Improving the potency of N-aryl-2,5-dimethylpyrrole antitubercular
hybrid derivatives against multidrug-resistant and intracellular my-
cobacteria.
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ABSTRACT: A series of N-phenyl-2,5-dimethylpyrrole derivatives, designed as hybrids of the antitubercular agents BM212
and SQ109, have been synthesised and evaluated against susceptible and drug-resistant mycobacteria strains. Compound 5d,
bearing a cyclohexylmethylene side chain, showed high potency against M. tuberculosis including MDR-TB strains at submi-
cromolar concentrations. The new compound shows bacteriostatic activity, low toxicity and proved to be effective against

intracellular mycobacteria too, showing an activity profile similar to isoniazid.

The treatment of infectious diseases, especially those
caused by bacterial pathogens such as Mycobacterium tu-
berculosis (MTB) responsible for many forms of tuberculo-
sis (TB), is becoming a major challenge for the World
Healthcare Systems.! During the 20* century, there was a
growing confidence that infectious diseases such as TB
would have been quickly annihilated thanks to the discov-
ery of efficient antitubercular drugs? and the development
of new therapeutic regimens which made tuberculosis a
curable disease. However, the increasing ability of myco-
bacteria and other pathogens to adapt and develop re-
sistance to almost all the known antibiotics undermined the
initial optimism and forced us to move into the “postantibi-
otic era of infectious diseases".3 As declared by the World
Health Organisation (WHO),* MTB today represents a global
health emergency® due to the emergence of multi-, exten-
sively- and even totally-drug resistant tuberculosis (MDR-,®
XDR-,” and TDR-TB,? respectively) strains which make the
disease difficult, if not impossible, to treat with currently
available drugs.® In addition, the ability of MTB to evade
macrophage responses and to survive and replicate within
those cells actually designed to kill invading microbes,
makes the disease even harder to be fully eradicated.10-12

The standard antitubercular therapy still relies on the use
of drugs introduced in the clinic in the middle of the 20t
century, with the exception of the fluoroquinolones. In the
last decade, only two new drugs, bedaquiline,'® which none-
theless suffers from some major side effects,!* and preto-
manid?s have been approved for the treatment of TB and
only a limited number of drug candidates are currently un-
dergoing clinical trials or pre-clinical development.1®

For many years, drug discovery programmes relied heavily
on target-based high-throughput screening (HTS) of large

compound libraries. Nowadays, it is undeniable that such an
approach suffers from limitations and that deficiencies in
current compound collections have emerged, as shown by
the continuing decline of success in drug discovery. With
the aim to identify new anti-TB treatments, we recently
adopted an alternative strategy which led to the discovery
of the N-aryl-2,5-dimethylpyrroles 1 and 2 as hybrid deriv-
atives of the antitubercular drugs BM212 and SQ109'7 (Fig-
ure 1).
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Figure 1. Pyrrole hybrid derivatives 1 and 2 and the rationale ap-
proach of the proposed work

Compounds 1-2 showed good activity against a panel of my-
cobacteria and an improved selectivity index (SI) compared
to the parent compounds. However, in our previous work,
only a limited series of pyrrole analogues were designed



and only few structure activity relationships (SARs) were
evaluated. In addition, no studies on the activity of these
compounds on intra-macrophagic mycobacteria were car-
ried out. Herein, we describe the design, synthesis and bio-
logical evaluation of a series of N-aryl-2,5-dimethylpyrrole
derivatives with improved potency against susceptible,
drug-resistant and intracellular mycobacteria. The chemical
space around the 2,5-dimethylpyrrole nucleus has been ex-
plored through the replacement of the cyclohexyl and ben-
zyl rings of 1-2 with different aromatic or aliphatic substit-
uents. This chemical modification was carried out with the
aim to confer on the new compounds a sufficient degree of
lipophilicity to penetrate mycobacteria and macrophages
and, in turn, inhibit intracellular mycobacteria themselves.
The effect of electron-withdrawing and electron-donating
substituents on the N-aryl ring on the antimycobacterial ac-
tivity was also evaluated, as well as the role of the pyrrole
nucleus. In fact, a series of analogues bearing a pyrazole, tri-
azole and imidazopyridine rings in place of the 2,5-dime-
thylcore was also designed and synthesised. (Figure 1).
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Scheme 1. Synthesis of antimycobacterial derivatives 5, 7, 9
and 11

A series of pyrrole derivatives 5a-q was first synthesised ac-
cording to Scheme 1 (path a).'® The 2,5-hexandione was re-
acted with different anilines to afford N-arylpyrroles 3. The
latter were formylated and then treated with appropriate
amines in the presence of Na(Ac0)3BH as reducing agent to
give the desired products 5a-q in good overall yields. Com-

pounds 5a-d were designed with the aim to evaluate the ef-
fect of different substituents on the C3 of the pyrrole ring
other than cyclohexyl and benzyl moieties.

