets for the inhibition of hemoglobin 
degradation. Comparison of FP-2 and FP-3, in the presence 
of smaller ligands, showed that FP-3 is far less active against 
peptide substrates [13, 74]. This makes the latter target less 
amenable to inhibition by peptidyl-based small molecules. 
Additionally, the difference in nature of parasitic cysteine 
protease and its human orthologues have prompted interest 
in this class of proteases for drug development [79]. Thus, 
the significance of FP-2 and FP-3 in the Plasmodium life 
cycle and the availability of several three-dimensional (3D) 
structures of these enzymes and detailed information availa-
ble about the interaction between a ligand and its target make 
both the selected proteins ideal targets for anti-malarial ther-
apy. Thus, the identification of possible molecules that will 
inhibit the activity of the target protein, using new approach-
es in rational drug design, is very crucial [80]. Moreover, the 
combination of high-throughput screening, computer-aided 
drug discovery (CADD) methods and the availability of FP 
X-ray structures has contributed to the discovery of potent 
inhibitors, which are currently able to inactivate these P. 
falciparum target enzymes in a reversible or irreversible 
manner.  

1.5. Domains of Falcipains 

It is generally known that FPs have two main domains; 
the prodomain and the mature domain (Fig. 3). The prodo-
main has an N-terminal part, required for trafficking FPs to 
the food vacuole, while the C-terminal part of the prodomain 
is required for inhibiting the mature domain. The N-terminal 
part of the mature domain is required for refolding. It has 
been shown that the prodomain contains unique motifs re-
sponsible for targeting the FPs [71]. FP-2 and FP-3 share 
two unique insertions that distinguish plasmodial cysteine 
proteases from all other structurally characterized papain-
family enzymes [81]. It has been recently demonstrated that 
the first insertion is located at the N-terminus of the mature 
enzyme [81]. It has been shown from previous functional 
studies that the N-terminal extension of FP-2 and FP-3 plays 
a crucial role in folding of the mature protein into its active 
conformation [82]. FP-2 and FP-3 efficiently hydrolyze hu-
man hemoglobin in the acidic food vacuole of parasite [76, 
83]. Pandey et al. [71] showed that FPs have a hemoglobin 
binding domain near the C-terminus end ofthe mature do-
main (Fig. 3).  

1.6. Key Aspects of FP-2 and FP-3 Active Sites for En-

zyme Inhibition 

It has been reported that the active sites of FP-2 and FP-
3are located within a cleft between the structurally distinct 
domains of the papain-like fold and three amino acids residues 
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Cys42/51, His174/183, Asn204/213, respectively (His159, 
Cys25 and Asn175 following papain convention, Fig. 3), are 
responsible of the catalytic activity [71]. The binding site of 
FP-2 and FP-3 is large enough to be subdivided into pockets 
S1-S4 for a better analysis of the interactions between the 
amino acids of each pocket and inhibitors [75]. From the liter-
ature, the general structure of a cysteine protease inhibitor 
(Fig. 4) should comprise an electrophilic moiety for interac-
tion with the cysteine residue of the enzyme and one or two 
series of substituents, P1-P4, which are responsible for interac-
tions with the different pockets of the protease (Fig. 5). 
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Fig. (4). General structure of 2-pyrimidinecarbonitrile derivatives, 
showing positions P1, P2 and P3 [75]. 

1.7. FPs: Crystallized Structures 

Traditionally, the first consideration before embarking on 
a CADD project is whether the detailed 3D structure of the 
drug target is known. SBDD of anti-malarial compounds 
targeting FP inhibition is possible due to the availability of 
several 3D-structures of these enzymes. Four crystal struc-
tures of FP-2 from P. falciparum have been deposited so far 
in the protein databank (PDB) [32], three of which corre-
spond to the apo-enzyme (PDB entry: 2GHU, 1YVB, 3PNR) 
[84, 85], and the other two protein-inhibitor complexes (PDB 
entry: 3BPF). Meanwhile, there are 4 chains in 3BPF (A, B, 
C, and D) and epoxysuccinate E64 as an inhibitor on each 
chain [86, 87]. For FP-3, two crystal structures from P. falci-
parum have been deposited so far, one of which correspond 
to the apo-enzyme (PDB entry: 3BPM) and the other corre-
spond to the protein-inhibitor complex (PDB entry: 3BWK), 

while there are 4 chains (A, B, C, and D) in 3BWK, and 
leupeptin as an inhibitor on each chain [81, 87]. E64 and 
leupeptin interact with residues of both enzymes in the S1, 
S2, and S3 subsites, corresponding to the P1, P2, and P3 
positions of the ligands (Fig. 6). 

2. DRUG DESIGN APPROACHES AGAINST FALCI-
PAINS 

Nowadays, many compounds have been identified as in-
hibitors of FPs, which are able to block the enzyme’s activity 
by forming a reversible or irreversible covalent bond with 
the amino acids of active site cysteine. These FP inhibitors 
can be broadly divided into three categories [2]:  

i). peptide-based inhibitors,  

ii). non peptidic inhibitors and  

iii). peptidomimeticinhibitors.  

Most of the FP inhibitors identified so far are peptide-
based inhibitors [2]. Peptide-based inhibitors include: pep-
tidyl fluoromethyl ketones [88], peptidyl vinyl sulfones [89], 
peptidyl aldehydes and -ketoamide derivatives [90], epoxy-
succinyl derivatives [91] and peptidyl azirines [92]. Peptidyl 
aldehydes and -ketoamides are reversible inhibitors, while 
the other inhibitors are irreversible. The above compound 
classes were found to inhibit FP enzymatic activities at very 
low nanomolar range. However, their utility as therapeutic 
agents, is limited by their poor absorption through cell mem-
branes and susceptibility to protease degradation [2]. The 
drug design approaches discussed here include, rational ap-
proaches for the discovery of non-peptidic and peptidic in-
hibitors against cysteine proteases, along with examples of 
FPs, SBDD and CADD approaches for the design of pep-
tidomimetic. We also include NP-based drug discovery and 
provide insight for the understanding of drug discovery pro-
cess against both the targets. We will then review steps to-
wards the discovery of the inhibitors against FP-2 and FP-3 
using rational approaches.  

2.1. Rational Approaches 

2.1.1. Knowledge-based Drug Design 

In this context, the concept of drug discovery involves 
knowledge-based drug design based on the similarity of a

FP-2AsnHisCys

ERFNIN GNFD
Refolding domain Hb binding domain

FP-3AsnHisCys

PapainHisCys Asn

Prodomain Mature domain
 

Fig. (3). Domains of falcipains. The active site residues (Cys, His, Asn) are conserved within the papain family, but falcipains have a unique 
N-terminal extension, which acts as a refolding domain, and a C-terminal inserted as a hemoglobin (Hb) binding domain. The prodomain has 
the ERFNIN and GNFD motifs, which are conserved in falcipains and papain [71].  
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Fig. (6). General structure of phenothiazines. 

drug target with other members of the same or different pro-
tease family under consideration. This combines information 
from the knowledge of the substrates and the known inhibi-
tors of the homologous proteases. This is particularly im-
portant when the options for treatment against a particular 
disease are limited. In the case of FPs, drug design efforts 
exploited previous knowledge of inhibitors of other cysteine 
proteases [93]. Two major classes of cysteine protease inhib-
itors are known, small inhibitors like leupeptin, vinyl sul-
fones, E64, and macromolecular inhibitors like falstatin, 
PbICP, PyICP, chagasin and cystatin [94]. The design of 
inhibitors, based on the interactions inhibitor-enzyme com-
plex, is a known approach. Earlier, this approach had delib-
erately been avoided by small molecule drug developers, 
largely because of technological hurdles [94]. 

Dominguez et al. [95], designed and evaluated, a series 
of phenothiazin-4-ones and phenothiazin-4-one-5,5-dioxides 
as FP inhibitors. The authors were inspired by acridinediones 
with anti-malarial activity and attempted eliminating their 
toxicity by replacing the carbonyl group by a sulfur or sul-
fone isoster [96]. No differences in potencies were observed 
between the phenothiazine-4-ones and their corresponding 
5,5-dioxides. The most potent compounds amongst the phe-
nothiazines showed IC50 values against FP-2 in the lower 
micromolar range(4-5µM, Fig. 6). The authors therefore 
concluded that, although FP inhibition is observed among 
the phenothiazine derivatives, the antiplasmodial effect could 
most likely be attributed to the acridinedione-related mecha-
nism. 

Greenbaum et al. [97] tested pyridyl- and phenylthio-
semicarbazone derivatives against both FP-2 and parasites in 
culture. Most of the compounds failed to show any target 
enzyme inhibition. Moreover, only weak inhibitors showed 
no efficacy against the parasite. However, these compounds 
showed good antiplasmodial activities, which implies that 
they act through a different mechanism, which the authors 
attributed to the chelation of endogenous metals. All the thi-

osemicarbazone derivatives tested showed better antiplas-
modial activities even though these derivatives proved to be 
weak FP-2 inhibitors. Chiyanzu et al. [98] in the same direc-
tion, have designed a new series of compounds based on the 
isatin scaffold and tested them as FP-2 inhibitors. It was ob-
served that unsubstituted derivatives of isatin exhibited little 
or no enzymatic activity. N-Benzylation, in combination 
with substitution at position 5 of the isatin scaffold seemed 
to be allowed, even though the most potent derivative within 
this series was the one with an unsubstituted nitrogen (IC50 = 
4.4 µM) (compound 1, Fig. 7). On the other hand, Chibale et 
al. [99] further tested a series of hybrid derivatives linking 
isatin and a thiolactoneas anti-malarials. All the tested com-
pounds were shown to be in inactive or only weak FP-2 in-
hibitors. Better activities were, however, observed against 
cultured parasites, suggesting that FP-2 inhibition is not the 
primary mechanism of action for these compounds. From the 
above observations, it appears that the reversible cysteine 
protease inhibitors were the thiosemicarbazones and isatins 
(cyclic conformationally restricted ketoamides). However, 
weak FP-2 inhibition was observed despite good antiplas-
modial activity, which could be attributed to their ability of 
the tested compounds to chelate endogenous metals. 

Several efforts towards the development of FP-2 inhibi-
tors have focused on peptide based inhibitors [2, 100]. 
Rockett et al. [101] and Rosenthal et al. [102] have sug-
gested that peptide fluoromethyl ketones both blocked he-
moglobin degradation and parasite growth at nanomolar 
concentrations. The most potent of these inhibitors (com-
pound 2, Fig. 7) inhibited trophozoite cysteine proteinase 
proteolytic activity at sub-nanomolar concentration (IC50 = 
0.36 nM), with an anti-plasmodial IC50 of 64 nM in the 
nanomolar range. A related fluoromethylketone, named 
morpholine urea-Phe-homophenylalanine (hPhe)-CH2F, 
was able to cure 80% of the treated P. vinckei-infected 
mice in a murine malaria model [103]. In addition, the 
compound showed a 90% blockage of the proteolytic activ-
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ity of P. vinckei at 2, 4, 6 and 8h after initial treatment. 
This offered an early indication that targeting hemoglobin 
catabolism might be practical. However, severe toxicity in 
the tested animals has hindered further drug development 
of the fluoromethyl ketones [66].  

E64 (compound 3, Fig. 7) the identified papain-like cys-
teine protease reversible inhibitor, contains a trans-(2S,3S) 
configured epoxide ring; meanwhile, the amino acid residue 
of the peptidyl part of the inhibitor has the L-configuration 
[104]. Epoxysuccinyl peptides derived from E64, which con-
tain trans-epoxysuccinic acid as the electrophile, are selec-
tive papain superfamily cysteine protease inhibitors. The 
inhibitory mechanism involves the irreversible activation of 
the enzyme by alkylation of the active site cysteine [105]. 
Several reports have been published on the efficacy of E64 
and its derivatives as antiplasmodial agents with nanomolar 
range activities against FPs and parasites in culture [102, 
106-108]. However, the lack of selectivity against different 
members of the papain family has limited the further devel-
opment of these compounds into drugs. Various mechanism-
based vinyl sulfone inhibitors had been reported showing 
activities against closely related cysteine proteases during 

the late 1990s [109]. For example, Rosenthal and coworkers 
evaluated the anti-malarial activities of a series of vinyl sul-
fones as cysteine proteases inhibitors [66]. The report 
showed that some of the vinyl sulfones were non-toxic, yet 
active against P. falciparum FPs, also exhibiting anti-
parasitic activity. Several of these compounds exhibited na-
nomolar activities, among whom compound K11017 (named 
Mu-Leu-hPh-VSPh, compound 4, Fig. 7) has been co-
crystallized with FP-3 [87]. This compound was found to 
inhibit cysteine proteases of P. falciparum, with an activity 
in the sub-micromolar concentration (IC50 = 0.003 µM), also 
blocking Hb-degradation and parasite development. Several 
structural changes have been carried out on K11017, leading 
to derivatives with better activities than the parent molecule. 
The study also showed the limited utility of the derived 
compounds as therapeutic agents. This was due to their sus-
ceptibility to protease degradation and poor cell membrane 
absorption. Olson et al. [110] synthesized a series of vinyl 
sulfones that blocked FP activity, parasite Hb-degradation, 
and parasite development at nanomolar concentrations. From 
the results obtained from a study conducted on this set of 
compounds, it can be observed that a 2-naphthylvinyl sul-
fone group offers improved activity, particularly against 

O2N

H

N
H

N-NHC(S)NH2

O

(1)

O O

HN

O

H
N

O

F

NH

HN NH2(2)

H2N

NH

N
H

H
N

O

N
H

O

O

OH

O

(3)

O

N O

HN

H
N

O

S
O

O

(4)

O

O

N

O

NH

O

N
H

S OO

O

OCH3

(5)

N

N

HN

O
O

H
N S

O

O
N OBn

H

(6)

O

O

N O

HN

H
N

O

S

(7)

O

N O

HN

H
N

O

O

(8)

O

N O

HN

O

H
N

HN

O
O

O

NH2

(9)

O

O

O

O

HN

H
N

O

SO2Me

H

OO

(10)

O

O

 

Fig. (7). Examples of active FP-2/3 inhibitor compounds designed using knowledge-based drug design approaches.  
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P.vinckei in vivo, comparable with the phenyl vinyl sulfone 
both in terms of the inhibition of FP-2 and the inhibition of 
biological activities of cultured parasites. Inspired by the 
previously cited work, Shenai et al. [111] synthesized and 
tested 39 new compounds having vinyl sulfones, vinyl sul-
fonate esters and vinyl sulfonamide as warhead groups to 
establish the structure activity relationships. Inhibitors with 
Leu at the P2 position and homophenylalanine (HPhe) at the 
P1 position displayed potent inhibitory activity against FP-2, 
FP-3, and cultured P. falciparum. These observations point 
towards the importance of these residues for substrate speci-
ficity against FP-2. The vinyl sulfonate esters were the most 
active (compound 5, Fig. 7), with IC50 = 0.9 nM against FP-
2, followed by the vinyl sulfonamides (compound 7, Fig. 7), 
with IC50 = 2.3 nM against FP-2, and finally phenyl vinyl 
sulfones (compound 7, Fig. 7), with IC50 = 6.9 nM against 
FP-2. 

Lee and colleagues [90] have developed peptidyl reversi-
ble inhibitors of FP-2/3, also showing activity against cul-
tured P. falciparum parasites include peptidyl aldehydes and 
α-ketoamide derivatives developed. The vinyl sulfones, sul-
fonamides and sulfonate esters were shown to be the most 
potent, with similar inhibitory activities against the two en-
zymes and inhibition of parasite development correlated with 
activity against FP-2. Among all the compounds tested 
against FP-2 and parasites in culture, Leu showed a marked 
preference for the P2 position, while morpholino, Z-
(benzyloxy) and N-methylpiperazinyl groups preferred the 
P3 position, yielding good in vitro potencies. Representative 
compounds from the aldehyde (compound 8, Fig. 7), with 
IC50 = 1 nM against FP-2, IC50 = 1.1nM against the W2 
strains of the parasite and ketoamide series (compound 9, 
Fig. 7), with IC50 = 1 nM against FP-2, IC50 = 2.9 nM against 
the W2 strains of the parasite. Both compounds were active 
against multiple strains of P. falciparum. 

Peptidyl aziridine derivatives are known to be selective 
and irreversible cysteine protease inhibitors. These are aza 
analogues of epoxides [94]. Schulz et al. [91] evaluated the 
FP-2 and FP-3 inhibitory activities of three classes of com-
pounds; aziridines, aziridine-2-carboxylic acid derivatives, 
N-acylated aziridine-2,3-dicarboxylic acid derivatives and 
aziridine-2-carboxylates containing a lysine residue. Beside 
aziridine-2-carboxylic acid derivatives, there are three 
types of aziridinyl peptides (Fig. 8), classified to be struc-
turally different [112]. The first type is N-acylated with the 
aziridine moiety located on the C-terminus of the peptides 
or amino acids. The second type includes aza-analogs of 
epoxysuccinyl peptides and has the aziridine moiety at the 
N-terminus of the amino acid. Meanwhile, the third type 
are N-acylated (as type I), but with the aziridine moiety 
located in the middle of the peptide chain. A multiple lig-
and approach was reported against FP-2. This involved the 
combination of artemisinin, a sesquiterpene lactone, and a 
potent anti-malarial compound with dipeptidyl vinyl sul-
fones via a linker to combat multi-drug resistance in P. 
falciparum malaria [113]. Compound 10 (Fig. 7) exhibited 
potent inhibitory activity of FP-2 (FP-2 IC50 = 0.21 nM). 
Additionally, this compound exhibited better activity 
against multiple strains of malaria, when compared with 
artemisinin and chloroquine. 

2.1.2. Structure-based Drug Design 

Batra et al. [114] designed several isoquinoline and dihy-
droisoquinoline analogues, with the goal of further optimiz-
ing the activity of compound 11 (Fig. 9), by considering the 
interaction of designed analogues with the Asp234 of the S2 
pocket as essential. Homology models of FP-2 and FP-3 
were developed and validated, followed by docking of sub-
strate/known vinyl sulfone inhibitors. The authors further 
synthesized analogues, which exhibited activities varying 
within the range of IC50 values from 3 to 10 μM. The most 
active compound (12, Fig. 9) showed an IC50value of 3μM 
against FP-2. Goud et al. [115] also exploited the fact that 
the thiazoline core favored key interactions and the spatial 
arrangement of the designed tri-substituted thiazoles in the 
active site of FP-2, and therefore addressed the de novo de-
sign of novel non-peptidic inhibitors, which bear the thia-
zoline scaffold. The authors synthesized and evaluated the 
biological activities of a series of tri-substituted thiazole ana-
logues against FP-2 and FP-3. This led to the discovery of 
compound 13 (Fig. 9) as a dual inhibitor of both enzymes 
(IC50 = 6.6 μM against FP-2; IC50 = 29.4 μM against FP-3). 

2.1.3. Natural Products 

Natural products (NPs) show a high degree of structural 
diversity, coupled with a wide range of biological activities, 
thereby often constituting a valuable source of lead struc-
tures for drug discovery [116]. However, further develop-
ment of NPs into drugs is often hampered by lack of 
knowledge of their modes of action. Several strategies for 
the identification of the direct targets of active NPs have 
been developed in the past few years, including the FPs 
[117], e.g. following the discovery of the anti-malarial ac-
tivity of lipochalcone A, Chen et al. [118] developed several 
chalcone derivatives (e.g. compound14, Fig. 10), from Chi-
nese liquorice root. These compounds exhibited potent anti-
malarial activity [119-121]. Molecular modeling studies, as 
well as experimental evaluation of the chalcone derivatives, 
showed an anti-malarial activity via multiple mechanisms of 
action, including FP-2 inhibition. Moreover, compound 15 
(Fig. 10, with IC50 = 1.8 μM against FP-2) was shown to be a 
promising compound within this series [122]. The work re-
ported by Stolze et al. [123] served as a valuable guide for 
the future rational design of potent FP-2/3 inhibitors by 
providing the mechanistic basis for the observed anti-
malarial potency of the marine NP symplostatin 4 (com-
pound 16, Fig. 10).  

Isatin, a NP from the plants of the Isatis genus, proved to 
be a useful starting point for the design and synthesis of 
chemical libraries with activities against cysteine and serine 
proteases, e.g. FP-2 [124, 125]. The derived compounds 
showed a broad range of activities, from higher to lower mi-
cromolar levels. Compound 17 (IC50 = 4.4 μM against FP-2) 
and compound 18 (IC50 = 0.375 μM against FP-2) are the 
most promising members of this class FP-inhibiting of NP 
derivatives (Fig. 10). Both compounds also inhibited cyste-
ine proteases of trypanosomes, rhodesin and cruzain. 

2.1.4. Peptidomimetic Design 

Peptidomimetic FP-2/3 inhibitors exhibiting anti-malarial 
activity in the micromolar range have been designed and
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Fig. (8). Types of aziridinyl peptides [114]. 
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Fig. (9). Some potent non-peptidic inhibitors developed by structure-based drug design.  
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Fig. (10). Some natural product-based inhibitors of FP-2/3. 

synthesized by O’Neill and co-workers [79]. Molecular 
modeling was used to compare the low energy confor-
mations of the proposed peptidomimetics, by substituting 
leucine at P2 of vinyl sulfone with pyridine of the vinyl sul-
fone inhibitor K11017. The derived peptidomimetic showed 
in vitro anti-malarial inhibition, with IC50 values that vary 
from 6 to 40 µM. Once more, the best inhibitor of this series 
displayed hPhe at P1, having a phenyl vinyl sulfone electro-
phile. The presence of Phe at the P1 position showed lower 
FP-inhibitory activities, which confirmed the benefit on an-
tiplasmodial activity of longer chains at P1. In terms of the 

electrophilic groups, phenyl vinyl sulfones proved to be 
more potent inhibitors, with only minor noticeable differ-
ences between the activities of the aldehydes and α,β-
unsaturated esters.  

Further synthesis and biological activities of a new class 
of peptidomimetic FP-2 inhibitors have been evaluated by 
Ettari et al., based on a 1,4-benzodiazepine scaffold and 
combining various α,β-unsaturated electrophilic groups, e.g. 
vinyl-ketones, -amides, -esters, and -nitriles with a vinyl 
ester moiety [100, 126, 127]. Some of these FP-2 inhibitors 
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exhibited antiplasmodial activities with IC50 values in the 
low micromolar range. This is because the unsaturated ester 
function, which functions as a Michael acceptor, is capable 
of trapping the active site Cys42 thiol group through a cova-
lent bond [128, 129]. However, information from the litera-
ture indicates that most of the reported FP-2 inhibitors are 
mainly derived from peptide analogues, with nanomolar IC50 
values. The latter form covalent interactions between the 
electrophilic groups, e.g. aldehydes, nitriles, vinyl sulfones 
and epoxides with thiolate of the catalytic cysteine amino 
acid [130, 131]. 

2.1.5. Coupling Chemical Synthesis and In Silico Design 

During the last two decades, there have been several at-
tempts that combine synthesis of derivatives of hit com-
pounds with in silico screening approaches to develop and 
optimize new FP-2/3 inhibitors. In addition to the experi-
mental in vitro structure-based screening of compound li-
braries, various computer-assisted drug design (CADD) 
approaches have been utilized in efforts towards identifying 
novel anti-malarial agents in general and FP-2/3 inhibitors 
in particular. CADD has directly or indirectly led to the 
identification of about 50 clinical candidates together with 
numerous drug approvals [132]. As the terminology sug-
gest, CADD refers to the utilization of computer technolo-
gy and software to underpin drug discovery efforts. Com-
putational approaches often enhance the efficiency of drug 
discovery processes. This is by rendering the design of new 
drug candidates more rapid and cost-efficient, since nowa-
days CADD has the ability of predicting the biological ac-
tivity of a potential drug even before it is synthesized and 
tested. Thus, CAAD, also known as computer-aided ration-
al drug design strategies could help in developing hypothe-
ses for quantitative structure-activity relationships (QSAR). 
Moreover, docking approaches have emerged as promising 
tools to predict the binding mode of a drug molecule in the 
target binding site. In silico techniques therefore help to 
support, guide, and streamline the processes of drug dis-
covery, design, development, and optimization. We now 
focus our discussion on two in silico techniques; structure-
based and ligand-based approaches. Structure-based drug 
design (SBDD) procedures can be applied (such as docking 
simulations) if the target is known from experimental (e.g. 
from X-ray crystallographic or NMR studies) or theoretical 
sources (e.g. by homology modeling). This approach relies 
on information retrieved from the 3D structure of the drug 
target, which is used inthe search for new compounds that 
could bind to a particular target. The advantages of the 
structure- or target-based approaches include the carefully 
guided step by step rational search for the desirable steric 
and electronic complementarity between the target and de-
signed ligands. Ligand-based drug design methods can be 
used (e.g. employing QSAR or 3D-QSAR models, pharma-
cophore models, etc.), which are rather based on the analy-
sis of a number of ligands known to act with a common 
mechanism of action to a given receptor [133]. These ap-
proaches could be very useful in cases where the 3D crystal 
structure of the target is unknown. FP-2 and FP-3 have a 
good number of crystallized target structures, which have 
been used in CADD attempts.  

