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Abstract Recent publications have suggested that African
medicinal plants and their derived products could be viable
source of new and better trypanocidal drugs. Nowadays, in
silico methods are often used in drug discovery processes to
identify new potential drug leads. In this study, we have
developed a small library named Afrotryp, comprising
three-dimensional chemical structures of potential trypano-
cidal compounds derived from medicinal plants in Africa
(a total of 321 unique chemical structures). We have pre-
dicted the pharmacokinetic properties of the library using
Qikprop software and employed the three docking/scoring
methods implemented in Molecular Operating Environment
Dock Tool to assess the affinity of the library dataset
towards the binding site of six selected validated anti-7ry-
panosoma drug targets. It was observed that about 42% of
the compounds contained in the Afrotryp dataset were
predicted to show a good overall performance in terms of
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predicted parameters for absorption, distribution, metabo-
lism, elimination and toxicity properties. Docking calcula-
tions identified 15 compounds with lowest theoretical
binding energies toward the studied proteins, nine of which
are suited for the treatment of stage 2 human African try-
panosomiasis, due to their low polar surface area. Analysis
of their binding modes gave basis for the observed unique
molecular interactions which exist between the Afrotryp
dataset and the six studied drug targets. The results lay the
foundations for the rational development of novel trypa-
nocidal drugs with improved potency.

Keywords African flora - Docking * Drug-likeness * Drug
targets - in silico * Trypanosomiasis

Introduction

African trypanosomiasis affects both humans and animals.
It is caused by protozoa of the genus Trypanosoma. Try-
panosome brucei rhodensiense and T. b. gambiense both
cause human African trypanosomiasis (HAT), while 7. b.
brucei, T. congolense and T. vivax cause nagana in livestock
(Maser et al. 2003). The tsetse fly vector (Glossina sp.)
transmits the parasites from one vertebrate to another
(D’Archivio et al. 2011). The disease occurs in 36 sub-
Saharan Africa countries. The reported cases of infected
persons dropped below 10,000 in 2009 for the first time in
50 years and in 2014 there were 3,796 recorded cases
(World Health Organization 2016). Chemotherapy sources
of treatment against HAT is poor. Except for Fexinidazole,
which is still in phase II/III clinical study in patients with
late-stage of the disease, the only four drugs (suramin,
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melarsoprol, pentamidine and eflornithine) (Fig. 1) cur-
rently used to treat HAT were developed about 30 years ago
(Hoet et al. 2004). Besides, each of these drugs has one or
more of these challenges; expensive, highly toxic and
require parenteral administration (Maser et al. 2003;
Amaechi 2001; Kaiser et al. 2011). Therefore, there is an
urgent need for new drugs against HAT.

The belief that natural products (NPs) have been opti-
mized over time is the underlying reason why plant meta-
bolites and their derived products are a main focus for new
drug development (Koehn and Carter 2005). Recent reviews
presented Africa as inhabiting plant materials (and their
constituents) with high potentials to treat Trypanosoma
infections (Ibrahim et al. 2014; Nwodo et al. 2015; Awulu
et al. 2013).

Modern drug development procedures using computers
and computer software often involve building three
dimensional (3-D) virtual compound libraries (databases)
for in silico screening, e.g. by docking, binding free energy
calculation and pharmacophore-based screening (Paul et al.
2013; Vyas et al. 2013; Fan et al. 2001). Some libraries
consist of compounds with activities against several dis-
eases, e.g. the ZINC database (Sterling and Irwin 2015)
while others are activity focused libraries, e.g. the naturally
occurring plant-based anti-cancer compounds (Mangal et al.
2013). Before any serious time-consuming analysis is per-
formed, the library is usually filtered to eliminate unworthy
molecules through a concept referred to as ‘rapid elimina-
tion of swill' (REOS) (Walters et al. 1996). REOS aids to
identify molecules with poor adsorption, distribution,
metabolism, elimination and toxicology (ADME/T) prop-
erties. REOS is justified by the fact that many drugs fail to
make it to the market, after many resources have been
invested, because of poor ADME/T performance.

Pentamidine Eflornithine

Thereafter, virtual screening is carried out by docking the
“filtered out” library (or dataset) against validated drug tar-
gets, with the view of identifying promising hit compounds,
which are then subjected to biological assays.

In this study, we have developed a 3-D virtual library of
potential trypanocidal compounds isolated form African
medicinal plants (henceforth referred to as Afrotryp). To
identify hits, the Afrotryp dataset was analyzed for phar-
macokinetic properties and docked towards six selected
validated anti-Trypanosoma drug targets. Studies of the
binding conformations of top scoring compounds, as ranked
by each of the three scoring schemes in molecular operating
environment (MOE), revealed key molecular interactions
formed between the ligands and the amino acid residues at
the binding site of the considered anti-Trypanosoma drug
targets. The binding modes of the ligands could be used to
guide further structural modifications in the process of
designing novel drugs for HAT with improved activity.

Materials and methods
Data sources

The plants and plant constituents as well as their biological
activities were retrieved from literature sources comprising
mainly published articles from across the major journals
of natural product chemistry, covering the period of
1990-2014. The exact chemical structures of the potential
trypanocidal compounds were confirmed from Dictionary of
Natural Products (Dictionary of Natural Product 2005).
Although some of the compounds in Afrotryp are also
found in DNP, the Afrotryp dataset was developed inde-
pendently of DNP dataset.

@ Springer
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Assessment of ADMET profile

3-dimentional molecular structures of the compounds were
generated using the graphical user interface of the MOE
(Chemical Computing Group 2010) software, energy
minimized, using the MMFF94 forcefield (Halgren 1996),
until a gradient of 0.001 kcal/mol was reached using MOE
software running on a Linux workstation with a 3.5 GHz
Intel Core2 Duo processor and saved in .mol2 format. The
newly curated Afrotryp dataset was assessed for ADME/T
properties using Qikprop software running in normal mode
as developed by Jorgensen and Duffy (Duffy and Jorgensen
2000; Jorgensen and Duffy 2000; Schrodinger 2011;
Jorgensen and Duffy 2002).