Table 1. Structure of antimycobacterial derivatives 5, 7, 9

and 11
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5a-q Ta-c 9a-b 11a-b
Cmpd R R1
5a Cl 2-norbornyl
5b Cl o-methylbenzyl
5c Cl phenylaminoethyl
5d Cl cyclohexanemethyl
5e 3,5-di-Cl cyclohexyl
5f 2,5-di-Me cyclohexyl
5g 2-CFs3 cyclohexyl
5h 4-F cyclohexyl
5i 4-iPr cyclohexyl
5j 2-F cyclohexyl
5k 4-CN cyclohexyl
51 4-OMe cyclohexyl
5m 2,5-di-Me benzyl
5n 3,5-di-Cl benzyl
50 4-iPr benzyl
5p 4-F benzyl
5q 2-CFs3 benzyl
7a H cyclohexyl
7b 4-Cl cyclohexyl
7c 4-Cl benzyl
9a - cyclohexyl
9b - benzyl
11a - cyclohexyl
11b - benzyl

For compounds 5e-q, the side chain in C3 was left un-
changed and the effects of substituents on the N-phenyl ring
were investigated. The pyrrole ring of 1 and 2 was then re-
placed with different heterocyclic rings leading to deriva-
tives 7,9 and 11. Compounds 7a-c have a pyrazole ring and
were designed taking into account our previous works on
antitubercular pyrazolones (Scheme 1, path b).1° The reac-
tion of phenylhydrazine and p-chlorophenylhydrazine with
the 2,4-pentadione led to pyrazoles 6a-b which were in turn
formylated and treated with different amines under reduc-
tive amination conditions affording the desired pyrazoles
7a-c. The pyrrole nucleus of 1-2 was then replaced by a tri-
azole ring in derivatives 9a-b (Scheme 1, path c). The p-
chloroaniline was converted into the corresponding azide,
which was then reacted with N-Boc-propargylamine via a
Huisgen 1,3-dipolar cycloaddition reaction in the presence
of CuSO4 and Na-ascorbate. The resulting triazole 8 was
then deprotected and reacted with benzaldehyde or cyclo-
hexanone in the presence of Na(AcO)sBH affording desired
triazole derivatives 9a-b. Finally, the rigidified bicyclic ana-
logues 11a-b were designed and synthesised from 4-
chloro-2-aminopyridine (Scheme 1, path d). This latter was
reacted with ethyl bromopyruvate to afford the bicyclic es-
ter 10 which was in turn converted into 11a-b via DIBAL-H



reduction followed by reductive amination with the appro-
priate amine. The structures of the compounds 5, 7, 9 and
11 are reported in Table 1.

In order to quickly identify potential candidates for testing
against drug resistant and intracellular mycobacteria, the
compounds 5a-q were initially screened against M. bovis
BCG by determining the minimum inhibitory concentra-
tions (MIC). Results are reported in Table 2. As a general
trend, all the compounds 5a-q showed good to excellent an-
timycobacterial activity with MIC values in the range of
0.125-2 pug/mL, thus underscoring the significance of the N-
phenyl-2,5-dimethylpyrrole scaffold as a template for the
development of antitubercular agents. SAR considerations
showed that the presence of bulky, aliphatic and lipophilic
substituents on the methyleneamine side chain on the C3 of
the pyrrole nucleus is fundamental to improve the antimy-
cobacterial activity. In fact, 5e-1 showed a better biological
profile than the corresponding 5m-q bearing a benzyl
group in place of a cyclohexyl moiety. Also, the replacement
of the cyclohexyl of 1 with the larger and more lipophilic 2-
norbornyl and cyclohexanemethyl substituents led to 5a
and 5d respectively which showed an excellent and im-
proved activity against M. bovis BCG (MIC = 0.25 pg/mL for
5aand 0.125 pg/mL for 5d). The introduction of a more hy-
drophilic phenylaminoethyl chain resulted in a loss of activ-
ity in 5c whilst 5b, bearing an a-methylbenzyl group,
showed a similar biological profile to 2. When the chlorine
atom on the N-aryl ring of 2 was replaced with various sub-
stituents (5m-q), a decrease in activity was observed. Only
the derivative 5p bearing a fluorine in place of the chlorine
showed a similar biological profile (MIC = 0.5 ng/mL) to 2.
The series of compounds 5e-l, bearing a cyclohexyl group
on C3 and different substituents on the N-phenyl ring,
showed excellent activity instead with the only exceptions
of derivatives 5g and 5k bearing the electron-withdrawing
groups -CFs and -CN respectively. It is evident that the elec-
tronic density on the N-phenyl ring has a crucial role on the
antimycobacterial activity of the pyrroles 5 as discussed
later.

