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Abstract: The parasite Trypanosoma brucei (T. brucei) is responsible for human African trypanosomiasis
(HAT) and the cattle disease “Nagana” which to this day cause severe medical and socio-economic
issues for the affected areas in Africa. So far, most of the available treatment options are accompanied
by harmful side effects and are constantly challenged by newly emerging drug resistances. Since
trypanosomatids are auxotrophic for folate, their pteridine metabolism provides a promising target for
an innovative chemotherapeutic treatment. They are equipped with a unique corresponding enzyme
system consisting of the bifunctional dihydrofolate reductase-thymidylate synthase (TbDHFR-TS)
and the pteridine reductase 1 (TbPTR1). Previously, gene knockout experiments with PTR1 null
mutants have underlined the importance of these enzymes for parasite survival. In a search for new
chemical entities with a dual inhibitory activity against the TbPTR1 and TbDHFR, a multi-step in
silico procedure was employed to pre-select promising candidates against the targeted enzymes from
a natural product database. Among others, the sesquiterpene lactones (STLs) cynaropicrin and cnicin
were identified as in silico hits. Consequently, an in-house database of 118 STLs was submitted to
an in silico screening yielding 29 further virtual hits. Ten STLs were subsequently tested against
the target enzymes in vitro in a spectrophotometric inhibition assay. Five compounds displayed
an inhibition over 50% against TbPTR1 as well as three compounds against TbDHFR. Cynaropicrin
turned out to be the most interesting hit since it inhibited both TbPTR1 and TbDHFR, reaching IC50

values of 12.4 µM and 7.1 µM, respectively.

Keywords: Trypanosoma brucei; human African trypanosomiasis; pteridine reductase 1 inhibitor;
dihydrofolate reductase inhibitor; sesquiterpene lactones; natural products; in silico screening

1. Introduction

The genus Trypanosoma contributes to the wide range of human-pathogenic parasites
that are responsible for tropical diseases, of which 20 are still classified as neglected tropical
diseases (NTDs) by the World Health Organization [1]. Although NTDs occur in 149 coun-
tries and put more than one billion people at risk, the available treatment options are still
widely insufficient. In addition to the high mortality rates, the consequences of the diseases
result in social stigmatisation, severe physical impairment of those affected and promote
poverty in the regions involved [2,3].

The unicellular eukaryotic blood parasite Trypanosoma brucei (T. brucei) is the cause
of human African trypanosomiasis (HAT, sleeping sickness) as well as the cattle disease
“Nagana”, which are transmitted by the tsetse fly (Glossina spp.). Both illnesses, caused by

Molecules 2022, 27, 149. https://doi.org/10.3390/molecules27010149 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27010149
https://doi.org/10.3390/molecules27010149
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-0666-2676
https://orcid.org/0000-0002-0443-5402
https://orcid.org/0000-0003-2634-9705
https://doi.org/10.3390/molecules27010149
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27010149?type=check_update&version=2


Molecules 2022, 27, 149 2 of 14

different subspecies of T. brucei, still represent a massive health burden for many countries
in Africa. HAT caused a variety of epidemiological outbreaks over the past century, which
have only started to decline in the past 20 years. Since the documentation of 33,000 cases
in the year 2000, the numbers have dropped below 1000 in 2019, which gives hope for
the elimination of HAT as a public health concern. This progress has been accelerated by
the recent introduction of the oral drug fexinidazole through the efforts of the Drugs for
Neglected Diseases Initiative (DNDi) and Sanofi. Its easy application and manageable
side effects differ significantly from the other medication options available, which are
accompanied by severe adverse reactions and require hospitalization as well as constant
medical supervision [4–6].

To prevent another relapse in the eradication of HAT, multiple factors need to be
considered: possible political or social instabilities of the affected areas and environmental
shifts as well as occurring epidemics of other illnesses could lead to increased infection
rates [7,8]. One of the biggest challenges is the highly adaptive nature of trypanosomes,
associated with their ability for immune evasion, that has so far prevented the successful
development of a vaccine [9]. On top of that, the parasites occasionally exchange genetic
information via sexual intercourse in the salivary glands of their vector, which increases
virulence and drug resistance [10]. The existing and foreseeable resistance developments
call for a constant addition of new drugs to the available treatment options, so that the
search for new chemical entities with antitrypanosomal activity remains an important goal.

In the past years, the trypanosomal pteridine metabolism has been explored as a new
drug target in the development of new chemotherapeutics against HAT. The family Try-
panosomatidae developed a pteridine auxotrophy due to reductive evolution and became
dependent on extracellular uptake of pteridines/folates. The corresponding enzymes of the
bifunctional dihydrofolate reductase-thymidylate synthase (DHFR-TS) and the pteridine
reductase 1 (PTR1) play a key role in the metabolization of pteridines and consequently in
cell survival [11]. Therefore, the dual inhibition of the mentioned enzymes would be highly
desirable for an anti-folate drug acting against Trypanosomatids [12].

The DHFR-TS enzyme consists of an N-terminal DHFR domain that connects to the
C-terminal TS domain via a linker peptide. Past studies of protozoan DHFR-TS indicated
that the coupling of both enzymes enables substrate channelling between the domains,
creating a tighter control of metabolic flux and a survival advantage for the parasites [13].
The DHFR is an oxidoreductase that selectively reduces 7,8-dihydrofolate (DHF) to 5,6,7,8-
tetrahydrofolate (THF) using NADPH as co-substrate. Catalysed by the glycine cleavage
system (GCS), THF can be transformed into 5,10-methylenetetrahydrofolate (CH2THF),
which serves as a C1-donor during the reductive methylation of deoxyuridine monophos-
phate (dUMP) to deoxythymidine monophosphate (dTMP) by the TS. This process secures
the sufficient supply of deoxythymidine for DNA biosynthesis [14].

The NADPH-dependent short-chain dehydrogenase-reductase PTR1 is an enzyme
unique to trypanosomatidae that ensures the metabolization of folates and other pteridines
in conjunction with DHFR. Under normal physiological conditions, it mainly catalyses the
reduction of its primary substrate pterin to tetrahydrobiopterin and only transforms 10%
of folate to THF. In the case of DHFR inhibition, the expression of PTR1 is upregulated
to provide THF for the upkeep of the folate metabolism. Furthermore, gene knockout
experiments with TbPTR1 null mutants resulted in a loss of virulence and viability in cell
cultures as well as animal models, highlighting the major significance of this enzyme for
parasite survival [15].

Due to the described metabolic bypass for THF synthesis, classic antifolates used in
cancer therapy against bacterial infections and malaria have no sufficient antitrypanosomal
or antileishmanial effect. Common drugs such as methotrexate, pyrimethamine and cy-
cloguanil are not selective towards the trypanosomal DHFR and demonstrate insufficient
inhibition of the PTR1 [16–18]. Hence, no antifolates have been used against HAT or other
trypanosomatid diseases up to now [18]. The search for potent lead structures is of great
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importance to enable a dual inhibition of both enzymes by one or more agents and therefore
enable the exploitation of the trypanosomal folate metabolism as a therapeutic target.

Past discoveries from natural product platforms have been an essential driving force
in the treatment and management of tropical diseases. The vast diversity of compounds
derived from plants, bacteria and marine organisms as well as fungi has been the funda-
mental pillar of traditional medicine and continues to provide inspiration for the design
of modern drugs [19]. In this context, sesquiterpene lactones (STLs), a particular class of
plant terpenoids with an impressive range of biological activities [20], have displayed very
promising antitrypanosomal activity which has made some of them highly interesting lead
scaffolds for the development of new drugs against HAT [21,22].