Protein modeling and docking/scoring
Docking procedure with MOE

Protein-ligand docking calculations were performed toward
the X-ray crystal structures of the six anti-Trypanosoma
drug targets discussed in Results and discussion section.
Each protein-ligand complex was retrieved from the protein
data bank (Berman et al. 2000) and treated thus using MOE
software (Chemical Computing Group 2010): the co-
crystallized water molecules and non-essential small
organic molecules were deleted. The retained protein
—ligand complexes were protonated and subjected to energy
minimization using the Merck Molecular (MMFF94) For-
cefield until a gradient of 0.001 kcal/mol was reached.

Docking and scoring procedure The co-crystallized
ligands were removed from the protein and re-docked
towards the protein binding sites in three main stages:
Conformational Analysis of ligands, Placement of ligands
in the protein binding sites and Scoring of the protein-ligand
conformations (Edelsbrunner 2007). Conformational ana-
lysis of the ligands was performed using the systematic
search method to generate conformations from a single 3-D
conformation of the respective co-crystallized ligands. Tri-
angle Matcher method was employed in the Placement
stage. Triangle Matcher method was preferred because it
has been reported to be more systematic in its ligand atoms
alignment than other methods like Alpha Triangle. The
poses generated from the placement stage were refined
using the Forcefield refinement scheme according to its
default settings. The scheme makes use of the molecular
mechanics set up and the reaction field functional form to
perform energy minimization and to treat solvent effect
respectively. Scoring was carried out using the three scoring
functions implemented in MOE which are Affinity dG,
Alpha HB and London dG. Affinity dG scoring function
estimates the enthalpic contribution to the free energy (G) of

@ Springer

binding by summing up the energies resulting from the
following interactions: hydrogen bond donor—acceptor pair
(hb), ionic interactions (ion), metal ligation (mlig), hydro-
phobic interation (hh), and interactions between hydro-
phobic and polar atoms (hp) and between any two atoms
(aa), according to the equation given below:

G = Cupfip + Cionfion + Crtigfmiig
+Chhfhh + Chpfhp + Caafaa

where the f terms fractionally count atomic contacts of
specific types and the C’s are coefficients representing
weighted term contributions to affinity estimation.

Alpha HB method scores a ligand by measuring the
geometric fit of the ligand to the binding site and the H-
bond effect. The free energy of binding of a given pose is
estimated by the London dG scoring function from the sum
of each of these terms: average gain/loss of rotational/
translational entropy, energy due to loss of flexibility of the
ligand, H-bond energies, energy due to metal-ligation and
desolvation energy of atoms. Docking validation was done
in an attempt to identify the best docking parameters which
reproduce the experimentally determined ligand conforma-
tions within the binding pocket. Five independent docking
scores were carried out and the average taken. The accurate
poses were assessed using the lowest root-mean-square-
deviation (RMSD) values relative to the crystal structure
binding poses. Grid dimensions producing ligand con-
formations closest to the experimental poses (Table 5) were
subsequently employed in docking the Afrotryp dataset
against the binding sites of the six targets by performing
five independent runs and taking the average.

Results and discussion

Current thinking in drug development involves building of a
3-D virtual library. This library serves as a database for the
search of viable new drug molecules. Sometimes, a library
can be made up of compounds of various activities. At
another time, it could be activity focused library (Sterling
and Irwin 2015; Mangal et al. 2013). We have developed
the later for compounds with activities against Trypano-
soma infections. It comprises of 321 natural and derived
products which have been isolated from medicinal plants
harvested from the African continent. The number of plants
studied spread across 22 plant families. Most of the plants
belong to Lamiaceae (15.31%), followed by Dionco-
phyllaceae (12.19%), Clusiaceae and Bignoniaceae (7.81%)
(Fig. 2a). Figure 2b shows that the plant part most studied
and from which the potential anti-Trypanosoma compounds
were isolated was leaves (36.76%) followed by roots and
stems (26.79 and 23.05%, respectively). Examination of the
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Fig. 2 Bar chart showing a plant families of origin b distribution of plants within their source countries ¢ count of plant part yielding the

compounds in Afrotryp (color figure online)

database revealed that West Africa, especially Nigeria and
Cameroon (30.53 and 24.62%, respectively) harbor most of
these plants (Fig. 2c). This finding confirms the views of
Ibrahim and co-workers and Nwodo and team, which that
reported that; plants obtained from these countries demon-
strated high trypanocidal activities (Ibrahim et al. 2014;
Nwodo et al. 2015). In fact, 800 mg/kg leaf extract of one of
the plants (Dissotis rotundifolia) harvested from Nigeria,
killed T. b. brucei in vitro within 45 s of incubation.

Predicted absorption property of Afrotryp dataset

Most drugs are administered orally because it is easier to do
so. The major challenge faced in designing oral dosage
forms lies with poor bioavailability because for orally
administered drug to be efficiently absorbed from the gas-
trointestinal tract, it has to possess appropriate physico-
chemical properties. Nowadays, it is a common practice to
assess how orally bioavailable drug molecule is in silico

@ Springer
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d hydrogen bond donor, e NRB, f violation of Ro5 (color figure online)

early enough in the of drug discovery process, so as not to
waste resources on molecules which would not be bioa-
vailable, after all, in the biological system. The assessment
is done according to Lipinski’s rule of five (Ro5). As a rule
of thumb, orally absorbed (or drug-like) molecules tend to
obey this rule (Lipinski et al. 1997). Although, Lipinski had
initially postulated that the Ro5 was not respected by NPs,
the work of Feher and Schmidt showed they do (Feher and
Schmidt 2003). Lipinski analyzed compounds from the
World Drugs Index database to arrive at the Ro5 which
states that a drug candidate will be orally bioavailable if it
the following features: molecular weight (MW) < 500 Da,
hydrophobicity (log P) <5, hydrogen bond acceptor and
donor (HBA and HBD), respectively <10 and <5.
According to Lipinski, molecules which satisfy above cri-
teria are “drug-like”. The importance of molecular flex-
ibility, which depends on the number of rotatable bond
(NRB), to oral bioavailability of drug molecule, was
reported by Verber and co-workers (Veber et al. 2002).
They proposed that NRB of <5 is necessary for a molecule
to be drug-like.

