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dipeptide derivatives containing
indole-3-carboxylic acid conjugates as potential
antimicrobial agents: the design, solid phase
peptide synthesis, in vitro biological evaluation, and
molecular docking study†
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Amol Kotmale,f Harun Patel,g Iqrar Ahmad,g Elizabeth M. Sobhia,h Siva G. Kumar,i

Bianey Garćıa Lara,b Vicky D. Jaina and Yashwantsinh Jadeja *a

A new library of peptide-heterocycle hybrids consisting of an indole-3-carboxylic acid constituent

conjugated with short dipeptide motifs was designed and synthesized by using the solid phase peptide

synthesis methodology. All the synthesized compounds were characterized by spectroscopic techniques.

Additionally, the synthesized compounds were subjected to in vitro antimicrobial activities. Two Gram-

negative bacteria (Escherichia coli and Pseudomonas aeruginosa) and two Gram-positive (Streptococcus

pyogenes and Staphylococcus aureus) were used for the evaluation of the antibacterial activity of the

targeted dipeptide derivatives. Good antibacterial activity was observed for the screened analogues by

comparing their activities with that of ciprofloxacin, the standard drug. Also, two fungi (Aspergillus niger

and Candida albicans) were employed for the evaluation of the antifungal activity of the synthesized

compounds. When compared to the standard drug Fluconazole, it was observed that the screened

analogues exhibited good antifungal activity. In continuation, all the synthesized derivatives were

subjected to integrated molecular docking studies and molecular dynamics simulations to investigate

binding affinities, intermolecular interaction networks, and conformational flexibilities with

deoxyribonucleic acid (DNA) gyrase and lanosterol-14-alpha demethylase. The molecular docking

studies revealed that indole-3-carboxylic acid conjugates exhibited encouraging binding interaction

networks and binding affinity with DNA gyrase and lanosterol-14 alpha demethylase to show

antibacterial and antifungal activity, respectively. Such synthesis, biological activity, molecular dynamics

simulations, and molecular docking studies of short peptides with an indole conjugate unlock the door

for the near future advancement of novel medicines containing peptide-heterocycle hybrids with the

ability to be effective as antimicrobial agents.
1 Introduction

As the 21st century unfolds, antimicrobial resistance (AMR)
poses a grave threat to the health of mankind. The term anti-
microbial therapeutics refers to therapeutics that ght
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infections caused by fungi, bacteria, viruses, etc.1,2 The devel-
opment of AMR to antibiotics occurs whenever a pathogen
develops resistance to them and certain developments in
pathogens make medicines less potent at curing diseases. The
AMR can happen naturally throughout the course of evolution.
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However, the misuse or overuse of medicines can hasten the
process of AMR. Whenever an ill individual consumes the
wrong medication or takes it incorrectly, the pathogen that
leads to the illness withstands the exposure to the medicine that
normally kills it or hinders its growth. Then that survived
pathogen can propagate causing an upsurge in the number of
pathogens, which are resistant to medication. This in turn leads
to an increase in the number of diseases that are resistant to
that particular medication. Therefore, if the rise in resistance to
antimicrobial therapeutics is not controlled, many pathogens
could become extremely life threatening. The resistance to
antimicrobial therapeutics may cause 10 million deaths annu-
ally by the year 2050, according to a report released by the
government of the United Kingdom.3 World health organization
and experts around the world concurred that the surge in
resistance to antimicrobial therapeutics is a critical issue
requiring an immediate and concerted global action plan.4,5

Therefore, efforts to discover novel therapeutics that can be
utilized as potent antimicrobial medicines are crucial for the
future to evade this AMR.6,7

