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1. Introduction

Antimicrobial resistance (AMR) represents a significant global

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

Rational design of indolyl acrylamides as
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Antimicrobial resistance (AMR) has become a significant public health problem. This study investigated the
structure-activity relationship of indole core molecules to uncover novel antimicrobials against resistant
bacteria. Their antimicrobial evaluation against ESKAPEE bacteria showed superior efficacy compared to
cefepime, meropenem, ciprofloxacin, and gentamicin against multidrug-resistant A. baumannii strain A-
564, with minimum inhibitory concentration (MIC) values of 4.3 and 1.2 ug mL™ for compounds 12e and
12j, respectively. Also, the same compounds showed better activity than cefepime for A. baumannii BAA
ATCC 747 with MIC values of 1.2 and 4.4 pg mL™ In addition, 12e and 12f showed activity against
methicillin- and penicillin-resistant S. aureus with MIC values of 3.2 and 2.1 ng mL™. Furthermore, the
highly active compounds 12e and 12 exhibited low toxicity, with hemolysis values >40 pg mL™
Preliminary examination of the mechanism of action revealed that 12e could exhibit dose-dependent
inhibition of the AbFtsZ; 41, enzyme from strain XDR A-564, achieving 51% inhibition of GTPase activity at
32 ng mL, thus altering the binary fission process, which could be attributed to the fact that 12e binds to
the GTP site and interferes with the function of the enzyme by inhibiting the formation of the Z-ring. Also,
a cell viability assay indicates that cells treated with these compounds showed increased permeability,
compromising the stability of the A. baumannii A-564 membrane. These results provided valuable
information for further developing indolyl-acrylamides as new antimicrobial agents.

multidrug-resistant pathogens group under the ESKAPEE
acronym, which includes: Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumanni,

threat to public health." In 2019, AMR was associated with
approximately 4.95 million deaths.> The World Health
Organization (WHO) projects that AMR could result in up to
10 million deaths per year by 2050.° Clinically significant
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Pseudomonas aeruginosa, Enterobacter spp., and Escherichia
coli.* These bacteria, prevalent in hospital settings, have
developed multidrug resistance (MDR), extreme drug
resistance (XDR) or pandrug resistance (PDR) making them
particularly dangerous.” The WHO recently updated its list of
priority pathogens for antibiotic research and development,
placing carbapenem-resistant A. baumannii among the top
three bacteria in group one, classified as a critical priority.°®
Clinical isolates of this bacterium, such as the extensively
drug-resistant (XDR) strain A-564 from a Mexican patient,
have shown resistance to various drug families, including
quinolones, aminoglycosides, penicillins, cephalosporins,
carbapenems, and macrolides.” Hence, developing new and
effective antibacterial drugs to address MDR and XDR strains
is crucial.

Designing bioactive molecules and conducting structure—
function studies offer targeted and efficient approaches to
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drug discovery, reducing the time and resources required
compared to the extensive testing of large chemical libraries.
One of such alternative drug discovery approaches is
searching for privileged structures - molecular frameworks
that confer biological activities in diverse pharmacological
targets.® This approach has shown promising results in
finding pharmacologically active compounds across a broad
range of therapeutic areas. Several reviews on the topic of
privileged structures® support the idea that the indole ring is
one of the best-known privileged structures and exerts
pharmacological activities depending on the
functional groups joined to the moiety.” Examples of
bioactive compounds bearing the indole scaffold are
panobinostat (1) for the treatment of multiple myeloma,"
ramosetron (2) as an antiemetic and as a treatment for
irritable bowel syndrome,"" sumatriptan (3) for the treatment
of migraine,"”” and aterviridine (4) with activity against
human immunodeficiency virus (HIV-1)"* (Fig. 1).

Moreover, the indole-containing scaffold is a key
structural feature in many compounds that inhibit the
growth of Gram-negative and Gram-positive bacteria.’® The
synthesis of a series of 3-amino indoles was previously
reported, and their antibacterial properties were evaluated
against ESKAPEE group bacteria. Among these, compound 5
(Fig. 1) demonstrated significant inhibitory activity against
ciprofloxacin-resistant A. baumannii and P. aeruginosa with a
MIC of 8 pg mL™" for both strains.’* Compound 6 (Fig. 1)
demonstrated an even more potent activity against MDR and

various
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XDR strains, especially when combined with carbapenems. It
also exhibited broad-spectrum efficacy against
Enterobacteriaceae, with an MICy, value of 1-2 pg mL ™. The
study suggested that incorporating a primary amine into
molecules that meet specific structural and rigidity
requirements enhances accumulation in bacterial cells,
thereby boosting antibacterial potency.'>'® Compound 7
(Fig. 1) showed promising activity with MIC values ranging
from 1 pg mL™" to 4.8 ug mL™" against several drug-sensitive
bacteria, including S. aureus ATCC 25923, S. aureus ATCC
26003, E. faecalis ATCC 29212, B. subtilis ATCC 63501, and E.
coli ATCC 44568. Additionally, this antimicrobial agent
exhibited activity against both Gram-positive and Gram-
negative MDR bacteria, specifically E. coli BAA-196 and S.
aureus ATCC 43300 (MRSA), with MIC values as low as 0.5 ug
mL™ for both strains.”” Interestingly, in the same year that
compound 7 was reported, Yuan, W. et al.*® discovered a very
similar indole derivative (compound 8), (Fig. 1) which
presented excellent activity against S. aureus ATCC 29247
(ampicillin-resistant), E. faecalis 51575, and E. faecium
700221, both vancomycin-resistant, with MIC values between
2 and 4 pug mL™'. Upon investigating the antibacterial
mechanism of compound 8, it was found that, at a
concentration of 8 ug mL™, this molecule inhibits 60% of
the GTPase activity of the SaFtsZ enzyme. This closely
aligns with previous observations of other indole
derivatives, where bacterial growth inhibition was linked to
the disruption of FtsZ activity.'® FtsZ is a temperature-
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Fig. 1 Examples of compounds containing indole scaffolds and exhibiting biological activity.