Given in Fig. 3, is the distribution of various properties,
which determine drug-likeness of molecules. Counts verses
property was plotted to represent the actual number of
compounds involved. Figure 3a showed that 265 out of 321
of the Afrotryp dataset fall within the recommended region
for MW according to the Ro5 with highest population of the
compounds having MW in the range of 401-500 Da. A total
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of 171 compounds (about 54.0%) respected the log P cri-
terion. The distribution of the log P values showed a rough
Gaussian curve with a peak centered at 5.0 log P units
(Fig. 3b), which differs from the performance of other
libraries consisting of natural and derived products from
African medicinal plants (Ntie-Kang et al. 2013a, 2013b,
2013c). The nature of Afrotryp library (which is activity
focused while others are not) might account for the dis-
crepancy in log P performance. However, the library data-
sets generally have good log P property with 13.72 as the
highest recorded value. Although we discuss log P under
absorption, its effects cut across all ADME/T properties.
The total number of the datasets which possess acceptable
HBA, HBD and NRB according to Lipinski, are 291, 311
and 221, respectively. On the overall, about 152 of Afrotryp
compounds respected all the five criteria that Lipinski used
to predict drug-likeness (Fig. 3c, d and e). Furthermore, the
result of Lipinski violation presented in Fig. 3f demon-
strates that; about 50% of the compounds showed no
Lipinski violations, while 85% showed <2 violations. This
suggests that the library is enriched with natural and derived
products which are drug-like. Therefore, hits/leads obtained
from Afrotryp database would likely be bioavailable in
systemic circulation. Figure 4a—d are scatter plots showing
the relationship between MW vs. log P, HBA, HBD and
NRB, respectively. The correlation between MW and other
relevant properties further validates the fact that Afrotryp
library contains high number of compounds which are
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predicted to be drug-like. In each of the plots, it was
observed that; the region of highest population density lie
within Lipinski’s compliance region. In the light of the
forgoing results, trypanocidal molecules obtained from the
library would most probably be orally bioavailable.

A bar chart representation of more physical properties is
shown in Fig. 5a. The Caco-2 monolayer (BIP.,,>) is
widely used across the pharmaceutical industry to model:
human small internal mucosa and variety of trans-cellular
pathways to predict the absorption of orally administered
drugs as well as metabolic transformation of test substances
(Artursson and Karlsson 1991). The importance of drug
solubility (log Sy, is underlined by the fact that drugs are
absorbed in the form of solution at the site of absorption and
the ones with desired solubility property are usually in good
concentration in systemic circulation (Myrdal and Yalk-
owsky 2007; Vemula et al. 2010). The Caco-2 monolayer
and solubility properties, alongside some number of primary
metabolites, are physicochemical parameters Jorgenson used
to propose the “rule of three” (Ro3). Ro3 considers that a
molecule will be orally bioavailable when it respects at least
two of the following criteria: log Sya > —5.7, BIPae0.0 > 22
and number of primary metabolites <7 (Schrodinger Press
2011). From the result of analysis given in Table 4, 258
(80.37%) and 316 (98.44%) of the Afrotryp compounds

possess the general acceptable log Sy, and BIP,.o.» prop-
erties, respectively required forgood drug absorption. While
according to Jorgenson's test, only 117 (38.11%) and 292
(95.11%), respectively respected Ro3 for oral bioavail-
ability. The excellent performance of a good number of
Afrotryp dataset with regards to BIP.,.,» property under-
scores the benefits of the library because since the
acknowledgement of the significance of BIP.,.,, in drug
development process, percentage failure of drug develop-
ment on account of poor pharmacokinetic properties has
drastically dropped (Artursson 1990). Like BIP .02,
Madin—Darby canine kidney (MDCK) with a compliance
zone of 25 to —500 nm/s,also serves as a model for pre-
dicting oral absorption of drug because MDCK cells express
more of transporter proteins but very low metabolizing
enzymes (Irvine et al. 1999). 296 of the compounds,
amounting to 92.21% of the Afrotryp dataset, complied with
MDCK criterion. Dermal penetration (log K,,) was computed
though there is no HAT drug applied on the skin at the
moment. It was observed that 280 (87.23%) of Afrotryp
compounds fall within the recommended range for log
K, (-8 to —1) (Potts and Guy 1995). The predicted human
oral absorption result displayed in Fig. 5b showed that 161
(52.44%) compounds of Afrotryp database will have high
oral absorption in human on a scale of 1, 2 and 3 for low,
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Fig. 5 Plots of Physicochemical properties a percentage count vs. ADMET parameters b count vs. human oral absorption ¢ PSAvs MW and d
relationship between polarizability and volume against mr (color figure online)

medium and high human oral absorption, respectively.
Molar refractivity, which is largely affected by London
dispersion forces, of a compound is an essential factor in
drug-receptor interaction processes. A strong linear rela-
tionship is observed to exist between this property, volume
and molecular polarizability (Ghose et al. 1999). Figure 5d
demonstrates that Afrotryp dataset complied with this
suggested  relationship. It was  observed that
85.05 and 85.67 percentages of the compounds in the
database fall within the acceptable limit for molecular
volume (500-2000 10\2) and polarizability (13.00-70.00)
properties.

