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ABSTRACT
Background and Aims: Mycobacterium species cause life-threatening pulmonary and extrapulmonary diseases in humans. This
study aimed to evaluate the potential antimycobacterial activity of allomaltol derivatives in the Mannich base structure in vitro
and in silico.

Methods: The antimycobacterial activity of each compound against Mycobacterium tuberculosis and Mycobacterium avium
was tested using a resazurin microplate assay, and cytotoxicity was assessed using human MRC-5 and He-La cells. Using the
SwissTarget tool, Ripl protease, the metallo-beta-lactamase (MBL) superfamily protein, the serine protease Rv3671c, and zinc
metalloprotease 1 (ZMP1) were identified as potential targets. Blind docking was performed for compound 14 using CB-Dock to
identify and assess the most probable binding sites on the target proteins. Defined docking was performed with Flare to determine
the best binding pose at the predicted binding pocket. The druglikeness of hit compounds, including the partition coefficient,
number of hydrogen bond donors/acceptors, molecular refractivity, topological polar surface area (PSA), and gastrointestinal and
blood-brain barrier absorption, were evaluated using the SwissADME tool.

Results: Compounds with methyl-substituted piperidine groups were found to have antimycobacterial activity (MICs: 2 pg/mL)
against M. avium, which was as potent as the clinically used drugs ethambutol and streptomycin. The predicted physicochemical
properties of the four hit compounds were satisfactory. According to the docking results, the binding energies of compound 14,
which showed the best overall antimycobacterial activity, ranged from -8.14 to -5.97 kcal/mol, with ZMP1 showing the lowest
binding energy.

Conclusion: The results of this study provide evidence that allomaltol derivatives are promising antimycobacterial agents with
satisfactory drug profiles.

Keywords: Allomaltol, Tuberculosis, Molecular Docking, Druglikeness

INTRODUCTION mycobacteria (NTM) are opportunistic pathogens that can be
found in natural water and soil, posing a serious threat to human
health, particularly for patients who are immunocompromised

or with pre-existing lung diseases. Among these, Mycobac-

Tuberculosis (TB), a life-threatening disease caused by My-
cobacterium tuberculosis, is one of the most deadly respiratory

bacterial diseases and the second leading cause of death from
infectious agents, following COVID-19. War, immigration, so-
cial status, poverty, gender, HIV infection, and homelessness
are significant risk factors for tuberculosis, as well as other
public health problems (Amiri, Siami, & Khaledi, 2018). More-
over, the development of drug resistance and the presence of
comorbidities, such as acquired immunodeficiency syndrome
(AIDS) and diabetes mellitus, increase the morbidity and mor-
tality of the disease (Venugopala et al., 2021). Non-tuberculous

terium avium is the most clinically significant pathogen. The
substantial levels of inherent drug resistance in NTM contribute
to unsatisfactory treatment outcomes, necessitating the devel-
opment of novel drugs and therapeutic regimens ( Portell-Buj et
al.,2019; O. Falkinham, 2018). Therefore, Mycobacterium spp.
have attracted the attention of medicinal chemists, encouraging
them to search for novel compounds with improved bioactivi-
ties.
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Kojic acid (5-hydroxy-2-hydroxymethyl-4 H-pyran-4-one), is
a natural secondary metabolite produced by different types of
fungi during aerobic fermentation. Owing to the unique struc-
ture of its scaffold, many synthetic derivatives have been pre-
pared and investigated for different biological activities (Brtko,
2022; Zilles et al., 2022; Saeedi, Eslamifar, & Khezri , 2019).
Since 3-Hydroxy-4(1H)-pyrones and their analogues are ex-
tensively utilised as foundational components for biologically
active substances, allomaltol (5-hydroxy-2-methyl-4H-pyran-
4-one) has drawn the attention of researchers (Milyutin et al.,
2023; Ercan et al., 2020; Kandioller et al., 2011).