Table 2. Preliminary screening and antimycobacterial ac-
tivity of 5a-q against M. bovis BCG.
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These data are in perfect agreement with previous pharma-
cophoric speculations.!9-2! As further confirmation, the 5i
and 5], bearing the electron-donating substituents -iPr and
-OMe respectively, showed excellent MIC = 0.25 pg/mL.

Four compounds, namely 5a, 5d, 5i and 51, were then se-
lected from the first screening and further assayed on M. tu-
berculosis H37Rv as well as on clinical MDR and TB sensitive
strains. The results are reported in Table 3. The clinical
MDR strain CCM11.1 is identified as lineage 2 Beijing strain
resistant to isoniazid, rifampicin, ethambutol, and ethiona-
mide, while the sensitive clinical strain CCM10.1 is identi-
fied as lineage 2 Indian strain with no known resistances.
Both strains were obtained from clinical isolates. Com-
pound 5a, 5i and 51 showed activity against MTB Hs7Rv sim-
ilar to that observed against M. bovis BCG with MIC values
ranging between 0.12-0.5 pg/mL. Derivative 5d, showed an
excellent profile against M. tuberculosis H37Rv with MIC =
0.06-0.3 pg/mL as well low cytotoxicity with an excellent
Selectivity Index (SI). All the four compounds also showed
excellent activity against CCM11.1 and CCM10.1 TB strains.
In particular, both compound 5d proved to be a potent in-
hibitor of the MDR TB strain CCM11.1 with MIC of 0.12
pg/mL and the sensitive clinical strain CCM10.1 with MIC <
0.625 ng/mL.

Table 3. Biological evaluation of compounds against bacterial
and intracellular strains

M. tuberculosis MIC pg/mL

b
Cmpd S ccM CcM GICso SI
11.1a 10.12
5a 0.5-0.25 1 0.0025 234 | 47-94
195-
5d 0.062-0.3¢  0.12 <0.000625 11.7 39
5i 0.25-0.12 0.5 0.00125 5.8 23-48

51 0.25-0.12 0.5 <0.000625 3.9 16-32

aM. tuberculosis clinical strains from Royal Free Hospital NHS
Trust, London. ¥The selectivity index is calculated as the ratio
of the the GICso and the MIC observed against M. tuberculosis
H37Rv. <MIC obtained from clinical strains from the Tuberculo-
sis Research Laboratory, Sao Paulo.22

Finally, the non-pyrrole derivatives 7a-c, 9a-b and 11a-b
were tested against M. tuberculosis Hz7Rv strain. However,
all these derivatives showed poor activity (MIC > 25 pg/mL)
and were thus excluded from further studies. However,
these data confirm the key role of the 2,5-dimethylpyrrole
nucleus for antitubercular activity.

Encouraged by the biological profile displayed by 5d, addi-
tional assays were conducted to assess its toxicity, and in-
tracellular activity. The acute toxicity of 5d in vivo in Gal-
leria mellonella larvae was first investigated. At the admin-
istered dose of 12 mg/kg, the pyrrole 5d elicited no appar-
ent toxic effects on the wax moth larvae and no signs of mel-
anisation were observed. This promising data confirmed
the low toxicity of 5d and its suitability for further develop-
ment.23 A time-Kill assay was then performed in order to un-
derstand if the most active compound 5d was bactericidal
or bacteriostatic ata determined concentration (Figure 2).24
The bactericidal activity is characterized by 3 Logio CFU/mL
or 99,9% reduction of the bacterial inoculum. Pyrrole 5d
presents a bacteriostatic effect at 0.32 pg/mL while the ref-
erence antibiotic moxifloxacin (MOX) did not inhibit the



MTB growth at 0.07 pg/mL but showed bactericidal effect
at 0.35 pg/mL. The bactericidal and bacteriostatic effect is
dependent of the concentration.
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Figure 2. Time-kill of MTB Hs7Rv according time (days) in the

presence of 5d (0.32 pg/mL) or moxifloxacin (MOX - 0.07

ug/mL) or untreated (growth control).