3. INPUT FROM COMPUTATIONAL STUDIES 

3.1. Overview of Computational Methods in Drug Devel-

opment 

Molecular mechanics (MM), molecular dynamics (MD) 
and quantum mechanics (QM) are the three main computer 
simulation techniques used to study protein-ligand interac-
tions. The last mentioned approach is based on attempting to 
find the solutions to the Schrödinger equation. QM methods 
are often subcategorized into semi-empirical molecular or-
bital methods and ab initio methods. Ab initio is the most 
accurate QM method and calculates properties of a molecu-
lar system by solving the Schrödinger equation numerically 
from first principles. All electrons are treated explicitly and 
the interactions between atoms are determined solely from 
their electronic configurations and position of the atoms. 
Despite its accuracy, the method is quite computationally 
expensive, making it only realistic for small sized molecular 
systems and/or for very short time scales when using molec-
ular dynamics. Semi-empirical methods make use of various 
simplifications or approximations (by only treating the va-
lence electrons explicitly and by fitting several parameters 
from experimental data or previously computed parameters 
from ab initio calculations. This makes semi-empirical 
methods to be applicable to larger system sizes and longer 
time scales, when compared with ab initio methods. MM 
approaches are often used for simulations involving very 
large molecules, e.g. proteins and nucleic acids which typi-
cally contain several hundreds or thousands of atoms. In 
such simulations, the microscopic state of the system is in-
vestigated by using only the positions and forces acting on 
the atoms. Inter-atomic potentials (referred to as force fields) 
are used to model the interaction between atoms. Force field 
parameters are typically derived from either highly accurate 
ab initio calculations or from fitted to experimental data. 
When MM is applied to MD, the studied system can be in-
vestigated a time scale up to a microsecond.  

3.2. Molecular Dynamics Simulations 

MD can be is use to validate the docking simulation and 
to analyze the dynamics action of the ligand within the bind-
ing pocket. In drug discovery, MD simulations have been 
widely employed to gain insight into receptor-drug interac-
tions at an atomic level [134]. An important application of 
MD simulations in drug discovery is in the calculation of the 
binding energies corresponding to ligand-receptor interac-
tions. These free energy calculations are carried out using the 
MM Poisson-Boltzmann surface area approach [135]. Exam-
ples of the application of MD simulations in anti-malarial 
CADD are presented in this subsection. Cieplak et al. [136] 
have performed MD studies on FPs-inhibitors complexes. 
These MD studies allowed the authors to calculate the low-
energy states of the complexes over time and evaluate the 
binding modes of the inhibitors in these states, leading to the 
identification of three potential inhibitors(compounds 19-21, 
Fig. 11).  

Combined QM/MM approaches have also been carried 
out, by treating the reacting species (drug molecule) with a 
QM method and including the enzyme environment with 
MM [137, 138], e.g. Du et al. [139] have studied catalytic 
interactions between the octapeptide (AVLQSGFR) and the 
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SARS 3CLpro target, by using combined MM and QM. 
Arafet et al. [140] have worked with a FP-2- E64 complex to 
study the inhibition of FP-2 by E64, coupling QM/MM and 
MD simulation in order to obtain a complete picture of the 
key states of low free energy of this complex over time in 
order to understand the inhibition mechanism of FP-2 by 
E64. The authors observed that the irreversible attack of 
Cys42 on E64 could take place on both carbon atoms of the 
epoxy ring. It was also noted that certain residues, e.g. 
Gln171, Asp170, Gln36, Trp43, Asn81, and His174 could 
anchor the inhibitor in the right orientation to facilitate the 
reaction. Additionally, the MD simulations led to the detec-
tion of two different conformations of a product-like struc-
ture, deferring in their relative orientation of E64 within the 
active site of the protein: 

i). one conformation was similar to the initial X-ray struc-
ture (PDB entry: 3BPF),in which the guanidine group of 
E64 interacts with Tyr78, and  

ii). the other conformation shows the guanidine group of E64 
interacting with Asp170.  

Analysis of the results reveals that both structures were 
found to be stable and the last appears to be energetically 
favored. Thus, these observations may be useful for the ra-
tional design of new compounds with higher inhibitory activ-
ity against FP-2. Omotuyi and Hamada [141], have pro-
cesseda FP-2-hemoglobin complex and determined the states 
of low energy of this complex via MM/QM MD simulation 
techniques. They observed that the interactions between FP-
2 and hemoglobin are made between cys42, His174, Glu36, 
Asp-173/204 in subsites S1, S1', and S3 of FP-2,comprising 
residues 34 to 51 of hemoglobin. The authors have then de-
termined the structure of this complex which precedes hy-
drolysis of hemoglobin and notes that in this conformation 
the hemoglobin links preferentially with the amino acids in 
the subsites S1 and S3 of FP-2, reducing his flexibility con-
formation and facilitating the formation of a stabilizing β-
sheet between Leu172 and Val176 of FP-2 and the Phe45 
and Asp47 of Hb. These observations show that the interac-
tion of inhibitors with the amino acids of subsites S1 and S3 
is a guide to optimize the discovery of FP-2 inhibitors and 
prevent degradation of the hemoglobin. 

The mechanism could be explained by the fact that dur-
ing Hb degradation, free heme is released and oxidized from 
the ferrous state (Fe2+) to the ferric hematin (Fe3+) [142]. 
Both heme and hematin areknown to be potentially toxic to 
the parasite [143]. In order to counter this, the parasite has 
developed a detoxification system which results in the for-
mation of an inert crystalline hematin polymer (β-hemozoin 
pigment) [142, 144]. Docking and MD simulation techniques 
have been used by Marques et al. [145] in order to study the 
interactions between heme and porphyrin analogues with FP-
2. This is based on the fact that fixation of heme with FP-2 
prevents the presence of heme in the parasite active site.This 
promotes the polymerization of heme in the hemozoin which 
is not toxic to the parasite. Careful observation of the interac-
tions of porphyrin analogs with FP-2 shows that iron has a 
low contribution in the interactions of the FP2-heme com-
plex and revealing that it is important to have a propionicand 
ethenylgroups in structure of heme analogues for to prevent 
the formation of the complex FP-2-heme. The studies of 
docking and MD simulation unveiled a novel, inducible 
heme-binding moiety in FP-2, which isadjacent to the cata-
lytic site. The general conclusion of their study is that bind-
ing of heme with FP-2 can limit the accumulation of free 
heme in the food vacuole of parasite, allowing polymeriza-
tion of heme black pigment which is not toxic to the parasite 
and called hemozoin. 

Saddala et al. [146] treated the crystal structure of FP-2 
(PDB entry: 2GHU) by the methods of energy minimization 
and made a study by molecular dynamics using NAMD 2.9 
software with the CHARMM like force field. Knowing that 
the drug mefloquine (compound 22, Fig. 12) shows a high 
inhibition against FP-2, the authors made a virtual screening 
of 15560 compounds analogous of mefloquine from the 
PubChem database. These compounds were docked in the 
active site of FP-2 with the Autodock software, and five 
compounds (23-27, Fig. 12), which showed the lowest bind-
ing energies of -9.2, -9.1, -8.5, -8.1 and -7.1 kcal/mol, re-
spectively were identified as inhibitors of FP-2. So these five 
compounds can serve as a starting point for the CADD more 
potent inhibitors against FP-2. Very recently Musyoka et al. 
[147] docked the South African natural compound library 
towards FP-2/3 and other nine cysteine proteases. These 
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Fig. (11). Molecular structures used in MD studies on model complexes of FP inhibitors [138]. 
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docking studies led the authors to the identification of the 
compound 5PGA (compound 28, Fig. 13) as a potential hit. 
The authors further screening 186 compounds analogues of 
this potential hit from the ZINC database and docked these 
compounds into the active site of FP-2/3. Five hits (com-
pound 29-33, Fig. 13) and 5PGA were selected for further 
analysis, based on the docking energy results (lowest energy 
conformations of the complex with FP-2/3). Thus these 
complexes can be look at as the starting structures for further 
MD simulations. Moreover, a careful study of these com-
plexes also allowed the authors to determine the number of 
hydrogen bonds and their occupancy during the MD simula-
tions. They have observed that the hydrogen bond occupancy 
was higher in all complexes, except in FP-2 when in com-
plex with 5PGA. They find more than the hydrogen bonds 
formed between FP-2 and FP-3 with compounds called 
ZINC03869631 (compound 30), ZINC04532950 (compound 
31) and ZINC05247724 (compound 33) showed greater sta-
bility. The above observations can be useful in the search of 
dual potent inhibitors of FP-2/3. 

3.3. Computational Structure-based Drug Design 

3.3.1. Structure-based Virtual Screening (SBVS) 

VS of large chemical libraries have proven to be a suc-
cessful approach for lead identification. Different docking 
programs which employ various scoring functions to predict 
ligand binding to target sites have been employed to quantify 
different aspects of ligand binding to targets. SBVS ap-
proaches have by far been the most utilized methods in drug 
discovery efforts for FP-2 and FP-3 inhibitors. As an exam-
ple, Ring et al. [148] and Schirmeister et al. [149], carried 

out a study, which was based on the X-ray structures of pa-
pain and actinidin. This led to the design of a model structure 
for FP. This was later used as a receptor for ligand docking 
in order to search a library of about 55,000 commercially 
available small compounds. The 31 identified compounds 
chosen were tested against FP-2 inhibition. The most active 
compound (compound 19, Fig. 11) inhibited FP-2 with an 
IC50 value of 6 μM. The study of the complex forming be-
tween FP-2 with this active compound after docking showed 
that the hydrophobic S2 subsite is occupied by one naphthol 
group, while the second naphthol group showed a π-stacking 
interaction with Trp177 of the S1'subsite. Additionally, it 
was observed that each hydroxyl group on the naphthol rings 
formed hydrogen-bonds with Ser160 at S2 and Gln19 at the 
S1'subsite. Based on these observations, Li et al. [150] then 
used the most active compound as a starting structure for 
various chemical modifications with the goal of improving 
the anti-malarial activity of this family of compounds. Joa-
chimiak et al. [151] rather based their VS study on the X-ray 
structure of cathepsin K zymogen (PDB entry: 1BY8) for 
homology model generation for FP-2. This led to the identi-
fication of 8 non peptidic FP-2 inhibitors (compounds 34-41, 
Fig. 14), having IC50 range between 1 and 7 μMin the en-
zyme assay. Three of these compounds (36, 37, and 40) 
were also active against the W2 (chloroquine resistant) 
strain, with IC50 range < 26 μM. Thus, these compounds 
could be further developed into new FP-2 inhibitors. Desai 
and coworkers [152-155] screened the ChemBridge database 
against homology models of FP-2 and FP-3, leading to the 
identification of 12FP-2/3 dual inhibitors, amongst which 
compounds 42-48 (Fig. 14), having IC50 values ranging be-
tween 1 and 63.4 μM for FP-2, 4.9 and 62.2 μM for FP-3.
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Fig. (14). Non-peptidic structures of some FP-2 inhibitors identified using virtual screening. 
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Compound 42 showed the highest dual activity, having an 
excellent profile against falcipains (FP-2 IC50 = 4.6 μM, FP-
3 IC50 = 5.8 μM), the chloroquine-sensitive (D6) and chloro-
quine resistant (W2) strains of P. falciparum, (W2 IC50 = 6.6 
μM, D6 IC50 = 6.9 μM). In the same order of ideas and in 
another work, Desai and colleagues suggest that compound 
48, along with other compounds (e.g. compounds 42 and 
43), give the possibility of developing broad spectrum anti-
protozoal drugs [154]. Honglin et al. [156] tested 81 com-
pounds retrieved after docking the SPECS database towards 
the crystal structure of P. falciparum (PDB entry: 2GHU) 
[157, 158]. The identified compounds exhibited IC50 values 
between 2.4 and 54.2 μM, while the most active (compound 
49, Fig. 15), showed IC50 = 2.4 μM against FP-2, prompting 
it to be used for further substructure searches and synthetic 
derivation. Shah et al. [157] have conducted a similar study 
by using SBVS on a focused cysteine protease inhibitor li-
brary leading to the identification of 50 compounds, among 
which 21 non-peptidic inhibitors were identified with IC50 
values range from 1.4 to 49 μM against FP-2. Four inhibitors 
of this series (50-53, Fig. 15) were found to be dual inhibi-
tors of FP-2 and FP-3 (compound 50, IC50 =2.18 μM against 
FP-2 and 4.95 μM against FP-3); (compound 51, IC50 =7.51 
μM against FP-2 and 30.27 μM against FP-3); (compound 
52, IC50 =11.58 μM against FP-2 and 45.64 μM against FP-
3); (compound 53, IC50 = 20.87 μM against FP-2 and 36.05 
μM against FP-3). These results suggest that these non-
peptidic scaffolds could serve for further evaluation of struc-
ture activity relationships, which could help in the develop-
ment of dual potent inhibitors of FP-2/3, eventually useful 
for anti-malarial chemotherapy. In another study Chintakrin-
di et al. [158] designed inhibitors of P. falciparum FP-3 by 
using the crystal structure of FP-3in complex with its inhibi-
tor K11017. The complex served to report the effect of sub-
stitution at the 7-amino position of the coumarin scaffold on 
the inhibition of FP-3 and a set of novel non-peptidic inhibi-
tors were obtained by de novo design. The authors then have 
docked these compounds, predicted and validated the activi-
ties of designed inhibitors using various 3D-QSAR tech-
niques. Thus, one compound which was prioritized for syn-
thetic derivation has been identified and predicted as a poten-
tial FP-3 inhibitor (compound 54, Fig. 15), although no bio-
logical data were experimentally obtained. Zhu et al. [159] 
designed and synthesized a series of novel small molecule 
FP-2 inhibitors based on the study of three optimizations 
areas of the lead (R)-2-phenoxycarboxamido-3-(1H-indol-3-
yl)-N-benzylpropanamide, which was identified based on 
SBVS. Among compounds of this series, four compounds 
(55-58, Table 1) exhibited FP-2 inhibitory activity, with IC50 
values between 10.0 and 39.4 μM, while the most active 
compound of this series (compound 57) showed an inhibito-
ry activity three-fold better than that of the parent and may 
prove useful for the development of potent FP-2 inhibitors. 
Ang et al. [8] screened a cathepsin inhibitor library against 5 
parasite cysteine proteases, known to be involved in tropical 
parasitic diseases. These inhibitors have been grouped into 
chemotypes and the inhibitory activity of each chemotype 
was evaluated against FP-3 over time by the authors. It was 
observed that irreversible inhibitors such as fluoromethylke-
tones and vinyl sulfones showed time-dependent inhibition 
while those reversible inhibitors such as nitriles showed no 

time dependence. The authors have then tested all FP-3 in-
hibitors against FP-2. They identified a significant number of 
potent FP-2/3 inhibitors, where three ketobenzoxazole-based 
analogs (59-61, Table 2), identified as potent inhibitors of 
FP-2/3 and P. falciparum growth in culture. Thus, these 
compounds could be developed by computational approach-
es in order to become powerful drugs against malaria and 
away from resistant. Kesharwani et al. [11] have used the 
Ligbuilder software and refined the compounds, based on of 
Lipinski rule to design 104 anti-malarial compounds, analogs 
of leupeptin via structure-based drug designing approach. 
These compounds were docked in the active sites of the crys-
tal structures of FP-2 and FP-3 (entry code 3BPF and 3BWK 
respectively). The docking results suggest that some of these 
compounds (e.g. compound 62, 63, Fig. 16) shows good 
binding with FP-2 than the native ligand E64. Moreover, 15 
of the compounds have showed better binding affinity com-
pared to the native inhibitor of FP-3 leupeptin. This series of 
compounds show the new leupeptin analogs that can be de-
veloped by the searchers involved in the discovery of new 
malaria by using computational approaches. Coteron et al. 
[75] began to carry out optimization studies with the aryl 
nitriles series following an empirical approach in which op-
timization of the initial hits was made by considering the 
interactions between the active sites of FP-2/3 and theP1-P3 
positions of the hits (Fig. 4). Some of these compounds pre-
sented excellent in vitro activities against FP-2 or FP-3 and 
other are dual inhibitors of both enzymes (e.g. compounds 
64-77, Tables 3 and 4). Others compounds presented excel-
lent in vitro enzymatic and anti-parasitic activities included 
compounds (78-86, Table 5). These optimizations studies 
have been carried out in same laboratory and in the same 
experimental conditions. Thereby, correlation studies be-
tween the structures and activities of these compounds can 
be conducted to predict the activities of the similar com-
pounds which are not yet synthesized and can present a bet-
ter profile as dual inhibitors of both enzymes. Musyoka et al. 
[160] have screened after docking scores, a diverse set of 
non-peptidic compounds (5-substituted-2-cyanopyrimidines 
derivatives, chalcones, isoquinolines and thiosemicarba-
zones) from the literature whose activities against FP-2 
and/or FP-3 and their plasmodial homologs (targets) and the 
human papain-like cathepsins (off-targets) have been deter-
mined experimentally. The authors have then determined the 
mode of interaction of these non-peptidic compounds with 
FP-2 and FP-3, through by molecular docking and character-
ization between key amino acid residues and potential inhibi-
tors. 

3.3.2. General Observations 

It was generally observed that:  

i). there are differences in amino acid compositionswithin 
the subsites of human cathepsins and plasmodial FP-2 
and FP-3 homologs, important for inhibitor design;  

ii). Among the four non-peptidic compound classes studied, 
the 5-substituted-2-cyanopyrimidines derivatives opti-
mize by Coteron et al. [75] are the best docked low bind-
ing free energy FP-2/3 inhibitors of P. falciparum, when 
compared with human cathepsins. 



516    Current Drug Targets, 2018, Vol. 19, No. 5 Bekono et al. 

iii). the substituent chemical groups in the main 5-substituted-
2-cyanopyrimidines derivatives scaffold determine the 
overall potency of the individual derivatives. Thus, the 
novel results obtained could be further exploited in SBVS 
and computer-aided drug design studies. Other docking 
studies with the FP-2/3 crystal structure were performed 
for the aldehyde and ketone based inhibitors [161]. 

 

Table 1. Chemical structures of compounds 55 to 58, along 

with their inhibitory activities against FP-2. 
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3.4. Ligand-based Computational Drug Discovery Efforts 

3.4.1. Two-dimensional (2D) and Three-dimensional (3D) 
QSAR Modeling 

The QSAR is a valuable tool in drug design and medici-
nal chemistry for the development of new drug molecules. 

This technique provides a complete set of the data, without 
necessity of performing expensive laboratory experiments 
[162]. Very recently, the structure of 3-phenylquinoxaline 
1,4-di-N-oxide derivative has been used as template by Soni 
and Patidar [163] for QSAR studies and the classical Hansch 
approach was carried out to establish correlations between P. 
falciparum inhibitory activity and various substituent con-
stants at position R2, R6, R7 and W of molecule (Compound 
87, Fig. 17). The statistical parameters of the QSAR model 
obtained showed a strong correlation between the structure 
and activity of these compounds. The model so obtained 
could be effectively used as a channeling tool for further 
structure modification and designing of some novel potent 
anti-malarial compounds. Moreover, the most popular QSAR 
techniques, e.g. comparative molecular field analysis (CoM-
FA) and comparative similarity indices analysis (CoMSIA) 
approaches incorporate ligand 3D information by searching 
for sites on the ligand which could be modified in order to 
obtain more specific ligands. This approach has been pur-
sued by several research groups. One such study was report-
ed by Potshangbam et al. [14], who performed CoMFA, 
CoMSIA, and docking studies of 2-pyrimidinecarbonitrile-
based derivatives on FP-3 of P. falciparum. These results 
have provided important clues for the design of new com-
pounds with high predicted FP-3 inhibitory activities. Simi-
lar studies have been reported by Ghasemi and Shiri [164]. 
More recently Wang et al. [165] have used the X-ray crystal 
structure of FP-3 (PDB entry: 3BPM) for docking studies of 
247 2-pyrimidinecarbonitrile derivatives known as FP-3 in-
hibitors and have developed a set of ligand- and target-based 
3D-QSAR models (CoMFA and CoMSIA) for these com-
pounds, in order to understand the structure-activity correla-
tion of FP-3 inhibitors. Finally, they submitted the models to 
MD simulation studies in order to elucidate the probable 
binding modes of the ligand in the FP-3 binding site. The 
models thus obtained by the authors; can help in designing 
and predicting new potent inhibitors of FP-3 in other work of 
search for new anti-malarial. Ehmke et al. [166], in order to 
optimize the use of triazine nitriles as proposed by Oballa et 
al. [167] as FP-2 inhibitors, designed a small library of drug-
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Fig. (15). The most active inhibitors of FP-2/3 identified from the SPECS database. 
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like derivatives aided by computational modeling. Mundra 
and Mahesh [168] have used ligand-based methods to design 
and synthesis of 1,4 substituted piperazine derivatives as 
novel FP-2 inhibitors. These compounds have been tested in 
vitro by the authors for determine their activity against FP-2. 
A total of 17 novel compounds were retain, based on their 
activity. Three compounds (88-90, Table 6) of this series 
have shown good inhibitory activity. Furthermore, the au-
thors performed docking studies of this compounds in order 
to get an idea of how this active analogues bind with the tar-
get. It was generally observed that the amino acid residues 
Trp206, Ile85, Leu84 and Val152 were most commonly in-
volved in hydrophobic interactions, while Asn173, Cys42 
and Gln6, were involved in hydrogen bonding interactions. 
Based on the interactions between the aforementioned resi-
dues, the most potent compound from this series (compound 
88) was selected to be used as a starting point for the design 
of new candidates, with the aim of optimizing the FP inhibi-
tory potencies of this class of compounds. 
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Fig. (16). Some potent FP-2/3 inhibitors designed and subjected to 
virtual screening via docking simulation against FP-2 and FP-3 
receptors. 

3.4.2. Pharmacophore Modeling Approaches 

The perception of a pharmacophore is often an essential 
step towards understanding the interaction between a ligand 
and its receptor. Pharmacophore modeling is a successful yet 
very diverse subfield of CADD [169]. The pharmacophore 
concept has been used widely in rational drug design. Phar-
macophores are often used to represent molecules at 2D or 

3D levels, by depicting schematically the most important 
elements for molecular recognition. This concept is also use-
ful for modeling ADME-tox properties, predicting side ef-
fects, target identification and off-target predictions. Phar-
macophores are often combined with molecular docking 
simulations in CADD in order to improve VS performance. 
The use of pharmacophore-based methods has also gained 
greater traction in anti-plasmodial drug discovery [170, 171]. 
Desai et al. [154], for example, attempted to identify the 
common pharmacophore features of diverse FP-2 hits. A 
four feature hypothesis, which correlated well with the lig-
and-target interactions observed in the docking studies, was 
selected and two hydrogen bond acceptors and two hydro-
phobic regions have been identified as key features. Based 
on this pharmacophore hypothesis, the authors were able to 
identify more than 60% of the FP-2 hits from the Chem-
bridge database, although the model did not lead to the iden-
tification compounds exhibiting dual FP-2/3 inhibition. En-
ergy-based pharmacophore modeling is a hybrid approach or 
ligand-/ structure-based technique which uses docking ener-
gy scoresto find active components of ligands against the 
target. This approach has been use by Kesharwani et al. [11], 
starting with the X-ray structure of the FP-3 protein (PDB 
entry: 3BPM). The key interaction site for leupeptin at the 
active site of FP-3 was identified. Based on these observa-
tions, a pharmacophore model was suggested, leading to the 
design of novel leupeptin analogues by using two basic 
fragments of leupeptin and by defining growing points. Mu-
dra and Mahesh used the previously cited approach to select 
some promising potential FP-2 inhibitors (with IC50 value 
ranging from 1 to 10.9 µM) and developed a pharmacophore 
model of these FP-2 inhibitors.  

The core features of the selected inhibitors include: 

i) a hydrophobic moiety; commonly an aromatic residue,  

ii) an aromatic moiety (monocyclic or bicyclic) 

iii) a linker; hydrogen bond donor and acceptor atom(s), at-
taching the hydrophobic moiety to the aromatic residue.  

After examining these common features towards the de-
sign of a basic backbone as a FP-2 inhibitor, the authors built 

Table 2. Ketobenzoxazole-based analogues: potent FP-2/3 inhibitors, and their inhibitory activities against FP-2/3. 