Comparison of drug-likeness of Afrotryp and the
dictionary of natural products libraries

It is preferred that the drug-like properties of new com-
pound libraries are enhanced over the existing ones. This is
because there is higher probability of obtaining hits with
good oral bioavailability profile from such libraries with
greater number of drug-like compounds.

DNP is a comprehensive database of natural products
containing 126,140 unique compounds. As in our past study
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(Ntie-Kang et al. 2014), a comparison of the anti-
trypanosomal NP library has been carried out with the
much larger DNP as shown in Fig. 6 and Table 1. The oral
bioavailability performances of the datasets of the two
librariesare presented as percentage count. The MW dis-
tribution of Afrotryp dataset peaked at interval (401-500
Da) similar to ConMedNP (Ntie-Kang et al. 2013a), a
dataset of natural products from Congo Basin, while that of
DNP peaked at 301400 Da. The percentages of com-
pounds in the two databases that satisfy Lipinski's MW
property (<500 Da) were 74.15 for DNP and 82.81 for
Afrotryp. Table 1 shows that, in the overall, Afrotryp library
have more compounds that are orally bioavailable than the
ones in DNP library by 10.99%. Though both datasets
peaked at the same log P unit (log P=2 unit), the DNP
datasets performed significantly better than Afrotryp dataset
in all the ranges examined. 4.99 and 15.03% of Afrotryp
dataset are enhanced for HBA and HBD, respectively over
DNP’s. In the light of the above observation, it can be
concluded that the small Afrotryp database contain more
compounds, except for log P property, with improved drug-
like property than those in DNP.

Lead compounds usually have a smaller number of rings,
less NRB, smaller MW and are less lipophilic (Quinn et al.
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Fig. 6 Plots of percentage a
performance of Afrotryp and
DNP compounds for oral
bioavailability parameters
according to Ro5. a MW b
log P ¢ HBA d HBD. In all
cases, DNP is shown in blue
and Afrotryp in red (color
figure online)

%Count

Table 1 Percentage performance of Lipinski parameters for the two
datasets

Property DNP Afrotryp Difference
MW 74.15 82.81 10.99
Log P 82.5 53.27 29.23*
HBA 84.11 89.1 4.99
HBD 79.67 94.7 15.03

The value marked * is for the difference in which DNP is enhanced
over Afrotryp dataset

2008). Therefore criteria for “lead-likeness” and “fragment-
likeness”; (150<MW <350, log P <4, HBD<3 and
HBA <6) and (MW <250, -2 <log P<3, HBD <3, HBA
< 6 and NRB < 3), respectively, have also been proposed,
which have slightly more stringent criteria than the
Lipinski’s Ro5. 138 and 62 compounds of the library have
physicochemical parameters falling within the intervals of
the two criteria respectively (Table 2) (Teague et al. 1999;
Oprea 2002; Schneider 2002). The challenge for lead
identification is a major obstacle to overcome in drug dis-
covery. Therefore, the high presence of lead like com-
pounds in Afrotryp library highlights the importance of the
library as a resource for the search of new trypanocides.
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Drug distribution

Once a drug has been absorbed, it is distributed around the
blood supply, then to various tissues and organs. Some
physical properties, among other factors, determine the
rate and extent of distribution. Second stage of HAT
begins when Trypanosome crosses blood-brain-barrier
(BBB) and invades central nervous system (CNS).
Therefore, anti-trypanosomal drugs intended for the
treatment of the second stage of the disease are required to
possess properties which will enable them to cross the
BBB and act on CNS (Kirchhoff 2000). The criteria for
crossing BBB have been defined as: log B/B=-3 to +1
and CNS 20 (Luco 1999; Ghose et al. 2012; Palm et al.
1997). It was observed that 91.90 and 53.90% of the
Afrotryp compounds respected log B/B and CNS criteria.
The parameter, total polar surface area (TPSA), has been
shown to correlate well with log B/B. Drugs with TPSA
values 60-140 A? tend to permeate the BBB (Ertl et al.
2000; DeslJarlais et al. 1988). Although a significant small
percent (34.58%) of the studied compounds possess the
TPSA recommended property, their high log B/B perfor-
mance suggest that they may have the ability to crossed the
BBB with the aid of carrier proteins and/or through
pinocytosis (Table 3).
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Table 2 Distribution of oral

bioavailable properties of Property Drug-like Lead-like Fragment-like Maximum Minimum Mean

Affotryp compounds MW 265 138 62 1137.33 98.15 403.92
Log P 172 142 99 13.72 -1.28 4.62
HBA 291 249 226 30 0 4.94
HBD 311 297 250 17 0 1.72
NRB 221 159 122 31 0 5.69

Table 3 Results of analysis of parameters for ADMET property prediction

Property Symbol Number of Percentage Max. Min. Mean Acceptable

compliance  compliance range

The total volume of molecule enclosed by Vol ol 273 85.05 3321.48 437.13 1205.5 5002000

solvent molecular in A

The logarithm of aqueous solubility log Swat 258 80.37 -0.11 —-15.12 -5.03 -6 to +5

The total solvent accessible molecular surface, S, 278 86.6 1591.19 293.47 639.03 300-1000

in A®

The topological polar surface area in A2 TPSA 111 34.58 521.73 0 71.91 60-140

The hydrophobic portion of the solvent- Smol.hfob 297 92.52 1229.11 145.96 514.43 0 to 750

accessible molecular surface, in A?

