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Abstract: This research aims to contribute to the global search for more effective tuberculostatics that has been triggered by
recent outbreaks of tuberculosis. A group of pyrrole-containing derivatives are designed and theoretically elucidated. The
identification of the pharmacophore group using the PharmaGist webserver is attempted. Also, the corresponding drug-like
properties of the tested compounds are evaluated, together with their possible toxicity risks. The pharmacokinetic behavior of
the structures is predicted, based on the Lipinski’s Rule of Five. The effects of some structural parameters are tested. In
addition, in vitro evaluations of the anti-tubercular activity against Mycobacterium tuberculosis Hs7Rv are performed, with
compound GA-9 registering the highest activity.
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Introduction

According to recent statistics published by the World Health Organization (WHO), tuberculosis (TB)
is one of the top 10 causes of death worldwide. In 2015, 10.4 million people were infected with TB,
with 1.8 million deaths, including 0.4 million among them with the human immunodeficiency virus
(HIV). Over 95% of TB deaths occur in low- and middle-income countries, where, according to WHO
(2017):
Six countries account for 60% of the total deaths, with India leading the count, followed by
Indonesia, China, Nigeria, Pakistan and South Africa. In 2015, an estimated 1 million children
were infected with TB and 170 000 children died of TB (excluding children with HIV). TB is
a leading killer of HIV-positive people: in 2015, 35% of HIV deaths were due to TB. Globally
in 2015, an estimated 480 000 people developed multidrug-resistant TB (MDR-TB) (APA:
WHO Tuberculosis, 2017).

Considering these statistics, “ending the TB epidemic by 2030 is among the health targets of the newly
adopted by WHO Sustainable Development Goals” (WHO Tuberculosis, 2017).

Also, according to Euro WHO (n.d.):

Bulgaria is among the 18 high priority countries for tuberculosis (TB) control in the WHO
European Region. Challenges for the National Tuberculosis Programme (NTP) include the
lack of efficient TB infection control and the low level of engagement of TB care providers,
especially primary health care providers, in early detection and follow-up of TB patients
(APA: Euro WHO, 2017).

Thus, in the search for a promising platform of structures for evaluating anti-tubercular agents, a
significant number of investigations have focused on a variety of heterocyclic derivatives, including
structures containing a pyrrole heterocycle, such as the known anti-tubercular agent BM 212 (Deidda,
1998) and its analogs (Poce, 2013).

In the same context, a series of substituted pyrroles were synthesized at the Faculty of Pharmacy,
Medical University —Sofia, Bulgaria and laboratory of organic synthesis at University of Chemical
Technology and Metallurgy (UCTM) - Bulgaria and evaluated as anti-tubercular agents, with up to
100% inhibitory activity against Mycobacterium tuberculosis or a half maximal inhibitory
concentration (IC50) less than 6 pg ml* (Bijev, 2010; Georgieva, 2010; Georgieva, 2011). In addition,
reliable structure-activity relationships have been derived (Lessigiarska, 2012) that attempt to
contribute to the global fight against the spread of tuberculosis.
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Design and Synthesis of the Evaluated Structures

A variety of chemical templates has been explored by us (Bijev, 2006), including hydrazones (Bijev,
2008a) and derivatives of pyrrole (Bijev, 2008b). The performed analysis motivated us to combine the
active principles of these moieties, and thus we synthesized consecutively several series of such
pyrrole derivatives as potential anti-TB (anti-tubercular) agents (Bijev, 2006; Bijev,2008a; Bijev,
2008b; Bijev, 2010; Georgieva, 2010; Vladimirova, 2015).

This research aims to contribute towards the global search for more effective tuberculostatics. The
design of the molecules included in this study is addressed to diversify the available pyrrole
derivatives already identified as perspective inhibitors of M. tuberculosis.

Data and Methodology

This study examined structural changes in three focus areas identified as A, B, and C of targeted
compounds (Figure 1).