O

N

ONH

O

HN

R2

O

R1

 

Compound R1 R2 FP-2 IC50 (μM) FP-3 IC50 (μM) P. falc.W2 GI50 (μM) 

59 Morpholine i-Pr 0.0021 0.0083 1.2 

60 Morpholine Ph 0.0044 0.0049 2.9 

61 Me i-Pr 0.066 0.017 4.8 
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a three component pharmacophore model, and a series of 
novel FP-2 inhibitors were designed and synthesized on the 
basic of this three component pharmacophore model. Chakka 
et al. [172], in order to identify a novel class of FP-2 inhibi-
tors as potential anti-malarial agents, have used the structure 
of FP-2 (PDB entry: 1YVB) as a template for selected the 
pharmacophore features for in silico screening a library of 
commercially available compounds against the active site of 
FP-2. Initial hits were selected based on following criteria: 

i) at least two hydrophobic features in two of the three sub-
sites S1', S1, and S2. 

ii) at least one additional feature, such as a hydrogen bond 
donor, hydrogen bond acceptor, cationic feature, or other 
hydrophobic features. 

 

Table 3. Some aryl nitriles having different alicyclic substitu-

ents addressing the P2 pocket, with their effects on 

FP-2/3 activities. 

N

N

N

Br

N

R

H
N

O

O

 

Compound R 
FP-2 IC50 

(μM) 

FP-3 IC50 

(μM) 

64 

 

0.001 0.010 

65 

 

0.001 0.008 

66 

O  

0.002 0.028 

67 
N

O  

0.0005 0.033 

 
Based on this criteria, 2084 initial hits were obtained and 

subjected to Surflex-Dock™- based docking studies in the 
active site of FP-2 and 200 compounds, with their best pose 
based on the best-fit score, were selected. Finally, only seven 
compounds were acquired from commercial vendors and 
then the ability of these compounds to inhibit FP-2 activity 
in vitro was evaluated. Among them, compound (91, Fig. 18) 
exhibited moderate inhibition of FP-2, with a Ki of 27 ± 6 
µM. Based on this molecule, a total of 23 compounds were 
design and evaluated in the protease assay by the authors 
where the most potent inhibitors from this enzymatic assay 
(Ki< 10 µM) were further evaluated in the parasite cultures 
as anti-malarial agents. The authors noted that some of these 
compounds presented excellent sub-micromolar inhibition 
against FP-2 with Ki values ranging from 0.2 ± 0.1 µM to 0.8 

± 0.1 µM, and other inhibited FP-2 moderately, with Ki-
values ranging from 1 to 10 µM. Three compounds presented 
excellent inhibition of FP-2, and anti-parasitic (strain 3D7, 
Dd2) activities included compounds (92-94, Table 7). Thus, 
the results obtained suggest that this novel series of com-
pounds should be further investigated as potential anti-
malarial agents.  

 

Table 4. Chemical structures of some potent aryl nitrile FP-

2/3 inhibitors, along with their effects when different 

fused (hetero) aromatic ring substituents are placed 

at position P3. 

N

N

N

X

N

H
N

O

P3

 

Compound X P3 
FP-2 IC50 

(μM) 

FP-3 IC50 

(μM) 

68 Br 

H
N

N  

0.0002 0.027 

69 Br 

H
N

HN

N
H  

0.0002 0.040 

70 Br 

N
 

<0.0005 0.015 

71 Br N

N  

<0.0005 0.012 

72 Br 

N
 

<0.0005 0.004 

73 Cl 

N
 

0.0008 0.026 

74 Br 
O  

0.0015 0.006 

75 Cl 
O  

0.001 0.005 

76 Br 
F  

0.003 0.004 

77 Br 

F

F

 

0.0005 0.008 
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Table 5. Some potent aryl nitrile FP-2/3 inhibitors and their 

in vitro anti-malarial activities (78-86). 

N

N

O

H
N

N

R

N

N

N

Br

N

N

N
N

H
N

O

P3

X

X= Br

 

                                  78-84 85-86 

 

Compound R 
FP-2 IC50 

(μM) 

FP-3 IC50 

(μM) 

pfW2IC50 

(μM) 

78 

 

0.0004 0.055 0.015 

79 

 

0.0009 0.035 0.024 

80 

 

0.0005 0.006 0.033 

81 

 

<0.0005 0.011 0.024 

82 

 

0.0005 0.006 0.027 

83 

 

0.0009 0.017 0.059 

84 
N

O  

<0.0005 0.026 0.028 

85 N

N

 

<0.0005 0.003 0.001 

86 

N

N

 

<0.0005 0.004 0.002 
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Fig. (17). Scaffold of 3-phenylquinoxaline 1,4-di-N-oxide deriva-
tives. 

 

Table 6. Inhibition of falcipain-2 activity (IC50) by com-

pounds 88-90. 

O

N

N

O

N
H

R

 

Compound R FP-2 IC50 (μM) 

88 p-CH3 45.1 

89 p-CH2CH3 48.7 

90 o-OCH2CH3 72.2 

 

O

O

N
N

O

Cl

(91)  

Fig. (18). Structure of anti-FP active hit from in silico screening. 

3.5. Integrated Structure and Ligand-based Approaches 

Coupling structure and ligand-based methods is theoreti-
cally associated with greater efficiency in hit identification. In 
our literature review, two recent applications of this approach 
were encountered to identify P. falciparum FP-2 and FP-3 
inhibitors. Shah et al. [77] performed combined ligand and 
SBVS, with ChemBridge and Asinex commercial databases to 
identify the non-peptidic inhibitors of FP-2 of P. falciparum. 
These inhibitors were the analogs of the hits discovered in 
their laboratory by virtual screening studies. Approximately, a 
total of 1500 hits were obtained and subsequently docked with 
the FP-2 crystal structure (PDB entry: 3BPF) using Glide XP 
protocol [157]. The top 300 molecules were selected based on 
the Emodel score. 69 compounds selected based on visual 
inspection criteria such as formation of hydrogen bonds by 
ligand atoms with key residues, ligand geometry, and com-
mercial availability and submitted in biological test against 
FP-2. Finally 28 compounds showed inhibition of FP-2 in the 
low micromolar range with IC50 values of 5 to 48 μM. Among 
them, some were active against cultured malaria parasites with 
IC50< 10 μM and the compound 95 (Fig. 19) was the most 
active, with an IC50 of 4.64 μM. Mugumbate et al. [170] 
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screened more than 8.5 million compounds of the ZINC data-
base using two different protocols involving structure and lig-
and-based methods. In first protocol, the Lipinski’s “rule of 
five” was first used to screen the ZINC database for drug-like 
properties, and 1.1 million compounds were selected and clus-
tered to avoid very similar compounds. The authors then sub-
jected the structurally diverse of compounds to structure-based 
screening with the FP-2 crystal structure using the GOLD 
program and 26 compounds have been selected after visual 
inspection. In the second protocol, 25000 drug-like com-
pounds were extracted from a drug-like subset using the ZINC 
search tool. The data set was further filtered on the basis of the 
properties of nine non-peptide inhibitors of FP-2 using the 
Open eye drug-like filter program. 100 compounds were se-
lected on the basis of similarity scores and subjected to struc-
ture-based screening using Autodock. Finally 34 best ligands 
were selected on the basis of the docking score and visual in-
spection using such criteria as ligand adopted position and 
orientation in the binding site, formation of hydrogen bonds, 
and chemical diversity. Both protocols led to identified60 
compounds and purchased, despite that only 19 of them 
showed higher micromolar inhibitory activity against cultured 
chloroquine-resistant P. falciparum W2 strain. Compound 96 
(Fig. 19) was one of the most active compounds, with an IC50 
value of 1.32 μM against cultured parasites.  

3.6. Natural Products 

Many NPs and their derivatives are potential inhibitors of 
FP-2 [173]. The importance of incorporating modern drug 
discovery techniques into natural product drug discovery is 

self-evident. These modern approaches include, among oth-
ers, the adoption of computational drug discovery approach-
es. Whereas VS, molecular docking, and other computational 
techniques have predominantly been applied to collections of 
synthetic compounds, efforts have been made to leverage 
them to complement and enrich NP drug discovery. In what 
is an innovative application of established computational 
approaches to NPs, in silico tools were used to characterize 
the chemical space of a diverse group of NPs with previously 
reported in vitro activity against P. falciparum strains. 
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Fig. (19). Inhibitors of FP-2 and FP-3 obtained by integrated struc-
ture- and ligand-based approaches. 

Liu et al. [174] designed and synthesized a series of 18 
dihydroartemisinin derivatives based on a (thio) semicarba-
zone scaffold as potential FP-2 inhibitors. The authors per-
formed molecular docking studies aimed at investigating the 
binding modes and interaction energies of the inhibitors. It 
was observed that this new class of dihydroartemisinin de-
rivatives could be identified as potential FP-2 inhibitors. 
Preliminary SARs could serve as a foundation for further 

Table 7. FP-2 inhibitory activity (Ki) and P. falciparum 3D7, Dd2 (IC50) in vitro growth inhibition by compounds 92–94. 
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Compound R1 R2 R3 FP-2 Ki (μM) pf3D7IC50 (μM) pfDd2 IC50 (μM) 

92 

NH  

N

 
N

COOCH3

 

0.2 ± 0.1 5.5 ± 0.3 1.7 ± 0.1 

93 

 
N

 
N

COOCH3

 

0.8 ± 0.1 5.2 ± 0.5 1.9 ± 0.3 

94 

 
N

O

 

F

O

N

 

1.1 ± 0.1 0.9 ± 0.1 7.5 ± 0.3 

 



Targeting Cysteine Proteases from Plasmodium falciparum Current Drug Targets, 2018, Vol. 19, No. 5    521 

investigation of anti-malarial drugs. Tadigoppula et al. [17] 
synthesized a library of 88 chalcones with diverse structural 
features, e.g. prenylated chalcones, chromanochalcones, and 
chromenodihydrochalcones, based on the NP lead molecule 
(lipochalcone) isolated from the roots of Chinese licorice and 
evaluated for their in vitro anti-malarial activity. Among 
these compounds, 97-101 (Table 8) exhibited promising in 
vitro anti-malarial activities against the 3D7 strains of P. 
falciparum. Docking studies showed the possible binding 
orientation of these inhibitors in active sites of the FP-
2enzyme. Compounds 97, 98, and 101 showed modest inhib-
itory activity against the major Hb-degrading cysteine prote-
ase FP-2 and can be used for the development of new potent 
FP-2 inhibitors. Wang et al. [173] identified 10 NPs as P. 
falciparum FP-2 inhibitors from an in house NPs database 
using SBVS. The identified compounds showed moderate 
inhibitory activities against FP-2 with IC50 values in the 
range of 3.18 to 68.19 μM. Compound 102 (Fig. 20) IC50 = 
5.54 μM against FP-2, exhibited in vitro anti-plasmodial 
activities against a chloroquine-sensitive strain (P. falcipa-
rum 3D7; IC50 = 5.54 μM) and a chloroquine-resistant strain 
(P. falciparum Dd2; IC50 = 4.05 μM).  
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Fig. (20). A natural product P. falciparum FP-2 inhibitor. 

CONCLUSION 

We have attempted to discuss and summarize recent ef-
forts towards the design of malarial cysteine protease inhibi-
tors. It was shown that combining computational techniques 
with organic synthesis was effective in delivering novel po-
tential inhibitors and providing insight for further improve-
ment of drug candidates. Despite significant efforts from 
international collaborations and local efforts aimed at con-
trolling the malaria burden, enormous challenges are still 
being faced by researchers. These include the challenge of 
developing effective vaccine candidates, together with the 
drawbacks associated with the use of existing therapies. The 
emergence and spread of resistance against insecticides, and 
the available drugs remain another set of challenges. In this 
review, we have attempted to summarize the main finding of 
several research teams involved in searching for potent cys-
teine protease FP-2/3 inhibitors against P. falciparum. It ap-
pears that the current discussion on efforts towards the de-
sign of P. falciparum cysteine proteases inhibitors drives us 
towards combining computational techniques with organic 
synthesis and using NPs as lead scaffolds for delivering nov-
el potential inhibitors and providing directions for further 
improvements. Thus, computer-based methods like docking, 
binding-free energy calculations, virtual screening, and 
pharmacophore modeling, often used for hit/lead identifica-
tion along with combinatorial design of novel inhibitors 
against P. falciparum FP-2/3 could be employed. These 
therefore constitute available techniques for the development 
of new drugs against malaria. 

LIST OF ABBREVIATIONS 

ACT = Artemisinin combination therapy 

ADME-tox = Absorption, distribution, metabo-
lism, excretion and toxicity 

AIDS = Acquired immune-deficiency 
syndrome 

Table 8. Inhibitory activities against FP-2 and in vitro anti-malarial activities of chromenochalcones 97-101. 
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                                                   97-98                                                                     99                                                   100-101 

Compound R1 R2 R3 R4 R5 FP-2 IC50 (μM) pf3D7(μM) 

97 H OH H H CHO 13.5 1.19 

98 H H CHO OH H 5.5 0.59 

99 - - - - - ND 0.25 

100 H H CHO OH H ND 0.39 

101 H OH H H CHO 4.6 0.31 
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CADD = Computer-aided drug discovery 

CQ = Chloroquine 

FP = Falcipain 

Hb = Hemoglobin 

HIV = Human immunodeficiency virus 

MD = Molecular dynamics 

MM = Molecular mechanics 

NP = Natural product 

PDB = Protein databank 

QM = Quantum mechanics 

QSAR = Quantitative structure-activity 
relationship 

VS = Virtual screening 

SBD = Structure-based drug design 

SBVS = Structure-based virtual screening 

WHO = World health organization 

List of symbols 

IC50 = Concentration of a competitive 
tight binding inhibitor that causes 
50% reduction of the rate of cata-
lytic substrate conversion 

Ki = Inhibitory constant 

µM = Micromolar concentration (1 µM 
= 10-6 mol dm-3) 

nM = Nanomolar concentration (1 nM = 
10-9mol dm-3) 

ns = Nanosecond (1ns = 10-9s) 

ps = Picosecond (1 ps = 10-12s) 
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Abstract 

Background: African Traditional Medicine (ATM) is used for the healthcare of about 80% of the rural populations of 
the continent of Africa. The practices of ATM make use of plant‑products, which are known to contain plant‑based 
secondary metabolites or natural products (NPs), likely to play key roles in drug discovery, particularly as lead com‑
pounds. For various reasons, including resistance of strains of Plasmodium to known anti‑malarial drugs, local African 
populations often resort to plant‑based treatments and/or a combination of this and standard anti‑malarial regimens. 
Emphasis has been laid in this review to present the anti‑malarial virtue of the most recently published phytochemi‑
cals or natural products, which have been tested by in vitro and in vivo assays.

Methods: The data was based on the current version of the African Compound Libraries, which are constantly 
being updated based on inputs from journal articles and student theses (M.Sc/Ph.D) from African University librar‑
ies. Emphasis was laid on data published after 2012. In order to carry out the original data collection, currently being 
included in the African Compounds Database, individual journal websites were queried using the country names in 
Africa as search terms. Over 40,000 articles “hits” were originally retrieved, then reduced to about 9000 articles. The 
retained articles/theses was further queried with the search terms “malaria”, “malarial”, “plasmodium”, “plasmodial” and a 
combination of them, resulting in over 500 articles. Those including compounds with anti‑malarial activities for which 
the measured activities fell within the established cut off values numbered 55, which were all cited in the review as 
relevant references.

Results and discussion: Pure compounds derived from African medicinal plants with demonstrated anti‑malarial/
antiplasmodial properties with activities ranging from “very active” to “weakly active” have been discussed. The major‑
ity of the 187 natural products were terpenoids (30%), followed by flavonoids (22%), alkaloids (19%) and quinones 
(15%), with each of the other compound classes being less than 5% of the entire compound collection. It was also 
observed that most of the plant species from which the compounds were identified were of the families Rubiaceae, 
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Background
Malaria is an endemic disease in most tropical countries 
(Africa, Asia, and Latin America), with about half of the 
world’s population at risk of infection according to the 
World Health Organization (WHO) [1]. According to 
the latest World Malaria Report, released in December 
2019, there were 228 million cases of malaria in 2018, 
and the estimated number of malaria deaths stood at 
405,000. The causative agents for malaria infections are 
Plasmodium protozoans (i.e. Plasmodium falciparum, 
Plasmodium malariae, Plasmodium ovale, and Plasmo‑
dium vivax), although most severe infections are caused 
by P. falciparum [2–4]. Most deaths are recorded among 
African children below the age of 5 years [1–4]. This calls 
for an urgent need for new anti-malarial therapies for any 
one of the following reasons:

• The development of resistance against insecticides 
(e.g. dichlorodiphenyltrichloroethane, DDT) by the 
disease vectors (female anopheline mosquitoes) [5–
7].

• The inefficacy of chemoprophylaxis, which has often 
resulted in poor results [1, 8–10].

• The development of resistance by Plasmodium pro-
tozoans against most of the drugs currently used to 
treat malaria (e.g. chloroquine, artemisinin and its 
derivatives) [11–13].

Plants are known to be a rich reservoir of bioactive 
secondary metabolites (or natural products, NPs), for 
example, the anti-malarial drugs quinine and artemisinin 
(AT) are both of plant origin [14]. The benefits of plants 
containing bioactive anti-malarial compounds, particu-
larly the bitter principles (alkaloids and terpenoids), 
include their use in the preparation of traditional reme-
dies against malaria, fever, and inflammation [15]. In fact, 
more than 80% of the local populations of most tropical 
countries, including African populations, are dependent 
on medicinal plants for the treatment of most diseases, 
including malaria, despite the current wide availability of 
standard malaria treatments for populations in the rural 
areas, as well as those in cities [16, 17]. It has become 
of interest to summarize the major findings regarding 
the most promising secondary metabolites with proven 
in vitro and in vivo potencies, so as to pave the way for 
further development with compounds from African 
sources as leads for anti-malarial drug discovery. Recent 

reviews have either emphasized plants used in specific 
countries or regions for the treatment of malaria [18–21], 
secondary metabolites from selected plant species [22] or 
families of species [23], plants used as repellents against 
the mosquito vectors [24], or reports on the analysis of 
components of improved traditional preparations against 
malaria [25, 26].

Previous reviews have described the in vitro and in vivo 
potencies of compounds that have been isolated from 
African floral matter published data before 2013 [27, 28]. 
These reviews had previously described over 500 NPs, 
within the major NP classes, including alkaloids, terpe-
noids, flavonoids, coumarins, phenolics, polyacetylenes, 
xanthones, quinones, steroids, and lignans. These com-
pounds were described in the literature as exhibiting 
from weak to very good in  vitro anti-malarial activities, 
based on well-established cut-off values [29–31]. Besides, 
a cheminformatic analysis of the aforementioned data-
set, with a focus on molecular descriptors related to 
“drug-likeness”, drug metabolism and pharmacokinetics 
(DMPK), and some rules of thumb such as the Lipinski 
“Rule of Five” [32], showed that over 50% of the anti-
malarial compounds had physicochemical properties that 
fell within the range of “drug-like” molecules [33].

The present review focuses on compounds with tested 
activities against various malaria parasites derived from 
a literature survey from 2013 to 2019 [29–31]. A total of 
187 NPs belonging to diverse classes, including alkaloids, 
flavonoids, phenolics, flavonoids, steroids, and terpe-
noids are described. These compounds have been iden-
tified from 45 plant species belonging to 23 families. It 
is hoped that the results summarized will help for lead 
compound identification and for further anti-malarial 
drug discovery. The review describes the NPs with poten-
tial anti-malarial properties from African medicinal 
plants, arranged alphabetically according to the main NP 
compound classes.

Materials and methods
Data collection
In this review, an attempt has been made to document 
the anti-malarial activities of NPs derived from Afri-
can medicinal plants. The data was based on the cur-
rent version of the African compound libraries [34–37], 
which are constantly being updated based on inputs 
from journal articles and student theses (M.Sc/Ph.D.) 
available in African University libraries. Emphasis was 

Meliaceae and Asphodelaceae. The review is intended to continue laying the groundwork for an African‑based anti‑
malarial drug discovery project.

Keywords: Africa, Malaria, Medicinal plants, Natural products, Traditional medicine
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laid on data published after 2012. The original data col-
lection, now being included in the African Compounds 
Database (http://www.afric an-compo unds.org), was 
conducted from querying individual journal websites 
using the country names in Africa and search terms. 
The list of journals visited have been included in Addi-
tional file  1. The “hit” articles were retrieved, i.e. those 
for which plant materials were collected from Africa 
were then hand-picked by reading through the “Materials 
and methods“ section to ensure that the plant materials 

were from Africa. Student theses were also randomly col-
lected as made available from university libraries, consti-
tuting a small portion of the data. The folder containing 
the retained articles/theses was further queried with the 
search terms “malaria”, “malarial”, “plasmodium”, “plas-
modial” and a combination of them. Those for which 
compounds further showed anti-malarial activities pub-
lished between 2013 and 2019 and for which the meas-
ured activities fell within the established cut-off values 
were selected and included as relevant references. The 

Table 1 Summary of testing methodologies and parasite strains described in this report

Murine (in vivo) models Strains Parasite name Origin Assay description References

CQ‑sensitive NK 173 Plasmodium berghei Not reported Not reported

ANKA P. berghei Not reported Not reported [38–40]

Plasmodium vinckei petteri Not reported Not reported

In vitro models
 CQ‑sensitive 3D7 P. falciparum Not reported Parasite lactate dehydrogenase (pLDH) assay [41, 42]

Not reported Parasite growth inhibition assay [43]

Not reported Translation inhibitory assay [44]

D6 P. falciparum Sierra Leone Incorporated G‑3H hypoxanthine assay [41, 42, 45, 46]

Parasite lactate dehydrogenase (pLDH) assay [47, 48]

Non‑radioactive Malaria SYBR Green I assay [49, 50]

Modified non‑radioactive Malaria SYBR Green 
I assay

[42, 49, 51]

D10 P. falciparum Not reported pLDH assay [42, 52]

F32 P. falciparum Tanzania Not reported

FCA20 P. falciparum Ghana Not reported

K1 P. falciparum Thailand Modified  [3H]‑hypoxanthine incorporation 
assay and  [3H]‑hypoxanthine incorporation 
assay

[53–56]

NF54 P. falciparum Not reported [3H]‑hypoxanthine incorporation assay [53–56]

 CQ‑resistant Dd2 P. falciparum Not reported Non‑radioactive Malaria SYBR Green I assay [49, 50]

FcM29 P. falciparum Cameroon Not reported

FcB1 P. falciparum Colombia [3H]‑hypoxanthine incorporation assay [41]

K1 P. falciparum Thailand Modified  [3H]‑hypoxanthine incorporation 
assay and  [3H]‑hypoxanthine incorporation 
assay

[53–56]

W2 P. falciparum Indochina Modified non‑radioactive Malaria SYBR Green 
I assay

[42, 49, 51]

Incorporated G‑3H hypoxanthine assay [45, 46]

Non‑radioactive Malaria SYBR Green I assay [49, 50]

NF54 P. falciparum [3H]‑hypoxanthine incorporation assay [41]

 CQ‑ and pyrimethamine‑resistant K1 P. falciparum Thailand Modified  [3H]‑hypoxanthine incorporation 
assay and  [3H]‑hypoxanthine incorporation 
assay

[53–55]

NF54 P. falciparum Thailand [3H]‑hypoxanthine incorporation assay [54]

 Multidrug‑resistant Dd2 P. falciparum Not reported [3H]‑hypoxanthine incorporation assay [53–56]

K1 P. falciparum Thailand Parasite lactate dehydrogenase (pLDH) assay [52, 57]

NF54 P. falciparum Not reported [3H]‑hypoxanthine incorporation assay [53–56]

W2 P. falciparum Indochina [3H]‑hypoxanthine incorporation assay [45, 46]

W2mef P. falciparum Not reported [3H]‑hypoxanthine incorporation assay [53–56]



Page 4 of 35Bekono et al. Malar J          (2020) 19:183 

compounds displaying anti-malarial properties were clas-
sified according to their NP classes and source species of 
origin. This represented 187 compounds from 45 species 
belonging to 23 plant families.

Data analysis
The collected data was arranged into spreadsheets 
according to plant sources, compound classes, activity 
cut-offs and plasmodial strains tested. All activity data 
was converted to  IC50 values in μM.

Throughout the text, the term antiplasmodial is 
referred to as that which counters the growth of parasites 
of the genus Plasmodium, while anti-malarial is referred 
to as an agent which prevents or counteracts the progress 
of the disease caused by the parasite or that which treats 
the disease (i.e. by killing the parasites in the host). Very 
often the two terms are used interchangeably in the lit-
erature surveyed.