3568 | RSC Med. Chem., 2025, 16, 3567-3581

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5md00145e

Open Access Article. Published on 20 kvtna 2025. Downloaded on 25.02.2026 11:54:00.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Medicinal Chemistry

involved in bacterial cell
into a circumferential structure

sensitive filamentous protein
division that assembles
known as the Z-ring.” This process requires guanosine-5'-
triphosphate (GTP) binding and hydrolysis (GTPase activity),
along with stabilization and anchoring of FtsZ to
cytoplasmic membrane-binding proteins. Once the Z-ring is
formed, it recruits a series of additional proteins necessary
for cytokinesis.>® To date, only a limited number of
antimicrobial agents have been identified that bind to this
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represents a promising yet underexplored target for the
development of new antimicrobial agents.*?

This research centers on the design and synthesis of
indole-based compounds, inspired by the remarkable
antibacterial activity and mechanisms of action of
compounds 7 and 8 (Fig. 1). By conducting a comprehensive
structure-activity relationship (SAR) study, we aim to delve
into their antimicrobial properties and elucidate potential
modes of action, also showing that the strategic design of

protein and modulate its polymerization or GTPase  bioactive molecules and the application of structure-function
activity.”> Nevertheless, as the FtsZ protein is highly  studies provide a focused and efficient pathway for drug
conserved and essential across bacterial species, it  discovery, significantly cutting down on the time and
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Scheme 1 Synthetic route for the indolyl acrylamides analogues 1la-h, 11a’ and 12a-j. a) 13a-c, Boc,O, NaH, THF,

NH

oy df

Ts
20 11a’
rt, 24 h; b) 13a-c,

p-toluenesulfonyl chloride or p-chlorobenzyl chloride, NaOH, and TEBAC, DCM, rt, 16 h; c) 14a-c or 16a-c, 17a-c, malonic acid, piperidine,
pyridine, 80 °C, 5 h; d) 15a-c, TFA, DCM, rt, 1 h; e) 9a-c or 18a-d, HBTU, DIPEA, DCM/DMF (3:1), rt, 5 h.
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resources needed compared to the broad testing of large
chemical libraries. Our goal is to contribute to significant
advancements in antimicrobial research, paving the way for
the development of novel and effective antibacterial agents.

2. Results and discussion
2.1 Chemistry

Compounds 9a-c¢, 10a-c, 1la-h, 11a’, and 12a-j were
synthesized through the efficient routes outlined in
Scheme 1, demonstrating the effectiveness and productivity
of our process. Initially, compounds 15a-¢, 9a-c¢, and 18a-d
were synthesized in two steps, with the first step involving
the indole N-H substitution of compounds 13a-c¢ with Boc,
Ts, and p-Cl-benzyl groups. N-substitution with Boc was
carried out using Boc,O and NaH in THF at rt for 24 h
obtaining the N-Boc compounds 14a-c in 89-96% yields.>
The N-Ts intermediates 16a-c were obtained by stirring 13a-c
with p-toluene sulfonyl chloride, NaOH, and -catalytic
amounts of benzyltriethylammonium chloride (TEBAC) in
DCM at rt for 16 h, in 81-94% yields.>* Similarly, compounds
17a-d were prepared using 13a-d, p-chlorobenzyl chloride,
NaOH and TEBAC. The second step was a Knoevenagel
condensation reaction of 14¢, 16a-c and 17a-d with malonic
acid, via the Doebner modification to obtain 15a-c, 9a-¢, and
18a-d in 84-93% yields.*

Conversely, compounds 10a-c were obtained by acid
hydrolysis of 15a-c¢ with trifluoroacetic acid (TFA) in DCM,
with yields between 68 and 78%.>° Likewise, the coupling of
indolylacrylic acids 9a-c or 18a and the corresponding amine
was achieved using HBTU and DIPEA in DCM/DMF (1:3 v/v),
giving compounds 11a-h and 12a-j in 13-68% yields.”’
Finally, compound 11a’ was prepared by stirring 19 with
p-toluene sulfonyl chloride in DMC at rt for 24 h, followed by
a coupling reaction with HBTU, DIPEA, and piperazine in
DCM/DMF (1:3 v/v) at rt for 5 h, obtaining compound 11a’
with a 43% yield.”” The structures of all compounds were
confirmed by 'H and C NMR spectroscopy and high-
resolution mass spectrometry (ESI-HRMS). For example, in
the '"H NMR spectrum of compound 12e, the signals for the
2-N-amino-ethyl group are evident, including one triplet at
approximately 2.70 ppm for C-2’ and one quartet at 3.22 ppm
for C-1'. Two doublets were also observed at 6.58 and 7.51
ppm, corresponding to the unsaturated a—f system, with a J
= 15.9 Hz indicating the ¢rans conformation of the alkene.
Moreover, the AA'BB’ system for the aromatic ring of the p-Cl-
benzyl substituent was also observed.