In this work, we used a pharmacophore-based virtual screening of natural prod-
uct databases followed by an in vitro evaluation through spectrophotometric inhibition
assays to identify compounds with inhibitory activity against recombinant Trypanosoma
brucei dihydrofolate reductase (TbDHFR) and pteridine reductase 1 (TbPTR1). Various
STLs were among the in silico hits and were consequently tested in vitro for inhibition of
both enzymes.

2. Results
2.1. In Silico Investigation of Natural Products as Potential Inhibitors of TbPTR1 and TbDHFR

For the in silico simulation of protein–ligand interactions, five 3D protein structures of
the Trypanosoma brucei pteridine reductase 1 (TbPTR1) and two structures of the dihydrofo-
late reductase (TbDHFR) were chosen from the Protein Data Bank (PDB), each containing
a co-crystallized compound with an experimentally verified inhibitory activity as well as
the co-substrate NADP. Using the software Molecular Operating Environment (MOE), a
complex- as well as a target-based pharmacophore model was created for each structure,
based on the particular features of the binding pocket and co-crystallized inhibitor of each
PDB entry, resulting in 14 pharmacophore models (for details see Section 4.1.3.).

A natural product database containing 1100 commercially available natural com-
pounds was filtered for drug-like substances applying Lipinski’s rule of five, resulting in
737 natural products. The ten most favourable low-energy conformers of each compound
were subjected to a pharmacophore-based virtual screening (for details see Section 4.1.4.),
followed by molecular docking simulations (for details see Section 4.1.5.). After applying
an induced fit docking approach, the best ranking hits of the pharmacophore screening
yielded two STLs as virtual hits among the wide range of diverse natural products: the
germacranolide-type STL cnicin (1) (a constituent of Centaurea benedicta (L.) L. (synonym
Cnicus benedictus L.), Asteraceae) appeared as a top hit for the TbPTR1 protein model
“4CMK” and the guaianolide-type STL cynaropicrin (2) from artichoke (Cynara cardun-
culus L., Asteraceae) for the TbDHFR model “3RG9”. To illustrate the rather favourable
predicted binding of STLs 1 and 2 to the enzymes under study, their highest scoring docking
poses in the respective substrate binding pockets are shown in Figures 1 and 2.

Figure 1A depicts the energetically most favourable docking conformation of cnicin in
the TbPTR1 binding pocket (model “4CMK”, S-score =−8.69 kcal/mol). The protein–ligand
complex generated by MOE shows the voluminous germacrene scaffold fitting comfortably
near the predominantly lipophilic rim of the catalytic cavity formed by Phe171 and further
amino acids. The ester side chain attached to C-6 of 1 is oriented towards the centre of the
binding pocket, its diol substructure forming hydrogen bonds with the oxygen atoms of
the NADP phosphate linker. Furthermore, the carboxyl group of the lactone substructure
acts as an H-bond acceptor for the thiol proton of Cys168.

Figure 1B portrays the top docking conformation of cynaropicrin in the TbDHFR
catalytic side (model “3RG9”, S-score = −7.79 kcal/mol). The guaianolide ring system is
located in the lipophilic hollow near the border of the binding pocket. The software MOE
postulates a carbon atom in position 6 as well as the hydroxyl group acting as H-bond
donors for the sulfide of the closely located Met55.
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Figure 1. (A) Best scoring docking conformation for cnicin (1, carbon atoms coloured in cyan) in
the binding pocket of TbPTR1 (ID: „4CMK“) with co-crystallized NADP (carbon atoms coloured
in yellow). The molecular surface is coloured according to lipophilicity with lipophilic areas in
green and hydrophilic areas in purple. Co-crystallized solvent not shown; (B) Best scoring docking
conformation for cynaropicrin (2, carbon atoms coloured in cyan) in the binding pocket of TbDHFR
(ID: “3RG9”) with co-crystallized NADPH (carbon atoms coloured in yellow). The molecular surface
is coloured according to lipophilicity with lipophilic areas in green and hydrophilic areas in purple.
Co-crystallized solvent not shown.

Figure 2. Cont.
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Figure 2. Chemical structures of the STLs tested in vitro.

Following the in silico prediction that cnicin and cynaropicrin are inhibitors of the en-
zymes under study, an in house collection of 118 STLs of various structural subclasses from
our previous work [22] was also submitted to the pharmacophore-based virtual screening
and docking procedure as outlined above. The top hits from the docking simulations are
depicted in Figures S17–S21 for TbPTR1 and Figures S22 and S23 for TbDHFR (Supplemen-
tary Materials), respectively. Overall, 29 further compounds displayed favourable docking
scores against one or both enzymes. Based on their availability, eight of these compounds
were hence chosen, along with 1 and 2, to be tested for their potential inhibitory activity
against the two enzymes in vitro.

2.2. In Vitro Evaluation of the In Silico Hits against TbDHFR and TbPTR1

Both TbDHFR and TbPTR1 were obtained by recombinant expression in E. coli and
enzyme inhibition assays established based on previous reports [23–25].

The ten selected STLs identified as hits in silico (structures see Figure S3; the structures
of the remaining 21 in silico hits are shown in Supplementary Materials Table S1) were
initially tested in vitro by determining their relative inhibitory potency at a set concentration
(% inhibition of activity at 100 µM for TbPTR1; 50 µM for TbDHFR) using recombinant
TbPTR1 and TbDHFR. In cases where the relative inhibition thus determined was >50%,
the half maximal inhibitory concentration (IC50) or half maximal effective concentration
(EC50) values of the compounds were determined by recording concentration–effect curves
(for details see Section 4.9 and Supplementary Materials Figures S24–S30). The determined
relative inhibition as well as the respective IC50 or EC50 values are listed in Table 1 for both
investigated enzymes.

All ten STLs tested in vitro (Figure 2) showed more than 10% relative inhibition of
TbPTR1 at a concentration of 100 µM (hit rate = 100%), five of them inhibiting over 50%
of the enzyme activity and thus qualifying for determination of IC50 values. Due to
solubility issues, IC50 values could not be determined in the case of the germacranolide-
type STLs cnicin (1) as well as (Z)-eucannabinolide (5), so EC50 values are reported for
these compounds.

Eight of the ten compounds that were tested against TbDHFR in vitro were active
against the enzyme at 50 µM (hit rate = 80%). In this case, three STLs were able to inhibit
TbDHFR over 50%.

The STLs 1–5 displayed more than 50% inhibition of TbPTR1, with compound 2
achieving the lowest IC50 value at 12.4 µM. Of the five more potent TbPTR1 inhibitors,
compounds 2 (IC50 = 7.1 µM) and 3 (IC50 = 13.3 µM) also inhibited the TbDHFR over
50%, while compounds 1 and 4 showed moderate to low activity against this enzyme. No
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TbDHFR inhibition could be detected for compound 5. Cynaropicrin (2) hence turned out
as the most potent dual inhibitor of the compounds under study.

Table 1. Inhibitory activity of the sesquiterpene lactones tested in vitro against TbPTR1 and TbDHFR.
The IC50 values for in vitro growth inhibition of T. brucei rhodesiense as available in the literature are
reported for comparison only.