Since the MTB is able to survive inside the macrophages, a
set of experiments to evaluate the intra-macrophagic activ-
ity of 5d was then planned. The inhibition of intracellular
MTB by 5d was initially assayed at concentrations higher or
equal to MIC values and compared with those of isoniazid
(INH) and moxifloxacin (MOX).?> The concentrations tested
were chosen to not be toxic to macrophages within 72 h of
the assay. The data are reported in Figure 3a and clearly
show that the intra-macrophage activity of 5d is compara-
ble to that of INH and MOX. Even if this experiment is not
able to confirm if the activity of 5d is directly based on the
elimination of the bacillus once it penetrates the cellular
barriers or if 5d is able to enhance the macrophage killing
action, it clearly proves the ability of 5d in acting on intra-
macrophagic mycobacteria at low concentrations.
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Figure 3. Figure 3a: Percent inhibition of intramacrophage
MTB (Cell line J774A.1, murine origin) in the presence of 5d,
moxifloxacin (MOX) or isoniazid (INH). Concentrations: 5d (1 x
MIC = 0.32 pg/mL; 5 x MIC = 1.6 ug/mlL, and 10 x MIC = 3.2
pug/mL); INH (1 x MIC = 0.06 pg/mL; 5 x MIC = 0.30 ug/mL, and
10 x MIC = 0.60 pg/mL); MOX (1 x MIC = 0.07pg/mL; 5 x MIC =
0.35pg/mL, and 10 x MIC = 0.70 pg/mL). The results are the
mean and standard error of experiments performed in dupli-
cate. * = Statistically different from the untreated control
(P<0.05) by GraphPad Prism (One-way ANOVA with Dunnett's

Multiple Comparison Post Test). Figure 3b: Intracellular activ-
ity of 5d via HT-SPOTi assay

As further confirmation of the intramacrophagic activity
and to estimate the intracellular MIC of compound 5d, an
intracellular HT-SPOTi assay on Mycobacterium aurum was
then performed. The HT-SPOTi is an assay principally based
on the growth of an organism on agar medium containing a
range of different concentrations of drugs or inhibitors and
it can be employed to screen the antimicrobial potency with
high reliability and reproducibility. The in-vitro activity of
5d on M. bovis BCG and M. aurum using HT-SPOTi was first
investigated. The pyrrole 5d showed good inhibition of both
species at micromolar concentration (1.95 and 3.9 ug/mL
respectively). The higher activity observed is related to the
assay conditions which, however, is able to mimic better the
conditions at which mycobacteria survive in-vivo. The activ-
ity of 5d on intracellular M. aurum was then assayed, show-
ing inhibition at concentration (1.95 pg/mL) lower than
that of free mycobacteria (Figure 3b). This data further cor-
roborates the potentiality of 5d as promising antitubercular
agent.

Finally, in-silico studies were carried out in the attempt to
explain the mode of action of 5. Both the parent compounds
of hybrids 5, namely BM212 and SQ109, have been demon-
strated to inhibit MTB by binding to the mycolic acid trans-
porter MmpL3. Due to the structural similarity between the
hybrid derivatives 5 and BM212, we hypothesised a similar
mode of action and, with the aim to understand their inter-
actions with MmpL3, a molecular docking study was carried
out.
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Figure 4. Binding of 5d (up left), 5a (down left), BM212 (up
right), SQ109 (down right) with M. tuberculosis MmpL3 ho-
mology model