Additionally, we observed in the >*C NMR spectrum of 12e
a peak at 166.18 ppm corresponding to the carbonyl group of
the o-f unsaturated amide, as well as the carbons for the
ethylenediamine motif at 41.09 and 41.42 ppm and the
methylene at 48.65 ppm of the p-Cl-benzyl group. When the
compound is 12j, the signals for the 2-N-amino-butyl group
are a triplet at 2.99 ppm, with another at 3.36 ppm
corresponding to C-1' and C-4’, and a multiplet at 1.69-1.71
ppm corresponding to the two central methylene's CH,-2’
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and CH,-3'. Also, the structure of the synthesized compound
12j, with a molecular formula C,,H,,BrCIN;O, was supported
by the HRMS spectrum, where the molecular ion peak EST'
m/z 460.07892 (M + H)" is in concurrence with the calculated
value of 460.07913. Similarly, the ESI-HRMS results were
consistent with all the synthesized structures.

2.2 Antibacterial studies

Compounds 9a-c, 10a-c, 11a-j, 11a’, and 12a-j were screened
against a panel of bacterial strains, including Acinetobacter
baumannii ATCC BAA 747 and ATCC 17978, as well as the
extensively drug-resistant (XDR) clinical strain of Mexican
origin A-564, and against other bacteria of the ESKAPEE
group: S. aureus (MRSA), S. aureus ATCC 25923, K.
pneumoniae K2 (MDR), and P. aeruginosa P-48M (MDR). We
used cefepime, gentamicin or colistin as controls (Table 1).
MIC values were determined using a plate microdilution
assay following the guidelines of the Clinical and Laboratory
Standards Institute (CLSI).>® Percentages were afterwards
calculated using GraphPad Prism 9.5.1.

2.3 Structure-activity relationship discussion

We started with structural simplification to evaluate the
antimicrobial structure-function relationship. The exchange
of a basic group (guanidinium) for an acidic group was
explored, resulting in compounds 9a-c (Fig. 2), evaluated at
an initial concentration of 50 ug mL™". Compounds 9a (C5-
Br) and 9b (C5-Cl) showed 72% to 100% inhibition against A.
baumannii BAA ATCC 747. Compound 9a stood out by
achieving 39% inhibition against A. baumannii XDR strain
A-564. Attempting to further simplify the structure, the tosyl
indole group was replaced by a hydrogen, which resulted in a
considerable decrease in potency of the resulting 10a-c
molecules against all tested A. baumannii isolates (see ESIY
Table S1, page S16), indicating the importance of the indole
N-sulfonamide group for the antibacterial activity.>® These
findings prompted the hypothesis that systematic exploration
of structural modifications to the compounds could enhance
their bioactivity. Compounds 9a-c¢ were selected as hit
molecules for further optimization (Fig. 2). Since piperazine-
derived compounds have been previously reported as
antibacterial agents, we replaced the carboxylic acid in the
core structure with a piperazinyl group, thus obtaining 11a-c
(Table 1).*° Compounds 11a-c, as well as the compounds
resulting from the subsequent structural modifications, were
evaluated against A. baumannii BAA ATCC 747, ATCC 17978,
and XDR A-564 strains. The antibacterial activity of
compound 11c against A. baumannii BAA ATCC 747 with a
MIC of 20.4 ug mL™" is comparable to that of the commercial
antibiotic cefepime (MIC = 15.3 pg mL™") (Table 1).
Furthermore, it was observed that compound 11c exhibited a
MIC value of 61.3 pg mL™' against the XDR A-564 strain,
which is better than the MIC value of the reference drug
cefepime (MIC > 64 pug mL™"). Nevertheless, it did not show

This journal is © The Royal Society of Chemistry 2025
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Table 1 In vitro biological data of indolyl-acrylamides 11a-h, 11a’, and 12a-j, MIC and *HCsq (ng mL™)
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A. b BAA A. b A-564 P. a 48-M K pK2 S. a clinic S.a Hemolysis

Compounds A. b 17978% 747° (XDR)° (MDR)? (MDR)* (MRSAY 25923¢ HCs,
11a 19.0 + 1.1%* 7.8 + 1.2% 31.7 >122.2 NT 48.8 >73 <47
11b 19.7 + 1.0* 7.5+ 1.2% 44.3 >110 >66 NT >66 >40
11c >61.3 20.4 61.3 >102 NT >61 >61 >40
11d >63.5 >21.1 >105.8 >105 >63 >63 >63 NT
11e >61.5 >61.5 >102.6 >102 >61 >61 >61 NT
11f >63.9 >63.9 >106.6 >106 >63 >106 >63 >40
11g 8.3 + 1.0* 3.2 +2.3% 10.2 + 1.1* 46.2 >23 8.9 + 3.4% >69 >40
11h 13.7 + 1.1%* 6.3 + 1.1%* 9.6 + 1.5% 41.7 >20 8.1+ 1.1% >62 >40
11a’ >61.6 >41.1 51.3 >102 NT NT >61 >40
12a 20.9 + 1.1* 4.5 +1.2% 13.7 + 1.1* >114 >22 >22 >68 <40
12b 8.7 + 1.1* 8.7 + 1.0* 31 >103 >20 >20 >62 >40
12¢ >56.9 14.2 + 1.1* 29.6 >94 >56 >18 >56 <40
12d >59.0 >59.0 >59.0 >98 >19 >19 >59 NT
12e 71 +1.1*% 1.2 £ 2.6* 4.3 +1.1* 23.2 £ 1.1%* 12.1 + 1.2* 3.2 +1.1% 14.2 + 1.0* >40
12f 7.4 +1.0* 5.9 + 3.5%* 8.8 + 1.1* 16.3 + 1.0* 9.7 + 1.9* 2.1 +2.1% 11.6 + 1.0* >40
12¢g 23.3 £ 1.0* NT 26.5 >88 >17 >17 >53 >40
12h 15.9 + 1.1* 9.6 + 1.1* 371 NT 18.5 6.6 + 1.1* >55 NT
12i 10.23 + 1.0* 9.5 + 1.0%* 15.4 + 1.1%* 44.6 >22 6.2 + 1.2% 21.8 + 1.0* <21
12j 8.3 + 1.1* 4.4 +1.1% 1.2 £ 1.3* NT 18.4 8.2 + 1.9% 16.5 + 1.9* >40
Cefepime 16.3 15.3 >64 NT NT NT NT NT
Meropenem NT NT >32 NT NT NT NT NT
Gentamicin 0.95 0.95 >64 0.95 0.13 NT NT NT
Ciprofloxacin NT NT >50 NT NT NT 8 NT
Penicillin G NT NT NT NT NT >84 NT NT