Table 2 Summary of alkaloids

a Compounds identified for the first time in the cited publications
b Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial strain 
(activities)

Plant species (Family), Taxon 
 IDb

Part 
of the plant 
studied

Place 
of harvest 
(Locality, 
Country)

Author, 
references

Aporphines 1 to 2 K1 (8.24 and 
2.90 μM, respec‑
tively)

Annickia kummeriae (Annon‑
aceae), NCBI:txid225831

Leaves Amani Nature 
Reserve, 
Tanzania

Malebo et al. [58]

Furoquinolines 3a to 6 FcB1 (from 162.47 to 
298.16 μM)

Teclea nobilis (Rutaceae), 
NCBI:txid1220089

Fruits and leaves Kamwenge dis‑
trict, Uganda

Lacroix et al. [59]

7 Dd2  (IC50 = 35 μM) Melicope madagascariensis (Ruta‑
ceae), NCBI:txid1487113

Stem bark Antsasaka 
forest of 
Moramanga, 
Madagascar

Rasamison et al. 
[60]

Indoles 8a to 13 and 15 3D7 (from 0.41 to 
110.58 μM)

Strychnos icaja (Loganiaceae), 
NCBI:txid1040889

Stem bark Bertoua, Cam‑
eroon

Tchinda et al. [61]

14 FCA20 (0.617 μM) Strychnos icaja (Loganiaceae), 
NCBI:txid1040889

Roots Kasongo‑Lunda, 
DR Congo

Beaufay et al. [62], 
Frédérich et al. 
[63]

W2 (0.085 μM)

Indolosesquiter‑
penes

16a and 17a NF54 (7.6 μM and 
29.1 μM, respec‑
tively)

Polyalthia oliveri (Annonaceae), 
NCBI:txid105756

Stem bark Mount Kala, 
Cameroon

Kouam et al. [64]

Naphthylisoqui‑
nolines

18a and 19a NF54 (0.043 and 
0.055 μM, respec‑
tively)

Ancistrocladus sp. (Ancistroclad‑
aceae), NCBI:txid 63071

Leaves Mbandaka, DR 
Congo

Lombe et al. [65]

20a, 21`a, 22a 
and 23 to 25

NF54 (from 0.090 to 
6.54 μM)

Ancistrocladus ileboensis (Ancistro‑
cladaceae), NCBI:txid1367080

Leaves and root 
bark

Bambange, DR 
Congo

Li et al. [66]

K1 (0.228 μM for 
compound 19)

26a, 27a, 28a 
and 29a

NF54 (from 0.84 to 
22.2 μM)

Ancistrocladus ealaensis (Ancistro‑
cladaceae), NCBI:txid714098

Twigs and 
leaves

Mbandaka, DR 
Congo

Tshitenge et al. 
[67]

K1 (from 1.4 to 
8.2 μM)

Protoberberines 30 to 33 K1 (from 0.22 to 
0.71 μM)

Annickia kummeriae (Annon‑
aceae), NCBI:txid225831

Leaves Amani Nature 
Reserve, 
Tanzania

Malebo et al. [58]

34 K1 
 (IC50 = 318.66 μM)

Polyalthia longifolium var. pendula 
(Annonaceae), NCBI:txid235806

Stem Tikrom, near 
Kumasi, 
Ghana

Gbedema et al. 
[68]

Pyridinones 35 K1  (IC50 = 81.28 μM) Polyalthia longifolium var. pendula 
(Annonaceae), NCBI:txid235806

Stem Tikrom, near 
Kumasi, 
Ghana

Gbedema et al. 
[68]

Others 36 K1  (IC50 = 32.12 μM) Canthium multiflorum (Rubiaceae), 
NCBI:txid58501

Aerial part Obala, along 
River Sanaga, 
Cameroon

Kouam et al. [69]
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Test methodologies
From the literature collected, a broad range plasmo-
dial strains were tested, including those summarized in 
Table 1.

Promising anti‑malarial compounds derived 
from the African flora
Alkaloids
Table  2 summarizes the most promising alkaloids 
derived from the African flora, published since the 
earlier review [27], while the chemical structures are 
shown in Figs.  1, 2, 3, 4, 5, 6, 7, 8, 9 and 10, arranged 
alphabetically according to their respective sub-classes 
(i.e. aporphines, furoquinolines, indoles, indoloses-
quiterpenes, Naphthylisoquinolines, protoberberines, 
pyridinones and others). Several of them had tested 

positive against CQ-sensitive and CQ-resistant strains 
of P. falciparum in vitro.

Aporphines The aporphine alkaloids lysicamine (1), 
trivalvone (2) (Fig.  1) were identified from the leaves 
of Annickia kummeriae (Annonaceae) from Tanzania, 
along with four other (protoberberine) alkaloids. Plants 
from the genus Annickia (formerly Enantia) are popu-
larly known in West and Central Africa for use in the 
treatment of malaria [70–72]. The study by Maleba et al. 
[58] showed that compounds 1 and 2 showed respective 
activities of 8.23 and 2.90 μM against the CQ-resistant 
K1 strain of P. falciparum.

Furoquinolines Four furoquinoline alkaloids (3 to 6) 
(Fig. 2) were isolated from the fruits and leaves of Teclea 
nobilis (Rutaceae) and tested on the chloroquine (CQ)-
resistant FcB1/Colombia strain of P. falciparum by 
Lacroix et al. [59]. This species from Uganda has been 
used to treat a range of ailments from pain and fever 
to malaria [73]. The isolated compounds, including the 
novel acetylmontrifoline (3), and the known montrifo-
line (4), maculine (5), and skimmianine (6), were less 
potent than the reference drug CQ, showing inhibition 
against the tested parasite strain at < 300 μM [59].

Rasamison et  al. also isolated seven furoquinolines 
from the stem bark of the Madagascan species, Meli‑
cope madagascariensis (Rutaceae), of which only com-
pound 7 (6-methoxy-7-hydroxydictamnine, commonly 
called heliparvifoline) exhibited weak anti-malarial 
activity against the CQ-resistant strain, Dd2, with 
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 IC50 = 35 μM, the other compounds tested being inac-
tive [60].

Indoles Strychnos icaja (Loganiaceae) is found all over 
Central Africa [74]. In Cameroon, for example, the roots 
are used by a Pygmy tribe to treat malaria. From their stem 
bark, six indole alkaloids (8 to 13) (Figs. 3 and 4), were iso-
lated and evaluated against the CQ-sensitive 3D7 strain 
of P. falciparum by Tchinda et  al. [61], with  IC50 values 
ranging from 0.40 to 110 μM. These include 15-hydroxyv-
omicine (8), N-methyl-sec-iso-pseudostrychnine (9), sun-
gucine (10), isosungucine (11), strychnogucine C (12), 
bisnordihydrotoxiferine (13), along with the chlorinated 
indole, Nb-chloromethosungucine (14).

Strychnogucine B (15) (Fig.  4), which was previously 
isolated from the roots of the same species by Frédé-
rich et al. [63] was further investigated by Beaufay et al. 
[62] and the compound now displayed further inhibition 
against the CQ-sensitive FCA 20/Ghana and CQ-resist-
ant W2/Indochina strains, with  IC50 values of 0.617 and 
0.085 μM, respectively.

Indolosesquiterpenes The bioactivity-guided screening 
of the stem bark of Polyalthia oliveri (Annonaceae) led 
Kouam et al. to isolate two indolosesquiterpene alkaloids, 
named N-acetyl-8α-polyveolinone (16) and N-acetyl-
polyveoline (17) (Fig. 5) [64]. This species is used in folk 
medicine for the treatment of malaria [75]. Both com-
pounds were tested against CQ-sensitive NF54 strain and 
compound 16 showed moderate antiplasmodial activity 

with  IC50 = 7.6  μM, while compound 17 inhibited the 
strain weakly with an  IC50 value of 29.1 μM [75].

Naphthylisoquinolines These are compounds character-
ized by a chiral biarylaxis linkage between the naphthalene 
and the isoquinoline alkaloids, mainly isolated from plants 
of the genus Ancistrocladus (Acistrocladaceae), and the 
closely related genera Triphyophyllum, Dioncophyllum and 
Habropetalum (Dioncophyllaceae). Cyclombandakamines 
 A1 (18) and  A2 (19) (Fig.  6) are naphthoisoquinoline 
alkaloids isolated from the leaves of Ancistrocladus sp. 
(Ancistrocladaceae) by Lombe et  al. [65]. These com-
pounds displayed significant inhibitory activities against 
the NF54 strain of P. falciparum with  IC50 values of 0.043 
and 0.055 μM, respectively [65]. Li et al. [66] also inves-
tigated the twigs and leaves of Ancistrocladus ileboensis 
(Ancistrocladaceae) from DR Congo. Among the tested 
compounds with promising anti-malarial activities were 
dioncophylline F (20) and dioncophylline  C2 (21), in addi-
tion to the 7,8′-coupled dioncophylline  D2 (22), ancistro-
brevine C (23), 5′-O-methyldioncophylline D (24), and 
ancistrocladisine A (25) (Fig.  7). Compound 20 showed 
activities against both the NF54 and K1 strains (with  IC50 
values of 0.090 and 0.045  μM, respectively), compounds 
21 to 25 were only tested against the K1 strain, with  IC50 
values ranging from 0.107 to 6.51 μM [66].

Among the compounds identified from Ancistroclad-
aceae, Tshitenge et al. also isolated four naphthylisoqui-
nolines, named ealamines A–D (26 to 29, Fig. 8) from the 
twigs and leaves of Ancistrocladus ealaensis (Ancistro-
cladaceae) harvested in Mbandaka, DR Congo [67]. These 
compounds were tested against CQ-sensitive NF54 and 
CQ- and pyrimethamine-resistant K1 strains of P. fal‑
ciparum. The activities against the CQ-sensitive NF54 
strain showed  IC50 values of 6.3, 4.9, 0.84 and 22.2 μM, 
respectively. Meanwhile, compounds 26, 27 and 29 
inhibited the CQ- and pyrimethamine-resistant K1 strain 
with  IC50 values of 1.6, 1.4, and 8.2 μM, respectively [67].

Protoberberines Maleba et  al. [58] showed that against 
the CQ-resistant K1 strain of P. falciparum protoberber-
ine alkaloids are a subclass of promising anti-malarials. 
The in vitro testing of compounds 30 to 33 (Fig. 9) showed 
that compound 30 (palmatine) was the most active, with 
an  IC50 value of 0.23 μM. Jatrorrhizine (31) exhibited an 
 IC50 of 0.71 μM, whereas a mixture of compound 31 and 
columbamine (32) inhibited the plasmodial strain with 
an  IC50 value of 0.14 μg/mL, and a mixture of compound 
26 and tetrahydro-palmatine (33) inhibited the parasite 
strain with  IC50 = 0.098  μg/mL, probably explaining the 
synergistic activity of this plant extract. This justifies its 
use in African Traditional Medicine for the treatment of 
malaria [58].
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Extracts of Polyalthia longifolium (Annonaceae), used 
in orally consumed preparations in traditional medicine 
in Ghana, was investigated in order to identify anti-
malarial compounds [68]. The protoberberine l-stepho-
lidine (34, Fig. 9) was identified from the stem of species 
among the isolated compounds [68], but this compound 
had only a weak antiplasmodial activity against the K1 
strain of P. falciparum.

Pyridinones Gbedema et al. also isolated darienine (35, 
Fig. 10), a known alkaloid with anti-malarial activity [68]. 
This compound exhibited varying degrees of antiplasmo-
dial activity against the K1 strain of P. falciparum with an 
 IC50 value of 81.28 μM.

Other alkaloids Gardenine (36, Fig. 10), obtained from 
the investigation of crude extract of the aerial parts of 
Canthium multiflorum (Rubiaceae), harvested from Cam-

eroon, exhibited antiplasmodial activity against the K1 
strain of P. falciparum, with an  IC50 value of 32.12 μM and 
weak cytotoxicity against L6 cell lines [69].
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Flavonoids
Flavonoids (mainly chalcone, flavanone, isoflavone, and 
retonoid sub-classes) (Figs. 11, 12, 13 and 14) were pre-
viously seen as a promising class of NPs exhibiting anti-
malarial and antiplasmodial activities [28].

Flavanones and  flavones The most promising recently 
published anti-malarial flavanones and flavones derived 
from the African flora have been summarized in Table 3. 
These include 5,4′-dihydroxy-3,6,7-trimethoxyfla-
vone (37), 5,7-dihydroxy-3,4′-dimethoxyflavone (38), 
quercetin-3,4′-dimethyl ether (39), rhamnazin (40), retu-
sin (41), 5,4′-dihydroxy-3,7,3′-trimethoxyflavone (42), 
5,4′-dihydroxy-7-dimethoxyflavanone (43), (+)-tephro-

din (44), tachrosin (45), obovatin methyl ether (46), mor-
reloflavone (47), volkensiflavone (48), and 5-demethyl-
tangeretin (49), whose chemical structures of are shown 
in Fig. 11. The compounds were isolated from the species 
Senecio roseiflorus (Compositae-Asteraceae) [76], Tephro‑
sia villosa (Leguminosae) [77], Allanblackia floribunda 
(Guttiferae) [78], and Peperomia vulcanica (Piperaceae) 
[79].

Compounds 37 to 43 were derived from leaves of 
Senecio roseiflorus and have shown good to moder-
ate antiplasmodial activities against D6 and W2 strains. 
The activities in terms of  IC50 values ranged from 11.25 
to 56.31  µM for the D6 strain, while for the W2 strain, 
this ranged from 15.47 to 87.50 µM [76]. Compounds 44 
to 46, were derived from roots of Tephrosia villosa and 
exhibited anti-malarial activities against both the D6 
and W2 strains with respective  IC50 values from 11.30 to 
14.00 µM for the D6 strain and from 13.10 to 20.40 µM 
for the W2 strain [77].

Azebaze et al. investigated the antiplasmodial activities 
of whole plant extracts of Allanblackia floribunda from 
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Fig. 8 Naphthylisoquinoline alkaloids III (26 to 29)
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Cameroon [78]. The biflavonoids 47 and 48 were isolated 
from the plant extract and exhibited in  vitro antiplas-
modial activities against the F32 and FcM29 strains. The 
 IC50 values at 24 h and 72 h against the both strains were 
21.13 and 6.03 µM; 22.59 and 8.61 µM for compound 47 
and 1.83 and 2.18 µM; 1.44 and 1.75 µM for compound 
48, respectively [78]. Additionally, 5-demethyltangeretin 
(49) was isolated from the whole plant of Peperomia vul‑
canica by Ngemenya et al. [79]. This compound showed 
antiplasmodial activity against the multidrug-resistant 
W2mef and Dd2 strains of P. falciparum, with respective 
 IC50 values of 19.36 and 3.18 µM.

Glycoflavonoids The glycoflavonoids kaempferol-3-
O-β-d-glucopyranoside (50), and quercetin-3-O-β-d-
glucopyranoside (51), Fig.  12, were isolated from the 
leaves of Ekebergia capensis (Meliaceae) from Kenya by 
Irungu et al. [80]. Both compounds were observed to pos-
sess moderate activities against the D6 and W2 strains 
of P. falciparum. The  IC50 values of compounds 50 and 
51 were, respectively, 97.1 and 42.9  µM against the D6 
strain, while both compounds measured an  IC50 value of 
105.8 µM against the W2 strain.

Tshitenge et  al. investigated the anti-malarial con-
stituents of the medicinal plant-based SIROP KILMA, 
with constitutive plants composed from Gardenia terni‑
folia (Rubiaceae), Crossopteryx febrifuga (Rubiaceae), 
and Lantana camara (Verbenaceae) [26]. The authors 
identified two flavonoid glycosides; stachannin (52) and 
pectolinarigenin-7-O-glucoside (53) [26]. The flavone 
glycoside morreloflavone-7-O-glucoside (54) was iso-
lated by Azebaze et  al. from Allanblackia floribunda 
(Guttiferae), harvested in Cameroon. This compound 
presented antiplasmodial activities against the F32 and 
FcM29 strains with  IC50 values of 15.98 and 11.69  µM; 
40.36 and 33.24 µM at 24 h and 72 h, respectively [78].

Isoflavones Studies by Derese et  al. on the stem bark 
of Millettia oblata (Leguminosae) harvested from 
Kenya led to the isolation of 7,2′-dimethoxy-4′,5′-
methylenedioxyisoflavone (55), maximaisoflavone B 
(56), maximaisoflavone J (57), maximaisoflavone H 
(58), 7,3′-dimethoxy-4′,5′-methylendioxyisoflavone 
(59), mildurone (60), wistin (61) nordurlettone (62), 
4′-prenyloxyderrone (63), isoerythrin A 4′-(3-meth-
ylbut-2-enyl) ether (64), calopogoniumisoflavone A 
(65), durmillone (66), jamaicin (67), isojamaicin (68), 
durallone (69), and 6-methoxycalopogonium isoflavone 
A (70) (Fig.  13) [81]. The plant extracts and isolated 
compounds were tested in  vitro against the P. falcipa‑
rum W2 and D6 strains. All the plant extracts had  IC50 
values ranging from 10.0 to 25.4 μg/mL. The compounds 
showed good to moderate antiplasmodial activities with 

Fig. 12 Glycoflavonoids (50 to 54)
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Fig. 13 Isoflavones (55 to 74)
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the following pairs of  IC50 values; 45.6 and 47.5; 42.0 and 
36.0; 29.7 and 35.7; 38.8 and 45.6; 48.4 and 37.7; 44.1 and 
35.9; 23.2 and 22.3; 28.9 and 25.1; 14.9 and 13.3; 21.6 and 
19.3; 51.5 and 45.8; 25.1 and 37.3; 38.6 and 41.0; 38.9 and 
48.7; 50.0 and 32.7; 53.1 and 34.8 μM against the W2 and 
D6 strains, respectively [81].

Marco et al. obtained calopogonium isoflavone B (71) 
and isoerythrin A-4′-(3-methylbut-2-enyl) ether (72) 
maximaisoflavone B (73) and 7,2′-dimethoxy-4′,5′-
methylenedioxyisoflavone (74) from the root bark of 
Millettia dura (Leguminosae) harvested in Tanzania 
[82]. These compounds showed marginal activities (70 
to 90% inhibition at 40  μM) against the 3D7 and Dd2 
strains of P. falciparum.

Retonoids Muiva-Mutisya et al. also isolated the reto-
noids 6α-hydroxy-α-toxicarol (75), deguelin (76), rote-
none (77) (Fig. 14), from the root extract of Tephrosia 
villosa (Leguminosae) [77]. The mixture of compounds 
76 and 77 exhibited anti-malarial activities with  IC50 
values of 9.60 and 22.60 µg/mL against the CQ-sensitive 
D6 and CQ-resistant W2, respectively. Meanwhile, the 
activities of compound 75 against the same strains were 
18.71 and 28.64 µM, respectively [77].

Phenolics and quinones
Summaries of the phenolics and quinones with most 
promising anti-malarial properties have been shown in 
Table  4 (according to their subclasses), with chemical 
structures shown in Figs. 15, 16, 17, 18, 19, 20 and 21.

Ellagic acid derivatives The plant Terminalia brownii 
(Combretaceae) is used as a remedy for malaria in East-
ern and Central Africa, although the detailed mode of 
preparation is not fully described in the literature [83]. 
The phenolic compound, 4-O-(3″,4″-di-O-galloyl-α-l-
rhamnopyranosyl) ellagic acid (78) (Fig.  15), obtained 
from the stem bark of this plant harvested in Kenya was 
found to be active against chloroquine-sensitive (D6) and 
chloroquine-resistant (W2) strains of P. falciparum [77]. 
According to Machumi et al. [84], the  IC50 value obtained 
against both strains was equal to 8.01 µM.

Phenolic glycosides In addition to flavonoid glycosides, 
Tshitenge et al. [26] identified two phenolic glycosides as 
anti-malarial constituents of the medicinal plant-based 
SIROP KILMA: acteoside (79) and isoacteoside (80) 
(Fig. 16).

Anthraquinones The study by Induli et al. of the rhizomes 
of Kniphofia foliosa (Asphodelaceae), growing in Ethiopia, 
led to the identification of several anthraquinones [85]: the 
novel 10-acetonylknipholone cyclooxanthrone (81), along 
with the known knipholone anthrone (82), chryslandicin 
(83), 10-hydroxy-10-(chrysophanol-7′-yl)-chrysophanol 
anthrone (84), 10-methoxy-10-(chrysophanol-7′-yl)
chrysophanol anthrone (85), asphodelin (86), knipholone 
(87), isoknipholone (88) knipholone cyclooxanthrone 
(89), joziknipholone A (90), joziknipholone B (91) and 
dianellin (92) (Fig. 17). According to the authors, the  IC50 
values obtained for the plant extracts ranged from 3.4 to 
8.9 μg/mL and from 3.4 to 8.9 μg/mL against the D6 and 
W2 strains of P. falciparum, respectively. The obtained 
compounds had  IC50 values ranging from 0.47 to 23.25 μM 
and from 0.35 to 18.42 μM against the respective strains 

Fig. 14 Retonoids (75 to 77)
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Table 3 Summary of flavonoids

a Compounds identified for the first time in the cited publications
b Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial 
strain 
(activities)

Plant species (Family), Taxon  IDb Part of the plant 
studied

Place of harvest 
(locality, 
country)

Author, 
references

Flavanones and 
flavones

37 to 43 D6 (from 11.26 to 
56.31 μM)

Senecio roseiflorus (Compositae‑
Asteraceae), NCBI:txid1886451

Leaves Mount Kenya 
Forest, Meru, 
Kenya

Kerubo et al. [76]

W2 (from 15.48 
to 87.50 μM)

44 to 46 D6 (from 11.30 to 
14.00 μM)

Tephrosia villosa (Leguminosae‑
Fabaceae), NCBI:txid62125

Roots Manyani, TaitaTa‑
veta County, 
Kenya

Muiva‑Mutisya 
et al. [77]

W2 (from 13.10 
to 20.40 µM)

47 and 48 F32 (from 2.18 to 
21.13 μM)

Allanblackia floribunda (Guttiferae‑ 
Clusiaceae), NCBI:txid469914

Whole plant Mount Kala, 
Cameroon

Azebaze et al. [78]

FcM29 (from 1.75 
to 22.59 μM)

49 W2mef 
(19.37 μM)

Peperomia vulcanica (Piperaceae), 
NCBI:txid1719589

Whole plant Mount 
Cameroon, 
Cameroon

Ngemenya et al. 
[79]

Dd2 (3.18 μM)

Glycoflavonoids 50 and 51 D6 (97.1 and 
42.9 μM, 
respectively)

Ekebergia capensis (Meliaceae), 
NCBI:txid124949

Leaves Gakoe Forest, 
Kiambu 
County, Kenya

Irungu et al. [80]

W2 (105.8 μM)

52 and 53 Gardenia ternifolia (Rubiaceae), 
NCBI:txid1237590; Crossop-
teryx febrifuga (Rubiaceae), 
NCBI:txid170354; and Lan-
tana camara (Verbenaceae), 
NCBI:txid126435

Stem barks and 
leaves

Kinshasa, DR 
Congo

Tshitenge et al. 
[26]

54 F32 (15.98 and 
40.36 μM, 
respectively, at 
24 h and 72 h)

Allanblackia floribunda (Guttiferae‑ 
Clusiaceae), NCBI:txid469914

Whole plant Mount Kala, 
Cameroon

Azebaze et al. [78]

FcM29 (11.69 
and 33.24 µM , 
respectively, at 
24 h and 72 h)

Isoflavones 55 to 70 W2 (from 14.9 to 
53.1 μM)

Millettia oblata ssp. teitensis 
(Leguminosae‑Fabaceae), 
NCBI:txid53625

Stem bark Taita Hill Forest, 
Kenya

Derese et al. [81]

63a D6 (from 13.3 to 
48.7 μM)

71a to 74 3D7 and Dd2 (70 
to 90% inhibi‑
tion at 40 μM)

Millettia dura (Leguminosae‑
Fabaceae), NCBI:txid62119

Root bark Kisarawe, Tan‑
zania

Marco et al. [82]

Retonoids 75 to 77 D6 (18.71 µM for 
compound 75 
and 9.60 μg/
mL for a 
mixture of 
compounds 76 
and 77)

Tephrosia villosa (Leguminosae‑
Fabaceae), NCBI:txid62125

Roots Manyani, Taita 
Taveta County, 
Kenya

Muiva‑Mutisya 
et al. [77]

W2 (28.64 µM 
for com‑
pound 75 and 
22.60 μg/mL 
for a mixture of 
compounds 76 
and 77)
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[85]. It is known that knipholone cyclooxanthrone (89) 
was actually isolated for the first time by Abdissa et  al. 
and was also shown to exhibit antiplasmodial activities 

against the W2 and D6 strains with  IC50 values of 14.58 
and 9.42 μM, respectively [86].