Antimicrobial peptides (AMPs) have demonstrated good
capability to prevent AMR, which has rendered many thera-
peutics ineffective.8 AMPs have shown a broad spectrum of
antimicrobial characteristics when tested against a diverse
range of pathogens.9–11 Lots of peptides with antimicrobial
properties are effective against pathogens that are resistant
towards many medications and have a very low tendency to
achieve resistance. Peptides with antimicrobial properties are
seen as promising and viable therapeutic prospects for the
coming future because of their lesser toxicity, a wide range of
activities, and depleted resistance. Numerous different types of
organisms are capable of producing AMPs, commonly referred
to as host defence peptides, which are extremely vital parts of
their inherent immune system. Even though predominantly
AMPs with cationic motifs are seen,12–14 the anionic motif of
AMPs has also been reported.15,16 The three most universal
structural characteristics of AMPs consist of their relatively
smaller peptide sequence (oen 12–50 amino acids), cationic
character (owing to the inclusion of one or more arginine, lysin,
and/or histidine), and amphipathic motif (both hydrophobic
and hydrophilic characteristics are observed in it). Numerous
studies have demonstrated the importance of the net separation
of hydrophobic and hydrophilic sections as well as the peptide's
net charge.17,18 A sudden rise in bacterial resistance is observed
when traditional antibiotics mark specic receptors. Peptides
with antimicrobial properties have different modes of action
than this. The mechanism of action involves either disruption
of the stability of bacterial membranes or the important
internal cell units of bacteria.19,20 The membrane lytic action is
one of the main advantages of AMPs, which has long been
believed that is unaffected by the mechanism of action under-
lying resistance to antibiotics.21 Despite the fact that AMPs have
many benets, there are several obstacles to their protable
commercial and therapeutic expansion as medicines. The most
signicant downside in the use of AMPs as therapeutics lies in
their inability to be administered orally owing to the ease with
which gastrointestinal enzymes could inactive AMPs.22,23 AMPs
© 2023 The Author(s). Published by the Royal Society of Chemistry
are susceptible to protease and their synthesis cost is huge,
these two additional drawbacks make the application of AMPs
as therapeutics challenging. With the goal to boost stability
against protease and oral bioavailability, many ground-breaking
studies have been conducted that consists of the design and
synthesis of short peptides from long series of natural AMPs
while maintaining integral properties of natural AMPs, such as
their net cationic peptide charge and the amphipathic
motif.24–27

Worldwide, the synthetic route of peptides using solid
support (solid phase peptide synthesis or SPPS) is usually fav-
oured by researchers for the synthesis of AMPs over the
synthetic route of peptides using liquid phase (liquid phase
peptide synthesis or LPPS), particularly for peptides with long
sequences. The SPPS route is much more effective than the
conventional LPPS route because it is exceptionally efficient,
utilizes straightforward synthetic processes and simple puri-
cation methods, rapidly synthesizes linear peptides, and
produces products with high purity. Additionally, unlike LPPS,
in SPPS there is no need for isolation of the prepared interme-
diates or high-speed procedures. SPPS route can be used for the
synthesis of any sort of peptide sequence, such as short–long
chain, complex, or cyclic. Some of the most compelling features
of the SPPS protocol are that the peptide synthesis can be fully
automated, and its scalability can be drastically improved by
using an automated peptide synthesizer.28

Scientists all over the globe are highly interested in the
research and development of novel therapeutics containing
heterocyclic scaffolds due to the fact that, in nature, heterocy-
clics are omnipresent and have a wide range of synthetic
applications and biological activities.29–33 Among all the avail-
able heterocyclic analogues nitrogen-containing heterocycles
are the amplest and have great biological applicability than
those containing oxygen and sulphur.34–36 For medicinal
chemists to obtain novel potent therapeutics, indole which is
also known as benzopyrrole, an aromatic heterocyclic
compound containing a nitrogen atom, is of great signicance.
Derivatives of indole have plenty of notable biological activities
like antiviral,37 anticancer,38 anti-inammatory and analgesi-
c,39anti-HIV,40 antioxidant,41 antimicrobial,42 antituberculosis,43

etc. Indole is one of the most important and widely used
conjugate of the heterocyclic family. In the pharmaceutical
market, plenty of drugs are available with indole moieties, like,
Ondansetron,44 Alosetron,45 Indomethacin,46 Yohimbine,47 etc.

Considering the aforementioned facts, we designed and
synthesized a novel library of hybrids of peptide-heterocycle
(short dipeptides) consisting of indole-3-carboxylic acid
constituent at the N-terminus and tyrosine at the C-terminus by
employing the protocol of SPPS (Fig. 1). Additionally, we eval-
uated the antimicrobial activities of the obtained hybrids. The
observed activities were compared to Ciprooxacin, a standard
drug, (for antibacterial activities) and Fluconazole, a standard
drug, (for antifungal activities). Moreover, we have performed
molecular docking studies on the short peptide derivatives that
we have synthesized. The obtained dipeptide derivatives using
this methodology involved effortless purication stages and the
obtained intermediates during the synthesis of the required
RSC Adv., 2023, 13, 24250–24263 | 24251
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Fig. 1 Peptide library of title compounds 6a–j.
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dipeptides do not require isolation. The combination of expe-
riential and in silico studies of prepared derivatives 6a–jwould
aid to establish the harmless and effective therapeutics to
address the AMR.
2 Material and methods