@ A.b.17978, Acinetobacter baumannii ATCC 17978. ® A.b. BAA 747, Acinetobacter baumannii ATCC BAA 747. ¢ A.b. A-564 (XDR), Acinetobacter
baumannii A-564 (XDR). ¢ P.a. 48-M (MDR), Pseudomonas aeruginosa 48-M (MDR). ¢ K.p. K2 (MDR), Klebsiella pneumoniae K2 (MDR).” S.a. MRSA,
penicillin-methicillin-resistant Staphylococcus aureus. ¢ S.a. ATCC 25923, Staphylococcus aureus ATCC 25923."Hemolytic concentration 50 (HCs)

(n = 3). *MIC values were calculated with the Gompertz equation using GraphPad Prism 9.5.1, (n = 3). NT = no test.

relevant activity against A. baumannii ATCC 17978 (MIC >
61.3 pg mL ™).

Compounds 11a and 11b, with a (C5-Br) and (C5-Cl)
substituent, respectively, showed better antibacterial activity
than cefepime with values of 31.7 and 44.3 pg mL™"
respectively against A. baumannii XDR A-564 (Table 1).
Compound 11a also showed an MIC of 7.8 ug mL™" against A.
baumannii BAA ATCC 747, indicating that the bromo
substituent at C-5 effectively enhances the antibacterial
activity against both strains.>’ The MIC values were 2 times
better than those of cefepime for both strains. Likewise,
compound 11b presented a MIC = 7.5 ug mL ™" value lower
than that of cefepime for strain BAA ATTC 747, but for strain
XDR A-564, the potency decreased compared to 11a.

Based on these results, and aiming to improve the MIC
value in the simpler compound 11c against A. baumannii
strains, the NH group of the piperazinyl was replaced with O
and S, resulting in 11e and 11f, respectively.”> These
compounds lost their potency considerably against A.
baumannii BAA ATCC 747, A. baumannii ATCC 17978, and A.
baumannii XDR A-564, presenting MIC values above 60 ug
mL . This finding suggested that the NH of the piperazinyl
group is crucial for antibacterial potency. This hypothesis
was confirmed experimentally by testing compound 11d,
which showed a potency decrease (MIC > 20 ug mL™") for all
strains of A. baumannii. Similarly, the double bond influence
of the a,B-unsaturated system was evaluated using compound

This journal is © The Royal Society of Chemistry 2025

11a’. However, the potency was not significantly improved
against any strain with a MIC > 40 pg mL™".

The N-2-aminoethyl group was incorporated in
compounds with higher activity 11a and 11b instead of a
piperazinyl moiety to evaluate the influence of the rigidity of
the piperazinyl group on bioactivity, generating compounds
11g (C5-Br) and 11h (C5-Cl). Compound 11g showed a
significant bioactivity improvement against two ATCC
strains of A. baumannii, with MIC values of 8.3 ug mL™" for
strain 17978 and 3.2 pg mL™' for strain BAA 747, thus
increasing the potency of 11g two times compared to 11a
against the BAA ATCC 747 strain. Evaluation of compound
11g against the XDR A-564 strain gave a MIC of 10.2 png
mL™, indicating that its potency is six times higher than
cefepime and three times higher than 11a. Previous studies
have also reported that substituting the indole N-linked H
with the p-Cl-benzyl group enhances the antimicrobial
activity.”® Based on this, replacing the tosyl group with the
p-Cl-benzyl group and keeping the piperazinyl group and
the bromine at C-5 to generate compound 12a was
proposed. Compound 12a showed a considerable increase
in potency against strains BAA 747 and XDR A-564,
exhibiting values of 4.5 pg mL™ and 13.7 pg mL™,
respectively, indicating that 12a presents a significant
increase in potency compared to cefepime and compound
11a. Both structure-activity relationship studies indicate that
the N-2-aminoethyl group and the p-Cl-benzyl group

RSC Med. Chem., 2025, 16, 3567-3581 | 3571
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Fig. 2 Rational design of the compounds assessed.

significantly increase the activity against A. baumannii
strains.