Nitrogen-containing heterocyclic compounds such as piper-
azine and piperidine rings have been widely used for the devel-
opment of many drugs and other bioactive substances, including
several of the currently used antitubercular drugs (Girase et al.,
2021). Mannich reactions, also known as aminomethylation re-
actions, facilitate the synthesis of chemical entities with basic
nitrogen atoms, making them valuable tools for drug discovery
(Roman, 2022). Our research group has previously reported
the anticonvulsant effects of several Mannich bases of alloma-
Itol with piperazine moieties (Aytemir, Calis, & Ozalp 2004;
M. Aytemir & Calis, 2006) (Figurel). In another study, Man-
nich bases of kojic acid and allomaltol were used to synthesize
piperazine and piperidine analogues. These derivatives were
examined for their effects on seizures induced by scMet and
MES (maximal electroshock) (Aytemir & Calig, 2010). The
results show that piperidine-containing allomaltol derivatives
have enhanced activity compared with piperazine-containing
derivatives.

The primary objective of drug discovery is to develop bioac-
tive compounds that are effective, selective, and have low toxic-
ity. Most of the compounds bearing 3-Hydroxy-4(1H)-pyrone-
containing Mannich bases designed and synthesized by our
research group exhibited important bioactivities (Karakaya et
al., 2019; Karakaya et al., 2019; Oncul et al., 2019). Because
nitrogen-containing heterocyclic derivatives of allomaltol ex-
hibit a wide spectrum of biological activities, our current goal
is to use these derivatives to further develop bioactive com-
pounds, particularly those with anticancer and antimicrobial
properties, that do not harm healthy cells. These compounds
have shown promising and uniform results and can be used as
leads for drug development in the future.

Therefore, in the present study, we aimed to investigate the
activities of 19 allomaltol derivatives against M. tuberculosis
and M. avium and their cytotoxic effects on healthy (MRC-5)
and carcinogenic (He-La) cell lines. Molecular docking studies
were conducted with these compounds against several potential
antimycobacterial drug targets. In addition, the drug-likeness
properties of the most promising compounds were predicted in
silico.
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MATERIALS AND METHODS

Antimicrobial agents

All the compounds were dissolved in dimethylsulphoxide (3%)
or d-H,O at a final concentration of 512 pg /ml, sterilised by
filtration using 0.22 pm Millipore (MA 01730, USA), and used
as stock solutions. The standard antimycobacterial agents were
isoniazid, ethambutol, and streptomycin. All compounds were
purchased from Sigma Chemical Co. The stock solutions of
the agents were prepared in accordance with the guidelines for
the preparation of solutions outlined by the CLSI (Clinical and
Laboratory Standards Institute) (Ozcelik et al. 2013; Aytemir
& Ozgelik, 2011; CLSI 2006).

Antimycobacterial Activity

The antimycobacterial activities of the compounds against M.
tuberculosis and M. avium were determined using the Re-
sazurin Microtiter Assay (REMA). M. tuberculosis H37Rv
ATCC 27294 reference strain and M. avium ATCC 15769
strains were maintained on Lowenstein—Jensen medium, sub-
cultured on Middlebrook 7H11 agar (Becton Dickinson), and
resuspended in 7H9-S broth medium supplemented with 10%
OADC (0.1% casitone, 0.5% glycerol, supplemented oleic acid,
albumin, dextrose, and catalase), 0.2% glycerol, and 0.1% bac-
tocasitone (Difco). Suspensions were prepared in 0.04% (v/v)
Tween 80-0.2%-+bovine serum albumin and adjusted to Mc-
Farland tube number 1. This was diluted to 1:20, and a 100-
L aliquot was used as the inoculum. 100 pL of Middlebrook
7H9 broth (10% OADC, 0.5% glycerol, 0.1% casitone, Becton-
Dickinson) was dispensed in each well of a sterile flat-bottom
96-well plate, and serial two-fold dilutions (256-0.06 pg /mL)
of each compound were prepared. 100 pL of inoculum was
added to each well. Growth and sterile control were also in-
cluded for each isolate. Sterile water was added to prevent
evaporation. The plate was then covered and incubated at 37
°C under a normal atmosphere. After 7 days of incubation, 10
pg /mL of resazurin solution was added, and the plate was
reincubate overnight. Any change in colour from blue to pink
indicated the growth of bacteria, and the minimum inhibitory
concentration (MIC) was defined as the lowest concentration of
the drug that prevented change in colour (Ozcelik et al. 2013;
Aytemir & Ozgelik, 2011).