The 2-chlorotrityl chloride (2-CTC) resin was utilized for the
synthesis of a series of short peptide derivatives with indole-3-
carboxylic acid constituent. Highly efficient loading estima-
tion is obtained from using such resin. This resin is mainly used
for the synthesis of short-chain peptides.48 It was purchased
from Merck. Fmoc (9-uorenylmethoxycarbonyl)-protected L-
amino acids were utilized and acquired from Sichuan, China.
HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium)
and triisopropylsilane (TIS) were acquired from survival chem-
ical. HOBt$H2O (N-hydroxybenztriazole monohydrate), diiso-
propylethylamine (DIPEA) and triuoroacetic acid (TFA)
acquired from Spectrochem. Phenol acquired from SD ne
chemicals. A fully automated CSBio peptide synthesizer
(CS136X) was utilized for the synthesis of derivatives.

An open capillary method was utilized to determine the
melting points which were uncorrected. The Kaiser test was
used for monitoring the deprotection and coupling reactions. A
mixture of ethyl acetate and n-hexanes was used for the puri-
cation of the derivatives. Nicolet impact 400 Fourier-transform
infrared (FTIR) spectrometer was employed to determine the
IR spectra and potassium bromide (KBr) pressed pellet tech-
nique was used for that purpose. Shimadzu liquid chromatog-
raphy mass spectrometry (LC-MS) (at 70 eV) Mass Spectrometer
24252 | RSC Adv., 2023, 13, 24250–24263
(ESI) was used to determine the mass spectra. Bruker Avance
400 MHz NMR (nuclear magnetic resonance) spectrometer was
used to determine the 1H and 13C NMR spectra using DMSO-d6
(deuterated dimethyl sulfoxide) solvent.

3 Experimental section
3.1 Synthetic route for the formation of intermediate 1

To the peptide synthesizer, the 2-CTC resin was added. The
substitution of the resin was 1.0 mmol g−1. Then the resin was
washed with dichloromethane (DCM; 10 volumes (v)) and
drained. Then, DCM (10 volumes) was added, stirred the reac-
tion mass for 60 minutes (swelling), and drained. The Fmoc-
Tyr(tBu)-OH (3.0 equiv.) was dissolved in DCM and transferred
into the reaction vessel. Further, added DIPEA (6 equiv.) into the
reaction vessel and stirred at 25 °C for 2 h. The peptidyl resin
was ltered aer 2 h and washed two times with DCM and one
time with dimethylformamide (DMF).49 A solution of DIPEA,
methanol (MeOH), and DCM (1 : 2 : 8) was utilized to cap the
unreacted functional groups of resin. The ultraviolet (UV)
spectrophotometer was used for monitoring the loading
percentage.

3.2 Synthetic route for the formation of intermediates 5a–j

Standard Fmoc/t-Bu(t-butyl)/Boc(t-butyloxycarbonyl) protocol
was utilized to obtain the desired intermediates 5a–j using the
SPPS method. In the SPPS reaction vessel, swelling of Fmoc-
Tyr(Ot-Bu)-2-CTC resin was carried out in 20 volumes of DMF
(with respect to the initial weight of the resin) for half an hour.
CSBio peptide synthesizer was used for the synthesis of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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desired intermediates. Aer swelling, desired intermediates
were synthesized by repeating the subsequent steps: (a) depro-
tection of the Fmoc group was performed by utilizing 20% of
piperidine/DMF (v/v) (10 volumes). The resin was washed two
times (5 min and 10 min washings). Kaiser test was employed to
check the complete deprotection. The blue colour of the test
solution conrmed the complete deprotection. Aer this step,
the reaction mass (peptidyl resin) was ltered and washed two
times with DMF, one time with isopropyl alcohol (IPA), and
three times with DMF. (b) Fmoc amino acid (3.0 equiv., 3 mmol
with respect to the initial resin loading), HBTU (3.0 equiv., 3
mmol), HOBt$H2O (3.0 equiv., 3 mmol), and DIPEA (6.0 equiv.,
6 mmol) in 6 volumes of DMF was used for all the coupling
reactions. One hour of stirring time was required for all the
coupling reactions. Kaiser test was employed to check the
completion of the reaction. Colourless test solution and beads
were detected in the test, which veried the completion of the
coupling step.50 Aer this step, the reaction mass (peptidyl
resin) was ltered and washed ve times with DMF.
3.3 Synthetic route for the synthesis of desired derivatives
6a–j