Figure 1: Specific moieties in the targeted compounds

c A

Source: Author

This approach was based on observations of Vladimirova & Bijev, (2015, p. 5): “The most radical
change was made in moiety A, whereat the N-acyl-chain in the previously developed pyrroles in our
laboratory was replaced by Ri-Rs-substituted phenyl”, which was “motivated by the presence of the
same moiety in series of bioactive products.”

In an attempt to evaluate the independent effect of this new moiety A, the ester group (R = OC;Hs) in
moiety B was maintained in three of the products. Aiming for an analogy with the piperazine- or
thiomorpholine-heterocycle in BM 212 and their analogs, a change in moiety B with R = CH3 or a
morpholino-substituent was expected. In group fragment C, X = H alternates with X = Cl aimed to
identify some similarity to substituted active tuberculostatics previously developed by the authors
(Georgieva, 2010; Biava, 2004; Biava, 2008).

The products targeted in this study as described elsewhere by Vladimirova (2015, p. 3): “were
synthesized via adopted Paal-Knorr cyclization by condensation of three 1,4-dicarbonyl compounds
with a set of substituted anilines.”

Identification of the Pharmacophores

According to Schneidman-Duhovny, Dror, Inbar, Nussinov, and Wolfson (2008, p. 1), “Predicting
molecular interactions is a major goal in rational drug design.” They also stated that: “The spatial
arrangement of features, identified as pharmacophore group and responsible for the interaction of the
designed molecule with a desired target receptor, is an important model for achieving” this purpose
(Schneidman-Duhovny, Dror, Inbar, Nussinov, and Wolfson (2008, p. 1)).

This study aimed to identify the pharmacophore group using the PharmaGist Webserver (Schneidman-
Duhovny, Dror, Inbar, Nussinov, and Wolfson, 2008). The evaluated compounds were separated into
two groups, according to their structural similarity to the published pyrrole agent with underlined anti-
tuberculosis activity, BM 212 (Biava, 2004; Figure 2).
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Figure 2: A: Pharmacophore for BM 212 and MV’s Group (A) and BM 212 and GA’s Group (B)

Source: Author

A ligand based method was employed, and the candidate pharmacophores were outlined, computed by
multiple flexible alignments of the input ligands. The method explicitly considers the flexibility of the
input ligands within the alignment process (Schneidman-Duhovny, Dror, Inbar, Nussinov, and
Wolfson, 2008).

Drug-likeness Prediction

There are many approaches that assess a compound’s ‘drug-like’ properties, partially based on
topological descriptors, fingerprints of MDL structure keys or other properties.

The biological activity is also identified as a function of the complex influence of a variety of
molecular descriptors. The underlayment of a certain structural parameter and the expected
pharmacological effect is at times possible. The hydrophobicity of the compounds expressed as LogP
outlined the key parameter for determination of compounds Drug-likeness.

The study aimed to predict the drug-like properties of the newly synthesized pyrrole derivatives using
the following two approaches: Lipinski’s Rule of Five limitations (Lipinski, 1997; Lipinski, 2001) and
OSIRIS Property Explorer evaluation score (Sander, Thomas Actelion Pharmaceuticals Ltd., 2017).
The OSIRIS Property Explorer prediction tool used in this publication is an integral part of Actelio’s
in-house substance registration system (Sander, Thomas Actelion Pharmaceuticals Ltd., 2017). The
prediction process relied on a precomputed set of structural fragments that provided preliminary
information on a number of drug-relevant properties, such as drug-likeness and toxicity alerts (Sander,
Thomas Actelion Pharmaceuticals Ltd., 2017).

Prediction of the Pharmacokinetic Behavior

The pharmacokinetic of the evaluated structures was important for initial information in their
identification as possible active agents. The behavior of the targeted structures was easily predicted,
based on the results from the performed elucidation of Lipinski’s Rule of Five parameters pointing the
following boundaries: hydrophobic parameter Log P < 5, molecular weight MW < 500, the number of
hydrogen bond acceptors n(O, N) < 10, and the number of hydrogen bond donors n(OH, NH) < 5
(Lipinski, 1997; Lipinski, 2001). The desired parameters were calculated with the help of online
cheminformatics services offered by Molinspiration Cheminformatics.