The roots of the same plant, also harvested in Ethio-
pia, led Abdissa et al. to isolate a dimeric anthraquinone, 

Table 4 Summary of phenolics and quinones

a Compounds identified for the first time in the cited publications
b Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial 
strain 
(activities)

Plant species (Family), Taxon  IDb Part 
of the plant 
studied

Place of harvest 
(locality, 
country)

Author, 
references

Ellagic acid 
derivative 
(phenolics)

78 D6 (8.01 µM) Terminalia brownii (Combretaceae), 
NCBI:txid1548809

Stem bark Machakos 
County, Kenya

Machumi et al. 
[84]W2 (8.01 µM)

Phenolic 
glycosides 
(phenolics)

79 and 80 Gardenia ternifolia (Rubiaceae), 
NCBI:txid1237590; Crossop-
teryx febrifuga (Rubiaceae), 
NCBI:txid170354; and Lan-
tana camara (Verbenaceae), 
NCBI:txid126435

Stem barks and 
leaves

Kinshasa, DR 
Congo

Tshitenge et al. 
[26]

Anthraquinones 
(quinones)

81a, 82 to 92 D6 (from 0.47 to 
23.25 μM)

Kniphofia foliosa (Asphodelaceae), 
NCBI:txid214838

Rhizomes Addis Ababa, 
Ethiopia

Induli et al. [85]

89 W2 (from 0.35 to 
18.42 μM )

93 D6 (7.73 μM) Kniphofia foliosa (Asphodelaceae), 
NCBI:txid214838

Roots Gedo, Ethiopia Abdissa et al. [86]

W2 (2.22 μM)

89a D6 (9.40 μM) Kniphofia foliosa (Asphodelaceae), 
NCBI:txid214838

Roots Gedo, Ethiopia Abdissa et al. [86]

W2 (14.58 μM)

82 3D7 (0.7 μM) Kniphofia foliosa (Asphodelaceae), 
NCBI:txid214838

Leaves Addis Ababa, 
Ethiopia

Feilcke et al. [89]

90a and 91a K1 (0.17 and 
0.26 μm, 
respectively)

Bulbine frutescens (Asphodelaceae), 
NCBI:txid210954

Roots Chiromo Cam‑
pus Garden, 
Kenya

Bringmann et al. 
[87]

94 to 96 D6 (19.66 to 
82.80 μM)

Aloe pulcherrima (Asphodelaceae), 
NCBI:txid25641

Roots Saka Chokorsa, 
Ethiopia

Abdissa et al. [88]

W2 (64.46 to 
141.95 μM)

86 3D7 (1.9 μM) Kniphofia foliosa (Asphodelaceae), 
NCBI:txid214838

Leaves Addis Ababa, 
Ethiopia

Feilcke et al. [89]

97a NF54 (weak 
activity)

Diospyros canaliculata (Ebenaceae), 
NCBI:txid13492

Stem bark Kribi, Cameroon Lenta et al. [90]

Anthrones 
(quinones)

98 to 101 Suppression of 
parasitaemia 
from 36.8 
to 66.8% at 
doses of 100 
to 400 mg/kg 
/day

Aloe percrassa (Asphodelaceae), 
NCBI:txid1593100

Leaf latex Edagahamus, 
Ethiopia

Geremedhin et al. 
[91]

Naphthohyd‑
roquinones 
(quinones)

102a, 103a, 104a, 
105a and 106a

D6 (from 19.59 
to 36.03 μM)

Pentas bussei (syn: Rhodopentas bus-
sei, Rubiaceae), NCBI:txid387051

Roots Mombasa, Kenya Endale et al. [92]

W2 (60.08 to 
144.43 μM)

Other quinones 107 W2mef 
(52.25 μM)

Peperomia vulcanica (Piperaceae), 
NCBI:txid1719589

Whole plant Mount 
Cameroon, 
Cameroon

Ngemenya et al. 
[79]

108a D6 (19.28 μM) Neoboutonia macrocalyx (Euphor‑
baceae), NCBI:txid316724

Stem bark Kibale National 
Park, Uganda

Namukobe et al. 
[93]W2 (14.17 μM)



Page 16 of 35Bekono et al. Malar J          (2020) 19:183 

10-methoxy-10,7′-(chrysophanol anthrone)-chrysoph-
anol (93) [86]. Compound 93 showed antiplasmo-
dial activities against the W2 and D6 strains with  IC50 

Fig. 15 Ellagic acid derivative (78)

Fig. 16 Phenolic glycosides (79 and 80)
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values of 2.22 and 7.73 μM, respectively [86]. The inves-
tigations of Bringmann et al. led to the isolation of new 
dimeric phenylanthraquinones; joziknipholone A (90) 

and joziknipholone B (91) from the roots of Bulbine 
frutescens (Asphodelaceae) harvested in Kenya [87]. The 
authors also tested the two compounds against the K1 
strain of P. falciparum and obtained remarkable activi-
ties,  IC50 values of 0.17 and 0.26  μM, respectively [87]. 
Knipholone anthrone (82) was tested again from the 
leaves of the Ethiopian medicinal plant Kniphofia foliosa 
(Asphodelaceae) by Feilcke et al. [89]. The activity of this 
compound in several biological assays was described by 
the authors and showed antiplasmodial activity against 
3D7 strain with  IC50 value 0.7 μM.

The medicinal plant Aloe pulcherrima (Asphodelaceae) 
is one of the endemic Aloe species traditionally used for 
the treatment of malaria and wound healing in Central, 
Southern, and Northern Ethiopia, although the detailed 
mode of usage is not properly described in the literature 
[88]. Three compounds, chrysophanol (94), aloesapona-
rin I (95) and aloesaponarin II (96) (Fig.  18), were iso-
lated from the acetone root extracts by Abdissa et al. [88]. 
The evaluation of their in  vitro anti-malarial activities 
revealed moderate activity against D6 and W2 strains 
with  IC50 values ranging from 19.66 to 82.80  μM and 
from 64.46 to 141.95  μM, respectively [88]. Knipholone 
(86) was also tested again from the leaves of Kniphofia 
foliosa (Asphodelaceae) by Feilcke et al. [89], showing sig-
nificant antiplasmodial activity against the P. falciparum 
3D7 strain, with an  IC50 value of 1.9 μM.

Lenta et al. investigated the dichloromethane-methanol 
(1:1) extract of the stem bark of Diospyros canaliculata 
(Ebenaceae) harvested in Cameroon and obtained a new 
coumarinyl naphtoquinone, named canaliculin (97) [90]. 
The compound only exhibited weak activity against P. 
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falciparum NF54 strain, unfortunately, along with pro-
nounced toxicity [90].

Anthrones The plant Aloe percrassa (Asphodelaceae), 
is an indigenous species used in Ethiopian folk medi-
cine to treat malaria, wounds and gastric problems 
[91]. Aloin A (98) Aloin B (99) microdontin A (100) 
microdontin B (101) (Fig.  19), are four anthrones 
derived from the leaf latex of Aloe percrassa by Ger-
emedhin et al. [91]. The anti-malarial activities of the 
mixtures of Aloin A/B and microdontin A/B were lower 
than the latex. The mixtures were shown to have sup-
pressed parasitaemia from 36.8 to 66.8% at doses of 100 
to 400 mg/kg/day. This suggested that the compounds 
within the two mixtures may have acted synergistically.

Naphthohydroquinones The plant species Pentas bus‑
sei (Rubiaceae) is frequently used in traditional medi-
cine to treat malaria in Kenya, particularly the boiling 
of the roots and stems for oral consumption [92]. The 
roots of this species led Endale et al. to obtain five new 

naphthohydroquinones, called busseihydroquinone A 
(102) busseihydroquinone B (103) busseihydroquinone 
C (104) busseihydroquinone D (105) and the homopre-
nylated naphthoquinone named dihydronaphthoqui-
none (106) (Fig. 20). These compounds exhibited mar-
ginal activities against the D6 and W2 strains with  IC50 
values ranged from 19.59 to 36.03 μM and from 60.08 
to 144.43 μM, respectively [92].

Other quinones Peperovulcanone A (107), derived 
from the crude extracts of the whole plant of Pepero‑
mia vulcanica (Piperaceae), harvested from Cameroon, 
was shown to be active against the W2mef strain of P. 
falciparum with an  IC50 value of 52.25  μM [79]. The 
new compound named, neoboutomacroin (108), was 
derived from extracts of the stem bark of Neobou‑
tonia macrocalyx (Euphorbiaceae) from Uganda by 
Namukobe et al. [93]. Compound 108 displayed good 
antiplasmodial activity with  IC50 values of 19.28 and 
14.17 μM against the D6 and W2 strains, respectively.

Steroids
Ergostane phytosterols A summary of bioactive ster-
oids has been provided in Table  5. The novel steroids; 
6α-methoxy-4,24(28)-ergostadiene-7α,20S-diol (109), 
6α-methoxy-4,24(28)-ergostadien-7α-ol (110) (Fig.  21), 
along with the known steroid 7,20S-dihydroxyergosta-
4,24(28)-dien-3-one (111) (Fig. 22), were isolated from the 
stem bark of Antrocaryon klaineanum (Anacardiaceae) by 
Douanla et  al. [94]. The crude extracts and the isolated 
compounds were evaluated in vitro against the 3D7 and 
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W2 strains of P. falciparum. While the crude extract 
showed moderate activity  (IC50 = 16.7  µg/mL) against 
3D7, the three steroids exhibited potent activity against 
both strains with  IC50 values of 22.0, 11.2 and 21.3 µM, 
respectively, against the same strain.

The known steroid stigmasterol (112) (Fig.  23), 
obtained from the whole plant of Peperomia vulcanica 
(Piperaceae), also showed antiplasmodial activity against 

Table 5 Summary of steroids

a Compounds identified for the first time in the cited publications
b Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial strain 
(activities)

Plant species (Family), 
Taxon  IDb

Part 
of the plant 
studied

Place of harvest 
(City, Country)

Author, references

Ergostane phytos‑
terols

109a, 110a, and 
111

3D7  (IC50 values 
range from 11.2 to 
22.0 µM)

Antrocaryon klaineanum 
(Anacardiaceae), 
NCBI:txid289695

Stem bark Mount Kala, Cam‑
eroon

Douanla et al. [94]

W2 (  IC50 values 
range from 11.2 to 
22.0 µM)

112 W2mef  (IC50 
value = 53.45 µM)

Peperomia vulcanica (Piper‑
aceae), NCBI:txid1719589

Whole plant Mount Cameroon, 
Cameroon

Ngemenya et al. 
[79]

113 W2  (IC50 
value = 153.79 µM)

Polyalthia longifolium var. 
pendula (Annonaceae), 
NCBI:txid235806

Stem Tikrom, near 
Kumasi, Ghana

Gbedema et al. [68]

113 W2  (IC50 
value = 172.9 µM)

Turraea robusta (Meliaceae), 
NCBI:txid1899148

Stem bark Nairobi, Kenya Irungu et al. [95]

D6  (IC50 
value = 68.3 µM)

Phytosterol gluco‑
sides

114 to 116 D6 and W2 (from 
weak to moderate 
activities)

Turraea nilotica (Meliaceae), 
NCBI:txid992803

Stem bark Nairobi, Kenya Irungu et al. [95]

Fig. 22 Ergostane phytosterols (109 to 111)

Fig. 23 Ergostane phytosterols (112 and 113)
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the W2mef strain with an  IC50 value of 53.45  µM [79]. 
β-stigmasterol (113) was also isolated from the stem of 
the Polyalthia longifolium (Annonaceae) harvested in 
Ghana [68]. This compound exhibited weak antiplasmo-
dial activity against the K1, D6 and W2 strains of P. fal‑
ciparum with  IC50 values of 153.79, 68.3 and 172.9 µM, 
respectively [68, 94].

Phytosterol glucosides The known steroid glycosides; 
sitosterol-3-O-β-d-glucopyranoside acetate (114), 
stigmasterol-3-O-β-d-glucopyranoside acetate (115), 

sitosterol-3-O-β-d-glucopyranoside (116) (Fig.  24), as 
well as a mixture of β-sitosterol and stigmasterol (112) 
were identified from the leaves of Turraea nilotica (Meli-
aceae) [95]. The glycosides only showed weak to moderate 
antiplasmodial activities against the D6 and W2 strains.

Terpenoids
The summary of the most promising diterpenoids and 
sesquiterpenoids has been provided in Table  6, while 
those of triterpenoids have been shown in Table 7.

Clerodane diterpenes The ethanolic extract of Poly‑
althia longifolium var. pendula, which is traditionally 
used to treat malaria in Ghana (the traditional prepara-
tion not properly described in the literature) displayed 
in  vitro antiplasmodial activity against the multidrug-
resistant, K1 strain with an  IC50 value of 22.04  μg/mL. 
Spectroscopic analysis of compounds obtained from this 
extract led to the identification of three known clerodane 
diterpenes; 16-hydroxycleroda-3,13(14)-dien-16,15-olide 
(117), 16-oxocleroda-3,13(14)E-dien-15-oic acid (118), 
and 3,16-dihydroxycleroda-4(18),13(14) Z-dien-15,16-ol-
ide (119) (Fig. 25) [68]. The compounds showed activities 
with  IC50 values varying from 9.59 to 18.41 µM.

Daphnane diterpenes The daphnane diterpenoid mel-
lerin B (120) was isolated from the stem bark of Neobou‑
tonia macrocalyx (Euphorbaceae) and potently inhibited 
the CQ-resistant FcB1/Colombia strain of P. falciparum, 
with an  IC50 value 19.02 µM [96]. Chemical investigation 
of the stem bark of Neoboutonia macrocalyx (Euphorbi-
aceae) also yielded simplexin (121) and montanin (122) 
(Fig. 25), which showed antiplasmodial activities against 
the D6 and W2 strains, with  IC50 values of 65.14 and 
57.82 µM, respectively, and 6.96 and 4.10 µM, respectively 
[93].

Iridoids, labdanes, and  norcassane furanoditerpe‑
nes From the aerial part of Canthium multiflorum 
(Rubiaceae) harvested in Cameroon, Kouam et  al. also 
isolated the known iridoid, garjasmine (123) (Fig. 26) [69]. 
This compound only showed weak inhibition against the 
K1 strain of P. falciparum, with an  IC50 value of 171.68 µM 
[69].

The leaves of Otostegia integrifolia (Lamiaceae) are 
used in Ethiopian folk medicine for the treatment of sev-
eral diseases including malaria [97]. The known labdane 
diterpenoid, otostegindiol (124) (Fig.  26) was isolated 
from the methanol leaf extract of the species by Endale 
et  al. [97]. The isolated compound 125 displayed a sig-
nificant (p < 0.001) anti-malarial activity at doses of 25, 50 
and 100  mg/kg with chemosuppression values of 50.13, 
65.58 and 73.16%, respectively. The previously reported 

Fig. 24 Phytosterol glucosides (114 to 116)
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norcassane furanoditerpene, norcaesalpin D (125), was 
isolated from the roots of Caesalpinia bonducella (Caesal-
piniaceae) from Tanzania by Nondo et al. [98]. This com-
pound was active with an  IC50 value of 2.20 and 4.16 µM 
against the 3D7 and Dd2 strains, respectively [98].

Sesquiterpenoids The novel sesquiterpenoids salat-
erpenes A–D (126 to 129), and 2β-acetoxy-1α,6β,9β-
tribenzoyloxy-4β-hydroxy-dihydro-β-agarofuran (130) 
(Fig. 27), were isolated from the seeds of Salacia longipes 
(Celastraceae), harvested in Cameroon by Mba’ning et al. 
[99]. The investigation of their potential for anti-malar-
ial drug discovery demonstrated that these compounds 
inhibited the W2 strain of P. falciparum with  IC50 values 
varying from 1.71 to 2.63 µM [99].

Nyongbela et  al. [100] isolated the new sesquiter-
pene sclerienone C (131) from the rhizomes of Scleria 
striatonux (Cyperaceae), harvested from Cameroon. 
According to the authors, this compound exhibited anti-
microbial and antiplasmodial activities with  IC50 values 
against the NF54 and K1 strains of 15.69 and 13.54 μM, 
respectively [100].

Acyclic triterpenes The previously reported acyclic 
triterpenes; 2-hydroxymethyl-2,3,22,23-tetrahydroxy-
6,10,15,19,23-pentamethyl-6,10,14,18-tetracosatetraene 
(132) and 2,3,22,23-tetrahydroxy-2,6,10,15,19,23-hexa-
methyl-6,10,14,18-tetracosatetraene (133) were isolated 
from the leaves of the Ekebergia capensis (Meliaceae) har-

Table 6 Summary of diterpenoids and sesquiterpenoids

a Compounds identified for the first time in the cited publications
b Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial strain 
(activities)

Plant species (Family), Taxon 
 IDb

Part 
of the plant 
studied

Place of harvest 
(Locality, 
Country)

Author, 
references

Clerodane diter‑
penes

117 to 119 K1  (IC50 values 
range from 9.59 to 
18.41 µM)

Polyalthia longifolium var. 
pendula (Annonaceae), 
NCBI:txid235806

Stem Tikrom, near 
Kumasi, Ghana

Gbedema et al. [68]

Daphnane diter‑
penoids

120 FcB1  (IC50 
value = 19.02 µM)

Neoboutonia macroca-
lyx (Euphorbaceae), 
NCBI:txid316724

Stem bark Kibale National 
Park, Uganda

Namukobe et al. 
[96]

121 and 122 D6  (IC50 val‑
ues = 65.14 and 
6.96 µM, respec‑
tively)

Neoboutonia macroca-
lyx (Euphorbaceae), 
NCBI:txid316724

Stem bark Kibale National 
Park, Uganda

Namukobe et al. 
[93]

W2  (IC50 val‑
ues = 57.82 and 
4.10 µM, respec‑
tively)

Iridoid diterpe‑
noid

123 K1  (IC50 
value = 171.68 µM)

Canthium multiflorum (Rubi‑
aceae), NCBI:txid58501

Aerial part Obala, along 
River Sanaga, 
Cameroon

Kouam et al. [69]

Labdane diterpe‑
noids

124 Suppression of Plas-
modium berghei at 
doses of 25, 50 and 
100 mg/kg with 
chemosuppression 
values of 50.13, 
65.58 and 73.16%, 
respectively.

Otostegia integrifolia (syn: 
Rydingia integrifolia, Lami‑
aceae), NCBI:txid483857

Leaves Chancho, Central 
Ethiopia

Endale et al. [97]

Norcassane furan‑
oditerpene

125 3D7  (IC50 
value = 2.20 μM)

Caesalpinia bonducella (Caesal‑
piniaceae), NCBI:txid53845

Roots Dar es Salaam 
Region, Tan‑
zania

Nondo et al. [98]

Dd2  (IC50 
value = 4.16 μM)

Sesquiterpenoids 126a, 127a, 128a, 
129a, and 130a

W2  (IC50 values 
range from 1.71 to 
2.63 µM)

Salacia longipes (Celastraceae), 
NCBI:txid662028

Seeds Mount Kala, 
Cameroon

Mba’ning et al. [99]

131a NF54  (IC50 
value = 15.69 μM)

Scleria striatinux (Cyperaceae), 
NCBI:txid1916803

Rhizomes Oku, Cameroon Nyongbela et al. 
[100]

K1  (IC50 
value = 13.54 μM)
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Table 7 Summary of triterpenoids

a Compounds identified for the first time in the cited publications
b Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial strain (activities) Plant species (Family), Taxon 
 IDb

Part 
of the plant 
studied

Place 
of harvest 
(Locality, 
Country)

Author, 
references

Acyclic triter‑
penes

132 and 133 D6  (IC50 values = 27.1 and 
56.1 µM, respectively)

Ekebergia capensis (Meliaceae), 
NCBI:txid124949

Leaves Gakoe forest, 
Kiambu 
County, 
Kenya

Irungu et al. [80]

W2  (IC50 values = 66.9 and 
64.3 µM, respectively)

Apotirucallane 
triterpenoids

134a, 135a, 
136a, 137a, 
138a, 139a, 
and 140 to 
142

NF54  (IC50 values range from 
0.67 to 19.3 µM)

Entandrophragma congoense 
(Meliaceae), NCBI:txid2590899

Bark Nkomokui, 
Cameroon

Happi et al. 
[101]

Cycloartane 
triterpenes

143 to 150 FcB1 (all  IC50 values < 11 μM, 
the lowest value being 
1.48 μM)

Neoboutonia macrocalyx (Euphor‑
baceae), NCBI:txid316724

Stem bark Kibale 
National 
Park, 
Uganda

Namukobe et al. 
[96]aAll new

Lanostane 
triterpene

151a D6  (IC50 value = 257.8 nM) Ganoderma sp. (Ganodermata‑
ceae), NCBI:txid5314

Whole organ‑
ism

Egypt Wahba et al. 
[102]W2  (IC50 value = 2000.0 nM)

Limonoids 152 D6  (IC50 value = 84.7 µM) Ekebergia capensis (Meliaceae), 
NCBI:txid124949

Leaves Gakoe forest, 
Kiambu 
County, 
Kenya

Irungu et al. [80]

W2  (IC50 value = 150.2 µM)

153 to 157 D6  (IC50 values range from 2.4 
to 36.6 µM)

Turraea robusta (Meliaceae), 
NCBI:txid1899148

Root bark Nairobi, Kenya Irungu et al. [95]

W2 (from 1.1 to 40.5 µM)

Oleanane 
triterpenes

158 to 161 D6  (IC50 values range from 
38.8 to 205.0 µM)

Ekebergia capensis (Meliaceae), 
NCBI:txid124949

Leaves Gakoe forest, 
Kiambu 
County, 
Kenya

Irungu et al. [80]

W2  (IC50 values range from 
76.7 to 179.4 µM)

160 and 162 3D7  (IC50 values = 59.4 and 
32.4 µM, respectively)

Keetia leucantha (Rubiaceae), 
NCBI:txid 43504

Twigs Adjarra‑
Ouémé, 
Benin 
Republic

Bero et al. [103]

162, 163 and 
164

D10  (IC50 values range from 
3.81 to 15.54 μM)

Mimusops caffra (Sapotaceae), 
NCBI:txid362720

Leaves Durban, Kwa‑
Zulu‑Natal 
Province, 
South Africa

Simelane et al. 
[104]

Tirucallane‑
type triter‑
penoids

165a , 166a 
and 167

NF54  (IC50 values range from 
2.4 to 6.1 µM)

Entandrophragma congoense 
(Meliaceae), NCBI:txid2590899

Bark Nkomokui, 
Cameroon

Happi et al. 
[105]

Protolimo‑
noids

168 to 170 D6  (IC50 values range from 
36.8 to 48.2 µM)

Turraea nilotica (Meliaceae), 
NCBI:txid992803

Stem bark Nairobi, Kenya Irungu et al. [95]

W2  (IC50 values range from 
37.2 to 77.0 µM)

Other triter‑
penoids 
(hopane‑
type and 
cycloartane‑
type)

171 NF54  (IC50 value = 112.94 μM) Diospyros canaliculata (Eben‑
aceae), NCBI:txid13492

Stem bark Kribi, Cam‑
eroon

Lenta et al. [90]

172 NF54  (IC50 value = 97.73 μM) Erythrina caffra (Papilionaceae), 
NCBI:txid3842

Stem bark Pietermaritz‑
burg, South 
Africa

Chukwujekwu 
et al. [106]

173 FcB1(  IC50 value = 2.15 µM) Neoboutonia macrocalyx (Euphor‑
baceae), NCBI:txid316724

Stem bark Kibale 
National 
Park, 
Uganda

Namukobe et al. 
[96]
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vested in Kenya [80]. The compounds (Fig. 28) exhibited 
selective antiplasmodial activity against the W2 strain, 
with  IC50 values of 27.1 and 56.1 µM, and against the D6 
66.9 and 64.3 µM, respectively [80].

Apotirucallane triterpenoids Phytochemical investi-
gations of the root barks of Entandrophragma congoense 
(Meliaceae) harvested from Kenya, led Happi et  al. to 

the isolation of the novel apotirucallane triterpenoids 
with antiplasmodial activities; prototiamins A–F (134–
139) (Fig. 29), as well as the known lupeone (140), pro-
totiamin G (141) and seco-tiaminic acid A (142) [101]. 
The obtained compounds (134–142) were also evalu-
ated against the CQ-sensitive strain NF54. Compound 
134 displayed strong selectivity for the NF54 strain 
against rat skeletal myoblast L6 cells (with a selectivity 
index of 104.7), while 136 and 138 had selective indices 
of 12 and 13, respectively. Compounds 135, 137, 139, 
and 140 were active against P. falciparum, with  IC50 val-
ues ranging from 1.3 to 2.0 μM, and were less selective, 
while compound 142 inhibited the strain with an  IC50 
value of 19.3 μM.