The crystal structure of MmpL3 from M. smegmatis is avail-
able in the RCSB Protein Data Bank (PDB)2¢ and was used to
generate a homology model for the MTB MmmpL3 trans-
porter. The pyrrole derivative 5d was thus docked into the
MTB MmpL3 homology model and compared to BM212 and
SQ109 binding poses. The N1 piperazine nitrogen of BM212
shows a charge-reinforced salt bridge interaction with the
carboxyl terminal group of Asp640, which is known to be
involved in the electrochemical proton gradient for the
MmpL3 transporter.?” On the other hand, SQ109 binds
MmpL3 in a such a way that its secondary amine groups
form two charge-reinforced salt bridges with the carboxyl
moiety of Asp640. Similar interactions with Asp251 further
stabilises the binding. Moreover, the adamantyl moiety
forms hydrophobic interactions with Tyr252, Phe255 and
Phe244, while the geranyl side chain interacts with Leu633,
Ser295, Ala296, Ala632, and Thr314. Finally, most conform-
ers of 5d displayed a binding mode similar to that of BM212
with the cyclohexyl ring accommodated within the region of
space where the piperazine ring of BM212 was located. In
detail, the cyclohexyl ring of 5d was embedded within the
hydrophobic region constituted by Ile674, Phe644, 11e673,
and Ala677. A charge-reinforced hydrogen bond between
its secondary amine moiety and Asp640 is observed, as al-
ready found for BM212 and SQ109, thus suggesting this in-
teraction of pivotal importance for binding ligands to
MmpL3. In addition, the N1-chlorophenyl side chain makes
hydrophobic contacts with Leu243, Ala685, Ile243, and
Val684. The main structural difference between 5d and
BM212 is represented by the presence of a methyl group on
C5 in place of a 4-chlorophenyl group. This simple struc-
tural modification leads 5d to have a second binding mode
in the MmpL3 binding pocket with a different orientation
than BM212 as shown in Figure 4. In the inverted binding
mode (Figure 4, left), the N1-chlorophenyl moiety of 5d re-
places the piperazine of BM212 in the binding pocket. This
orientation of 5d allows the pyrrole ring to have an extra
n—7 interaction with Tyr641, which is also reported to be
involved in the electrochemical proton gradient with
MmpL3 transporter. Moreover, a n—m interaction between
the 4-chlorobenzene ring of 5d and Tyr252 can be also ob-
served in one of the MmpL3 subpocket. Tyr252 is a highly
conserved residue among MmpL3 isophorms and is located
with proximity to GLY253 which has been shown to mutate
with exposure to SQ109 resulting in a decreased inhibition.
Further reinforcement in the binding of aromatic portions
of 5d to MmpL3 is favoured by the m-m stacking interac-
tions with Phe255, and Phe644, as well as by hydrophobic
interactions with Val285 and Ala677. The secondary amine
group of 5d forms a hydrogen bond with the carbonyl group
of Asp640 and Asp251. Finally, a hydrophobic subpocket of
the MmpL3 binding site is able to accommodate the cyclo-
hexyl ring of 5d that interacts with Ile244, Leu703, Leu633,
[le248, and Gly247. The complexes formed by 5d with the
MmpL3 model provide a compelling validation of the ability
of the protein to complement the binding of dimethyl pyr-
role structures. Despite the lack of a second phenyl ring, the
pyrrole 5d is still capable to bind in the MmpL3 binding site.
This would confirm that the presence of a second phenyl
substituent plays a marginal role in the interactions of pyr-
role derivatives with MmpL3. Docking simulations of 5d
have shown that it may bind to MmpL3 through two binding

modes, even though with different relevance in terms of
both docking scores and relative abundance. Docking calcu-
lations of 5a, which differs from 5d for the presence of a
norbornyl side chain, were also performed. The secondary
amine provides stabilisation through a hydrogen bond with
Asp640 and a charge-reinforced hydrogen bond with
Asp251, as found in 5d.

Pyrrole 5d

..
e
Ne)L

Pyrrole 51

Figure 5. Binding interactions of pyrroles 5a, 5d, 5i and 51

However, the binding mode of 5a is inverted in respect to
5d, with the norbornyl ring placed in the position of the 4-
chlorophenyl moiety. This allows 5d to have n—n stacking
interactions with Phe255 and Tyr252 that are not observed
with 5a and can explain the higher active antitubercular ac-
tivity of 5d in comparison with 5a and other compounds.
The inverted binding mode for 5a could be explained by the
bulkier and more rigid nature of the norbornyl ring that is
sterically unfavoured within the pocket defined by Leu243,
[le244, and Leu744. Docking of 5i and 51 showed a binding
mode similar to that of 5a with interactions between the
isopropyl and methoxy groups with the hydrophobic sub-
pocket. Figure 5. This confirms that minimal structural
modifications can change the binding mode of the different
pyrrole analogues, possibly contributing to modulate their
antitubercular activity.

In conclusion, a new series of N-aryl-2,5-dimethylpyrrole
derivatives has been synthesised and evaluated as an-
titubercular agents. Compound 5d, bearing a cyclohexyl-
methylene side chain, showed an improved activity profile
when compared to the parent drug BM212 and low toxicity,
both in vitro as well as in preliminary in vivo assay on Gal-
leria mellonella models. Pyrrole 5d also showed bacterio-
static and intracellular activity against M. tuberculosis at
concentrations similar than antibiotics moxifloxacin and
isoniazid as well as inhibitory activity of the MDR strain
CCM11.1. Finally, computational studies suggest that the
mycolic acid transporter MmpL3 is a plausible target for 5d,



which binds the protein similarly to BM212 and SQ109. Fur-
ther studies to confirm this last hypothesis are in progress.
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