Compound
TbPTR1 TbDHFR T. brucei

rhodesiense

Inhibition at
100 µM (%)

IC50
(µM)

Inhibition at
50 µM (%)

IC50
(µM) IC50 (µM) Reference

1 63.9 21.2 a 15.2 0.4 [26]
2 92.1 12.4 95.8 7.1 0.3 [26]
3 73.1 40.5 63.8 13.3 1.3 [27]
4 79.9 30.5 34.9 0.1 [21]
5 58.1 31.5 a n.i. 1.7 [28]
6 33.1 n.i. 0.8 [28]
7 25.6 48.7 1.6 [29]
8 14.2 40.7 2.7 [28]
9 28.5 95.9 n.d. 2.6 [28]

10 26.7 20.1 4.0 [28]
a EC50 values; n.i., no inhibition; n.d., not determined.

3. Discussion

In the present work, we aimed for the identification of inhibitors of the pteridine-
metabolizing enzymes TbPTR1 and TbDHFR to interrupt the folate and pteridine metabolism
of T. brucei. In T. brucei, the correct function of the TbPTR1 alone is indispensable for the
upkeep of pteridine metabolism so that TbPTR1 inhibitors can be useful as new drug leads,
whereas the inhibition of TbDHFR alone would not be sufficient to fight the parasite in an
efficient manner [15]. However, dual inhibitors affecting both enzymes simultaneously can
be conceived to be more efficient trypanocides than compounds inhibiting either one of
these enzymes, so that we included both enzymes in the present in silico and in vitro study.

Natural products have in many cases shown very promising activity against protozoan
parasites, including T. brucei [30,31]. Our group has therefore continuously searched for
new antiprotozoal compounds of natural origin. Thus, the present study was initially based
on a chemically diverse library of commercially available natural products. As part of the
results emerging from our group’s work in the past, various natural products from the
class of sesquiterpene lactones (STLs) were found to represent very interesting hits against
T. brucei [32]. Extensive structure–activity relationship studies were carried out over the
years to explain and distinguish the antiprotozoal effects of STLs [21,22,33,34]. Due to their
very prominent activity against T. brucei, some STLs represent an interesting substance
class for the lead discovery against HAT. Notably, two STLs (1 and 2) were found among
the in silico hits of the initial virtual screening (VS) of the present study. Therefore, the
STLs of our in-house library were also subjected to the VS protocol against the enzymes
under study and a variety of 29 further in silico hits were thus found.

The α-methylene-γ-lactone group characteristic to most sesquiterpene lactones con-
tains a reactive α, β-unsaturated carbonyl group. This Michael acceptor is a strong alkylat-
ing agent of bionucleophiles (especially SH groups) and has been proven essential for many
biological activities of STLs, including their antitrypanosomal potential [21,22,30,33–35].
Even though it cannot be proven experimentally at present, it appears conceivable that
formation of a covalent bond with Cys168 in the catalytic centre of TbPTR1 could be in-
volved in the inhibitory activity of some STLs on this enzyme. Even though the force
field-based docking protocol used in this study does not simulate formation of covalent
bonds, the vicinity of the thiol group of Cys168 and the reactive exomethylene group in the
best docking poses of cnicin (1; compare Figure 1) and some other STLs would indicate that
such an alkylation may be possible. Experimental investigations on the inhibition kinetics
of 1 and 2 will have to be conducted to corroborate this hypothesis. However, the noticeable
difference in the activities of the various tested STLs—all equipped with a reactive structure
element of this type—suggest that their specific affinity toward the target enzymes is not
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based on the putative covalent interaction of the reactive α-methylene-γ-lactone groups
alone. The relatively large lipophilic parts of the sesquiterpene lactones’ core scaffolds
would be favourable for strong hydrophobic interactions with the predominantly nonpolar
areas of the binding pockets of both TbPTR1 as well as TbDHFR [20]. However, the intensity
of possible covalent interactions of α, β-unsaturated substructures with amino acids of the
binding pocket will also depend strongly on steric feasibility, i.e., the overall geometry that
the STL can adopt within the restrictions of the binding site on the protein. Additionally,
the propensity for further stabilizing interactions such as hydrophobic, van der Waals
and H-bonding interactions are important for deciding whether an STL efficiently inhibits
the enzymes under study. Thus, only STLs 1–5 showed strong inhibitory activity against
TbPTR1 (>50% at 100 µM), and only compounds 2, 3 and 9 showed potent activity against
TbDHFR (Table 1).

We demonstrated that out of the investigated sesquiterpene lactones, compounds 2
and 3 are dual inhibitors, affecting both enzymes with similar potency. Furthermore, 1 and
4 also inhibit both enzymes, but their effect against TbDHFR is much weaker than that
against TbPTR1. It is noteworthy that all the identified compounds had previously been
shown to inhibit the growth of T. brucei rather potently in phenotypic cellular assays, with
IC50 values between 0.1 and 4 µM. These IC50 values of antitrypanosomal activity are well
below those found with the isolated enzymes in the course of this study. Furthermore, it
becomes clear that STLs such as, e.g., 10, which do not show particularly strong activity
against either enzyme, may still possess considerable antitrypanosomal activity. These
findings clearly indicate that inhibition of these enzymes is not likely to represent the sole
mechanism of action of the identified hits.

Most notably, cynaropicrin 2 from Artichoke (Cynara cardunculus, Asteraceae) [26],
representing the strongest dual inhibitor of the present study with IC50 of 12.4 µM against
TbPTR1 and 7.3 µM against TbDHFR, is known to be a very potent inhibitor of T. brucei
growth (IC50 = 0.3 µM) and has also been proven to possess in vivo activity against the
parasite in an acute mouse model [36]. The antitrypanosomal mechanism of action of
2—similar to that of other STLs—is not fully understood. It has been connected with
the trypanothione redox system in T. brucei [37]. Our present study reveals the pteridine
metabolism as a second target of this highly interesting natural compound in T. brucei,
offering further explanation for its impressive antitrypanosomal effect.

The 9β-hydroxyparthenolide-ester 3 (Inula montbretiana, Asteraceae) had also demon-
strated to have quite potent antitrypanosomal activity in T. brucei cell assays (IC50 = 1.3 µM)
in the past [27] and, in the present study, exhibited potent inhibitory activity against both en-
zymes, although it had a stronger affinity towards TbDHFR (IC50 = 13.3 µM) compared with
TbPTR1 (IC50 = 40.5 µM). In addition to 2, it may hence be another interesting candidate for
further studies.

In conclusion, the STLs identified in this study, especially the dual inhibitors 2 and 3,
as disruptors of a parasite-specific vital metabolic process in T. brucei, represent a promising
starting point for structure optimization aiming at even more potent inhibitors of T. brucei
pteridine metabolism. The newly gained knowledge about compounds 2 and 3 belonging to
the few known compounds with dual inhibitory activity against TbPTR1 and TbDHFR can
be used in the search for inhibitors of related enzyme systems in other human pathogenic
trypanosomatids in the future. The present results, furthermore, add an interesting aspect
to the knowledge on the antitrypanosomal mechanism(s) of action of STLs.

Finally, it must be mentioned that the initial virtual screening of the natural product
library yielded a variety of further non-STL hits, which are currently under study and will
be the subject of a subsequent communication.
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4. Materials and Methods
4.1. In Silico Procedure

All in silico experiments were carried out using the software Molecular Operating
Environment (MOE, Chemical Computing Group, Montreal, QC, Canada) v. 2018.0101
applying the integrated force field MMFF94x (Merck Molecular Force Field) [38].