The logarithm of predicted blood/brain barrier log B/B 295 91.9 1.74 -8.65 -0.77 -3 to +1

partition coefficient

The globularity Glob 260 81 0.98 0.64 0.8 0.75-0.95

The index of cohesion interaction in solids Ind.op 299 93.15 0.12 0 0.01 0-0.05

The logarithm of predicted binding constant to log Kysa 229 71.34 3.72 -1.69 0.65 -15t0 1.2

human

The predicted ICs value for blockage of log HERG 121 37.69 1.1 -8.95 —4.25 < =5.0

HERG K+ channels

The predicted polarizability QPpolrz 275 85.67 113.06 10.69 39.45 13.0-70

The number of likely metabolic reaction #metab 253 78.82 25 0 5.61 l1to8

The predicted skin permeability log K, 280 87.23 0.17 —-13.30 -2.56 -8 to -1

The predicted apparent Madin-Darby canine ~ MDCK 296 92.21 10,000 0.00 1124.73 25 to =500

kidney cell permeability in nm/s

The predicted apparent Caco-2 cell membrane BIP .., 316 98.44 9906.04 0.00 1958.43 5 to >100

permeability, in nm/s

The central nervous system CNS 173 53.9 2 -2 -0.41 =0

Compliance to “drug-like” property #star 129 42.43 17 0.00 2.76

Worthy of note is the fact that, compounds with TPSA
good property also have the required MW as shown in
Fig. 5c.

Molecular shape of a ligand (drug) affects how well it
binds to its biological target. This property is described
using the descriptor—Molecular Globularity (Glob) (Meyer
1986). 0.75-0.95 Glob value is the acceptable limit for good
performance. Based on that, 260 (81.00%) of Afrotryp
dataset have Glob values within the acceptable range and so
can efficiently interact with the various Trypanosoma drug
targets.
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It was observed that 71.34% of the datasets can com-
fortably pass through the blood capillaries without binding
to the blood plasma proteins. This is because these
compounds have the recommended property of logarithm of
predicted binding constant to human serum albumin (log
Kusa: —1.5 to 2.0) (Colmenarejo et al. 2001). Drugs bound
to the proteins will no longer be available to reach and
interact with its target. Therefore, the high percentage
of the datasets with recommended log Kysavalue, again
raises the importance of Afrotryp library as a good point to
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kick-off the search for molecules to treat Trypanosoma
infections.

Drug metabolism and toxicity

Metabolic enzymes in the body attack drugs to convert them
to metabolites most of which are inactives. Therefore, it is
preferred that drugs undergo less number of metabolic
reactions (#metab). The performance of Afrotryp dataset
with regards to #metab spanned from O to 25 with a mean
value of about 5. In general, 78.82% of the studied com-
pounds undergo the recommended limit of #metab (1-8)
(Ntie-Kang et al. 2014). Drug toxicity is a great concern to
the medical world. Chemical substances which block or
cause the blockage of human ether-a-go-go-related gene
potassium ion (HERG K*) channel are potential toxic
substances, because HERG K* serves as a molecular target
for cardiac toxicity of many drugs (Cavalli et al. 2002). The
recommended range of log HERG is < —5.00 (Aronov
2005). Notwithstanding that less than half of the com-
pounds in the library respected log HERG criterion, their
mean performance (log HERG=-4.25) fall within the
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Fig. 7 Bar chart showing #star performance of the Afrotryp dataset.
#star means the overall ADME-compliance score—drug-likeness
parameters (color figure online)

acceptable limit. This indicates that, on the average, more of
the datasets will not block or cause the blockage of human
ether-a-go-go-related gene potassium ion.

Afrotryp dataset’s overall ADME-compliance
performance

Qikprop software evaluates drug-like and pharmacokinetic
profile of molecules using a set of 24 descriptors. The
overall ADME-compliance-performance of a compound
represented as #star shows the number of computed prop-
erty descriptors which fall outside the recommended ran-
geof values for 95% of known drugs. Therefore, #star of
zero is recommended (Aronov 2005). Thus, as shown in
Fig. 7, 42.43% of the compounds in Afrotryp library
demonstrated compliance to #star criterion. Meaning that
about half of the datasets in the library have the recom-
mended pharmacokinetic property for a good drug
molecule.

Docking calculations
Selected targets used in docking studies

This current study considers the protein-ligand interactions
of the compounds within the Afrotryp dataset with six
selected validated anti-trypanosomal drug targets with
available 3D crystal structures in the PDB. Table 4 shows
the summary of the studied targets, which include uridy-
lyltransferase (UTF), an enzyme which is vital for mod-
ulating non-coding RNA pathways in pathogen systems by
catalyzing the synthesis of diphospate and uridylyl-[protein
IT], has been co-crystallized and characterized with the
substrate—Uridine 5’-triphosphate (PDB code 2B56) (Deng
et al. 2005; Demir et al. 2014). Many works have reported
farnesyldiphosphate synthase (FDS; PDB code 2EWG) as a

Table 4 Description of the 6 anti-Trypanosoma drug targets used in this study

PDB code Protein target co-crystallized ligand Resolution of protein Reference
X-ray crystal
Structure (A)
2B56 UTF uridine-5’-triphosphate 1.97 Deng et al. 2005

2EWG FDS
1,1-diyl)bis(phosphonic acid)

2TOD ODC a-difluoromethylornithine

2XTB adenosine kinase 4-[5-(4-phenoxyphenyl)-1H-pyrazol-3-ylJmorpholine 2.8

4H60 sterol 14a- a-1-[3-(4-chloro-3,5-dimethylphenoxy) 2.8
demethylase

4TIM TIM 2-phosphoglyceric acid

a,p-(1-hydroxy-2-imidazo[1,2-a]pyridine-3-ylethine- 248

Mao et al. 2006

2 Grishin et al. 1991
Kuettel et al. 2011
Andriani et al. 2013

24 Noble et al. 1991
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Table 5 Retained grid parameters used in the docking protocols, the lowest RMSD values in A of the docked ligands against the X-ray ligand and
the corresponding docking scores of the co-crystallized ligands into thebinding sites of the six (6) studied trypanocidal drug targets