Evaluation of Drug-likeness

The synthesized new derivatives of pyrrole were assessed for drug-likeness using two parameters:
Fragment Based Drug-likeness and Drug Score.
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The Fragment Based Drug-likeness was calculated by the following equation for summing score
values of those fragments that were present in the molecule under investigation, as follows:
_2vi
d = = 1)
A positive value meant that the analyzed molecule contained predominantly fragments that are
frequently in commercial drugs (Sander, 2017).

The Drug Score was the combined value of the drug-likeness, cLogP, logS, molecular weight, and
toxicity risks, used to evaluate the compound’s overall potential to qualify as a drug. It was calculated
by multiplying contributions of the individual properties with Equation 1:
1 1
ds = n(5+55i).nti )
where ds is the drug score and S; the contributions calculated directly from of cLogP, logS, mol weight
and drug-likeness (pi) using Equation 3, which describes a spline curve:
1
i = 1+eaPith (3)
where, respectively, a and b were the values of cLogP (1, —5), logS (1, 5), mol weight (0.012, —6.000),
and drug-likeness (1, 0). The t; was the contribution obtained for the four toxicity risk types. The t;
values were 1.0, 0.8 and 0.6 for ‘no risk’, ‘medium risk’, and ‘high risk’, respectively (Sander, 2017).

Screening for Tuberculostatic Activity

The anti-tubercular activities of the target compounds were determined by in vitro procedure at the
SRI International, a contractor for National Institute of Allergy and Infectious Diseases (NIAID), USA
(SRI International, 2010).

The evaluation was performed according to the SRI International Screening Program. This involved a
single point concentration procedure where all compounds were initially screened against M.
tuberculosis strain Hs7Rv (Collins, 1997). This assay was the primary screen. Where compounds were
active at 10 ug mL* level, they were further tested in a minimal inhibitory concentration (MIC) assay
at eight concentrations in a dose range between 10.000 and 0.078 ug mL™* (Georgieva, 2010).

The procedure was performed as follows: 20 ul of the 3.2 mg mL™ test compound was added to a 96-
well microtiter plate. Two-fold dilutions were made by adding 20 ul of diluent. Each dilution was
further diluted 1:10 in sterile water (10 ul of dilution to 90 ul of sterile water). An amount of 6.25 pl
of each dilution was transferred to duplicate 96-well test plates. Then, 93.75 ul of the cell suspension
(~ 10* bacteria) in 7H9 medium was added to the test plates. Positive (included rifampicin and
isoniazid), negative (included cell culture with solvent and water, and cell culture only), sterility
(included media only; and media with solvent and water) and Resazurin (7-Hydroxy-3H-phenoxazin-
3-one 10-oxide; included one plate containing the diluted compound with Resazurin only) controls
were tested. The 96-well test plates were incubated at ambient 37° C incubator for six days. After the
6-day incubation, 5 ul of a 0.05% sterile Resazurin solution was added to each well of the 96-well
plate. The plates were placed in an ambient 37° C incubator for two days. After the 2-day incubation, a
visual evaluation and a fluorimetric reading were performed. The results were presented as ‘% Growth
Inhibition” (Georgieva, 2010).

The tuberculostatic activity of the tested series of pyrrole derivatives against M. tuberculosis, strain
Hs7Rv, evaluated by SRI International as ‘% Growth Inhibition’ was transformed into a more common
general format in an attempt to identify possible trends. Thus, with the help of simplifying
considerations, the current results were recalculated from ‘% Growth Inhibition’ to ‘% inhibitory
activity’ related to that of BM 212 (accepted to be a standard within 100%). The following
approximations were applied:

Recalculated % inhibitory activity = % Growth Inhibition + 7.13

where the value of 7.13 was the absolute poorest registered (with negative sign) activity (Georgieva,
2010).

Results and Discussion

The best pairwise solution for the evaluated molecules and BM 212 was its pairing with MV-3 (Figure
3).
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Figure 3: Best pairwise solution for the evaluated molecules and BM 212

Source: Author

The identified pharmacophores for the most active agent identified from the microbiological testing
and then used as reference agent BM 212 are shown in Figure 4.