4.1.1. Preparation of the Respective 3D Protein Structures

To allow in silico predictions about possible interactions of natural products with the
enzymes under study, TbPTR1 and TbDHFR, 3D protein structures of the enzymes were
retrieved from the Protein Data Bank (PDB) of the Research Collaboratory for Structural
Bioinformatics (RCSB) [39]. Five 3D models were chosen in case of TbPTR1 (PDB-IDs
“2 × 9G”, “3MCV”, “4CMJ”, “4CMK” and “5JDI” [40–43]) as well as two models of TbDHFR
(PDB-IDs “3QFX” and “3RG9” [44,45]). Initially, incomplete or missing terminal amino
acids of the protein models that may arise from the X-ray crystallographic data were
detected and corrected by the software (MOE: Compute→ Prepare→ Structure Preparation→
Correct). Next, the enzyme model was virtually titrated at a set temperature and pH (27 ◦C,
pH 7.0) to adjust the ionisation stage of basic and acidic amino acid side chains and assign
the hydrogen atoms accordingly (MOE: Compute→ Prepare→ Protonate 3D). Subsequently,
an energy minimization was carried out to relax the protein structure within the conditions
of the assigned force field. To prevent a significant change in the experimentally determined
protein structure, this process was performed incrementally by fixing the positions of all
heavy atoms, only allowing gradual movement within a radius of 0.5 to 1.5 Å (MOE:
Compute → Energy Minimize; Atoms: Tether). Finally, an energy minimization without
constraints was performed, leading to fully relaxed protein structures for further study.

All following experiments were carried out with the 3D models thus optimized,
including their respective co-crystallized inhibitors and co-substrate NADP.

4.1.2. Natural Product Databases

In this work, a virtual library containing 3D structures of diverse natural products,
commercially available from Phytolab GmbH (Vestenbergsgreuth, Germany), was consid-
ered for virtual screening.

The “Rule of Five” by Lipinski et al. was applied as a filter to narrow down the
databases to drug-like compounds. The descriptor “lip-druglike” returns a value of 1 if more
than one violation with Lipinski’s rule is noted; compounds with a descriptor value > 0 were
hence omitted [46]. After generating their 3D structures with MOE, all remaining 737 drug-
like compounds in the database compounds underwent a low mode molecular dynamics
conformational search (LowModeMD) to determine the most favourable conformations
for each natural product. An energy threshold of 3 kcal/mol above the lowest energy
conformer was applied, and the conformation limit was set to ten for each compound.
The resulting conformers were collected in separate databases and used for the following
virtual screening process.

Following the observation that two sesquiterpene lactones from this database (cnicin
(1) and cynaropicrin (2)) were predicted in silico to be inhibitors (hits) and proven active
against the enzymes in vitro, an in-house virtual library from our previous studies [34]
consisting of 120 sesquiterpene lactone structures was filtered according to Lipinski’s rule,
with 118 STLs remaining for further investigation.

4.1.3. Pharmacophore Design

Aiming to limit and refine the selection of test compounds which would undergo
further in silico studies (docking simulations), two different pharmacophore hypotheses
were created for every protein structure: (a) a complex-based pharmacophore to define
the crucial interactions of the co-crystallized inhibitor with the nearby amino acids of the
catalytic cavity and (b) a mere target-based pharmacophore wherein only the structure and
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properties of the binding pocket were taken into consideration. Possible interactions with
the co-crystallized co-substrate NADP were taken into account during both strategies.

All interactions detected by the software were computed and visualized (MOE: Com-
pute→ Ligand Interactions). Each supramolecular interaction with a calculated energy of
≤−1 kcal/mol was ranked accordingly and represented as a feature sphere in the 3D model
(MOE: New→ Pharmacophore Query→ Feature). Each sphere contained information about
the type of interaction and its estimated radius (radius between 1.0 and 1.4 Å, as suggested
by MOE). All postulated interactions were reviewed, and missing interactions were inte-
grated by hand if necessary. Depending on the model, between 5 and 20 feature spheres
were created. To eliminate compounds that would collide with the protein binding pocket
due to their geometry or size, so-called exclusion spheres were drawn around each atom of
the protein and co-substrate, excluding the solvent and ligand molecules. The volume of
the spheres was adjusted individually to avoid collisions with the co-crystallized inhibitor.
The pharmacophores were considered validated if the co-crystallized inhibitor could be
identified using the complete set of feature spheres during a screening. All complex- and
target-based pharmacophore models are presented in the Supplementary Materials Figures
S1–S14.

4.1.4. Virtual Screening

The obtained pharmacophores were used as a 3D query to filter the natural product
libraries during a virtual screening (MOE: Pharmacophore Editor→ Search; Results: Conforma-
tions; Hits: Best Per Molecule). Initially, all feature spheres were included. If this resulted
in the identification of fewer than ten matching compounds from the screened database,
the structural requirements for the substances were gradually reduced by decreasing the
number of spheres according to their ranking until 10 to 120 hits were obtained (MOE:
Pharmacophore Editor, Partial Match: All but).

4.1.5. Docking Simulations

The hits obtained from the virtual screening were subjected to a two-step docking
simulation to predict their preferred orientation within the binding pocket of each enzyme
model (MOE: Compute→ Dock).

The calculated Gibbs energy (∆G) arising from the generated protein–ligand com-
plexes (docking poses) was used as a scoring parameter (MOE: London dG). The docking
conformations were transferred to a separate database along with their S-scores. The S-
score corresponds to the simulated free energy in kcal/mol of each complex. Thus, a more
negative value implies a spontaneous reaction; therefore, all docking poses were ranked by
ascending S-score.

To validate each docking simulation and to obtain an estimate for the binding affinity
(S-scores) in comparison with a known inhibitor, a so-called self-dock of the co-crystallized
inhibitors with their corresponding protein model was performed in each case using the
induced fit mode. The poses generated from the self-dock were compared with the experi-
mentally obtained conformation and generally yielded binding modes and orientations
very similar to the experimental ones. The lowest S-score from each self-dock was selected
for each 3D protein structure and used as reference for all following docking simulations
with that particular protein model.

The docking-based screening was performed in two stages: During the first stage
of the docking process, only the low molecular natural products were placed inside the
catalytic cavity in different conformations or tautomers, but the protein structure was not
treated as a flexible entity (MOE: Rigid Receptor). The ten top docking poses obtained
by this procedure were subjected to a second round of docking simulation during which
the possible conformations of the compound as well as the amino acids of the binding
pocket were simulated flexibly (MOE: Induced fit). The five top hits from the induced
fit docking with each pharmacophore model qualified to be tested experimentally in
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spectrophotometric inhibition assays. Based on their availability, ten of these STLs were
chosen for experimental evaluation.

4.2. Recombinant Expression and Purification of TbPTR1

For the heterologous expression of the Trypanosoma brucei PTR1, an already trans-
formed E. coli BL21 (DE3) strain was used, kindly provided by the working group of Prof.
Dr. M. Paola Costi (Modena, Italy). The strain contained the plasmid pET-15b::TbPTR1His
as vector, encoding for TbPTR1 controlled by the T7/lac promotor as well as an N-terminal
His6-Tag and a carbenicillin resistance gene [23].