Cytotoxicity assay

MRC-5 and He-La cell cultures were grown in Eagle’s Mini-
mal Essential Medium (Seromed; Biochrom; Berlin; Germany)
enriched with 10% foetal calf serum (Biochrom, Germany).
Streptomycin at a concentration of 100 mg/ml and penicillin at
a concentration of 100 IU/ml in a humidified atmosphere with
5% CO; at 37 °C. The cells were harvested using trypsin solu-
tion (BibcoLife Technologies, UK). The Maximum non-toxic
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Figure 1. Synthesis and chemical structure of allomaltol derivatives.

concentrations (MNTCs) were determined on the basis of cel-
lular morphologic alteration (Aytemir, Ozcelik, & Karakaya,
2013; Karakaya et al., 2013). Several concentrations of each
sample were placed in contact with confluent cell monolayers
and incubated in 5% CO2, at 37 °C for 48 h. After incubation,
non-toxic drug concentrations were evaluated and compared
with those of untreated cells. The rows causing cell damage
were evaluated as toxicity. In addition, maximum drug concen-
trations that did not affect the cells were evaluated as nontoxic
concentrations. The MNTCs of the compounds were deter-
mined by comparing treated and untreated cultures.

In silico Studies

The structures were downloaded from the protein data bank
(https://www.rcsb.org) and processed with UCSF Chimaera
software. The structures of the compounds were drawn using
ChemSketch. First, blind docking was performed using the on-
line tool CB-Dock, which was developed using AutoDock Vina.
This approach was used to identify and assess the most probable
binding sites on target proteins via cavity detection (CurPocket)
(Liu et al., 2020). Next, we performed defined docking using
Flare version 6.0 software (Cresset, UK) to determine the best
binding pose at the predicted binding pocket. Hydrogen atoms
were included, and the optimal ionisation states were assigned
to each residue. The chemical structure of compound 14 was
uploaded in SDF format and processed using default settings.
The grid was selected to include the binding site, which was
determined using blind docking. The binding poses of each pro-
tein with the best scores and analysed for its interaction with
compound 14.

RESULTS AND DISCUSSION

Chemistry

All of the compounds that were evaluated for their antimy-
cobacterial activity in this study have been synthesised and
characterised in our previous studies (Aytemir & Calig, 2010;
Aytemir, 2007; Aytemir & Calig, 2006; Aytemir et al., 2004).
Kojic acid was used as the starting compound in a two-step
reaction including chlorination of kojic acid and subsequently
reduction with zinc dust in conc. HCI, to gain allomaltol.

In vitro antimycobacterial effects of the compounds

Infectious diseases, particularly tuberculosis, pose a serious
public health threat, and the emergence of antimicrobial resis-
tance has limited clinical treatment options (Lv et al. 2024).
Therefore, the discovery of new anti-TB agents is required.

Herein, REMA was performed to determine the antimy-
cobacterial activity of all compounds against M. tuberculosis
H37Rv and M. avium ATCC 15769)using isoniazid and etham-
butol as control agents. The mechanism of action of ethambutol
is not fully understood, whereas isoniazid inhibits the forma-
tion of the mycobacterial cell wall. A bacterial enzyme called
“KatG” activates the drug, and the complex product inhibits
the synthesis of mycolic acid, which is an essential cell wall
component (Suarez et al., 2009). MICs (Table 1) of studied
compounds against M. tuberculosis and M. avium were in the
range of 2—128 pg/ml.

All 21 compounds exhibited antimycobacterial activity, in-
cluding the synthesis starting materials. Among these com-
pounds, 3, 10, 11 and 19 were found to be equally effective
against both species, whereas the other compounds were more
effective against M. avium.
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Table 1. Anti-Mycobacterium activities coupled with the cytotoxicity of the compounds as MICs and MNTCs (pg/mL).
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Table 1. continued

13¢ CH,
%NS 16 2 >256 >256
14¢
éNDCHa 16 2 =256 =256
15¢ CH;
éN ) 32 2 >256 >256
CH;
16¢
OH
%NDJ 8 4 >256 >256
17 HO
64 128 >256 >256
gw
18¢
%NQ—CHZQ 64 16 >256 >256
19¢
%N@—@Cl 16 16 >256 >256
Kojic acid 32 16 >256 >256
Allomaltol 32 16 >256 >256
Isoniazide 0.125 0.125
Ethambutol 2 2
Streptomycin 1 2

a: (M. Aytemir & Calis, 2006), b:(M. D. Aytemir et al., 2004), c:(Aytemir, M. D., Calis, U., 2007), d: (M. D. Aytemir & Calis 2010);