PDB code Scoring scheme Origin Radius RMSD (A) AG (Kcal/mol)
X Y Z X Y Z
2B56 Affinity dG 11.20 36.94 14.89 2.90 6.60 5.20 243 -8.08
Alpha HB 11.20 36.94 14.89 2.90 6.60 5.20 291 -10.99
London dG 11.20 36.94 14.89 2.90 6.60 5.20 2.27 -10.17
2EWG Affinity dG 26.50 0.18 9.60 3.90 2.10 4.00 2.67 -10.06
Alpha HB 26.50 0.18 9.60 3.90 2.10 3.80 0.69 -9.95
London dG 26.50 0.18 9.60 3.90 2.29 3.80 0.79 -16.12
2TOD Affinity dG 24.98 24.96 -2.13 31.79 41.73 22.13 3.01 -8.31
Alpha HB 20.98 27.96 —4.13 5.95 3.73 2.13 343 -7.52
London dG 21.98 28.55 —4.23 4.50 3.00 2.00 1.16 -6.16
2XTB Affinity dG 18.41 -28.30 6.50 6.83 3.90 4.10 2.06 -9.35
Alpha HB 18.41 -28.30 6.50 6.83 3.90 4.10 2.07 —-8.93
London dG 18.41 -28.30 6.50 6.83 3.90 4.10 0.89 -8.48
4H60 Affinity dG 2.00 28.00 17.90 4.40 5.00 4.10 241 -10.02
Alpha HB 2.00 28.00 17.90 4.40 5.00 4.10 3.06 -6.49
London dG 2.00 28.00 17.90 4.40 5.00 4.10 2.95 -6.55
4TIM Affinity dG 47.00 14.00 —-10.00 2.00 5.00 5.00 1.96 —-6.58
Alpha HB 47.00 14.00 —-10.00 2.00 5.00 5.00 1.91 -8.04
London dG 42.44 9.26 -6.04 26.72 23.51 24.12 0.92 -10.54

Table 6 The mean, minimum

. . PDB code  Scoring Min. AG  Max. AG Mean AG AG of native ~ No compounds with
and maximum docking scores .
. methods ligand (NL) AG > NL
recorded for compounds in
Afrotryp library using the three 5 ps¢ Affinity dG =~ 2076 -3.92 ~12.69 -8.08 298
scoring methods implemented in
MOE, docking scores of the Alpha HB -2231  -7.96 -1622  -10.99 303
native ligands (NL) and the London dG 23.94 -6.79 -15.72 -10.17 299
nlilm:er of /tlfiotryp chompgur;ii 2EWG Affinity dG -18.33 0.03 -6.99 -10.06 231
Which scored better than the Alpha HB —20.18  —6.68 -7.86 -9.95 309
London dG -21.02 -5.97 -8.87 -16.12 76
2TOD Affinity dG -22.20 -5.86 -11.28 -8.31 288
Alpha HB -17.64 -3.62 —-14.25 -7.52 278
London dG -14.34 -1.80 -14.02 —6.16 286
2XTB Affinity dG —-15.08 -2.44 -11.32 -9.35 139
Alpha HB -14.90 -5.52 -10.98 -8.93 237
London dG -14.36 -5.64 -16.22 -8.48 239
4H60 Affinity dG -18.76 -3.30 -8.99 -10.01 220
Alpha HB -22.24 -1.39 -10.08 —6.49 283
London dG -30.29 —6.11 -9.69 —6.55 319
4TIM Affinity dG -15.70 0.38 -8.30 -6.58 215
Alpha HB -16.83 -6.71 -12.54 -8.04 319
London dG -20.64 —4.86 -14.29 -10.54 294
therapeutic target in 7. brucei (Montalvetti et al. 2003;  an important precursor for the prenylation of certain proteins

Linares et al. 2006). This enzyme catalyzes the formation of ~ and synthesis of unbiquinones, dolichols, sterols and heme a
farnesyldiphosphate in the isoprenoid biosynthetic pathway,  (Mao et al. 2006). Grishin et al. (1999) described the X-ray
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Fig. 8 Docking Scores of the compounds in Afrotryp library using the three scoring schemes in MOE toward the binding sites of the six studied
targets. In each graph, the color blue = Affinity dG, red = Alpha HB and green=London dG (color figure online)

structure of ornithine decarboxylase (ODC) from 7. brucei
in complex with alpha-difluoromethylornithine (PDB code
2TOD). ODC catalyzes the decarboxylation of ornithine to
produce putrescine, an essential precursor for the synthesis
of higher polyamines (spermidines and spermines), which
are vital for the normal and neoplastic cell growth (Deng
et al. 2008; Pegg 1988). Adenosine kinase is considered as a
drug target for chemoprevention of trypanosomiasis because
the causative organism of the disease, trypanosomes, lacks
de novo purine synthesis and solely depends on salvage
from their host (Kuettel et al. 2011). Adenosine kinase (PDB

code 2XTB) is a key enzyme in the purine salvage pathway,
catalyzing the transfer of gamma-phosphate from adenosine
triphosphate to adenosine leading to the formation of ade-
nosine monophosphate (Kuettel et al. 2009). Sterols, which
are essential lipid components of eukaryotic membranes, are
biosynthesized by the catalytic action of sterol 14a-
demethylase (PDB code 4H60). This enzyme has been
considered as a target for anti-fungal and anti-protozoan
chemotherapy (Andriani et al. 2013; Lepesheva et al. 20006).
The last in the list of enzymes included in this study is triose
phosphate isomerase (TIM; PDB code 4TIM) that catalyzes
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Fig. 9 Binding interactions of the highest ranked compounds from
Afrotryp library towards the six studied proteins according the three
scoring methods implemented in MOE. The top ranked candidates
according to Affinity dG, Alpha HB and London dG scoring methods

the interconversion between glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate in the glycolytic pathway
is another target employed in this study (Noble et al. 1991;
Bakker et al. 1999). The work of Olivares-Illana et al., which
reported that there are structure differences in mammalian
and trypanosomal TIM and the dependency of bloodstream
form of T. brucei on glycolytic pathway for energy meta-
bolism, prove that TIM is a target of choice for the treatment
of trypanosomiasis (Olivares-Illana et al. 2006).