Recombinant TbPTR1 was purified following a modified procedure by Sambrook and
Russell [25,45]. An overnight culture of the transformed E. coli BL21(DE3) cells was used
to inoculate 2 L Erlenmeyer flasks filled with 400 mL LB medium (1:1000) and incubated
until an optical density (OD578nm) of 0.6 to 0.9 was reached (4–6 h, 37 ◦C, 200 rpm). All
cultures were supplemented with 50 µg/mL carbenicillin. The expression was induced by
adding 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) to the culture, followed by
incubation overnight (20 h, 20 ◦C, 200 rpm). The cells were harvested by centrifugation
(4 ◦C, 10,000 rpm, 10 min) and resuspended in lysis buffer (50 mM Tris/HCl (pH 7.6),
250 mM NaCl), containing lysozyme (1 mg/mL), deoxyribonuclease I (DNase I, 1 mg/mL),
phenylmethanesulfonyl fluoride (PMSF, 1 mM) and benzamidine (1 mM). Second, mechan-
ical lysis was performed by sonication on ice. After recovering the soluble fraction of the
lysate through two additional centrifugation steps (4 ◦C, 10,000 rpm, 10 min), recombinant
TbPTR1 was purified by immobilized metal ion affinity chromatography (IMAC) using a
nitrilotriacetate (NTA-Ni2+) loaded column. Initially, the column was rinsed with washing
buffer (50 mM Tris/HCl (pH 7.6) and 250 mM NaCl, 20 mM imidazole), followed by elution
of the fusion protein in multiple fractions by adding buffers with increasing imidazole
concentrations (100–500 mM). A 12.5% polyacrylamide gel electrophoresis (SDS-PAGE) was
used to identify fractions containing the target protein, which were subsequently pooled
and further purified through dialysis (50 mM Tris/HCl (pH 7.6), 100 mM NaCl) for 4 h at
4 ◦C. Lastly, the lysate was supplemented with 20% glycerol for cryo protection and stored
in aliquots at −80 ◦C.

4.3. Cloning of TbDHFR into E. coli BL21(DE3) Host Strain

The genomic sequence coding for Trypanosoma brucei brucei DHFR-TS available in
Genbank server (Gene ID: 3658761) was utilized to design a suitable vector for the overex-
pression of TbDHFR in E. coli. The DNA fragment containing the TbDHFR sequence was am-
plified with Phusion DNA polymerase (Thermo Fisher Scientific, Bonn, Germany) using the
forward and reverse primers KP01 (5′-CACCATCACCATCATATGCTGAGTCTGACCCGT
ATTC-3′) and KP07 (5′-CAGCCGGATCCGTTATTCTCGCTGTTACGCGGAAC-3′) (Eu-
rofins MGW Operon, Ebersberg, Germany). The backbone from pET-11D-kduD (Merck
KGaA, Darmstadt, Germany) [47] was amplified with primers SB001 (5′-TAACGGATCCGG
CTGCTAAC-3′) and MS41 (5′-ATGATGGTGATGGTGGTGCATG-3′) and the original tem-
plate DNA removed by DpnI digestion. The PCR products were loaded on a 1% agarose
gel (110 V for 50 min) for electrophoretic separation, purified using the QIAquick Gel
Extraction Kit (Qiagen, Hilden, Germany) and combined to a plasmid by In-Fusion HD
EcoDry cloning kit (Clontech, Saint-Germain-en-Laye, France). The obtained plasmid
was transformed into E. coli Stellar competent cells (Invitrogen) and grown on LB agar
containing 100 µg/mL carbenicillin (6 h, 37 ◦C). Positive clones containing the insert genes
were screened by PCR amplification and cultured in 10 mL LB medium overnight (37 ◦C,
200 rpm). The plasmid was purified using the innuPREP Plasmid Mini Kit (Analytik Jena,
Jena, Germany) and analysed by Seqlab (Goettingen, Germany). The correct construct
encoding TbDHFR with an N-terminal His6-Tag and a carbenicillin resistance gene under
the control of the T7/lac promotor was labelled pKP03 and transformed into E. coli strain
BL21(DE3) for heterologous expression.
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4.4. Recombinant Expression and Purification of TbDHFR

The expression and purification procedure for TbDHFR was performed in a manner
analogous to Section 4.2. During the resuspension process of the cell pellet, 2-mercaptoethanol
(BME, 7 mM) was added to the lysis buffer to ensure a reducing environment. Again,
mechanical lysis was performed by sonication on ice. The soluble fraction of the lysate
was collected after centrifugation (Section 4.2.) and TbDHFR was purified by IMAC. After
rinsing the column with washing buffer (50 mM Tris/HCl (pH 7.6), 250 mM NaCl, 20 mM
imidazole), the fusion protein was eluted by adding buffers with increasing imidazole
concentrations (50 and 500 mM). A 12.5% SDS-PAGE was employed to monitor fractions
containing the target protein, which were pooled and dialysed in reducing conditions
(50 mM Tris/HCl (pH 7.6), 100 mM NaCl, 10 mM dithiothreitol (DTT)) for 4 h at 4 ◦C. The
lysate was supplemented with 20% glycerol and stored in aliquots at −80 ◦C.

4.5. Kinetic Characterization of TbPTR1

The concentration and the activity of TbPTR1, as well as the saturating conditions
of its substrate and co-substrate were determined by monitoring the oxidation of the co-
substrate NADPH to NADP+ via UV/Vis spectroscopy (Hitachi U-2900, Tokyo, Japan).
All measurements were observed for 250 s at 340 nm and a constant temperature of 30 ◦C.
The experiments were carried out as triplicates using buffer A (50 mM Tris/HCl (pH 7.6),
250 mM NaCl).

The concentration of TbPTR1 was 3.23 mg/mL. Its specific activity was calculated to
be 0.03 U/mg. All experiments were carried out using the saturating concentrations of folic
acid (8 µM) and NADPH (150 µM). The diagrams for the determination of the saturating
conditions are depicted in the Supplementary Materials Figure S15.

4.6. Kinetic Characterization of TbDHFR

Kinetic analysis of TbDHFR was performed according to 4.5. All measurements were
carried out as triplicates using buffer B (50 mM Tris/HCl (pH 7.6), 250 mM NaCl, 10 mM BME).

The concentration of TbDHFR was 0.04 mg/mL with a specific activity of 38.1 U/mg.
All experiments were carried out using the saturating concentrations of dihydrofolate
(DHF, 50 µM) and NADPH (150 µM). The diagrams for the determination of the saturating
conditions are depicted in the Supplementary Materials Figure S16.

4.7. Test Compounds

STLs 1 and 2 were generously donated by Phytolab GmbH (Vestenbergsgreuth, Ger-
many). Compounds 3–10 were isolated, and their antitrypanosomal activity was tested in
previous studies of our group [21,27–29].

4.8. Single Concentration Assays

To determine the relative inhibition of the in silico hits, an initial in vitro screening
was carried out under saturating conditions: TbPTR1 96.99 µg, NADPH 150 µM, folic
acid 8 µM in buffer A; TbDHFR 0.21 µg, NADPH 150 µM, DHF 50 µM in buffer B. The
compounds were prepared as 10 mM stock solutions in DMSO and tested at a set con-
centration (100 µM against TbPTR1; 50 µM against TbDHFR; different concentrations had
to be applied since TbDHFR was found to be more sensitive to DMSO; while TbPTR1
activity was not influenced by up to 1.5% DMSO, TbDHFR did not tolerate more than 0.5%
DMSO in the assay). All measurements were carried out as duplicates and compared with
a reference containing no inhibitor. The reference measurements were used to determine
the full catalytic activity of the respective enzyme (100%), and the relative catalytic activity
of all following measurements including inhibitors was calculated accordingly.