Cycloartane triterpenes The plant species Neobouto‑
nia macrocalyx (Euphorbiaceae) is traditionally used 
to treat malaria in Southwestern Uganda around Kibale 
National Park, where the stem bark is widely used [96]. 
The investigation of the stem bark of this plant by Namu-
kobe et al. led to the isolation nine new cycloartane trit-
erpenes, among which eight; neomacrolactone (143), 
22α-acetoxyneomacrolactone (144), 6-hydroxyneomaco-
lactone (145), 22α-acetoxy-6-hydroxyneomacrolactone 
(146), 6,7-epoxyneomacrolactone (147), 22α-acetoxy-
6,7-epoxyneomacrolactone (148), 4-methylen-neomac-
rolactone (149), and neomacroin (150), Fig. 30, displayed 
anti-malarial properties [96]. The obtained compounds 
were also evaluated for antiplasmodial activity against 
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the FcB1/Colombia strain and for cytotoxicity against the 
KB (nasopharyngeal epidermoid carcinoma) and MRC-5 
(human diploid embryonic lung) cells. Compounds (143–
147, 149,150) exhibited antiplasmodial activities with 
 IC50 of < 11 μM [96].

Lanostane triterpene and  limonoids Ganoderic acid 
AW1 (151) (Fig.  31), a new lanostane triterpene, was 
isolated from the whole organism of the Ganoderma sp. 
(Ganodermataceae) collected from Egypt [102]. This com-
pound exhibited good anti-malarial activity against the 
D6 strain of P. falciparum with an  IC50 value of 257.8 nM 
with no cytotoxicity up to the concentration of 9 μM. The 
compound also tested positive against the W2 strain with 
an  IC50 value of 2000 nM [102].

The known limonoid, proceranolide (152) (Fig.  32) 
was found in the leaves of Ekebergia capensis (Meliaceae) 
by Irungu et  al. [80]. The isolated compound was then 

evaluated in vitro against the D6 and W2 strains of P. fal‑
ciparum. This compound exhibited weak antiplasmodial 
activity against the D6 and W2 strains with  IC50 values of 
84.7 and 150.2 µM, respectively [80].

Additionally, three known limonoids; azadirone (153), 
12α-acetoxy-7-deacetylazadirone (154), mzikonone 
(155), 11-epi-toonacilin (156) and azadironolide (157), 
which were isolated from the stem bark of Turraea nilot‑
ica (Meliaceae), all showed potent antiplasmodial activ-
ity against the D6 and W2 strains with  IC50 values ranged 
from 2.4 to 36.6 µM and from 1.1 to 40.5 µM, respectively 
[95].

Oleanane triterpenes The known oleanonic acid (158), 
3-epi-oleanolic acid (159), oleanolic acid (160) and eke-
berin A (161) (Fig. 33) were also isolated from the leaves 
of Ekebergia capensis by Irungu et al. [80]. The four olean-
ane triterpenes potently inhibited the D6 and W2 strains 

Fig. 27 Sesquiterpenes (126 to 131)

Fig. 28 Acyclic triterpenes (132 and 133)
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of P. falciparum with  IC50 values ranging from 38.8 to 
205.0 µM and from 76.7 to 179.4 µM, respectively, against 
both strains.

Bero et  al. also isolated the known ursolic acid (162) 
and oleanolic acid (160) from the twigs of Keetia leu‑
cantha (Rubiaceae). The authors re-tested the com-
pounds, showing them to have in vitro activities on the 
3D7 strain of P. falciparum with  IC50 values of 32.4 and 
59.4 µM, respectively [104]. From the leaves of Mimusops 
caffra (Sapotaceae) growing in South Africa, ursolic acid 
acetate (163) and 3-oxo-ursolic acid (164), as well as the 
known compound 162 were isolated by Simelane et  al. 
[104]. These three compounds showed promising in vitro 
activities against the D10 strain with  IC50 values ranging 
from 3.81 to 15.54 μM [104].

Tirucallane‑type triterpenoids Two new tirucallane-
type triterpenoids, namely congoensin A (165) and con-
goensin B (166), along with the known tirucallane-type 

triterpenoid gladoral A (167) (Fig. 34) were isolated from 
the bark of Entandrophragma congoënse (Meliaceae) har-
vested from Cameroon by Happi et al. [105]. These com-
pounds exhibited activities against the NF54 strain with 
 IC50 values ranging from 2.4 to 6.1 µM [105].

Protolimonoids Irungu et al. [95] also examined the stem 
bark of Turraea nilotica (Meliaceae) growing in Kenya. 
Three known potent anti-malarial protolimonoids; nilo-
ticin (168), hispidol B (169) and piscidinol A (170) were 
isolated (Fig.  35). These compounds exhibited activities 
against the D6 strain with  IC50 values ranging from 36.8 
to 48.2  µM and against the W2 strain, with  IC50 values 
ranging from 37.2 to 77.0 µM [95].

Other triterpenoids The known hopane type triterpe-
noids; betulin (171) and lupeol (172) (Fig. 36) were iso-
lated from the stem bark of Diospyros canaliculata (Eben-
aceae) and Erythrina caffra (Papilionaceae), respectively 

Fig. 29 Apotirucallane triterpenoids (134 to 142)
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[90, 106]. These triterpenoids only exhibited weak activi-
ties against the NF54 strain, with  IC50 values of 112.94 
and 97.73  μM, respectively [90, 106]. The cycloartane-
type triterpenoid 22-de-O-acetyl-26-deoxyneoboutomel-
lerone (173) was isolated from the stem bark of Neobou‑
tonia macrocalyx (Euphorbaceae) [96]. The compound 
potently inhibited the CQ-resistant FcB1/Colombia strain 
of P. falciparum, with  IC50 value of 2.15 µM [96].

Other compound classes
These are summarized in Table  8. The amide hydroxy-
γ-isosanshool (174) and the coumarin bergenin (175), 
Fig.  37, obtained from the leaves of Zanthoxylum het‑
erophyllum (Rutaceae) and Diospyros conocarpa (Eben-
aceae), respectively [107, 108]. While the amide showed 
and activity against the 3D7 strain with  IC50 = 39.04 µM 
[107], and percentage viability of compound 175 was 
recorded as 101.15 against the same plasmodial strain 
[108]. Lenta et  al. also isolated three known coumarins; 
canaliculatin (176), plumbagin (177) and ismailin (178) 
from the stem bark of Diospyros canaliculata (Eben-
aceae) harvested from Cameroon [90]. The compounds 
were shown to be active against the NF54 strain of P. fal‑
ciparum with  IC50 values ranging from 2.17 to 60.09 µM 
[90].

The known ester erythinasinate (179) was isolated from 
the stem bark of Erythrina caffra (Papilionaceae) col-
lected in South Africa by Chukwujekwu et al. [106] and 
inhibited the NF54 strain with an  IC50 value of 42.59 µM. 
The antiplasmodial activities of two lactones: morin-
dolide (180) and lippialactone (181), obtained from roots 
of Vangueria infausta spp. infausta (Rubiaceae) and the 
leaves of Lippia javanica (Verbenaceae), respectively, 

Fig. 30 Cycloartane triterpenes (143 to 150)

Fig. 31 Lanostane triterpene (151)
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were also evaluated [109, 110]. Compound 180 only 
inhibited the NF54 strain weakly, with an  IC50 value of 
109.99 µM, while compound 181 inhibited the D10 strain 
moderately with an  IC50 value of 24.70 µM [109].

Two naphthalene derivatives; dianellin (182) and 
2-acetyl-1-hydroxy-8-methoxy-3-methylnaphthalene 
(183) isolated from the rhizomes of Kniphofia foliosa 
(Asphodelaceae) harvested in Ethiopia both inhibited the 
D6, W2, and 3D7 strains of P. falciparum with  IC50 rang-
ing from 6.32 to 67.32  µM [85, 86]. The spirobisnaph-
thalene bipendensin (184) was isolated from the bark 
of Entandrophragma congoense (Meliaceae) collected in 
Cameroon by Happi et al. [101], this naphthalene deriv-
ative inhibiting the NF54 strain with an  IC50 value of 
73.28 µM.

Three xanthones; 1,7-dihydroxyxanthone (185), 
macluraxanthone (186) and allaxanthone B (187) were 
obtained from Allanblackia floribunda (Guttiferae) by 
Azebaze et al. [78]. The three compounds exhibited anti-
plasmodial activities against the  F32 and  FCM29 strains 
with  IC50 values ranging from 0.91 to 70.33  µM for the 
first strain and from 0.68 to 67.22 µM against the second 
[78].

Novel compounds identified and principal compound 
classes
It was observed that 53 out of the 187 compounds (about 
28%) were described in the literature for the very first 
time. Besides, from Fig. 38, the majority of the NPs were 
terpenoids (30%), followed by flavonoids (22%), alkaloids 
(19%) and quinones (15%), the rest of the compound 

Fig. 32 Limonoids (152 to 157)

Fig. 33 Oleanane triterpenes (158 to 164)
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classes, each representing only less than 5% of the entire 
compound collection. It was also observed that most of 
the plant species from which the compounds were iden-
tified were of the families Rubiaceae, Meliaceae, and 
Asphodelaceae (Fig. 39).

Compound distribution by plant families
A classification of the compounds by class into the plant 
families showed that most of the plant families rep-
resented their typical (chemotaxonomic) compound 

classes, often seen in the literature for species harvested 
from the African continent [34, 111–114]. As an exam-
ple, for the collected data (Fig. 40), all the 26 compounds 
from the Leguminoceae-Fabaceae were flavonoids, while 
23 out of the 25 anti-malarial NPs from the Asphode-
laceae were quinones. It was also noted that 27 out of the 
34 compounds from the Meliacious species were terpe-
noids, just like the Euphorbiaceous species that included 

Fig. 34 Tirucallane‑type triterpenoids (165 to 167)

Fig. 35 Protolimonoids (168 to 170)
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Fig. 36 Other triterpenes (171 and 173)
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12 terpenoids out of 13 compounds identified within the 
family. Meanwhile, all the 12 compounds from the Ancis-
trocladaceae were alkaloids, just like the Loganiaceae and 
Annonaceae for which all 8 compounds and 9 out of the 
12 identified compounds were, respectively, alkaloids. 
On the contrary, the compounds from the Rubiaceous 

species were distributed among different classes, the 
majority being phenolics and quinones.

The most active compounds
Raw data retrieved from the literature showed activities 
reported in diverse units. A classification of the com-
pounds by potencies (after all measured  IC50 values were 

Table 8 Summary of other compound classes

a Identification number of the source species, derived from the NCBI Taxonomy database

Compound 
subclass

Isolated 
metabolites

Plasmodial strain 
(activities)

Plant species (Family), 
Taxon  IDa

Part of the plant 
studied

Place of harvest 
(Locality, 
Country)

Author, 
references

Amide 174 3D7  (IC50 
value = 39.04 µM)

Zanthoxylum het-
erophyllum (Rutaceae), 
NCBI:txid1908418

Leaves Langevin, Reun‑
ion Island

Ledoux et al. [107]

Coumarins 175 3D7 (viability per‑
centage = 101.15)

Diospyros conocarpa (Eben‑
aceae), NCBI:txid13492

Leaves, trunk, and 
roots

Ntouessong and 
Nkoemvone, 
Cameroon

Fouokeng et al. 
[108]

176, 177 and 
178

NF54  (IC50 values 
vary from 2.17 to 
60.09 µM)

Diospyros canali-
culata (Ebenaceae), 
NCBI:txid13492

Stem bark Kribi, Cameroon Lenta et al. [90]

Ester 179 NF54  (IC50 
value = 42.59 µM)

Erythrina caffra (Papilion‑
aceae), NCBI:txid3842

Stem bark Pietermaritzburg, 
South Africa

Chukwujekwu 
et al. [106]

Lactones 180 NF54  (IC50 
value = 109.99 µM)

Vangueria infausta spp. 
infausta (Rubiaceae), 
NCBI:txid164485

Roots Mutale Munici‑
pality, Limpopo 
Province, South 
Africa

Bapela [109]

181 D10  (IC50 
value = 24.70 µM)

Lippia javanica (Verben‑
aceae), NCBI:txid925357

Leaves Thathe Vondo vil‑
lage, Limpopo 
Province, South 
Africa

Ludere et al. [110]

Naphthalene 
derivatives

182 and 183 D6  (IC50 
value = 10.52 µM 
for compound 182)

Kniphofia foliosa (Asphode‑
laceae), NCBI:txid214838

Rhizomes Addis Ababa, 
Ethiopia

Induli et al. [85]

W2  (IC50 
value = 6.32 µM for 
compound 182)

3D7  (IC50 
value = 67.32 µM 
for compound 183)

182 D6  (IC50 
value = 10.48 µM)

Kniphofia foliosa (Asphode‑
laceae), NCBI:txid214838

Roots Gedo, Ethiopia Abdissa n [86]

W2  (IC50 
value = 6.28 µM)

Spirobisnaphtha‑
lene

184 NF54  (IC50 
value = 73.28 µM)

Entandrophragma 
congoense (Meliaceae), 
NCBI:txid2590899

Bark Nkomokui, Cam‑
eroon

Happi et al. [101]

Xanthones 185 to 187 F32/24h  (IC50 values 
range from 1.16 to 
70.33 µM)

Allanblackia floribunda 
(Guttiferae‑ Clusiaceae), 
NCBI:txid469914

Whole plant Mount Kala, 
Cameroon

Azebaze et al. [78]

F32/72h (from 0.91 to 
50.23 µM)

FCM29/24h (from 
0.83 to 17.93 µM)

FCM29/24h (from 
0.68 to 67.22 µM)
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converted to μM), and taking a cut off of 10 μM for the 
most promising secondary metabolites most likely to be 
lead compounds. The most active compounds within this 
range for at least one plasmodial strain, i.e. 25 out of 66 
NPs were alkaloids ~ (38%), while 23 of them were terpe-
noids ~ (35%) and 11 were quinones ~ (17%). Taking a cut 
off  IC50 value of at most 1 μM left us with 19 compounds, 
14 of them being alkaloids. Besides, the majority of the 
187 NPs were terpenoids (30%), followed by flavonoids 
(22%), alkaloids (19%) and quinones (15%), the rest of the 
compound classes only represent a negligible part of the 
current collection.

Fig. 37 Other classes (174 to 187)

Fig. 38 Pie chart showing the distribution of the 187 NPs by 
compound classes
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Conclusions
In this review, an attempt has been made to document 
the anti-malarial/antiplasmodial activities of NPs derived 
from African medicinal plants in their various compound 
classes and source species, published between 2013 and 
2019. A description of the in vitro and available in vivo 
activities for 187 compounds is shown, as well as their 
classification into the various known NP compound 
classes and plant families of origin. From the collected 
data, the most active compounds belong to the same 
compound classes as the malarial drugs of natural origin, 
e.g. the alkaloid class for quinine and the terpenoid class 
for artemisinin. A previous report from Titanji et al. [115] 
had shown that plant-derived alkaloids from African 
medicinal plants have a great potential for anti-malarial 
drug development.

Although recently published reviews have described 
the activities of anti-malarial secondary metabolites of 

terrestrial and marine origins, input data from African 
sources has not been the focal point. Tajuddeen and 
van Heerden recently published a review of 1524 nat-
ural compounds from around the world, which have 
been assayed against at least one strain of Plasmodium, 
out of which 39% were described as new NPs, with 29% 
having  IC50 values ≤ 3.0 µM against at least one of the 
tested plasmodial strains [116]. However, the study was 
limited to the period between 2010 and 2017 and did 
not include data from 2018 to 2019. Although the abil-
ity of NPs to block the transmission of malaria is still 
in the early stage, the current review, along with the 
previous studies that covers data for antiplasmodial 
compounds from African flora [27, 28], could serve as 
the baseline data for the discovery of new anti-malarial 
compounds from Africa.

Fig. 39 Bar chart showing the distribution of the number of plant species of origin by their families
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Abstract: In this work antiparasitic peptidomimetics inhibitors (PEP) of falcipain-3 (FP3) of 
Plasmodium falciparum (Pf) have been proposed using structure-based and computer-aided 
molecular design. Beginning with the crystal structure of PfFP3-K11017 complex (PDB ID: 3BWK), 
three-dimensional (3D) models of FP3-PEPx complexes with known activities (IC )  were 
prepared by in situ modification, based on molecular mechanics and implicit solvation to compute 
Gibbs free energies (GFE) of inhibitor-FP3 complex formation. This resulted in a quantitative 
structure-activity relationships (QSAR) model based on a linear correlation between computed GFE 
(ΔΔGcomp) and the experimentally measured   IC : ( pIC = − log IC /10 = −0.8037 ×

∆∆G + 4.0009  ; R2 = 0.95). Apart from the structure-based relationship, a ligand-based 
quantitative pharmacophore model (PH4) of novel PEP analogs where substitutions were directed 
by comparative analysis of the active site interactions was derived using the bound conformation 
of the PEPx. This provided structural information useful for the design of virtual combinatorial 
libraries (VL), which was focused by means of computationally predicted absorption, distribution, 
metabolism, excretion and toxicity (ADMET). The end results were predictory inhibitory activities 
falling within the low nanomolar concentration range. 

 
Keywords: drug design; falcipain; malaria; molecular dynamics; peptidomimetics; Plasmodium falciparum; virtual 

screening. 

1. Introduction 

Malaria is a widespread disease, with causative agent Plasmodium falciparum (Pf), transmitted mainly by female 

Anopheles mosquitoe bites. The disease has been declared a public health concern by the World Health 

Organization (WHO) in many developing countries (Dye 2006; WHO 2015). Besides, since the implementation 

of artemisinin-combined therapy (ACT) in 2006, resistance cases have been recorded (Rosenthal et al. 2002; White 
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et al. 2005; Yeh and Altman 2006; Zhang et al. 2004). Meanwhile, the treatment of malaria mainly depends on 

ACT, despite resistance to this combination. This suggests the need for industry-academia partnerships for the 

search of new antimalarials which act via alternative modes of action. Two strategic approaches have been 

suggested in the search for new remedies against malarial; one focused on eliminating the parasite or preventing 

it’s conatct with potential human hosts and a second aimed at developing efficacious drugs to treat infected 

pations. The latter is often aimed at the inhibition of a therapeutic target, often a vital enzyme in involved the 

parasite’s lifecyle. This often requires the search for or the design of new molecules capable of binding in a 

specific manner to known parasite vital enzymes.  

During the last two decades, the identification of drug targets against Pf has increased tremendously (Rosenthal 

et al. 2002; White et al. 2005; Yeh and Altman 2006; Zhang et al. 2004), thus favouring the second approach. This 

is known as “rational drug design and discovery”. As an example,  the parasite breaks down alarge amount of 

hemoglobin (Hb) from human red blood cells order to obtain the required nutrients for it’s growth during the 

blood stage (Elliott et al. 2008). This involves several proteases, known as validated drug targets in  Pf  (Francis 

et al. 1997; Miller and Su 2011; Nethavhani and van Ree 2014; Liu et al. 2004). These drug targets could be divided 

into two major groups: 

i) those which are directly involved in the invasion and rupture of the red blood cells, and 

ii) those dedicated to the breakdown of Hb (Blackman 2000).  

Two protease families are involved in Hb breakdown by hydrolysis. These include aspartic proteases 

(plasmepsins) and cysteine proteases (falcipains, FPs) (Blackman 2000). One metalloprotease called falcilysin 

(Eggleson et al. 1999), and one dipeptidyl aminopeptidase (Klemba et al. 2004; Bekono et al. 2018) are also 

involved.                                                                                                                              

Previous studies have focused on the search for inhibitors of falcipains 2 and 3 (FP-2 and FP-3), respectively 

(Coterón et al. 2010), even though FP-3, shown to be expressed later in the parasite life cycle, appeared to be a 

more efficient haemoglobinase than FP-2 (Sijwali et al. 2006). This indicates that FP-3 inhibition is lethal to the 

parasite and, therefore, constitutes an  attractive target in Pf drug discovery. Several  FP-3 inhibitors have been 

identified and described in the literature, which are capable of blocking the enzyme’s activity by forming 

reversible or irreversible covalent bonds within the enzyme active site (Klemba et al. 2004; Bekono et al. 2018). 

These inhibitors could be sub-classified into three categories: peptide-based, non-peptidic, and peptidomimetic 

inhibitors (Ang et al. 2011; Ramjee et al. 2006), although preference has been given to those known to be 

reversible and, hence, considered to be potentially more effective than irreversible ones (Chibale and Musonda 

2003; Desai et al. 2006). The most promising inhibitors so far are those discovered by chemical synthesis (Olson 

1999; Rosenthal et al. 1993; Rosenthal et al. 1996; Rosenthal et al. 1991; Verissimo et al. 2008; Weldon et al. 2014), 

by molecular docking (Potshangbam et al. 2011) and virtual screening studies (Desai et al. 2006; Desai et al. 2004; 

Ghasemi et al. 2015; Shah et al. 2010; Shah et al. 2011), particilarly from the compound class of peptimimetics. 

Weldon et al. recently designed, synthesised and evaluated a series of peptidomimetic pseudo-prolyl-

homophenylalanyl ketones for their inhibition of the Pf cysteine proteases FP-2 and FP-3 (Weldon et al. 2014). 

One of these compounds showed nanomolar range activities against both enzymes (i.e. 80 nM against FP-2 and 

60 nM against FP-3 (Weldon et al. 2014). These interesting results have been compounded by the presence of the 

crystal structures of the FP-3 apostructure co-crystalised with the inhibitor within the protein data bank (Berman 
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et al. 2000; Kerr et al. 2009a; Kerr et al. 2009b). These have constituted the foundation of this work, which involves 

the design of PEP2 peptidomimetic analogues with the goal of identifying even more potent candidates via 

quantitative structure-activity relationship (QSAR) with FP3 inhibition pharmacophore. This is intended to 

further orientate the design of more potent non-peptidic FP3 inhibitors. 

Table 1 Training and validation sets of PEP inhibitors obtained from the literature (Weldon et al. 2014). 

 

Training Set [a] 
Mw[b] 

(g. mol-1) 
IC50exp[c] 

(nM) 

PEP1 (ref) 482 36360 

PEP2 440 60 

PEP3 574 520 

PEP4 498 3560 

PEP5 450 20180 

PEP6 438 23900 

PEP7 466 47230 

PEP8 488 11910 

Validation 
Set [a] 

Mw[b] 

(g.mol-1) 
IC50exp[c,d] 

(nM) 

VEP1 452 540 

VEP2 470 8220 

[a] See Fig. 1 for chemical structures of training and validation.  

[b] Molar weight of PEP analogues.  

[c] This is IC  expressed in nanomolar concentration (Weldon et al. 2014).  

 
In the present work, a Hansch-type 'complexation' FP-3 inhibition QSAR models based on in vitro 
activities of eight (8) selected PEP derivatives against FP-3 we have built and validated, beginning 
from the experimental (X-ray crystal) structure of the protein-ligand complex of the enzyme and the 
potent inhibitor K11017 (PDB ID: 3BWK). This consisted in computing the Gibbs free energies for the 
formation of the ligand-receptor complexes (∆∆G )  based on Molecular Mechanics Poisson-
Boltzmann (MM-PB) approach for the training set molecules, followed by the correlation with the 
experimentally tested biological activities (pIC ). The established QSAR equation was then used to 
predict the activities of newly designed analogues based on the initial compound scaffold. 
Additionally, a FP-3 inhibition pharmacophore model (PH4) from the bound conformation of the 
training set of PEPs was used to screen the virtual library of proposed PEP analogs to identify best 
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candidates, which have predicted ADMET profiles within the acceptable range for 95% of known 
drugs.  

 

2. Results and discussion 

2.1. Selection of training and validation (or test) data sets 

A data set of ten (10) FP-3 inhibitors with a broad range of in vitro activities (IC ), obtained from 
the same laboratory, with a sufficiently broad range of activities (60 – 47230 nM) (Weldon et al. 2014) 
were used to generate a 3D-QSAR model. This was divided into a training set of eight (08) analogues 
(PEP1-8) used to build the QSAR model and a validation (or test) set of two (02) analogues for 
evaluating the model (Table 1 and Fig. 1).  

2.2. Obtained QSAR model  

The relative Gibbs free energy of the non-covalent enzyme-inhibitor (E:I) complex formation from 
free enzyme (E) and free inhibitor (I), shown in the Experimental Section, were computed for each 
FP3-PEPx prepared complex. This was done by modifying in situ of the  inhibitor K11017 within the 
binding site of  FP-3  of  the  refined crystal structure, with PDB ID: 3BWK (Kerr et al. 2009a; Kerr 
et al. 2009b). Table 2 provides the computed values of complex formation GFE (∆∆G ) and its 
components (see Experimental Section). Since the ∆∆G  values were computed in an 
approximate way, the relevance of the binding model is evaluated by correlating it with the 
experimental activity data (IC ) using linear regression, equation (1). 
For this training set, a plot of the linear correlation is shown in Fig. 2 and the statistical data of the 
regression are provided in Table 3. For the correlation involving ∆∆G , relatively high regression 
coefficient on the values, together with the statistical significance Fischer F-test, suggest that there is 
no chance correlation between the binding mode and the observed inhibitory potencies of the training 
set. 
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Figure 1. Chemical structures of training (PEPx) and validation (VEPx) sets of    inhibitors obtained from 

literature (Weldon et al. 2014) 
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Table 2 Energy contributions towards ∆∆G  for a dataset of PEP analogs against FP-3 complexation Gibbs 

free energy and its components for the training set of FP3  inhibitors PEP1-8 and validation set VEP1-2. 