Amixture of TFA : TIS : H2O (80 : 10 : 10) (10 mL g−1) was used as
a cleavage cocktail for the side chain and CTC resin cleavage.
The protected peptidyl resin was stirred in the cleavage cocktail
for 3 h at 20–25 °C.51 Aer 3 h, the reaction mass was ltered,
Scheme 1 Route of synthesis of indole dipeptide derivatives 6a–j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and the obtained ltrate was precipitated using diisopropyl
ether (DIPE) (50 v). Then the reaction mass was ltered and
washed three times with DIPE (10 v). Dried the wet cake at 30 °C
under a vacuum to get the desired products.

4 Results and discussion
4.1 Chemistry

As noted from Scheme 1, a new library of hybrids of peptide-
heterocycle consisting of indole-3-carboxylic acid constituent
conjugated with short dipeptide motifs 6a–j were designed and
synthesized by using the methodology of SPPS via HBTU/HOBt
coupling protocol. Yields of novel derivatives were in the range
of 89–92%. All synthesized peptide derivatives were obtained in
the form of solid powder and showed excellent physical
stability.

The synthesis of dipeptide derivatives consisting of indole
moiety 6a–j utilizing the 2-CTC resin is illustrated in Scheme 1.
It involves repetitive cycles of coupling and deprotection. The
1st step is the formation of Fmoc-Tyr-2-CTC resin 1. It was ob-
tained by loading Fmoc-Tyr-OH on 2-CTC resin by using DIPEA
in DCM. 20% piperidine in DMF was utilized to deprotect the
Fmoc group from 1 to give H2N-Tyr-2-CTC resin 2, having the
free –NH2 (amino) functionality at N-terminal. The presence of
free –NH2 functionality and thus complete deprotection were
conrmed by carrying out the Kaiser test. The complete
deprotection was conrmed when a blue coloured test solution
RSC Adv., 2023, 13, 24250–24263 | 24253
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was observed. Further, coupling of different Fmoc protected
amino acids, Fmoc-R(SPG)-OH, with 2 was carried out employ-
ing coupling reaction conditions involving HBTU/HOBt. This
step yielded Fmoc-R(SPG)-Tyr-2-CTC resin 3a–j, here, ‘SPG’ is
a side chain protecting group and ‘R’ is a different amino acid.
Completion of the coupling reaction is monitored by the Kaiser
test. The test solution and beads were colourless, which
concluded the success of the coupling reaction. Further, the
deprotection of the Fmoc group of 3a–j yielded H2N–R(SPG)-Tyr-
2-CTC resin 4a–j. Here also, the Kaiser test was used to validate
the complete deprotection of the Fmoc group. Coupling of 4a–j
with indole (N-Boc)3-carboxylic acid by employing above
mentioned HBTU/HOBt coupling reaction conditions yielded
indole (N-Boc)3-R(SPG)-Tyr-2-CTC resin moieties 5a–j. The
global cleavage of 5a–j for three hours at room temperature is
the nal step in the Scheme 1. It uses the cleavage cocktail of
TIS : H2O : TFA in the ratio 10 : 10 : 80. DIPE was used for
precipitation to give the required dipeptides with indole
conjugates. CTC resin and SPGs were cleaved from the desired
peptide sequence by this nal step – “acidolysis”. Ethyl acetate
and n-hexanes were used for further purication of crude to
obtain the pure form of desired compounds 6a–j in 89–92%
yields.

The IR analysis of 6a was carried out to determine its
structure, which exhibited the typical absorption bands at 3500–
3200, 1700–1500, and 3600–2500 cm−1 for –NH, –CONH–, and –

COOH stretching, respectively. In general, the 1H NMR spec-
trum of compound 6a showed 13 aromatic protons between 6.5
and 9 d ppm, whereas 6 aliphatic protons were distributed
between 3 and 5 d ppm. Mass spectrometry data of 6a was found
to be 462.28 [M + 1]+, which also conrmed the formation of the
peptide conjugate 6a. Similarly, the rest of the derivatives have
been characterized, and their characterization data is given in
the ESI le.†
Table 1 Antibacterial and antifungal activities of the synthetic deriv-
atives 6a–ja