4.9. Determination of the IC50 Values

The compounds that were able to inhibit the activity of TbPTR1 or TbDHFR ≥ 50% in
the single concentration assays were further investigated by the determination of their half
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maximal inhibitory concentration (IC50), including at least five inhibitor concentrations. If
a complete inhibition of the enzyme could not be achieved experimentally due to the given
assay conditions, the half maximal effective concentration (EC50) was determined instead.
All measurements were carried out as triplicates against a reference containing no inhibitor
at saturating conditions (Section 4.8). The documented enzyme activity was analysed by
nonlinear regression using GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA).

Supplementary Materials: The following are available online, Figure S1: Molecular structures of the
sesquiterpene lactones identified as top hits during the pharmacophore-based in silico screening,
Figure S2: Complex-based pharmacophore hypothesis based on the TbPTR1 binding pocket (ID:
„2X9G“), Figure S3: Target-based pharmacophore hypothesis based on the TbPTR1 binding pocket (ID:
„2X9G“), Figure S4: Complex-based pharmacophore hypothesis based on the TbPTR1 binding pocket
(ID: „3MCV“), Figure S5: Target-based pharmacophore hypothesis based on the TbPTR1 binding
pocket (ID: „3MCV“), Figure S6: Complex-based pharmacophore hypothesis based on the TbPTR1
binding pocket (ID: „4CMJ“), Figure S7: Target-based pharmacophore hypothesis based on the
TbPTR1 binding pocket (ID: „4CMJ“), Figure S8: Complex-based pharmacophore hypothesis based
on the TbPTR1 binding pocket (ID: „4CMK“), Figure S9: Target-based pharmacophore hypothesis
based on the TbPTR1 binding pocket (ID: „4CMK“), Figure S10: Complex-based pharmacophore hy-
pothesis based on the TbPTR1 binding pocket (ID: „5JDI“), Figure S11: Target-based pharmacophore
hypothesis based on the TbPTR1 binding pocket (ID: „5JDI“), Figure S12: Complex-based pharma-
cophore hypothesis based on the TbDHFR binding pocket (ID: „3QFX“), Figure S13: Target-based
pharmacophore hypothesis based on the TbDHFR binding pocket (ID: „3QFX“), Figure S14: Complex-
based pharmacophore hypothesis based on the TbDHFR binding pocket (ID: „3RG9“), Figure S15:
Target-based pharmacophore hypothesis based on the TbDHFR binding pocket (ID: „3RG9“), Figure
S16: Experimental determination of the saturating conditions of folic acid and NADPH for TbPTR1,
Figure S17: Experimental determination of the saturating conditions of dihydrofolate (DHF) and
NADPH for TbDHFR, Table S2: Top Hits for the 3D protein model 2 × 9G according to their complex-
and target-based pharmacophore hypothesis, Table S3: Top Hits for the 3D protein model 3MCV
according to their complex- and target-based pharmacophore hypothesis, Table S3: Top Hits for the
3D protein model 4CMJ according to their complex- and target-based pharmacophore hypothesis,
Table S4: Top Hits for the 3D protein model 4CMK according to their complex- and target-based
pharmacophore hypothesis, Table S5: Top Hits for the 3D protein model 5JDI according to their
complex- and target-based pharmacophore hypothesis, Table S6: Top Hits for the 3D protein model
3QFX according to their complex- and target-based pharmacophore hypothesis, Table S7: Top Hits for
the 3D protein model 3RG9 according to their complex- and target-based pharmacophore hypothesis,
Figure S18: Determination of the EC50 value of compound 1 for TbPTR1, Figure S19: Determination of
the IC50 value of compound 2 for TbPTR1, Figure S20: Determination of the IC50 value of compound
3 for TbPTR1, Figure S21: Determination of the IC50 value of compound 4 for TbPTR1, Figure S22:
Determination of the EC50 value of compound 5 for TbPTR1, Figure S23: Determination of the IC50
value of compound 2 for TbDHFR, Figure S24: Determination of the IC50 value of compound 3
for TbDHFR.

Author Contributions: Conceptualization, T.J.S.; methodology, T.J.S., F.C.H., J.J., M.P.C. and K.P.;
investigation, K.P.; resources, T.J.S. and J.J.; data curation, K.P. and T.J.S.; writing—original draft
preparation, K.P. and T.J.S.; writing—review and editing, F.C.H., J.J. and M.P.C.; supervision, T.J.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All molecular modelling data as well as raw data of the enzyme
inhibition study are available from the corresponding author on request.



Molecules 2022, 27, 149 13 of 14

Acknowledgments: The authors thank Phytolab GmbH (Vestenbergsgreuth, Germany) for the gener-
ous gift of compounds 1 and 2. Many thanks go to S. Schreiber and S. Kohaus (Münster) for their
support in the construction of the plasmid used for the expression of TbDHFR and for introducing
K.P. into biochemical work procedures related to heterologous protein expression. Part of this work
was performed as a collaboration of T.J.S. and M.P.C. within the COST action CM 1307 “Targeted
Chemotherapy towards Diseases Caused by Endoparasites”.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of compounds 1 and 2 are commercially available. Samples of com-
pounds 3–10 are available from the authors.

References
1. Neglected Tropical Diseases-Global. Available online: https://www.who.int/health-topics/neglected-tropical-diseases#tab=tab_1

(accessed on 22 September 2021).
2. Neglected Tropical Diseases. Available online: https://www.who.int/health-topics/neglected-tropical-diseases#tab=tab_2

(accessed on 22 December 2021).
3. Mitra, A.K.; Mawson, A.R. Neglected Tropical Diseases: Epidemiology and Global Burden. Trop. Med. Infect. Dis. 2017, 2, 36.

[CrossRef]
4. Trypanosomiasis, Human African (Sleeping Sickness). Available online: https://www.who.int/news-room/fact-sheets/detail/

trypanosomiasis-human-african-(sleeping-sickness) (accessed on 8 September 2021).
5. Deeks, E.D. Fexinidazole: First Global Approval. Drugs 2019, 79, 215–220. [CrossRef]
6. Bonnet, J.; Boudot, C.; Courtioux, B. Overview of the Diagnostic Methods Used in the Field for Human African Trypanosomiasis:

What Could Change in the Next Years? BioMed Res. Int. 2015, 2015, 583262. [CrossRef]
7. Camara, M.; Ouattara, E.; Duvignaud, A.; Migliani, R.; Camara, O.; Leno, M.; Solano, P.; Bucheton, B.; Camara, M.; Malvy, D.

Impact of the Ebola outbreak on Trypanosoma brucei gambiense infection medical activities in coastal Guinea, 2014–2015: A
retrospective analysis from the Guinean national Human African Trypanosomiasis control program. PLoS Negl. Trop. Dis. 2017,
11, e0006060. [CrossRef]

8. Relman, D.A.; Choffnes, E.R. The causes and Impacts of Neglected Tropical and Zoonotic Diseases: Opportunities for Integrated Intervention
Strategies, Workshop Summary; National Academies Press: Washington, DC, USA, 2011.