Training 

Set [a] 

∆∆H [b] 

(kcal. mol ) 
∆∆G [c] 

(kcal. mol ) 

∆∆TS [d] 

(kcal. mol ) 
∆∆G [e] 

(kcal. mol ) 
pIC [f] 

PEP1 0.00 0.00 0.00 0.00 4.44 

PEP2 -1.92 -0.08 1.78 -3.78 7.22 
PEP3 -1.16 -1.54 0.07 -2.77 6.28 

PEP4 -1.26 -0.07 0.74 -2.07 5.45 

PEP5 -1.01 -0.22 -0.13 -1.10 4.70 

PEP6 0.94 -2.75 -0.81 -1.00 4.62 

PEP7 -1.45 -0.51 -1.33 -0.63 4.33 

PEP8 -0.56 3.25 3.72 -1.03 4.92 

Validation 

Set [a] 

∆∆H [b] 
(kcal. mol ) 

∆∆G [c] 

(kcal. mol ) 
∆∆TS [d] 

(kcal. mol ) 
∆∆G [e] 

(kcal. mol ) 
Ratio[g] 

VEP1 -2.10 -0.23 0.18 -2.51 0.96 

VEP2 -0.28 0.61 1.61 -1.28 0.98 

[a] For the chemical structures of the training/validation set of inhibitors see Fig. 1.   

[b] ∆∆H  represents the relative enthalpic contribution to the Gibbs free energy change related to the 

intermolecular interactions in the enzyme–inhibitor complex derived by molecular mechanics ( I  is the 

reference inhibitor PEP1):  

∆∆H = [E {E: I } − E {I }] − [E {E: I } − E {I }],   

[c] ∆∆G  represents the relative solvation GFE contribution to the GFE of EI complex formation:  

∆∆G = [G {E: I } − G {I }] − [G {E: I } − G {I }]. 

[d] −∆∆TS  represents the relative entropic contribution of the inhibitor to the GFE related to the EI complex: 

−∆∆TS = [∆∆TS {I } − ∆∆TS {I }] − ∆∆[TS {I } − ∆∆TS {I }]  

[e] ∆∆𝐺  represents the relative GFE change related to the enzyme-inhibitor complex formation: 

∆∆G = ∆∆H − ∆∆TS + ∆∆G . 

[f] IC  (Weldon et al. 2014) represents the inhibitor concentration that causes 50% decrease in the rate of 

substrate conversion by FP-3 measured in the enzyme assay: 

IC = K + [S] ∙ (K K⁄ ) + [FP − 3] 2⁄  

where[𝑆] and [FP − 3] are the substrate and active enzyme concentrations respectively. 𝐾  is the Michaelis 

constant determined in FP-3 inhibition assay (Copeland et al. 1995) ; pIC = − log ( ) 

[g] This is the ratio of the predicted activity on the experimental activity, pIC pIC  . This ratio is close to 1, 

indicating the predictivity of the QSAR model. 

 



Pharmaceuticals 2019, 12, 18                    6 of 30 

              
                          

The ratio of the predicted and observed inhibition constants (pIC pIC ) for the validation set of 
two PEPs (not included in the training set) were ~1. This proves the predictive power of the QSAR 
model, suggesting that the regression equation (1) (Table 3), and the computed ∆∆G  quantities 

of the newly designed PEP analogs can be used to predict their inhibitory potencies (IC ) against 
FP-3, on condition that the binding modes of the designed analogues and those of the training set 
compounds are the same relative to the receptor site. Such an approach could reduce the required 
number of molecules to be synthesized in a rational drug development project quite considerably. 
The above procedure has been previously applied by our group in several drug design projects (Dali 
et al. 2012; Esmel et al. 2017; Frecer et al. 2008; Frecer et al. 2004; Keita et al. 2014; Kily Herve Fagnidi 
et al. 2018; Kouassi et al. 2015; Megnassan et al. 2012; N'Guessan et al. 2017; N'Guessan and 
Megnassan 2017; Owono Owono et al. 2013; Owono Owono et al. 2015). 

 

Figure 2. Correlation plot between pIC50 and relative 

complexation Gibbs free energies of the 8 training set of FP-3 

inhibitors ∆∆Gcomp 

2.3. Inhibitor binding modes 

The predicted binding mode of the best active PEP2 coming from the complexation model are 
illustrated in 3D depiction in Fig. 3. The main interactions with the active site residues namely the H-
Bond with the catalytic residue Cys51 are in line with docking study and WaterMap calculations 
(Weldon et al. 2014) which, unfortunately, did not provide any statistical correlation between binding 
affinity and activity (results not shown). The bound conformation of PEP shed light on the structural 
features for binding affinity, which are vital for the design of novel potent non-peptidic FP-3 
inhibitors by exploiting the S1' to S2 pockets. In order to get to verify whether other interesting 
interactions not displayed have to be taken into account in the description of PEP binding mode at 
FP-3 active site for the rational design of new analogs, the interaction energy (IE) between each active 
site residue and PEPx was computed. The breakdown of interaction energy diagram into each S1’-S2 
subsite residues contribution of FP-3 for PEPs, displayed in Fig. 4, indicates the particular behavior 
of P1’ and the contribution of His183 to IE. This contribution of His183 to IE at the P2 position of PEPs 
can be correlated with the observed activity of the training set inhibitors as shown in Figure 5. 
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Moreover, the breakdown of IE diagram into each S1’ pocket residues contribution of FP-3 for PEPs, 
as displayed in Fig. 6 shows that Trp215 is mostly involved in the contribution to IE for the two most 
active compounds PEP2 and PEP3, and that Asn213 residue is most involved in IE with the most 
active PEP2 than the others residues in S1' pocket. We have focused on the S1' and S2 subsites because 
substitutions were made in P1’ and P2 during the original SAR descried in the literature (Weldon et 
al. 2014). 
It was observed that the IE diagrams analysis could not significantly guide the choice of the R-groups 
in S1' and S2 subsites, when compared with the case for the design of thymine-like inhibitors of 
thymidine monophosphate kinase (Keita et al. 2014). It would rather be suggested that a large and 
diverse combinatorial virtual library (VL) of PEPs be built and screened with our FP-3 inhibition 3D 
PH4, based on the complexation one descriptor QSAR model. A successful case study was in the 
design pyrrolidine carboxamide inhibitors of Mycobacterium tuberculosis InhA (Kouassi et al. 2015). 
 
Table 3. Statistical data of correlation between computed ∆∆G  and experimental activity IC   of training 

set PEPs. 

 

pIC = − log (IC /10 ) = −0.8037 × ∆∆G + 4.0009     (1) 

Statistical data of linear regression: 

Number of compounds n 8 
Squared correlation coefficient of regression R  0.95 
Leave-one-out cross-validated squared correlation 
Coefficient R  

0.88 

Standard error of the regression 𝜎 0.24 
Statistical significance of regression, Fisher F-test 120.7 
Level of statistical significance α > 95% 
Range of activities of IC (nM) 60–47230 
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Figure 3. Enzyme-ligand interactions at the active site of FP-3 

depicted in 3D for the most active PEP2 

 

Figure 4. Breakdown of FP3-PEP interaction energy into some active site residue contribution at S1’-S2 

pockets 

 

 

Figure 5. Plot of correlation between pIC  and His183 contribution to IE. 
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Figure 6: Breakdown of FP3-PEP interaction energy into active site residue contribution at S1’ 

pocket. 

2.4. Ligand-based 3D-QSAR PH4 model of FP3 inhibition 

The 3D-QSAR PH4 pharmacophore generation process follows three main steps namely: the 
constructive, the subtractive and the optimisation steps (Accelrys 2009). The constructive phase of 
Hypo-Gen has automatically selected the most active compounds for which IC ≤1.6×60 nM as 
leads. Thus, only the most active compound PEP2 (IC  = 60 nM) was used to generate the star-ting 
PH4 features. Only those features were retained which matched this lead. In the subtractive phase, 
which is normally used to remove pharmacophoric features present in poorly active molecules, none 
of the training set compounds were found inactive (IC > 60 × 10 . = 189736 nM). During the 
optimisation phase, the score of the pharmacophoric hypothesis is improved. Hypotheses are scored 
according to errors in activity estimates from regression and complexity via a simulated annealing 
approach. At the end, the top scoring 10 unique pharmacophoric hypotheses (Table 4) were kept, all 
displaying four features. The generated pharmacophore models were then assessed for their 
reliability based on the calculated cost parameters. The overall costs ranged from 37.97 (Hypo1) to 
38.94 (Hypo10). The relatively small gap between the highest and lowest cost parameter corresponds 
well with the homogeneity of the generated hypotheses and the consistency of the training set. For 
this PH4 model, the fixed cost (33.76) is lower than the null cost (107.92) by a difference ∆ = 74.17. 
This difference is a major quality indicator of the PH4 predictability (∆ >70 correspond to an excellent 
chance or a probability higher than 90% that the model represents a true correlation (Accelrys 2009)). 
To be statistically significant the hypotheses have to be as close as possible to the fixed cost and as far 
as possible from the null cost. The difference ∆ ≥ 70.03 for the set of 10 hypotheses confirm the high 
quality of the pharmacophore model. 
The standard indicators such as the RMSDs between the hypotheses ranged from 1.024 to 1.098 and 
the squared correlation coefficient (R2) falls to an interval from 0.978 to 0.971. The first PH4 hypothesis 
with the best RMSD and R2 was retained for further analysis. The statistical data for the set of 
hypotheses (costs, RMSD, R2) are listed in Table 4. The geometry of the Hypo1 pharmacophore of FP-
3 inhibition is displayed in Fig. 7. Table 5 list the regression equation (equation 2) for pIC  vs 
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pIC  estimated from Hypo1 with related indicators such as R , R , Fisher F-test, 𝜎 and 𝛼, while 
Figure 8 display a plot of regression equation for pIC  vs pIC . To check the consistency of the 
generated pharmacophore model we have computed the ratio of predicted and observed activities 

(pIC /(pIC ) for the validation set. The computed ratios are as follows:  VEP1 0.95, VEP2 1.10 
all of them relatively close to one, which documents substantial predictive power of the regression 
for the best PH4 model. 
 

A B 

C D 
 

Fig. 7. (A,B) Coordinates of the Hypo1 pharmacophore of FP-3 inhibition, 

(C) features of the pharmacophore of FP-3 inhibition, (D) pharmacophore 

mapping with PEP2 (with blue carbons) and PEP7 (with yellow carbons). 

Color legend of features: hydrophobic (blue), acceptor (green), donnor 

(purple) 

 



Pharmaceuticals 2019, 12, 18                    11 of 30 

              
                          

Fig. 8. plot of estimated and experimental activity for PH4 

Table 4 Output parameters of the 10 generated PH4 pharmacophoric hypotheses for FP-3 inhibitors after 

CatScramble validation procedure. 

Hypothes RMSD [a] R2 [b] Total costs [c] 

Hypo 1 1.024 0.978 37.97 

Hypo 2 1.050 0.977 38.15 

Hypo 3 1.033 0.975 38.21 

Hypo 4 0.994 0.977 38.32 

Hypo 5 1.053 0.974 38.54 

Hypo 6 1.065 0.973 38.56 

Hypo 7 1.075 0.973 38.63 

Hypo 8 1.013 0.976 38.67 

Hypo 9 1.102 0.972 38.92 
Hypo 10 1.098 0.971 38.94 

Fixed 0.000 1.000 33.76 

Null Cost 4.685 0.000 107.93 
[a] root mean square deviation (RMSD);  
[b] correlation coefficient;  
[c] overall cost parameter of the PH4 pharmacophore 

 

2.5. Library design and ADME focusing 

In order to identify more potent orally bioavailable PfFP-3 inhibitors, we have built a virtual library 
of new analogs inhibitors of PfFP-3 based on substitutions at two positions (P1’, and P2) of a scaffold 
of a lead compound PEP2 in order to better fit S1’ and S1 pockets. This virtual library was built to 
identifying more potent orally bioavailable PfFP-3 inhibitors. The 35 R-groups listed in Table 6 have 
been attached in positions R1 to R5 of the appropriate scaffold to form a combinatorial library of the 
size:  

R1 × R2 × R3 × R4 × R5 = 35 5 = 52,521,875 PEPAs. 
 

It should be noted that one of the important criteria for the design of new anti-malarials, is their oral 
bioavailability. Thus in the goal to design a more focused library of a reduced size and increased 
content of drug-like and orally bioavailable molecules, we have introduced a set of filters and 
penalties, which can help to select smaller number of suitable PEPs which can undergo in silico 
screening. The initial virtual library has been then filtered in an ADME-based focusing step to remove 
compounds with expected poor oral bioavailability and low drug likeness. Only compounds not 
violating any rule of Lipinski’s (Lipinski et al. 2001) computed for the entire virtual library using 
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QikProp software (Schrödinger 2014), were kept. This focusing has reduced the size of the initial 
library to 125,887 PEPA less than 5% its original number size. 

2.6. Screening PEPs virtual library using the obtained in silico model 

The library of PEP analogs has been further screened for molecular structures matching to the 3D-
QSAR PH4 pharmacophore model Hypo1 of FP-3 inhibition. From the set of 125,887 analogs, few 
thousands of PEPAs mapped to at least 2 features, 592 of which mapped to 4 features of the 
pharmacophore.  Out of then, only 80 best fitting analogs (PH4 hits) have been retained and 
submitted to screening with help of the complexation QSAR model. Their Gibbs free energy (GFE) 
upon complex formation with PfFP-3 has been computed along with its component and their 

predicted half-maximal inhibitory concentration IC  has been estimated with the correlation 
equation (1) (Table 3).  The results obtain are given in Table 7. Of the 80 analogs whose inhibitory 
activities were predicted in Table 7, 30 showed better activities than the most active compound of the 

training set among them three showed even more activity PEP-2-1-1-16-2 IC = 0.004 nM, PEP-2-1-
12-21-30 IC = 0.04 nM and PEP-2-1-30-7-2 IC = 0.003 nM. 

Table 5. Statistical data on regression analysis of correlation for the training set between PH4 predicted activity 

(pIC ) and experimental one (pIC ) against FP-3. 

 

pIC = − log (IC ∗ 10 ) = 0.9958 × pIC +

0.0219       (2) 

Statistical data of linear regression: 

Number of compounds n 8 
Squared correlation coefficient of regression 
R  

0.95 

Leave-one-out cross-validated squared 
correlation 
Coefficient R  

0.91 

Standard error of the regression 𝜎 0.25 
Statistical significance of regression, Fisher 
F-test 

108.41 

Level of statistical significance α > 95% 
Range of activities of IC (nM) 60–47230 

 

2.7. Analysis of new inhibitors 

In order to identify the substituents that make the analogs predicted to be active, we have analysed 
the frequency of occurrence of certain substituents chosen from Table 7, on the predicted active 
analogs. From the 7 best analogs proposed (seen chemical structure in Figure 9) the following R-
groups are present 1, 2, 3, 6, 7, 12, 13, 16, 21, 24, 30 and 31. And Figure 10 display the best virtual hit, 
analog PEP-2-1-30-7-2 and the least active PEP7 mapped a PH4. Figure 11 display 2D schematic 
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interaction diagram of the most potent inhibitor PEP2 and the most potent analog design at the active 
site of PfFP3 as well as Connolly surface of the active site of PfFP-3. 

 

 
Table 6 R-groups (fragments, building blocks, substituents) used in the design of the initial diversity library of 

PEP analogs. Dashed bonds indicate the attachment points of the fragments 

 

1 -H 2 -CH3 
3 -Cl 4 -Br 
5 -I 6  
7 -CH2F 8 -CH2Cl 
9 -CH2Br 10 -CH2I 

11 -CH2CH3 12 -OH 
13 -OCH3 14 -OCH2CH3 

15 
O

O

 
16 -SH 

17 -SCH3 18 -SCH2CH3 
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S

O

 
20 

O
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21 O
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O
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N
O

H
N

O
O

O
R1R3

R4

R5

R2



Pharmaceuticals 2019, 12, 18                    14 of 30 

              
                          

 
Fig. 9. Chemical structures towards Pf FP-3 of seven most potent PEP 

analogs 

Table 7 Complexation Gibbs free energy and its components for the top 80 scoring virtually designed analogs. 

The analog numbering concatenates the index of each substituent R1 to R5 numbered in Table 6. 

Analog [a] 
MW 

[b] 
∆∆HMM[c] ∆∆Gsol[d] ∆∆TSvib[e] ∆∆Gcomp[f] IC50the[g] 

PEP1 482 0.00 0.00 0.00 0.00 36360

12-1-6-16-30 485 -2.52 2.20 2.93 -3.25 242
12-1-1-16-30 471 -2.01 0.89 2.93 -4.05 56
30-6-1-16-29 495 0.58 0.07 1.30 -0.66 29516
27-1-1-30-6 498 -4.90 -0.92 0.90 -6.71 0.5
30-11-1-16-30 498 -0.83 0.74 0.26 -0.35 52241
31-1-12-13-1 485 -5.72 -0.27 1.31 -7.30 0.2
12-1-12-13-1 470 -5.91 0.36 0.29 -5.84 2
30-30-6-12-30 483 -0.13 -0.05 0.46 0.28 168136
16-21-30-30-1 498 3.33 2.72 -4.98 1.07 725269
16-21-24-1-1 493 2.24 2.50 6.56 -1.82 3429
16-1-21-12-30 499 -5.11 1.90 1.62 -4.83 13
16-1-12-1-13 486 -2.48 2.20 1.90 -2.19 1750
30-6-12-1-12 469 -2.43 1.59 3.34 -4.18 44
16-1-12-1-1 456 -0.29 -0.31 3.82 -4.42 28
30-1-12-6-12 469 -5.79 1.52 -0.36 -3.91 72
30-1-12-24-13 494 -3.05 1.79 1.20 -2.46 1045
30-1-12-7-29 497 -5.14 1.48 1.02 -4.68 17
30-1-3-12-29 500 -4.53 1.04 1.87 -5.36 5
30-1-1-16-3 490 -4.14 0.14 0.85 -4.85 13
30-1-1-16-29 481 -3.67 1.14 1.63 -4.16 45
30-1-1-30-7 452 0.38 0.22 1.20 -0.61 32506
30-1-2-24-29 492 -5.05 0.53 -0.19 -4.32 34
16-29-30-1-30 496 2.53 0.73 3.39 -0.13 77834
17-21-12-1-1 498 0.87 2.62 4.30 -0.81 22384
16-31-1-6-1 499 1.52 2.23 3.36 0.39 204328
16-29-12-1-12 498 1.03 1.46 5.53 -3.03 364
16-30-30-1-30 485 1.30 1.18 3.63 -1.15 11877
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16-30-30-6-30  499 0.17 0.81 3.10 -2.12 1980
30-1-30-30-35 495 -5.08 2.34 -0.33 -2.41 1149
30-1-30-6-16 484 -2.11 0.25 -0.49 -1.38 7806
30-1-30-7-29 478 -3.77 1.59 -0.66 -1.53 5854
30-1-35-12-30 496 -3.32 4.25 -2.38 -1.45 6854
30-1-34-1-29 475 -3.14 -1.31 -0.77 -3.69 108
30-2-12-6-29 514 -2.99 1.40 -1.66 0.07 113594
30-2-28-1-12 497 0.44 0.85 1.63 -0.34 53133
30-6-12-24-30 493 -1.52 0.48 2.85 -3.90 73
24-1-12-1-21 477 -4.04 0.55 3.42 -6.91 0.3
24-1-6-6-.21 489 -3.08 -0.45 0.36 -3.89 75
24-29-30-1-12 490 0.49 -0.08 1.02 -0.62 31859
24-21-12-1-12 493 -1.57 3.38 6.88 -5.07 8
24-21-34-1-1 487 2.98 -0.05 4.76 -1.84 3338
28-21-12-1-2 494 -3.78 5.35 6.37 -4.80 14
29-21-6-12-1 492 -6.27 4.79 3.19 -4.68 17
28-1-31-30-1 492 5.00 1.19 5.05 1.15 833593
28-30-30-30-30 492 -0.37 1.97 4.39 -2.79 568
28-12-31-1-1 493 2.62 2.75 6.84 -1.47 6608
16-1-1-35-12 498 -2.58 3.49 5.05 -4.14 47
16-1-21-12-30 499 -5.23 2.54 1.01 -3.69 107
12-30-6-30-29 494 -0.18 -0.51 -2.91 2.22 6070564

 

 

Figure 10. The best virtual hit, analog PEP-2-1-30-7-2 (with purple 
carbons), the inhibitor PEP7 (Figure 1) shown in yellow carbons, 
mapped a PH4. 
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(Table 7 continued) 

Analog [a] 
MW 

[b] 
∆∆HMM[c] ∆∆Gsol[d] ∆∆TSvib[e] ∆∆Gcom[f] IC [g] 

PEP1 482 0.00 0.00 0.00 0.00 36360
12-32-1-12-12 496 0.78 1.18 -0.23 2.19 5721022
12-30-12-6-29 495 -1.72 3.76 0.25 1.79 2729506
12-30-6-30-13 498 -2.11 0.57 -2.93 1.39 1295250
12-21-1-30-13 497 -0.41 1.05 1.13 -0.50 39472
12-21-12-1-13  498 -4.94 3.24 1.87 -3.56 137
12-21-12-6-12 498 -1.21 1.34 1.17 -1.05 14,416
12-21-24-6-1 491 2.64 -0.85 3.51 -1.72 4,114
12-1-1-12-13 470 -7.81 2.59 0.77 -5.98 2
12-1-1-35-2 484 -1.26 1.65 1.02 -0.63 31,045
12-11-1-16-30 499 0.89 1.65 1.94 0.60 304,897
12-11-12-1-.29 494 -2.66 2.76 -1.03 1.13 804,379
12-11-12-1-13 498 -4.80 2.71 -0.78 -1.31 8,907
12-2-1-12-13 488 -8.52 1.68 -0.65 -6.19 1
12-6-2-30-29 497 -1.18 -0.83 1.92 -3.93 69
12-6-1-12-13 480 -3.48 1.75 2.40 -4.13 48
16-21-30-1-30 498 2.03 1.40 4.78 -1.35 8,209
16-6-12-1-23 499 -2.96 1.02 3.71 -5.65 3
6-21-12-1-30 481 -3.85 2.14 5.50 -7.21 0.2
7-21-12-1-30 499 -5.90 2.76 2.79 -5.93 2
8-21-30-1-1 500 -0.44 1.24 3.63 -2.84 523
11-1-30-30-21 494 -3.30 0.08 2.44 -5.66 3
11-21-12-1-2 498 -5.74 2.44 1.36 -4.66 18
12-1-16-30-28 495 -3.01 2.67 0.32 -0.65 29,704
2-1-1-16-2 476 -3.46 -0.58 5.19 -9.22 0.01
2-1-12-21-30 485 -6.91 1.70 2.75 -7.96 0.1
2-1-30-7-2 491 -6.13 0.50 3.76 -9.39 0.01
2-2-12-1-30 475 -4.78 1.51 4.03 -7.31 0.2
2-6-12-21-30 499 -3.41 0.66 3.72 -6.47 1
3-1-12-1-13 488 -5.63 1.72 2.33 -6.24 1
3-24-12-1-30 498 1.85 2.75 5.19 -0.59 33,461
6-1-30-7-2 487 -6.91 0.44 -1.12 -5.35 5

[a] Designed analogues 
[b] MW represents molecular mass of the inhibitor; 
[c] ∆∆H  represents the relative enthalpic contribution to the Gibbs free energy change 

related to the FP3-PEP complex formation ∆∆𝐺 ; 
[d] ∆∆𝐺  represents the relative solvation Gibbs free energy contribution to ∆∆𝐺  ;  
[e] ∆∆TS  represents the relative entropic (vibrational) contribution to ∆∆G ;  
[f] ∆∆G  represents the relative Gibbs free energy change related to the enzyme-inhibitor 

FP3-PEP complex formation ∆∆G = ∆∆H − ∆∆TS + ∆∆G  
[g] IC  represents the predicted inhibition constant towards PfFP-3 calculated from ΔΔG 

comp using correlation equation (1), Table 3. 
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Figure 11. (Top) Left: 2D schematic interaction diagram of the most potent inhibitorPEP2 at the active 

site of PfFP-3. Right. Connolly surface of the active site of PfFP-3 with the most potent inhibitor PEP2. 

The binding site surface is colored according to residue hydrophobicity: red - hydrophobic, blue - 

hydrophilic and white - intermediate. (Bottom) Left: 2D schematic interaction diagrams of the most 

potent analog design 2-1-30-7-2 at the active site of PfFP-3. Right. Connolly surfaces of the active site of 

PfFP-3 with the predicted most active PEP inhibitor 2-1-30-7-2. The binding site surface is colored 

according to residue hydrophobicity: red - hydrophobic, blue - hydrophilic and white - intermediate. 