MNTCs: Maximum non-toxic concentrations

Compound 16, which includes a 4-(2-hydroxyethyl)
piperidine- 1-yl group, was the most effective compound against
M. tuberculosis (MIC = 8 pg/ml) and was four times more ac-
tive than kojic acid and allomaltol (MIC = 32 pg/ml). However,
compounds 12 and 15 showed similar activities to those of kojic
acid and allomaltol.

Since it is known that bioactivity is not the only parameter
required for a good drug candidate, drug-like properties were
improved by switching to Mannich bases, which will be dis-
cussed in detail in the next section.

All compounds except compound 17 were more active against
M. avium. In particular, compounds 13, 14, and 15 were the
best derivatives in the series (MIC = 2 pg/ml) and were eight
times more active than kojic acid and allomaltol (MIC = 16
pg/ml). More importantly, these three compounds were found
to have the same antimycobacterial activity as the reference
drug ethambutol and streptomycin. Compound 16 also showed
good activity against M. avium (MIC =4 pg/ml).

Correlating the chemical structures of compounds with their
bioactivities is an important area of medicinal chemistry. The
chemical structures of the compounds tested in this study differ
according to the type of amine groups added by the Mannich
reaction. The molecular modification was performed by adding
secondary amine groups. Hence, the synthesised derivatives
can be categorised into those bearing substituted phenyl piper-
azine and piperidine groups.

According to the electronic characteristics of the substituents
in the compounds bearing the phenylpiperazine group, there
was no difference between the groups in terms of electron-
donating or electron-withdrawing properties. In addition, the
position of the substituent does not have any effect, which can
be easily observed from the lack of difference in the activities
of compounds 5, 6, and 7, which are positional isomers with
respect to chlorine atoms. Furthermore, the introduction of a
methylene bridge between the piperazine and phenyl groups, as
in the structure of compound 9, did not alter the activity. The
antimycobacterial activity of compound 18, an isomer with




a piperidine ring instead of a piperazine ring based on the
structure of compound 9, remained the same.

By evaluating all activity results, we found that the most po-
tent compounds in the series were piperidine derivatives bear-
ing -CH3 at different structural positions. Although the MIC
values of compounds 13, 14, and 15 bearing 3-CHj3, 4-CH3,
and 3,5-diCHj3, respectively, were 16 pg/ml, 16 pg/ml, and
32 pg/ml, respectively, against M. tuberculosis, their activity
against M. avium was the same, with an MIC of 2 pg/ml, sim-
ilar to the reference drugs ethambutol and streptomycin. By
comparing the antimycobacterial activity of compound 12, a
nonsubstituted piperidine derivative without a methyl group, it
can be assumed that the methyl group, which provides elec-
trons to the ring inductively, significantly contributes to the
bioactivity.

In contrast to the piperazine derivatives, the positions of the
hydroxyethyl groups in the piperidine derivatives significantly
affected their bioactivity. In this case, the hydroxyethyl group
at the 4-position resulted in the second most active compound
in the series, whereas the hydroxyethyl group at the 2-position
resulted in the weakest compound.

Cytotoxicity of the compounds

Allomaltol derivatives were evaluated for their cytotoxic effects
against normal MRC-5 (human lung fibroblast) and cancer He-
La (Human cervix epithelial carcinoma) cells using a previ-
ously described method (M. D. Aytemir et al., 2013; Karakaya
et al., 2013). The MNTCs were determined based on cellular
morphologic alterations and were designated as either >128
or >512 pg/mL. According to the cytotoxicity results, we ob-
served no selectivity between the two groups. All compounds
were bioactive at non-toxic concentrations (=256 pg/mL). Ex-
cept for compounds 8 and 9, piperazine containing Mannich
bases had higher MNTCs (512 pg/mL) than kojic acid, alloma-
Itol, and piperidine analogues (MNTCs: >256 pg/mL).