Validation of docking protocol using MOE
The main results have been shown in Table 5. Docking

protocols used in this study for each of the scoring methods
implemented in MOE (Affinity dG, Alpha HB and London

@ Springer

are coloredin green, magenta and white, respectively. The proteins
with PDB codes 2B56=A, 2EWG=B, 2TOD=C, 2XTB=D,
4H60 =E and 4TIM =F (color figure online)

dG) were validated as described in the experimental section.
The recorded RMSD values between the X-ray crystallized
and the docked ligands ranged from 0.69 to 3.43 A with
only three out of eighteen determined RMSD values
exceeding 3.00 A. The parameters for the centroids and
dimensions of the retained grid boxes which gave RMSD
values > 3.00 A (that is the RMSD for 2TOD Affinity dG =
3.01 A, Alpha HB=3.43 A and 4H60 Alpha HB=3.06 A)
were used nonetheless, because they can be taken as 3.00 A
on approximation and The London dG and Alpha HB
docking methods gave the most interesting docking proto-
cols for the native ligands of the 4TIM complex (RMSD =
0.69 and 0.70 A, respectively). The mean RMSD values
observed for each of the three docking methods for all the
six complexes are 2.42, 2.35 and 1.50 A for Affinity dG,
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Table 7 Some physicochemical properties of the top scoring
compounds (toward 2B56 target as separately recorded by Alpha
HB, Affinity dG and London dG scoring functions) toward the six
studied proteins

Codes of top MW NRB HBA HBD LV LogP TPSA

scoring

compounds

BEN-008 426.73 1 1 1 7.82 35.90
BEN-010 414.72 1 1 1 8.07 51.14
BEN-013 42870 6 2 2 1 6.99 105.14
CMR-046 97124 22 11 2 3 9.88 245.12
CMR-056 821.06 17 9 3 2 8.53  259.90
CMR-066 428.75 1 1 1 9.11 31.84
CMR-103 34853 4 3 0 1 451 106.16
CMR-111 602.81 11 6 3 2 6.45  202.63
ETH-132 652.82 5 11 8 3 0.61 324.69
NIG-172 25643 14 2 1 1 6.14  100.68
NIG-203 268.49 16 1 0 1 7.28 61.28
NIG-227 28448 16 2 0 1 6.85 74.42
NIG-239 296.54 13 1 1 1 6.82 75.01
SAF-278 672.72 11 13 2 2 245 27355
SAF-281 734.84 16 14 3 2 344 247.99

Alpha HB and London dG, respectively. Unlike our earlier
work (Ntie-Kang et al. 2014), London dG scoring function
appears to be the most efficient docking method for this
current study since it gave the least RMSD values in all
docking protocols for the studied protein targets except for
(PDB codes: 2EWG and 4H60).

MOE docking calculations

Each of the three docking methods/scoring functions
implemented in MOE software suite was used to predict the
binding free energy of interaction between the compounds
in the Afrotryp dataset with the eight validated anti-Try-
panosoma protein targets. The lowest binding affinity for
each compound was selected from the recorded five top
scoring poses and used to plot the distributions shown in
Fig. 7 (also included as a supplementary file). The docking
scores of the three docking methods showed that the com-
pounds of the Afrotryp dataset take unique binding modes
within the binding site cavities of the proteins characterized
mainly by hydrophobic or lipophilic interactions.

The results shown in Table 6, indicate that the docking
scores of the datasets toward each of the studied protein
targets fall within the same range of <3 kcal/mol difference
except for the targets with PBD codes 2XTB and 4TIM
which have differences of about the double of -3; —5.24
and —5.99 Kcal/mol, respectively.

An analysis of the plots of the binding affinity distribu-
tions of the Afrotryp dataset toward the targets (Fig. 8) show,
on the general, that the three docking schemes implemented
in MOE software suite scored the compounds in a similar
pattern but in varying energy grades. It was observed that the
Affinity dG docking method assigned the lowest binding
affinities to the greater proportion of the compounds docked
toward the targets with PDB codes 2B56, 2EWG, 2MO9H,
2XTB and 4TIM. On the other hand, as we have observed
and reported in our work (Ntie-Kang et al. 2014), Alpha HB
scoring function gave higher proportion of the compounds
with lower docking scores than the reference ligands for five
targets (2B56, 2EWG, 4TIM and 2XTB) when compared
with the other two scoring functions.

Binding mode of top scoring compounds

Docking calculation results revealed that the Afrotryp
dataset adopted preferential conformations within the
binding cavity of the studied proteins. The three scoring
methods have different compounds as the top scoring can-
didate for a protein target in all the cases except for sterol
14a-demethylase (PDB code: 4H60) where Alpha HB and
London dG have the same compound as the top scoring
candidate.

The best docked conformations of the three top scored
compounds (octadecanal (NIG-203): AG=-20.76 Kcal/
mol, xanthochymol (CMR-111): AG=-22.31 Kcal/mol, f-
sitosterol (BEN-010): AG =-23.94 Kcal/mol) according to
Affinity dG, Alpha HB and London dG scoring methods
respectively suggest that molecules with lipophilic moieties
at one end and hydrophobic moieties at another end is
necessary for maximal interaction with the binding site
residues of the UTF (PDB code=2B56) (Fig. 9a). The
compounds made major hydrogen bonding with Tyr274,
Gly274, Asn277, Glu424 and Arg435 residues and sig-
nificant hydrophobic interactions with the alkyl groups of
Leu9s, 285, Tyr89 and Val323.