9. Lucius, R.; Loos-Frank, B.; Lane, R.P. Biologie Von Parasiten, 3rd ed.; Springer Spektrum: Heidelberg, Germany, 2018.
10. Franco, J.R.; Simarro, P.P.; Diarra, A.; Jannin, J.G. Epidemiology of human African trypanosomiasis. CLEP 2014, 6, 257–275.
11. Ong, H.B.; Sienkiewicz, N.; Wyllie, S.; Fairlamb, A.H. Dissecting the metabolic roles of pteridine reductase 1 in Trypanosoma

brucei and Leishmania major. J. Biol. Chem. 2011, 286, 10429–10438. [CrossRef]
12. Dewar, S.; Sienkiewicz, N.; Ong, H.B.; Wall, R.J.; Horn, D.; Fairlamb, A.H. The Role of Folate Transport in Antifolate Drug Action

in Trypanosoma brucei. J. Biol. Chem. 2016, 291, 24768–24778. [CrossRef]
13. Knighton, D.R.; Kan, C.C.; Howland, E.; Janson, C.A.; Hostomska, Z.; Welsh, K.M.; Matthews, D.A. Structure of and kinetic

channelling in bifunctional dihydrofolate reductase-thymidylate synthase. Nat. Struct. Biol. 1994, 1, 186–194. [CrossRef]
14. Gibson, M.W.; Dewar, S.; Ong, H.B.; Sienkiewicz, N.; Fairlamb, A.H. Trypanosoma brucei DHFR-TS Revisited: Characterisation

of a Bifunctional and Highly Unstable Recombinant Dihydrofolate Reductase-Thymidylate Synthase. PLoS Negl. Trop. Dis. 2016,
10, e0004714. [CrossRef]

15. Cavazzuti, A.; Paglietti, G.; Hunter, W.N.; Gamarro, F.; Piras, S.; Loriga, M.; Allecca, S.; Corona, P.; McLuskey, K.; Tulloch, L.; et al.
Discovery of potent pteridine reductase inhibitors to guide antiparasite drug development. Proc. Natl. Acad. Sci. USA 2008, 105,
1448–1453. [CrossRef]

16. Vanichtanankul, J.; Taweechai, S.; Yuvaniyama, J.; Vilaivan, T.; Chitnumsub, P.; Kamchonwongpaisan, S.; Yuthavong, Y. Try-
panosomal dihydrofolate reductase reveals natural antifolate resistance. ACS Chem. Biol. 2011, 6, 905–911. [CrossRef]

17. Nare, B.; Hardy, L.W.; Beverley, S.M. The roles of pteridine reductase 1 and dihydrofolate reductase-thymidylate synthase in
pteridine metabolism in the protozoan parasite Leishmania major. J. Biol. Chem. 1997, 272, 13883–13891. [CrossRef]

18. Kimuda, M.P.; Laming, D.; Hoppe, H.C.; Tastan Bishop, Ö. Identification of Novel Potential Inhibitors of Pteridine Reductase 1
in Trypanosoma brucei via Computational Structure-Based Approaches and in Vitro Inhibition Assays. Molecules 2019, 24, 142.
[CrossRef]

19. Adegboye, O.; Field, M.A.; Kupz, A.; Pai, S.; Sharma, D.; Smout, M.J.; Wangchuk, P.; Wong, Y.; Loiseau, C. Natural-Product-Based
Solutions for Tropical Infectious Diseases. Clin. Microbiol. Rev. 2021, 34, e0034820. [CrossRef]

20. Moujir, L.; Callies, O.; Sousa, P.M.C.; Sharopov, F.; Seca, A.M.L. Applications of Sesquiterpene Lactones: A Review of Some
Potential Success Cases. Appl. Sci. 2020, 10, 3001. [CrossRef]

21. Schmidt, T.J.; Da Costa, F.B.; Lopes, N.P.; Kaiser, M.; Brun, R. In Silico prediction and experimental evaluation of furanohelian-
golide sesquiterpene lactones as potent agents against Trypanosoma brucei rhodesiense. Antimicrob. Agents Chemother. 2014, 58,
325–332. [CrossRef]

22. Schmidt, T.J.; Nour, A.M.M.; Khalid, S.A.; Kaiser, M.; Brun, R. Quantitative structure–antiprotozoal activity relationships of
sesquiterpene lactones. Molecules 2009, 14, 2062–2076. [CrossRef]

https://www.who.int/health-topics/neglected-tropical-diseases#tab=tab_1
https://www.who.int/health-topics/neglected-tropical-diseases#tab=tab_2
http://doi.org/10.3390/tropicalmed2030036
https://www.who.int/news-room/fact-sheets/detail/trypanosomiasis-human-african-(sleeping-sickness)
https://www.who.int/news-room/fact-sheets/detail/trypanosomiasis-human-african-(sleeping-sickness)
http://doi.org/10.1007/s40265-019-1051-6
http://doi.org/10.1155/2015/583262
http://doi.org/10.1371/journal.pntd.0006060
http://doi.org/10.1074/jbc.M110.209593
http://doi.org/10.1074/jbc.M116.750422
http://doi.org/10.1038/nsb0394-186
http://doi.org/10.1371/journal.pntd.0004714
http://doi.org/10.1073/pnas.0704384105
http://doi.org/10.1021/cb200124r
http://doi.org/10.1074/jbc.272.21.13883
http://doi.org/10.3390/molecules24010142
http://doi.org/10.1128/CMR.00348-20
http://doi.org/10.3390/app10093001
http://doi.org/10.1128/AAC.01263-13
http://doi.org/10.3390/molecules14062062


Molecules 2022, 27, 149 14 of 14

23. Herrmann, F.C. In Silico-Identifikation Und in Vitro-Evaluation Natürlicher Inhibitoren Diverser Therapierelevanter Zielenzyme
Von Humanpathogenen Eukaryoten der Gattungen Trypanosoma, Leishmania und Plasmodium. Ph.D. Thesis, Westfälische
Wilhelms-Universität, Münster, Germany, 2016.

24. Herrmann, F.C.; Sivakumar, N.; Jose, J.; Costi, M.P.; Pozzi, C.; Schmidt, T.J. In Silico Identification and In Vitro Evaluation of
Natural Inhibitors of Leishmania major Pteridine Reductase, I. Molecules 2017, 22, 2166. [CrossRef]

25. Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; Cold Spring Harbor Laboratory Press: Cold Spring
Harbor, NY, USA, 2001.

26. Mizuno, H.; Usuki, T. Ionic Liquid-Assisted Extraction and Isolation of Cynaropicrin and Cnicin from Artichoke and Blessed
thistle. ChemistrySelect 2018, 3, 1781–1786. [CrossRef]

27. Gökbulut, A.; Kaiser, M.; Brun, R.; Sarer, E.; Schmidt, T.J. 9β-hydroxyparthenolide esters from Inula montbretiana and their
antiprotozoal activity. Planta Med. 2012, 78, 225–229. [CrossRef]

28. Kimani, N.M.; Matasyoh, J.C.; Kaiser, M.; Brun, R.; Schmidt, T.J. Antiprotozoal Sesquiterpene Lactones and Other Constituents
from Tarchonanthus camphoratus and Schkuhria pinnata. J. Nat. Prod. 2018, 81, 124–130. [CrossRef]

29. Nogueira Da Silva, M. The Use of Chemometric and Chemoinformatic Tools for Identification and Targeted Isolation of Com-
pounds from Asteraceae with Antiprotozoal Activity. Ph.D. Thesis, Westfälische Wilhelms-Universität, Münster, Germany, 2016.