Entry Name of derivative

MIC (antibacterial
activity)
in mg mL−1

MIC
(antifungal
activity)
in mg mL−1

E. C. P. A. S. A. S. P. C. A. A. N.

6a Indole-His-Tyr-OH 25 125 150 90 80 70
6b Indole-Gly-Tyr-OH 250 250 500 500 500 >1000
6c Indole-Asp-Tyr-OH 125 200 250 250 500 500
6d Indole-Ser-Tyr-OH 25 125 200 250 100 50
6e Indole-Phe-Tyr-OH 200 200 500 500 500 500
6f Indole-Glu-Tyr-OH 125 200 250 250 500 500
6g Indole-Met-Tyr-OH 12.5 80 200 125 50 80
6h Indole-Asn-Tyr-OH 125 200 250 250 500 500
6i Indole-Thr-Tyr-OH 25 125 200 250 50 80
6j Indole-Ile-Tyr-OH 500 500 500 500 >1000 >1000
Std-1 Ciprooxacin 15 50 25 50 — —
Std-2 Fluconazole — — — — 50 50

a E. C.: Escherichia coli, P. A.: Pseudomonas aeruginosa, S. A.:
Staphylococcus aureus, S. P.: Streptococcus pyogenes, C. A.: Candida
albicans, A. N.: Aspergillus niger.
4.2 Biological evaluation

The organisms, Escherichia coli MTCC 443 and Pseudomonas
aeruginosa MTCC 1688, Streptococcus pyogenes MTCC 442 and
Staphylococcus aureusMTCC 96, Aspergillus nigerMTCC 282 and
Candida albicans MTCC 227 were collected from King Abdullah
University Hospital (KAUH), Irbid, Jordan and were stored at
−70 °C in trypticase-soy broth with 20% glycerol form BBL
Microbiology Systems (Cockeysville, Md, USA) until ready for
batch susceptibility testing. They were thawed and passed 3
times to assure purity and viability. The conventional Mueller–
Hinton Broth-microdilution method was utilized to study the in
vitro antimicrobial activities of the synthesized compounds 6a–
j.52 It is a quantitative antimicrobial susceptibility testing
method and is used to determine the minimum inhibitory
concentration (MIC) of antimicrobial agents. In this test, under
in vitro conditions, microorganisms are screened for their
capability to produce visible growth in broth (broth dilution)
consisting different dilutions of the antimicrobial agents. MIC
value is the lowest concentration of an antimicrobial agent at
which the visible growth of a microorganism is prohibited
within a denite period of time. When compared to macrobroth
24254 | RSC Adv., 2023, 13, 24250–24263
dilution method, microbroth dilution method shows many
advantages, like miniaturization and mechanization due to
utilization of disposable small plastic “microdilution” trays.
Additionally, advantages like reproducibility, prepared panels,
cheap reagents and space that resulted owing to its miniaturi-
zation makes Mueller–Hinton Broth-microdilution method
practical and popular among the research across the world.53,54

The procedures used for the antimicrobial assay were:
4.2.1 Antibacterial activity assay. The strains used were

newly procured and stored under appropriate conditions. The
compounds were screened for their antibacterial activity in
triplicates against the bacteria at different concentrations of
1000, 500, 250, and 200 mg mL−1. The compounds which were
found to be effective in inhibition were further diluted and
tested. The Mueller–Hinton Broth dilution method was used for
the antibacterial assay. 10 mg mL−1 suspension of respective
bacteria was inoculated on appropriate media and growth was
noted aer incubation at 37 °C for a period of one or two days.
The test mixture should contain 108 cells per mL. In this study,
ciprooxacin was used as a standard drug for evaluating the
antibacterial activity.52

4.2.2 Antifungal activity assay. The strains used were newly
procured and stored under appropriate conditions. The
compounds were screened for their antifungal activity in trip-
licates against the fungi at different concentrations of 1000,
500, 250, and 200 mg mL−1. The compounds which were found
to be effective in inhibition were further diluted and tested. The
Muller–Hinton Broth dilution method was used for the anti-
fungal assay. In this study, for fungal growth, Sabouraud's
dextrose broth was used at 28 °C in aerobic conditions for 48
hours. Fluconazole was used as a standard for comparison
purposes.52

Source of drugs obtained from Marwadi University, Gujarat.
The ndings of the biological evaluation of peptide derivatives
© 2023 The Author(s). Published by the Royal Society of Chemistry
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6a–j versus bacterial and fungal strains show that compared to
other strains the synthesized novel derivatives are most active
against the bacterial strain E. coli (Table 1).