In silico studies

Target Prediction Analysis Results

The protein groups with a high likelihood of binding, as de-
termined by the SwissTarget prediction analysis, a web-based
tool, are depicted in the graph below (Figure2) (Daina et al.,
2019). This tool predicts the protein targets with which the in-
vestigated compound may interact. In this study, Rip1 protease,
metallo-beta-lactamase (MBL) superfamily protein, serine pro-
tease Rv3671c, and zinc metalloprotease 1 (ZMP1) were pre-
dicted as potential targets of compound 14 and were selected for
molecular docking. Rip1 is a metalloprotease and an important
virulence factor in mycobacteria. It cleaves anti-sigma factors
K, L, and M, which negatively regulate the corresponding sigma
factors SigK, SigL, and SigM, respectively. These sigma fac-
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tors are involved in activating the expression of several other
virulence factors (Schneider, Sklar, & Glickman, 2014). The
MBL superfamily includes a group of enzymes that inactivate
a broad spectrum of -lactam antibiotics, except for monobac-
tam. They are not affected by most beta-lactamase inhibitors,
such as clavulanate, sulbactam, and tazobactam (Boyd et al.
2020). Rv3671c is a serine protease that enables mycobacte-
ria to persist within phagolysosome (Biswas et al. 2010). Zinc
metalloprotease-1 (Zmpl) is an important target and virulence
factor in mycobacteria. It is a zinc-containing peptidase that
interferes with phagosome maturation in macrophages, possi-
bly by inhibiting the secretion of caspase-1/interleukin-1f and
suppressing the formation of inflammasome and phagolyso-
somes (Ferraris et al. 2011). Cyclic di-GMP (c-di-GMP) phos-
phodiesterase (CDP) hydrolyses c-di-GMP to yield two GMP
molecules. It regulates biofilm formation, cell motility, and vir-
ulence in mycobacteria (Hull et al. 2012). Therefore, these five
enzymes represent attractive therapeutic targets for mycobac-
teria, and their inhibition may attenuate virulence.

Molecular Docking Results

According to the literature, only a few publications have re-
ported the targets and mechanism of action of synthetic anti-
mycobacterium compounds. The use of computational chem-
istry accelerates the discovery and design of new compounds
with improved potency while also reducing the synthesis cost.
Molecular docking simulation is a crucial tool for structure-
based drug design (SBDD) because it can predict the binding
affinity as well as the binding pose of the ligand with the active
sites of a target (Abdullahi et al., 2020). It is an optimisation
process in which the main goal is to find the most stable bind-
ing position of the ligand with the target molecule. The binding
affinity of each possible orientation of the ligand within the
active sites forming the complex was calculated by sampling
the 3D coordinate space of the binding site on the target. Thus,
the pose with the lowest binding energy is predicted as the most
stable conformation of the protein-ligand complex.

In this study, we subjected compound 14 to two rounds of
molecular docking. The first round was a blind docking ap-
proach used to identify and assess the most probable binding
sites on the target proteins. The second round was a defined
docking approach used to determine the best binding pose at
the predicted binding pocket. The binding energies, shown in
Table 2, ranged from -8.14 to -5.97, kcal/mol, with ZMP1 ex-
hibiting the lowest binding energy. These results suggest that
compound 14 binds with high affinity to each of the predicted
targets. The predicted binding interactions showed that com-
pound 14 formed one hydrogen bond with ALA 631 in ZMP1,
two hydrogen bonds with SER 442 and GLN 445 in CDP, one
hydrogen bond with SER 397 in the serine protease Rv3671c,
one hydrogen bond with ASP 76 and one aromatic interaction
with PHE 175 in the MBL superfamily protein, and two hy-
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Table 2. Docking scores for compound 14 for predicted targets
Protein UniProt Acc. (No. | Docking Score
(kcal/mol)

Zinc metalloprotease Ripl (PDB:3ZUK ) Q9CBU4 -6.83
Metallo-beta-lactamase superfamily proteins P96924 -5.97
Serine protease Rv3671c PO9WHRS -6.77
Zinc metalloprotease ZMP1 (PDB:6XLY) 053649 -8.14
c-di-GMP phosphodiesterase AOH2ZTL9 -6.16
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Table 3. Predicted ADME and physicochemical parameters of the compounds