It appeared that the structure of sitosterol (BEN-010)
allowed it to better accommodate itself within the inner side
of the hydrophobic pocket which could have accounted for
its highest affinity for the UTF as scored by London dG.
Rohituka-7(SAF-278) (AG =-18.34 Kcal/mol), p-sitosterol
(BEN-010)(AG =-20.18 Kcal/mol) and trichilia A (NIG-
227) (AG=-21.02 Kcal/mol) were ranked topmost by each
of the respective scoring functions implemented in MOE
Dock Tool. The poses of these compounds (Fig. 9b) showed
that all the three communicated with FDS by making three
hydrogen bonds with the NH of Lys47, 367 and Arg365.
This binding mode indicates that interactions with these
three residues are important for the inhibition of this
enzyme activity.
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Fig. 10 2D chemical structures of the top scoring compounds from Afrotryp dataset

Furthermore, while the lipophilic moieties of the three
compounds made contact with the polar ends of Leul00,
Lys212 and 278, the hydrophobic part of the compounds
especially took advantage of the non-lipophilic portions of
the residues to establish interaction with the protein. Each of
the compounds with the lowest binding energy as scored by
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the respective docking methods in MOE (NIG-239: AG=
—22.92 Kcal/mol, ETH-132: AG=-17.65 Kcal/mol, BEN-
008: AG=-14.34 Kcal/mol), adopted unique poses within
the binding site cavity of ODC (Fig. 9c). Nonetheless,
hydrophobic contacts are found between all the three
compounds and the aromatic rings of Tyr331, 389 and the
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alkyl group of Val392. It appears that the nature of Alpha
HB calculations (i.e. geometrically fitting the ligands into
the binding site of protein target) favored the bulky gluco-
side moiety of arjunglucoside (ETH-132) which got
accommodated in Ala69, Glu94 and Ser91 surrounded
pocket. The activity of adenosine kinase was most inhibited
by p-friedelinol (CMR-066) (AG=-15.08 Kcal/mol), B-
sitosterol (BEN-010) (AG =-14.89 Kcal/mol) and methyl-
hexadecanoate (NIG-227) (AG=-14.36 Kcal/mol) as
recorded by the respective scoring functions in MOE
(Fig. 9d).

It appears hydrophobic interactions with Phel69, 200
aromatic rings and the alkyl side chain of Leul38 are per-
tinent for optimal interaction with the protein target because
all the top scored compounds made contacts with them. The
pose of London dG top scored ligand allowed its ester
moiety to make hydrogen bonds with Ser64, Gly63, 65 and
Cys12 amino acid. On the other hand, the Affinity dG and
Alpha HB top scored compounds for the adenosine kinas
protein used their OH groups to have a lipophilic inter-
course with the polar ends of Ala37, le38 and Leu39 while
still maintaining a hydrophobic relationship with the non-
lipophilic parts of these residues. Affinity dG docking
method identified guttiferone A(CMR-056) as the top
scoring candidate while both Alpha HB and London dG
ranked its derivative, 13,14-bis-O-3,3-dimethylacryloylate-
guttiferone A (CMR-046), as the best docked compounds
toward sterol 14a-demethylase (Fig. 9¢). The observed n—=n
interactions between the aromatic rings of Phe110, Tyr103,
116 and the central benzene ring of the compounds suggest
its importance for affinity towards the protein target. Except
for the conspicuous hydrogen bonds with Tyr116 and
Vall 14 residues, the best poses revealed that hydrophobic
forces mainly account for the fitting of the compounds into
the large non-lipophilic binding site groove of sterol 14a-
demethylase.

All the top scoring compounds identified by each of the
MOE Dock Tool, made hydrogen bonding with the Gly173
carboxylic group and Lys13 NHmoiety at the binding site
of TIM (Fig. 9f). The best scored compound by Affinity dG
docking scheme (BEN-013), had two significant lipophilic
contacts with the NH groups of Glu97 and Gly235 and
further proceed to have hydrophobic communication with
alkyl side chain of Leu238 in order to strengthen its asso-
ciation with the protein. Alpha HB and London dG top
ranking compounds (NIG-172 and CMR-103, respectively)
had non-lipophilic contacts with the hydrophobic portions
of Arg98, Tyrl2 and Vall69, 1le169, Glu97, respectively
(Table 7, Fig. 10).

Physicochemical analysis of drug-like property, accord-
ing to Lipinski’s Ro5, of the individual top scoring com-
pounds shows that all of them would be orally bioavailable
in the biological system except the compounds CMR-046

and ETH-132 which violated more than two of the rules. In
addition, nine of the fifteen compounds with top ranking
scores can be developed into drugs for the treatment of the
second stage of HAT. This is because of their low polar
surface area, a crucial feature needed to permeate the BBB
to treat second stage of the disease.

Conclusion

We have developed 3D virtual library of potential anti-
trypanosomal compounds isolated from medicinal plants
grown in Africa. The low energy .mol2 files for the com-
pounds within the newly cureted dataset are available for
virtual screening (as a supplementary file), along with
additional tabular information describing the origins (plant
sources) of the compounds, compound classes, full com-
pound names, major authors and literature references.
ADME/T profile of Afrotryp library was evaluated and its
drug-likeness compared to that of DNP library. Appreciable
percentage of the compounds in Afrotryp library possesses
good ADME/T properties and even demonstrated an
enhanced drug-likeness over the DNP datasets. This study,
therefore, suggests that hits/leads discovered from Afrotryp
library will likely have acceptable ADME/T profile.
Docking calculations revealed 15 compounds with lowest
theoretical binding energies and the analysis of their binding
modes could lay the foundations for the rational develop-
ment of novel trypanocidal drugs. We hope to check the
stability of the complexes of the top scoring compounds
through molecular dynamic simulation, before moving
further to obtain/synthesize live compounds of successful
candidates in order to carry out biological testings to con-
firm the in silico results. We expect that the aftermath of this
work will be a novel anti-Trypanosoma molecule with
improved activity that is ready to go through clinical trial.
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