2.8. Predicted ADMET profiles of designed PEPs 

The ADMET values for the best active designed PEPs were compared with those computed for 
drugs used for the treatment of malaria individually or in Artemisinin combined therapy (ACT) or 
are currently undergoing clinical trials, Table 8. Among the 11 analogs compared, 9 display #stars 
descriptor equal to zero, meaning that the optimal value range of none of the drug-likeness 
descriptors has been violated. Additionally, oral bioavailability is among the main requirements of 
the WHO with regard to new drugs in general also anti-malarial drugs. In the last column of table 8, 
a high level drug-likeness descriptor is displays. It is the percentage of human oral absorption in 
gastrointestinal tract (HOA). All the best provisionally actives compounds used for comparison have 
this descriptor comprise between 58.3% and 100% (< 25% - poor, > 80% high) is the range of 95% of 
drugs. It would be interesting to note that the #stars = 0 for the designed PEP analogues, which is not 
the case with most of the ACT antimalarials. 
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Table 8. Predicted ADME-related properties of the best-designed PEP analogs. 
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27-1-1-30-6 0 511 818 632.6 1622.7 13 4 9 2.71 -2.8 0,22 -0.7 23.4 6 0.5 2 59
31-1-12-13-1 0 498 774.4 594.2 1543.5 13 2 9 3.23 -4.7 0.17 -1.9 160.6 3 0.2 3 85
12-1-12-13-1 0 483 795.5 642 1538.5 12 2 9 3.16 -4.7 0.08 -1.7 245.9 3 2 3 88
24-1-12-1-21 1 490 806.9 523.7 1561.6 12 0 10 2.14 -5.1 -0.24 -2.9 21.4 5 0.3 2 63
6-21-12-1-30 0 494 808 591.6 1571.8 12 1 9 2.72 -3.9 0.26 -1.9 17.1 6 0.2 2 65
2-1-1-16-2 1 489 847.4 622.5 1562.2 9 1 6 5.5 -7.8 0.80 -0.73 904 4 0.01 1 100
2-1-12-21-30 0 498 866.1 607.9 1606 11 2 9 2.9 -5.2 0.34 -2.1 15.2 5 0.1 2 65
2-1-30-7-2 0 504 813.6 593.7 1546.8 9 2 7 4.2 -5.7 0.63 -0.6 150.3 3 0.01 3 77
2-2-12-1-30 0 488 762.4 525.9 1490.5 10 2 8 3.05 -3.9 0.34 -1.17 39.07 5 0.2 3 73
2-6-12-21-30 0 512 881.1 649.9 1649.1 11 2 9 3.35 -5.18 0.46 -1.77 24.02 5 1 2 58
3-1-12-1-13 0 501 793.1 600.6 1537.9 10 1 9.7 3.67 -5.47 0.11 -1.08 614.1 4 1 3 85
Chloroquine 1 294 594.1 188.9 982.9 6 0 3 4.56 -5.3 0.41 -0.1 3718.1 0 - 3 100
Amodiaquine 1 334 603.2 131.7 1018.7 6 0 5 3.61 -4.4 -0.02 -0.4 1689.1 0 - 3 100
Dapsone 1 236 431.6 0 687.9 2 0 7 -0.37 -0.5 -1.34 -0.9 289.1 0 - 3 69
Trimethoprim 0 272 500.2 223.9 835.9 5 0 6.5 0.59 -1.5 -0.91 -1.2 282.8 3 - 3 74
Mefloquine 2 362 533.1 0 925.1 2 0 4 4.14 -4.9 0.15 0.5 2903.1 0 - 3 100
pamaquine 0 315 654.8 443.4 1148.1 9 1 4.75 4.02 -3.8 0.43 0.2 1475.2 5 - 3 100
Sulfametopyraz
ine 

1 268 473.4 77.8 773.3 4 0 9 -1.03 0.2 -1.7 -1.3 195.8 1 - 2 62

Quinacrine 0 370 680.5 268.8 1163.6 7 0 3.5 5.57 -6.5 0.8 -0.1 4435.7 1 - 1 100
Tetracycline 5 422 604.5 173.1 1111.8 2 0 7 -3.43 1.1 -2.5 -2.6 6.8 5 - 1 22

Lumefantrine 5 497 819.1 160.7 1437.5 7 0 3 8.27
-

10.01
1.7 0.2 4337.2 0 - 1 100

Bulaquine 0 369 560.2 360.2 1097.8 9 1 5.8 3.62 -2.98 0.1 -0.4 3099.7 7 - 3 100
Hydroxychloro
quine 

1 310 609.5 119.5 1006.5 6 0 5 3.36 -4.51 -0.1 -0.7 1023.7 0 - 3 100

Sulfadoxine 1 296 510.6 152.3 849.5 5 0 9.5 -0.79 -0.11 -1.7 -1.4 213.4 2 - 2 64
Halofantrine 5 470 785.4 160.2 1351.8 5 0 3 7.63 -9.9 1.5 0.2 2844.1 0 - 1 100
Proguanil 1 238 478.2 125.3 768.6 6 0 6 1.09 -1.5 -1.1 -0.7 834.6 0 - 3 86
Doxycycline 4 422 602.2 174.1 1104.2 2 0 17.2 -3.99 1.73 -2.88 -2.45 9.17 4 - 1 21
Arteether 1 312 531.1 506.1 970.2 2 0 5.7 2.7 -2.99 -0.2 0.2 5731.8 0 - 3 100
dihydroartemis
inine 

1 284 477.4 395.7 864.6 1 1 5.7 1.84 -2.92 -0.1 -0.1 1664.9 0 - 3 95

Artemisinin 0 282 456.6 380.6 848.4 0 0 5.3 1.7 -2.1 -0.30.001 1886 1 - 3 96
a) best designed APPs analogues, Table 7;  
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b) drug likeness, number of property descriptors (from 24 out of the full list of 49 from of QikProp, ver. 

3.7 (Schrödinger 2014)) that fall outside of the range of values for 95% of known drugs;  

c)  molecular weight in g.mol-1 (range for 95% of drugs: 130-725 g.mol-1) ;  

d)  total solvent-accessible molecular surface, in Å2 (probe radius 1.4 Å) (range for 95% of drugs: 300-1000 

Å2);  

e)  hydrophobic portion of the solvent-accessible molecular surface, in Å2 (probe radius 1.4 Å) (range for 

95% of drugs: 0-750 Å2);  

f)  total volume of molecule enclosed by solvent-accessible molecular surface, in Å3 (probe radius 1.4 Å) 

(range for 95% of drugs: 500-2000 Å3);  

g)  number of non-trivial (not CX3), non-hindered (not alkene, amide, small ring) rotatable bonds (range 

for 95% of drugs: 0-15);  

h) estimated number of hydrogen bonds that would be donated by the solute to water molecules in an 

aqueous solution. Values are averages taken over a number of configurations, so they can be non-

integer (range for 95% of drugs: 0.0-6.0);  

i) estimated number of hydrogen bonds that would be accepted by the solute from water molecules in an 

aqueous solution. Values are averages taken over a number of configurations, so they can be non-

integer (range for 95% of drugs: 2.0-20.0);  

j)  logarithm of partitioning coefficient between n-octanol and water phases (range for 95% of drugs: -2 - 

6.5);  

k)  logarithm of predicted aqueous solubility, log S. S in mol dm-3 is the concentration of the solute in a 

saturated solution that is in equilibrium with the crystalline solid (range for 95% of drugs: -6.0 - 0.5);  

l)  logarithm of predicted binding constant to human serum albumin (range for 95% of drugs: -1.5 - 1.5);  

m) logarithm of predicted brain/blood partition coefficient. Note: QikProp predictions are for orally 

delivered drugs so, for example, dopamine and serotonin are CNS negative because they are too polar 

to cross the blood-brain barrier (range for 95% of drugs: -3.0 - 1.2);  

n)  predicted apparent Caco-2 cell membrane permeability in Boehringer-Ingelheim scale, in [nm/s] 

(range for 95% of drugs: < 25 poor, > 500 great);  

o)  number of likely metabolic reactions (range for 95% of drugs: 1 - 8);  

p) predicted inhibition constants IC (nM). IC  was predicted from computed ΔΔGcomp, using the 

regression equation shown in Table 5;  

q) human oral absorption (1 - low, 2 - medium, 3 - high);  

r) percentage of human oral absorption in gastrointestinal tract (<25% - poor, >80% high);  

           (*)        Star Indicating that the property descriptor value falls outside the range of values for 

95% of known drugs and numbered consecutively with Arabic numerals in parentheses on the right hand side 

of the page (if referred to explicitly in the text). They should also be separated from the surrounding text by one 

space.                                                                    

 

3. Materials and Methods  

Scheme 1 displays the workflow of different steps involved for the computer-aided drug design of 
the new PEP analogues. 
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Scheme 1: Novel PEP analogues design methodology workflow. 

3.1. Biological activities of compounds included in the training and test sets                                                                             

The biological activities (IC ) of the compounds included in training and validation sets of PEP 
PfFP-3 inhibitors were found in the literature, covering a range of activities from 60 nM to about 
50,000 nM (Weldon et al. 2014). Weldon and coworkers have synthesized 22 molecules, but not all 
showed detected biological activities to be included in a QSAR study (e.g. activities recorded as >50 
uM would not be included in our study). Two compounds are isomers (one of them was included in 
the study). The absolute configuration of one compound was not specified. Finally, 10 compounds 
(almost the threshold for an acceptable QSAR study) have been used in our study.  

3.2. Molecular modeling 

3D models of the enzyme-inhibitor (E:I) complexes were built starting from the free enzyme (E) and 
the free inhibitors (I), both derived from a well -refined X-ray crystal structure (PDB ID: 3BWK) of 
the co-crystallised potent inhibitor K11017 (or Mu-Leu-Hph-VSPh where VSPh: phenyl  vinyl  
sulfone;  Hph:  homophenylalanyl;  Mu:  morpholino  urea) retrieved from the PDB (Berman et 
al. 2000). Chain A was employed in all computations and modeling done on the graphical user 
interface of Insight II (Accelrys 2005), using a previously well described protocol (Dali et al. 2012; 
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Esmel et al. 2017; Frecer et al. 2008; Frecer et al. 2005; Frecer et al. 2010; Frecer et al. 2004; Keita et al. 
2014; Kily Herve Fagnidi et al. 2018; Kouassi et al. 2015; Megnassan et al. 2012; N'Guessan et al. 2017; 
N'Guessan and Megnassan 2017; Owono Owono et al. 2013; Owono Owono et al. 2015). This implies 
that the pH values were kept at 7, while all N- and C-terminal residues were kept neutral, while all 
water molecules originally in the crystal structure were deleted and protonated and ionised amino 
acid residues were charged. Each inhibitor was built into the crystal reference structure by modifying 
the original K11017 inhibitor in situ. During this process, all rotatable bonds of the replacing residues 
underwent an exhaustive conformational search by a careful and gradual energy minimisation of 

each modified inhibitor within the active site residues of FP-3 within 5Å̇  of the inhibitor, leading to 
the identification of low-energy bound conformations of each modified inhibitor. The various low-
energy structures of the E:I complexes were then carefully refined by energy minimisation the whole 
complex.  

3.3. Molecular mechanics 

The simulation of each inhibitor, FP-3 and E:I complex  were carried out by molecular mechanics 
(MM) as implemented in the consistent force field CFF91 (Accelrys 2002). All MM calculations used 
a dielectric constant of 4 for representing dielectric shielding effects in the proteins. The optimisation 
(energy minimisation process) of the free E, free I and E:I complexes were carried out by a gradual 
relaxation of  the structures, beginning by adding H-atoms, then the residue side chain heavy atoms, 
and ending up with the relaxation of the protein backbone.  A large number of steepest descent, 
followed by conjugate gradient iterative cycles were employed. A convergence criterion for the 
average gradient was set to of 0.01 kcal mol-1 Å-1 in each geometry optimisation procedure. 

3.4. Conformational search 

The conformation of each free inhibitor was obtained from its bound conformation in the E:I complex, 
which had been previously obtained by the gradual relaxation to the nearest local energy minimum 
(see section 2.3). The next step was a Monte Carlo search of about 50000 iterations conducted on low-
energy conformations of all rotatable bonds, not including those in the rings. Discovery Studio 2.5  
(DS 2.5)  molecular modeling  program (Accelrys 2009) was used to implement this step, which 
consisted in the generation of 200 unique conformations per inhibitor after randomly varying all 
torsional angles of the last accepted conformer by ±15° at 5000 K, followed by energy minimisation. 
During this minimisation, the dielectric constant was kept at ε = 80. This was in order to 
approximately take the dielectric screening effect of hydration upon the generated conformers into 
account. The lowest total energy conformer was then selected and re-minimised at ε = 4. 

3.5. Solvation Gibbs free energy  

The electrostatic component of solvation Gibbs free energy was computed using the DelPhi package 
in Discovery Studio (Accelrys 2009). This incorporates the effects of ionic strength by solving the 
nonlinear Poisson–Boltzmann equation (Gilson and Honig 1991; Rocchia et al. 2001) This DelPhi 
program treats the solvent as a continuous medium of high dielectric constant (𝜀 = 80) while the 
solute is treated as a cavity with low dielectric (𝜀 = 4). Boundaries are linked to the solute’s molecular 
surface, which enclose the solute’s atomic charges. The molecular electrostatic potential and reaction 
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field around the solute are solved by a finite difference method on a (235 x 235 x 235) cubic lattice 
grid for the complexes and free enzyme and (65 x 65 x 65)  grid for the free inhibitors, 
implementing the full Coulombic boundary conditions. In both cases, two (02) subsequent focusing 
steps led to a similar final resolution of about 0.3 Å per grid unit at 70% filling of the grid by the 
solute. Physiological ionic strength of 0.145 mol dm , atomic partial charges and radii defined in 
the CFF91 parameter set (Maple et al. 1994) and a probe sphere radius of 1.4 Å were used. In this 
implementation, the electrostatic component of the solvation Gibbs free energy was calculated as the 
reaction field energy (Bötcher 1973; Frecer and Miertuš 1992; Miertuš et al. 1981). 

3.6. Calculation of the entropic term 

During the simulation, the vibrational entropy change which occurs as the inhibitor binds to the 
enzyme was computed by normal mode analysis of the inhibitor vibrations, by using a simplified 
method previously described by Fischer and co-workers (Fischer et al. 2001; Schwarzl et al. 2002). 
This approach involves the vibrational analyses of the inhibitor bound at the active site of a ‘frozen’ 
enzyme, while the low-energy conformers of the free inhibitor were computed for fully minimised 
structures. This was done using the Discover package (Accelrys 2005) and the formula T∆S =

T∆S {I} − T∆S {I}. The method has previously provided a good approximation of the vibrational 
entropy change of the fully flexible system for small and relatively stiff ligands, i.e. including the 
degrees of freedom of the protein receptor (Fischer et al. 2001; Schwarzl et al. 2002).  In this 
calculation, the T∆S {I}  term can explain vibrational motions of the free inhibitor and the 
conformational flexibility of the molecule, i.e. low frequency vibrations, which correspond to 
collective motions of atoms with larger amplitudes (conformational changes contribute mostly to this 
term). The relative values of ∆∆TS ,  with respect to the reference inhibitor, were used to 
compensate partially for the restricted flexibility of the E. In this respect, the entropy term is also 
recognised as an important factor for drug optimisation, even though an enthalpy contribution to 
binding affinity is known to be more essential (Freire 2008). 

3.7. Binding affinity calculations 

It has been previously proven that the concentration of a competitive tight binding inhibitor that 
causes 50% reduction of the rate of catalytic substrate conversion (IC ) of a reversible inhibitor 
depends on the enzyme-inhibition constant K  as follows: 

IC = K + [S] ∙ (K K⁄ ) + [E] 2⁄  
where [S] and [E] are the substrate and enzyme concentrations, respectively, while K  represents 
the Michaelis constant (Copeland et al. 1995). The IC  value can thus be predicted from the standard 
Gibbs free energy change during the enzyme:inhibitor complex formation:  

∆G = −RT ln K , 

By assuming that there is equilibrium in solution between the solvated protein (or enzyme), {PR} , 
the inhibitor , {I}   and the protein-ligand complex, {PR: I} : 

{PR} + {I} ↔ {PR: I}       
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Freundlich and co-workers (Freundlich et al. 2009) showed that for molecular simulations of the 
complex and the free reactants PR  and I,  the standard Gibbs free energy change of the above 
equilibrium (1) can be written as: 

∆G = G{PR: I} − G{PR} − G{I}  

In our calculations, the exact values of standard Gibbs free energies for larger systems such as 
enzyme: inhibitor complexes were approximated by the derived expressions from the works of Frecer 
and Miertus (Frecer et al. 2008; Frecer and Miertus 2002; Frecer et al. 1998): 

G{E: I} ≅ [E {E: I} + RT − TS {E: I} + G {E: I}  
with E  representing the molecular mechanics total energy of the complex (including bonding and 
non-bonding contributions), G {E: I} representing the solvation Gibbs free energy and TS {E: I} 
representing the entropic term: 

TS {E: I} = TS {E: I} + TS {E: I} + TS {E: I}, 
The entropic term TS {E: I}  here represents a sum of contributions arising from translational, 
rotational and vibrational motions. When assuming that the translational and rotational terms for the 
free enzyme and for the enzyme: inhibitor complex were approximately taken to be equal 
(TS {E: I} ≈ TS {E}) and (TS {E: I} ≈ TS {E}), thus leading to: 

∆G ≅ [E {E: I} − E {E} − E {I}] +  [G {E: I} −G {E} − G {I}] + TS {I} + TS {I}

− [TS {E: I} − TS {E} − TS {I}] 
= ∆H + TS {I} + TS {I} − T∆S + ∆G  

with TS {I} and TS {I} describing the translational and rotational entropy terms of the free 
inhibitor, respectively, and ∆TS  representing the vibrational entropy change during the formation 
of the enzyme-inhibitor complex. By comparing between different inhibitors via relative changes in 
their respective complexation Gibbs free energies, with respect to a reference inhibitor, I   (in this 
case PEP1), and by assuming the ideal gas behaviour for the rotational and translational motions of 
the inhibitors, it can be shown that: 

∆∆G = ∆G (I) − ∆G (I ) = ∆∆H − ∆∆TS + ∆∆G  

The advantage of such an approach is that the evaluation of relative changes is preferable, since it 
results in the partial cancellation of errors caused by the approximate nature of the MM method. 
Additionally, addition solvent and entropic effects are included in the description. 
 
3.8. Interaction energy calculations 
Interaction energy values were computed using Discovery Studio 2.5 (Accelrys 2009). The MM 
interaction energy (Eint) protocol available in this program computes the (non-bonded) van der Waals 
and electrostatic interactions between enzyme residues and each inhibitor. The CFF force field 
(Accelrys 2009) was used during the calculations, with a dielectric constant set at 4. The breakdown 
of Eint into the contributions by active site residues reveals the significance of individual interactions 
and permits us to carry out a comparative analysis. The approach leads to the identification of affinity 
values which would enhance the prediction of favourable and unfavourable PEP substitutions. 

3.9. Pharmacophore (PH4) modeling 

By definition, a pharmacophore is often regarded as a set of features arranged in 3D space which are 
essential for a molecule to exert a certain biological activity. The perception of a pharmacophore is 
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essential for understanding the interaction between a ligand and its receptor. The PH4 concept is 
based on the assumption that a set of structural features in a molecule is recognised at the receptor 
site and is responsible for the molecule’s biological activity. Bound conformations of inhibitors taken 
from E:I complexes were used to construct 3D-QSAR pharmacophore models using Catalyst 
HypoGen algorithm implemented in Discovery Studio 2.5 (Accelrys 2009). This consisted in building 
a top scoring pharmacophore hypothesis from the most active inhibitor. Three stages (construction, 
subtraction and optimisation) are involved, meanwhile the inactive ones were used to define the 
exclusion volume. A maximum number of five features were selected according to the PEP scaffold 
and substituents, i.e. hydrophobic aliphatic (HYd), hydrophobic aromatic (HYdAr), hydrogen-bond 
acceptor (HBA) hydrogen-bond donor (HBD) and ring aromatic (Ar). As per the adjustable 
parameters in the HypoGen protocol, all were kept by default excepting for the uncertainty on the 
activity and the minimum inter-feature distance, which were set to 1.6 and 1.25 Å, respectively. These 
parameters were carefully chosen in order to bring the uncertainty interval of experimental activity 
from a wide span [IC50 /3, 3×IC50] to a relatively narrow one [4×IC50/5, 5×IC50/4]. This is important 
because the accuracy and homogeneity of the measured inhibitory activities based on the fact that 
the experimental biological activities were derived from the same laboratory must be taken into 
account (Weldon et al. 2014). During the generation of 10 pharmacophores, 0 was set as the number 
of missing features and the best pharmacophore models were selected. 

3.10. Generation of the virtual library  

Molecular models of new analogues were generated using the Molecular Operating Environment 
(MOE) program (Chemical Computung Group 2014). This was carried out by attaching the R-groups 
(fragments, building blocks) onto the PEP scaffolds using the Quasar CombiDesign module of MOE 
program. Chemical reagents considered in this study were taken from the directories of chemicals 
available from the commercial suppliers of chemicals (Available Chemicals Directory).  Each analog 
was built as a neutral molecule in MOE program and its molecular geometry has been refined by the 
MM optimization, implemented in the Discovery Studio 2.5 smart minimizer. Convergence criteria 
(energy difference of 10-4 kcal mol-1, root-mean-square displacement (RMSD) of 10-5 Å and  a  
dielectric constant of 4 using the CFF force field were set, as described in section 2.3. 

3.12. In silico screening  

The conformer with the best mapping on PH4 pharmacophore in each cluster was selected for virtual 
screening using the complexation QSAR model. For each E:I complex, the relative complexation 
Gibbs free energies, ∆∆G , was calculated. This was then used to compute the predicted activities 

(pIC ) of each of the newly designed analogs against FP-3. The IC  values were then calculated 

using the formular IC = 10 ( ). 

3.13. Computing ADMET-related properties  

The calculation of molecular descriptors related to adsorption, distribution, metabolism, excretion 
and toxicity of the designed inhibitors was carried out by the QikProp program (Schrödinger 2014). 
The models are based on the methods developed by Jorgensen and Duffy (Duffy and Jorgensen 2000; 
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Jorgensen and Duffy 2000; Jorgensen and Duffy 2002). The library focusing strategy was based on 
ADMET-related properties and the pharmacophore-based library focusing procedure, as previously 
described (Owono Owono et al. 2015; Esmel et al. 2017). 

 

4. Conclusions 

Structural information from the crystal structure of FP3-K11017 complex has been successfully used 
to establish of reliable QSAR model of non-covalent inhibition of the FP3 of Pf by peptidomimetics 
(PEP) inhibitors. This model correlates the unique descriptor, namely the computed Gibbs free 
energies (GFE) upon complex formation, with observed inhibitory potencies and is able to identify a 
few compounds which could be low nM range inhibitors of P. falciparum. As GFE is a combined 
descriptor involving the enthalpic gas phase, entropic contributions and solvation free energy, a 
precise insight into S1' and S2 pockets filling have been performed from the model by analysis of 
interactions between the enzyme active-site residues and the inhibitor. For this purpose, the 
breakdown of the interaction energy clearly indicated the residues involved in the affinity with the 
most active inhibitors. This information has helped to design an initial diversity virtual combinatorial 
library of new analogs to be screened by the pharmacophore models derived from the GFE QSAR. 
The focused library filtered by a set of ADME-related descriptors and screened by matching of the 
analogs to the PH4 pharmacophore permitted selection of a library subset of orally bioavailable PEP. 
This subset of 80 best virtual hits was submitted to the computation of predicted PfFP-3 inhibitory 
potencies by the formerly established complexation QSAR model. The best analogues showed 
predicted activities in the low nanomolar concentration range, with the most promising hits being 
31-1-12-13-1, 24-1-12-1-21, 2-1-1-16-2, 2-1-12-21-30, 2-1-30-7-2, 2-6-12-21-30,and 3-1-12-1-13 with 

predictive IC  of 0.2, 0.3, 0.01, 0.1, 0.01, 1, and 1 nM respectively against PfFP-3. These are being 
proposed for synthesis and biological screening and may lead to a discovery of novel potent orally 
bioavailable anti-malarial. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: A-groups 

(fragments, building blocks, substituents) used in the design of the additional analogs. Dashed bonds indicate 

the attachment points of the fragments. Table S2: Molar masses and energy contributions towards ∆∆𝐺  for 

most potent set of analogs inhibiting PfFP-3  set as well as analogs with most frequently occurring fragments 

from the highly focused library of PfFP-3 inhibitors.  
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