H

Comp. MW Consensus TPSA GI BBB
B B MR .
no (g/mol) logP b A (A2) Absorption Permanent
13 237.29 1.68 1 4 70.47 53.68 High Yes
14 237.29 1.67 1 4 70.47 53.68 High Yes
15 251.32 1.91 1 4 75.28 53.68 High Yes
16 267.32 1.19 2 5 76.44 7391 High No
Table 4. Drug-likeness filters of the compounds
Muegge
Lipinski Those Veb 200 < MW <600, Bioavail-
eber Egan —2<XLOGP<35; ability
Com MW < 500; 60 <MW < 480; Rotatab] TPSA<157; score
Mean logP < ~ 0.4 < WlogP < otatable WLOGP < HBA<10; HBD<35;
p. no 4.15; 5.6: Bonds < 10; 5.88; RB < 15; Number of Probability
HBA< 10; 40 <MR < 130; 1%522 = TPSA < rings < 7; Number of of F> %10
HBD <5 20 < atoms < 70 131.6 carbons in rats
>4;
Number of
heteroatoms > 1
13 Yes Yes Yes Yes Yes 0.55
14 Yes Yes Yes Yes Yes 0.55
15 Yes Yes Yes Yes Yes 0.55
16 Yes Yes Yes Yes Yes 0.55

drogen bonds with MET 296 in Ripl. Our molecular docking
results provide further evidence that compound 14 might ex-
ert its anti-TB effect by inhibiting all five enzymes, particularly
ZMP1. However, further in vitro studies are required to confirm
this result.

Druglikeness of the compounds

In principle, the optimisation of lead compounds into drug
candidates should address their potency and selectivity and
improve their ADME profiles. Insufficient ADME and physic-
ochemical properties led to the withdrawal of drug candidates
from preclinical studies. Therefore, it is useful to evaluate the
ADME properties of the compounds in the first step. Com-
pounds 13, 14, 15, and 16 were selected to predict ADME
properties because they exhibited the highest antimycobacte-
rial activity.

The druglikeness of a molecule is determined by balanc-
ing hydrophobicity, electronic distribution, size, and flexi-

bility. These properties influence the bioavailability, toxicity,
metabolic stability, affinity to proteins, and transport properties
of compounds in living organisms.

In a previous study, 1271 synthetic anti-tubercular com-
pounds were evaluated based on their physicochemical proper-
ties (Motamen & Quinn, 2020). Calculated partition coefficient
(clog P), molecular weight (MW), and polar surface area (PSA)
as the three important properties arising from the analysis. In
addition, a new TB space with more appropriate values of MW
< 500, -4 < clog P < 3, and 30 < PSA < 140 A is proposed
which may be a useful guide for designing new compounds
against Mycobacterium species.

In this study, the drug-likeness properties of the selected
derivatives were evaluated using the SwissADME web-based
tool (Daina et al., 2017). In silico prediction of physic-
ochemical and pharmacokinetic properties such as hydro-
gen bond donor/acceptor (HBD/HBA), molecular refractivity
(MR), partition coefficient (logP), topological PSA (tPSA) val-
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ues, blood-brain barrier (BBB) transport, and gastrointestinal
(GI) absorption are presented in Table 3.

The logP value, a valuable indicator of drug permeability,
was estimated using different models, i.e., iLOGP, XLOGP3,
MLOGP, SILICOS-IT, WLOGP, and the arithmetic mean of the
logP values. The MR and tPSA polarity parameters indicate the
transport of compounds in the body. Drug-likeness filters are
also presented with their limitations in Table 4. All selected
Mannich bases obeyed all considered filters.

CONCLUSION

The allomaltol derivatives tested in this study were effective
against M. tuberculosis and M. avium and relatively non-toxic
against human cells. In silico studies predicted that these com-
pounds exhibit excellent drug-likeness and satisfactory physic-
ochemical properties. In particular, compounds bearing methyl-
substituted piperidine groups were found to be as effective as
the drugs ethambutol and streptomycin, which are clinically
used in these treatments. Furthermore, Rip1, MBL superfamily
proteins Rv3671c, and ZMP1 were predicted to be potential tar-
gets of these compounds, with high binding affinity. Therefore,
allomaltol derivatives are promising antimycobacterial agents
that can be used to develop novel therapeutic agents for the
treatment of tuberculosis and other mycobacterial infections
with high safety profiles.
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