30. Schmidt, T.J.; Khalid, S.A.; Romanha, A.J.; Alves, T.M.; Biavatti, M.W.; Brun, R.; Da Costa, F.B.; de Castro, S.L.; Ferreira, V.F.;
de Lacerda, M.V.G.; et al. The potential of secondary metabolites from plants as drugs or leads against protozoan neglected
diseases-part II. Curr. Med. Chem. 2012, 19, 2176–2228. [CrossRef]

31. Schmidt, T.J.; Khalid, S.A.; Romanha, A.J.; Alves, T.M.; Biavatti, M.W.; Brun, R.; Da Costa, F.B.; de Castro, S.L.; Ferreira, V.F.;
de Lacerda, M.V.G.; et al. The potential of secondary metabolites from plants as drugs or leads against protozoan neglected
diseases-part I. Curr. Med. Chem. 2012, 19, 2128–2175. [CrossRef]

32. Schmidt, T.J.; Brun, R.; Willuhn, G.; Khalid, S.A. Anti-trypanosomal activity of helenalin and some structurally related sesquiter-
pene lactones. Planta Med. 2002, 68, 750–751. [CrossRef]

33. Trossini, G.H.G.; Maltarollo, V.G.; Schmidt, T.J. Hologram QSAR studies of antiprotozoal activities of sesquiterpene lactones.
Molecules 2014, 19, 10546–10562. [CrossRef]

34. Kimani, N.M.; Matasyoh, J.C.; Kaiser, M.; Nogueira, M.S.; Trossini, G.H.G.; Schmidt, T.J. Complementary Quantitative Structure—
Activity Relationship Models for the Antitrypanosomal Activity of Sesquiterpene Lactones. Int. J. Mol. Sci. 2018, 19, 3721.
[CrossRef]

35. Schmidt, T.J. Toxic activities of sesquiterpene lactones: Structural and biochemical aspects. Curr. Org. Chem. 1999, 3, 577–608.
36. Zimmermann, S.; Kaiser, M.; Brun, R.; Hamburger, M.; Adams, M. Cynaropicrin: The first plant natural product with in vivo

activity against Trypanosoma brucei. Planta Med. 2012, 78, 553–556. [CrossRef]
37. Zimmermann, S.; Oufir, M.; Leroux, A.; Krauth-Siegel, R.L.; Becker, K.; Kaiser, M.; Brun, R.; Hamburger, M.; Adams, M.

Cynaropicrin targets the trypanothione redox system in Trypanosoma brucei. Bioorg. Med. Chem. 2013, 21, 7202–7209. [CrossRef]
38. Halgren, T.A. Merck molecular force field. I. Basis, form, scope, parameterization, and performance of MMFF94. J. Comput. Chem.

1996, 17, 490–519. [CrossRef]
39. RCSB Protein Data Bank: Homepage. Available online: https://www.rcsb.org/ (accessed on 1 September 2021).
40. Dawson, A.; Tulloch, L.B.; Barrack, K.L.; Hunter, W.N. High resolution structure of TbPTR1 in complex with Pemetrexed. Acta

Crystallogr. Sect. D Struct. Biol. 2010, 66, 1334. [CrossRef]
41. Dawson, A.; Tulloch, L.B.; Barrack, K.L.; Hunter, W.N. Structure of PTR1 from Trypanosoma brucei in ternary complex with

2,4-diamino-5-[2-(2,5-dimethoxyphenyl)ethyl]thieno[2,3-d]-pyrimidine and NADP+. Acta Crystallogr. Sect. D Struct. Biol. 2010, 66,
1334–1340. [CrossRef]

42. Khalaf, A.I.; Huggan, J.K.; Suckling, C.J.; Gibson, C.L.; Stewart, K.; Giordani, F.; Barrett, M.P.; Wong, P.E.; Barrack, K.L.;
Hunter, W.N. Crystal structure of pteridine reductase 1 (PTR1) from Trypanosoma brucei in ternary complex with cofactor and
inhibitor. J. Med. Chem. 2014, 57, 6479. [CrossRef]

43. Landi, G.; Pozzi, C.; Di Pisa, F.; Dello lacono, L.; Mangani, S. Trypanosoma brucei PTR1 in complex with cofactor and inhibitor
NMT-H024 (compound 2). J. Med. Chem. 2016, 59, 7598–7616. [CrossRef]

44. Vanichtanankul, J.; Taweechai, S.; Yuvaniyama, J.; Vilaivan, T.; Chitnumsub, P.; Kamchonwongpaisan, S.; Yuthavong, Y. Try-
panosoma brucei dihydrofolate reductase pyrimethamine complex. ACS Chem. Biol. 2011, 6. [CrossRef]

45. Vanichtanankul, J.; Taweechai, S.; Yuvaniyama, J.; Vilaivan, T.; Chitnumsub, P.; Kamchonwongpaisan, S.; Yuthavong, Y. Try-
panosoma brucei dihydrofolate reductase (TbDHFR) in complex with WR99210. ACS Chem. Biol. 2011, 6. [CrossRef]

46. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug. Deliv. Rev. 2001, 46, 3–26. [CrossRef]

47. Tubeleviciute, A.; Teese, M.G.; Jose, J. Escherichia coli kduD encodes an oxidoreductase that converts both sugar and steroid
substrates. Appl. Microbiol. Biotechnol. 2014, 98, 5471–5485. [CrossRef]

http://doi.org/10.3390/molecules22122166
http://doi.org/10.1002/slct.201703063
http://doi.org/10.1055/s-0031-1280371
http://doi.org/10.1021/acs.jnatprod.7b00747
http://doi.org/10.2174/092986712800229087
http://doi.org/10.2174/092986712800229023
http://doi.org/10.1055/s-2002-33799
http://doi.org/10.3390/molecules190710546
http://doi.org/10.3390/ijms19123721
http://doi.org/10.1055/s-0031-1298241
http://doi.org/10.1016/j.bmc.2013.08.052
http://doi.org/10.1002/(SICI)1096-987X(199604)17:5/6&lt;490::AID-JCC1&gt;3.0.CO;2-P
https://www.rcsb.org/
http://doi.org/10.2210/pdb2X9G/pdb
http://doi.org/10.2210/pdb3MCV/pdb
http://doi.org/10.1021/jm500483b
http://doi.org/10.2210/pdb5JDI/pdb
http://doi.org/10.2210/pdb3QFX/pdb
http://doi.org/10.2210/pdb3RG9/pdb
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.1007/s00253-014-5551-8

	Introduction 
	Results 
	In Silico Investigation of Natural Products as Potential Inhibitors of TbPTR1 and TbDHFR 
	In Vitro Evaluation of the In Silico Hits against TbDHFR and TbPTR1 

	Discussion 
	Materials and Methods 
	In Silico Procedure 
	Preparation of the Respective 3D Protein Structures 
	Natural Product Databases 
	Pharmacophore Design 
	Virtual Screening 
	Docking Simulations 

	Recombinant Expression and Purification of TbPTR1 
	Cloning of TbDHFR into E. coli BL21(DE3) Host Strain 
	Recombinant Expression and Purification of TbDHFR 
	Kinetic Characterization of TbPTR1 
	Kinetic Characterization of TbDHFR 
	Test Compounds 
	Single Concentration Assays 
	Determination of the IC50 Values 

	References