As a consequence, molecular hybridization of both groups
in the base structure of the indole ring was proposed, thus
obtaining the 12e-h compounds.** Evaluation of compound
12e (C5-Br) against ATCC strain BAA 747 revealed a MIC
value of 1.2 pug mL™", which is ten times more potent than
cefepime. Moreover, this compound showed a remarkable
increase in potency against the XDR A-564 with a MIC value
of 4.3 ug mL™', making it thirteen times more potent than
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cefepime and two times more potent than 11g, distinguishing
12e as a promising compound. Subsequently, to improve
potency, bromine was retained at carbon 5, and a
modification of the chain length (homologation) was
proposed, replacing the N-2-aminoethyl group with aliphatic
chains 12i n = 3 and 12j n = 4. For the A. baumannii BAA
ATCC 747 strain, compound 12i showed decreased
antibacterial activity with a MIC value of 9.5 pug mL™".
However, for compound 12j, the MIC was 4.4 pg mL ",
indicating a homologous effect for this strain, with a value

12i, n=3
12j, n=4
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three times better than cefepime. The homology effect
against strain XDR A-564 showed the next tendency.
Compound 12i displayed a decrease in potency, with a MIC
of 15.4 ug mL™". At the same time, 12j showed a homologous
effect, with a MIC of 1.2 ug mL™", representing a significant
increase in power compared to 12e, but a more than 50-fold
increase compared to cefepime. In addition, all compounds
underwent rigorous testing against other bacteria from the
ESKAPEE group, including clinical isolates of penicillin-
methicillin-resistant S. aureus resulting in very low MIC
values of 3.2 ug mL ™" with 12e and of 2.1 ug mL ™" with 12f.

o
1

% Enzymatic inhibition of AbFtsZ, 412

View Article Online

Research Article

The chemical structure optimization steps and
antimicrobial activity results presented in this study
demonstrate a procedure that successfully enhanced the
biological efficacy of a family of compounds by over tenfold
through the derivatization of a privileged core structure.
These findings underscore the potential of rational design
and targeted structural modifications in drug development,
highlighting a promising pathway for the creation of more
potent antimicrobial agents. The final lead compounds 12e
and 12j exhibit significant promise due to their superior
bioactivity and potential to address various multidrug-
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Fig. 3 1) Effects of compound 12e on the cell morphology of A. baumannii XDR A-564 grown in the absence (A) or the presence of 0.5 MIC of
12e (B). C) Effect of inhibition of GTPase activity of AbFtsZ; 41, by indole derivatives 12e and 12j (berberine was used as a positive control, 186 ug
mL™, n = 3), 2) growth curves of the strains with the bacterial activity of compounds 12e (A) and 12j (B) against A. baumanii XDR A-564 (colistin
was used as a positive control, n = 3). Three independent experiments were performed, each with three repetitions. The statistical significance was

calculated with a t-test in GraphPad 9.5.1.
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resistant pathogens, marking a crucial step forward in
limiting antimicrobial resistance.

2.4 Morphological effects of the indole family compounds on
A. baumannii A-564 treated cells

Microscopic observations of the bacterial cell morphology
have uncovered a significant finding. At a concentration of
2.1 pg mL™', 12e has shown a remarkable effect on A.
baumannii A-564 cells, increasing their length (B) compared
to untreated cells (A) (Fig. 3). This increase in length
indicates a potential mechanism causing abnormal bacterial
cell division and cell death.*® The results strongly suggest
that the synthesized compound has an inhibitory effect on
GTPase activity, leading to instability and abnormal bacterial
cell division, ultimately resulting in cell death. These findings
could potentially lead to the development of new strategies
for combating bacterial infections.

2.5 Effects of indolyl-acrylamides derivatives on the GTPase
activity of ADFtsZ,_4,,

The polymerization of the FtsZ protein, a pivotal process for
cell division, is intricately linked to the rate of GTP
hydrolysis.’” Previous studies by Carrillo-Jaimes, K. et al.,
where they expressed and purified the AbFtsZ, ,i, protein
from the XDR A-564 strain, demonstrated that berberine can
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inhibit the GTPase activity of the AbFtsZ; 4, enzymes by no
more than 50% at a concentration of 186 pg mL .
Additionally, other compounds, such as sanguinarine and
curcumin,® previously reported as FtsZ inhibitors of E. coli
and B. subtilis, were tested but no inhibition was observed for
the GTPase activity of ADFtsZ, 41,. Given the high
conservation of this protein in bacterial species, we turned
our attention to the potential of 12e and 12j to affect the
GTPase activity of ADFtsZ;_41,. This exploration could have
far-reaching implications for our understanding of the
antibacterial mechanism of indolyl-acrylamides analogs. The
compounds were tested in the 8-46 ug mL™" range. In the
GTPase assay, 12e and 12j demonstrated concentration-
dependent inhibition, reaching a maximum inhibition of 51
+5.4% and 30.5 + 6.3% at 32 ug mL™" (Fig. 3).

2.6 Docking and molecular dynamics simulations of
compounds 12e¢ (A) and 12j (B) in the GTP binding site of
FtsZ

The blind docking study revealed that both compounds
strongly prefer the GTP binding site. Additionally, both
compounds showed a highly similar binding mode at this
site, depicted in gray (Fig. 4). Three independent 100 ns MD
simulations showed that the protein backbone remained
stable with an RMSD of less than 0.25 nm. However, both
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Fig. 4 Docking and molecular dynamics results of (A) 12e and (B) 12j. The left plots depict the backbone (top) and ligand (top) RMSD after least
squares fit to the protein backbone for the three independent MD simulations. Histogram plots show the fraction of structures within the first
three clusters (CF) and the fraction of hydrogen bond (IFHB) and hydrophobic (IFHI) interactions between the compounds and the protein. These
fractions were obtained from the combined analysis of the three MD replicas. The figures on the right illustrate the docking pose with the highest
score (gray) and the most representative pose from the MD simulations (purple and red, respectively), along with the residues with which they