Figure 4: Best pairwise solution for the most active molecule and BM 212

Source: Author

The identified pharmacophores may be further used for generating new leads and optimizing existing
ones or both in designing drugs.

The results of the performed calculations for prediction of the pharmacokinetic behavior are presented
in Table 1.
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Table 1: Chemical structures and structural characteristics of the evaluated compounds
% %
ID Growth | Inhibitory | miLogP | Mw | nON | nOHNH | %ABS
Inhibition | activity

Mg’ - 188 5.25 269 |406.48| 6 0 | 90.73
M;’ - ~0.04 7.08 351 |380.88| 4 0o |o711
Mg/_ —6.65 0.48 432 |415.32 4 0 97.11
'\’1\3’ ~0.87 6.26 572 (37427 3 0 | 9822
Gf‘ 376 3.37 640 |408.71| 3 0 | 98.22
G?‘ 226 4.87 558 |37427| 3 0 | o982
G\,?' 0.67 6.46 476 |399.87 5 0 91.85
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G5A' ~7.13 0.00 6.09 |378.69| 2 0 |101.41
G_/;r -2.41 472 527 |34424| 2 0 |101.41

Cl oy - e

GA : Q O -
) J 6.87

9 4 14.00 445 1369.85| 4 0 95.04
Clyy L
BM
212 ~ 5.07 |41438| 3 0 105.06
N

Source: Author

The compounds MV-13, GA-1, GA-2, GA-5, and GA-8 violated the rule with the miLogP parameter.
As the structures are considered antimicrobials, the observed violations do not affect their value as
pharmacokinetics.

Another confirmation was the result from the performed prediction with the absolute value (%ABS),
calculated by the expression: %ABS = 109 — 0.345TPSA introduced elsewhere (Zhao, 2002).
The results showed the target compounds had commensurable and high %ABS, which indicates

valuable pharmacokinetics and thus indicated they follow the regulations of Lipinski’s Rule of Five,
decreasing any pharmacokinetic concerns.

The corresponding values of the computational analysis for Drug-likeness and Drug Score are
presented in Table 2.

Table 2: Drug-likeness and drug score values for the evaluated compounds
ID Mutagenic | Tumorigenic | Irritant | Reproductive effective | Drug-likeness | Drug-score
MV-3 v - - - 0.52 0.34
MV-4 - - - - 3.44 0.43
MV-5 - - - - 3.67 0.35
MV-13 - - - - 4.60 0.49
GA-1 - - - - -2.14 0.15
GA-2 - - - - -2.96 017
GA-3 v - - - -5.12 0.15
GA-5 - - - - 1.63 0.27
GA-8 - - - - 0.79 0.29
GA-9 v - - - -1.46 0.19
BM 212 - - - - 4.60 0.49
Source: Author
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The evaluation established that compound MV-13 shows the highest drug like properties with
Fragment Based Drug-likeness score of 4.60 and total Drug Score of 0.49, equal to the new anti-
tubercular agent BM 212.

The primary screening results of the evaluated compounds are presented in Figure 5.

Figure 5: Primary screening results for the evaluated compounds
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From the test group, compound GA-9 showed the highest inhibitory activity. This result confirms the
expectation of the drug-like effect of the underlined structure, based on the drug-like similarity with
the new anti-tubercular agent BM 212,

Conclusion

The results indicate that the identified pharmacophores have additional use in generating new leads or
optimizing existing ones or both in drug design. The newly synthesized products strongly aligned with
Lipinski’s Rule of Five limitations, which is a premise for sound pharmacokinetics. In addition, the
target compounds had commensurable and high absolute values. On the one hand, a comparison of
results showed five compounds failed to meet Lipinski’s Rule of Five parameters, with these
compounds unsuitable for further structural optimizations. On the other hand, the compound MV-13
had the highest drug-like properties, with a Fragment Based Drug-likeness score of 4.60 and total
Drug score of 0.49, equal to the new anti-tubercular agent BM 212. As well, compound GA-9 was
underlined as having the highest tuberculostatic activity amongst the evaluated molecules.
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