interacted most during the MD simulations.
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ligands exhibited a significant change in orientation at the
site compared to the predicted docking pose. By analyzing
the fraction of structures derived from clustering analysis
(CF), the most representative pose for each ligand was
identified. One of the most intriguing findings of our study
is the unexpected similarity in the poses of both ligands.
Despite this, the pose of compound 12e was only represented
in 31.0% of the last 50 ns across the three simulations, while
compound 12j's binding pose, despite its longer aliphatic
chain, was found in 70.4%. Both compounds also exhibited
highly of hydrogen bond (HB)
hydrophobic (HI) interaction fractions (IFs). They formed
hydrogen bonds with D213 in over 80.0% of the replicas, as
well as a high percentage of hydrophobic contacts with N52

similar profiles and

and Y209. Compound 12j also formed a hydrogen bond with
D214 and hydrophobic interactions with K210 during the
simulations. Despite these similarities, compound 12j may
exhibit lower FtsZ inhibitory activity due to the potential
increase in conformational entropy caused by its longer
chain, which could affect its binding affinity.

2.7 Effect of indolyl-acrylamides on membrane
permeabilization

Previous studies have shown that specific FtsZ inhibitors can
induce secondary effects on the bacterial membrane, leading
to cell lysis.®® In A. baumannii, membrane disruption is a
particularly relevant mechanism, given that this bacterium
possesses a highly impermeable outer membrane that
confers resistance to multiple antibiotics.*® The cell viability
assay (Fig. 5) revealed that bacteria treated with 12e and 12j
exhibited more dead cells (stained red) than the untreated
control, in which no dead cells were observed. Moreover, in

SYTO 9

w b -]
12e Control

O
12j
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bacteria exposed to 12e, virtually no live cells (stained green)
were detected. These results indicate that cells treated with
these compounds showed increased permeability to
propidium iodide (PI) (Fig. 5), suggesting that both
compounds compromise the stability of the A. baumannii
A-564 membrane, as PI is a marker that only penetrates
damaged membranes.

2.8 Hemolysis

Hemolysis, the breakdown of red blood cells, can be caused
by exogenous factors and lead to health complications. The
hemolysis assay, a tool that can be used to evaluate the safety
and usefulness of new compounds with promising biological
activity, has shown promising results.*>*' All compounds
were tested at 40 pg mL™'. Interestingly, the hemolytic
properties of the most active compounds against A.
baumannii XDR A-564 and A. baumannii BAA ATCC 747, 12e
and 12j, were >40 pg mL™' (Fig. 6), indicating that the
compounds present more selectivity against microorganisms
with a lower effect on red blood cells.

3. Conclusions

In summary, a novel library of indolyl-acrylamides analogs
was synthesized by an in vitro MIC activity-guided structure—
activity relationship (SAR) study, and their in vitro
antibacterial activity was evaluated. The results show that
these compounds exhibit up to ten fold increased potency
against resistant and extremely resistant bacteria when they
present the following structural features: 1) a bromo bonded
at the C-5 position of the indole ring, 2) a p-chlorobenzyl
group joined to indole nitrogen, 3) an increase in the
rotational degrees of freedom of the N-amino group bonded

SYTO 9 and PI

Fig. 5 Fluorescence microscopy of live and dead A. baumannii A-564 cells treated with compounds. (A) Untreated control cells. Most appear
green, indicating viability. (B) and (C) Cells treated with compounds 12e and 12j (2x MIC), respectively. Scale bar: 100 um.
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Fig. 6 The hemolysis rates of rabbit red blood cells induced by 12a-12j compounds, and 12e at different concentrations, Triton X-100 was used
as a positive control. Three independent experiments were performed, each with three repetitions (n = 3).

to the C-1 carbonyl moiety, and 4) a homology effect due to
chain length. Significant antibacterial activity against various
strains, including those multidrug-resistant, was obtained
with these modifications (Fig. 7). Importantly, the
antibacterial activities observed against A. baumannii A-564
XDR ranged from 4.3 pug mL™" to 1.2 pug mL™", significantly
lower compared to that of cefepime (MIC > 64 pug mL ™),
among others. Furthermore, our research has uncovered
compounds demonstrating potent antibacterial activity
against methicillin-resistant S. aureus (MRSA), with
compounds 12e and 12f emerging as standout performers
with MIC values of 3.2 ug mL™ and 2.1 pug mL™", respectively.
The MIC values of several of these compounds are equally
promising against Gram-negative strains, such as drug-
resistant K. pneumoniae and P. aeruginosa, suggesting a
common cellular target or multiple mechanisms of action.
These findings, coupled with additional biochemical
evaluations that reveal at least one mode of action of these
compounds, suggest a potential breakthrough. Furthermore,
compounds 12e and 12j have demonstrated the potential to
inhibit 50% of the enzymatic activity of ADFtsZ,_,;,. Notably,
both compounds were able to inhibit A. baumannii growth at
concentrations lower than those required to inhibit
ADFtsZy 415, suggesting the involvement of additional

NH,

v

Removing the double bonﬁ o
does not improve activity

—_d

-Bromine enhances
antibacterial potency
Br>CI>F>H

Fig. 7 Brief of the structure-activity relationship of evaluated compounds.
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mechanisms in their antibacterial effect and, consequently,
in their antimicrobial activity. The ability of 12e and 12j to
disrupt membrane integrity could represent an additional
mechanism enhancing their efficacy against A. baumannii.
Importantly, 12e and 12j exhibited negligible hemolytic
activity compared to their MIC values against A. baumannii
strains, suggesting a possible selectivity for prokaryotic
membranes. Antimicrobials with multiple mechanisms of
action offer significant advantages in combating
antimicrobial resistance (AMR). They reduce the likelihood
of resistance development by targeting multiple pathways,
enhance efficacy and provide broad-spectrum activity
against a range of pathogens, including MDR and XDR
strains. By effectively targeting resistant strains, these
antimicrobials also help mitigate the spread of resistance
genes, contributing to better long-term control of AMR. This
multifaceted approach represents a promising strategy for
developing more effective and sustainable treatments.
However, further studies are needed to fully understand the
factors driving this selective interaction with bacterial
membranes. The implications of these findings are
profound, suggesting that novel indolyl-acrylamides could
be a beacon of hope in the fight against drug-resistant
bacteria.

1- Open-chain amines are beneficial
for antibacterial activity.
2- For A-564 the homologation of
chain (n=4) is fundamental for
enhances the antibacterial activity

1-The introduction of tosyl or p-Cl-
benzyl groups are beneficial for
antibacterial activity
2- Alteration of voluminous groups
decreases antibacterial activity.
3- The p-Cl-benzyl group increases
antibacterial activity
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4. Biological assay
4.1 Antibacterial assay

The antimicrobial activities of compounds 9a-c, 10a-c,
11a-h, 11a’, and 12a-j were evaluated according to the
method described in CLSI guidelines M07-A10 (microdilution
assay) (CLSI 2015).*> The bacterial strain was suspended in
Miller-Hinton broth at 37 °C for 12 h, and turbidity was
adjusted to 0.5 McFarland standard units (108 CFU mL™)
equivalent to 0.08-0.13 optical density units (600 nm).
Molecules were evaluated at concentrations between 0.1 and
250 uM dissolved in DMSO. The microdilution setup
consisted of 10 pL of bacterial suspension, 2 pL of sample
(compounds), and 88 pL of Miiller-Hinton broth. The optical
density of the plate was then measured at 600 nm (OD600)
using a BioTek Cytation 7 cell imaging multimode reader
plate reader. The plate was then incubated at 37 °C for 24 h,
and the measurement was repeated to calculate the %
inhibition and growth rate. The % inhibition was calculated
using eqn (1), and the minimum inhibitory concentrations of
the compounds were calculated by nonlinear regression
using a modified Gompertz function with GraphPad Prism
9.5.1.>*

% Bacterial inhibition

o (1 _ Abscompound t=24h _Abscomp()und t=0h ) %100
Absnegative control t=24h _Absnegative control t=0h

1)

4.2 Microscopic visualization

Cells of strain A. baumannii A-564 were grown in Miiller-
Hinton medium and incubated for 24 h, then the bacterial
culture was re-suspended in Miiller-Hinton broth, and the
turbidity was adjusted to 0.5 McFarland standard units (108
CFU mL™") equivalent to 0.08-0.13 optical density units (600
nm). The microdilution setup consisted of 10 uL of bacterial
suspension, 2 pL of 12e (in DMSO), and 88 pL of Miiller-
Hinton broth; in 4 wells of the plate, there was no compound
and in 4 other wells, the 0.5 MIC of the test compound was
cultured at 37 °C for 24 h. Cells for morphology studies were
collected and stained with Gram stain. Images were captured
using a Zeiss Imager.M2 microscope with an Axiocam 503.2
camera.’*®

4.3 Hemolysis assay

Rabbit erythrocytes were resuspended in 0.9% w/v NaCl and
centrifuged at 3000 x g for 10 minutes. This procedure was
repeated until a clear supernatant was obtained. The
erythrocytes were then resuspended in a 50 mM phosphate
buffer, pH 7.4, containing 150 mM NacCl to prepare a 20% v/v
solution. For the assay, 96-well flat-bottom microplates were
used. Each well was loaded with 50 puL of buffer, 50 uL of
erythrocytes, and 2 pL of each compound to be tested
(diluted in DMSO), to achieve a final volume of 102 pL per
well. The plates were incubated for 4 h at 37 °C. After
incubation, 25 pL of the supernatant was transferred to a

This journal is © The Royal Society of Chemistry 2025
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new plate, and absorbance was measured at 405 nm using a
BioTek Cytation 7 cell imaging multimode reader.”> All
experiments were performed in triplicate, using Triton X-100
as a positive control and DMSO as a negative control.
Compounds were tested at a concentration of 40 pug mL ™,
and the percentage of hemolysis was calculated using the
following formula:

Abscompound - Absnegative control

% hemolysis = ( ) x100 (2)

Abspositive control _Absnegative control

4.4 Enzymatic assay of ADFtSZ,_4;,

The evaluation of enzyme inhibition was performed following
a protocol reported.” The assay was performed in a 96-well
plate, employing a buffer solution of 50 mM Tris, 200 mM
KCl, and 2.5 mM MgCl, at pH 7.0, GTP as a substrate (50
uM), ADFtsZ, 4, enzyme (4 puM) and 12e and 12j to be
evaluated (20-100 pM in DMSO). Then, the plate was
incubated for 30 min at 37 °C; after this time, a malachite
green solution (malachite green 79%, molybdate 20%, Tween
1%) was added, and then the absorbance was read at 630 nm
using a BioTek Cytation 7 cell imaging multimode plate
reader. All experiments were performed in triplicate, using
berberine (500 uM) as a positive control and DMSO as a
negative control. The activity results were calculated with eqn
(3) and are expressed as a percentage (%).

e Abs
% FtsZ inhibition = ( compound

) X100 (3)

Absnegative control

4.5 Cell viability assay LIVE/DEAD

The cell viability of the A. baumannii XDR strain A-564 was
assessed using a LIVE/DEAD BacLight Bacterial Viability Kit,
following the manufacturer's instructions (Thermo Fisher
Scientific, MA, USA). Bacterial cultures were grown to the late
log phase, then centrifuged at 5000 x g and resuspended in 2
mL of culture medium to achieve an ODgy, of 5. The cells
were transferred to a 96-well plate and exposed to twice the
MIC of compounds 12e and 12j for 6 hours at 37 °C in 100
pL reaction volume. Following treatment, cultures—including
the untreated negative control—were harvested and washed
with 0.85% NaCl by centrifugation at 10000 x g for 10
minutes at 4 °C. The cell pellet was resuspended in 0.85%
NacCl, and a fluorescent nucleic acid stain mixture containing
SYTO 9 and propidium iodide (PI) was added. SYTO 9
penetrates all cells, regardless of membrane integrity, binds
to nucleic acids, and fluoresces green. In contrast, PI only
crosses damaged bacterial membranes, binding to nucleic
acids and fluorescing red, thus serving as a marker of
membrane integrity. Stained cells were incubated at room
temperature for 15 minutes in the dark with constant
shaking. Fluorescence analysis was performed using a BioTek
Cytation 5 multimode cell imaging reader (Agilent) equipped
with a 40x objective and filters for fluorescein and Texas Red.
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Image processing was carried out using BioTek Gen5
Software (Agilent) for imaging and microscopy.

5. Docking and molecular dynamics
simulations of compounds 12e and
12j in the GTP site of FtsZ

5.1 Ligand preparation

The tridimensional structures of compounds 12e and 12j
were generated from the SMILES representation using the
OpenBabel toolbox.** Both compounds underwent energy
minimization using the Universal Force Field (UFF)
implemented in the same software. Subsequently, a second
round of geometry optimization and energy minimization
was conducted with Gaussian 16, using the B3LYP**"
density functional and the 6-31G(d) basis set.

5.2 Protein preparation

A homology model of the FtsZ protein from A. baumannii
was constructed using the SwissModel web server.’® We
employed the FtsZ crystal structure from Pseudomonas
aeruginosa (PDB ID: 10FU, resolution: 2.10 A) as the
template for our model. This structure was chosen as the
template since it had the highest sequence identity with the
FtsZ sequence from A. baumannii, based on the BLAST
analysis conducted in UniProt*® with the UniProtKB with
the 3D structure target database. The assessment of the
generated structure showed that the model has acceptable
global model quality estimate (GMQE) and QMEANDisCo
global scores,”® with values of 0.64 and 0.78, respectively.
Additionally, the Ramachandran plot indicated that 96.38%
of the backbone dihedral angles are in the favored region.
MolProbity®! revealed no CB deviations or bad bonds and
only 10 bad angles, and only 3.77% of residues were
identified as rotamer outliers.

5.3 Molecular docking

To identify the most reliable binding site and binding mode
of both 12e and 12j in AbFtsZ, we carried out a blind docking
study using QuickVina-W.>> We set a search box covering the
entire surface of the structure and an exhaustiveness value of
50 for the docking to ensure thorough exploration. From the
20 docking runs, we selected the binding pose with the best
score for the molecular dynamics simulations.

5.4 Molecular dynamics

The selected binding poses of compounds 12e and 12j within
the GTP site of AbFtsZ were subjected to three independent
100 ns molecular dynamics (MD) simulations using the
AMBER14SB>* force field in GROMACS 2021.>* The ACPYPE
package® was used to parametrize the molecules within the
AMBER force field framework and generate the necessary
GROMACS input files. To carry out the MD simulations, the
protein-ligand complexes were initially solvated in a cubic

3578 | RSC Med. Chem., 2025, 16, 3567-3581

View Article Online

RSC Medicinal Chemistry

box using the TIP3P water model. Sodium and chloride ions
were added randomly to neutralize the system and achieve a
concentration of 0.15 M. Subsequently, an energy
minimization step was applied, followed by a 1 ns
equilibration period in both the canonical (NVT) and
isothermal-isobaric (NPT) ensembles. Once equilibrated, the
system underwent a 100 ns non-restrained NPT production
run. The temperature was maintained at 300 K using the
V-rescale algorithm,”® while the pressure was controlled at
1.0 bar using the Parrinello-Rhaman barostat.”” All hydrogen-
containing bonds were constrained wusing the LINCS
algorithm.”® Additionally, a Lennard-Jones potential with a
shift function was employed within a range of 1.0 to 1.2 nm,
while electrostatic interactions were computed within a 1.2
nm cutoff radius. Long-range electrostatic interactions were
calculated using the PME method.*®

Here, the root-mean-square deviation (RMSD) of the
ADFtsZ backbone and ligand heavy atoms after least squares
fit to the protein backbone were computed for each MD
simulation replica. The last 50 ns of the three MD replicas
were collectively analyzed, determining the most
representative pose of the compounds using a ligand RMSD-
based clustering analysis with a cutoff value of 0.2 nm and
employing the Gromos method. The number of hydrogen
bonds and hydrophobic interactions formed during the
simulations was also computed using the GROMACS-built in
tools and the stand-alone application of PLIP v2.3.0.%°
Figures and plots were generated using PyMOL®' and
Gnuplot,® respectively.
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