The peptide conjugate 6g was found to be 8 times more
potent against E. coli with a MIC value of 12.5 mg mL−1 as
compared with standard Ciprooxacin which had a MIC of 15
mg mL−1. Indole dipeptide conjugates 6a, 6d, and 6i had MIC
values of 25 mg mL−1 and were 4 times more potent than the
control drug. Other conjugates 6c, 6f, and 6h were slightly less
active than the standard Ciprooxacin with a MIC value of 25 mg
mL−1 against the bacterial strain E. coli. Against P. aeruginosa,
apart from 6g, the activity of indole dipeptide conjugates was
found to be less as compared to the control drug. Conjugate 6g
exhibited a MIC value of 80 mg mL−1, whereas 6a, 6d, and 6i
were active at a MIC value of 125 mg mL−1 against the bacterial
strain P. aeruginosa. Similarly, peptide conjugate 6a, 6d, 6g, and
6i were more active than the standard drug, as 6a inhibited the
Staphylococcus aureus at a MIC value of 150 mg mL−1 and 6d, 6g,
and 6i exhibited inhibition at 200 mg mL−1, whereas the control
drug inhibited the bacterial strain at 25 mgmL−1. For the activity
against S. pyrogens, the derivative 6a was active with a MIC value
of 90 mg mL−1, while the rest of the conjugates did not show
signicant activity as compared with standard Ciprooxacin
which had a MIC of 50 mg mL−1 (Fig. 2).

The novel indole dipeptide conjugate 6a–j also displayed very
good activity against invasive fungal strains. Conjugates 6g and
6i were most active against C. albicans at a MIC value of 50 mg
mL−1 compared to Fluconazole which was active at 50 mg mL−1

(Table 1). Therefore, they were 2 times more effective than the
standard drug against the C. albicans. Conjugates 6a and 6d also
displayed good activity against C. albicans at a MIC value of 80
mg mL−1 and 100 mg mL−1, respectively. Other conjugates were
found to be less active against C. albicans with MIC values$500
mg mL−1. When screened against the fungal strain A. niger, the
conjugate 6d was found to be most active at a MIC value of 50 mg
mL−1 as compared to Fluconazole which was active against A.
niger at 50 mg mL−1 (Table 1). It was 2 times more effective than
Fig. 2 Antibacterial activity of the title compounds 6a–j.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the standard drug against A. niger. Conjugates 6a (70 mg mL−1),
6g (80 mg mL−1), and 6i (80 mg mL−1) also displayed good
inhibition against A. niger as compared to the control drug
which had a MIC of 100 mg mL−1. However, other conjugates
were found to be less active against A. niger with MIC values in
a range of $500 mg mL−1 (Fig. 3).

4.3 Molecular docking

Crystal structure of DNA gyrase (PDB ID: 5BS8) and lanosterol
14-alpha demethylase (PDB ID: 4LXJ) are chosen from Protein
Data Bank (PDB) based on the resolution quality parameter to
perform binding affinity studies of indole derivatives.55,56 Many
research groups have reported the application of indole-
containing peptides as DNA gyrase inhibitors, along with the
information on their synthesis, characterization, and biological
evaluation. They described the design of new compounds, their
inhibitory activity against DNA gyrase, and their potential as
antimicrobial agents.57–60 Similarly, the design, synthesis, and
biological evaluation of indole derivatives as inhibitors of lan-
osterol demethylase, a key enzyme in the biosynthesis of sterols
in fungi, is also reported by many research groups. The studies
showed that indole derivatives can inhibit the activity of this
enzyme and have potential as antifungal agents.61–63 A protein
preparation wizard was employed to repair both crystal struc-
tures by adding missing information such as adding hydrogens,
assigning the right bond order, converting selenomethionine to
methionine, and optimizing the orientation of hydroxyl and
amine groups in serine (Ser), threonine (Thr), tyrosine (Tyr), and
asparagine (Asn), glutamine (Gln), respectively.64 Restrained
minimization was performed using OPLS-3e forceeld.65

Receptor grid generation was employed to generate the grid
based on the centroid of the bound ligand in both enzyme
crystal structures. The grid box was extended up to 15 Å as the
inner box and 20 Å as the outer box covering the entire binding
site. The 3D (three dimensional) builder module was employed
to sketch the 10 indole derivative molecules followed by energy
minimized to obtain the lowest energy state of ligands. Further,
RSC Adv., 2023, 13, 24250–24263 | 24255
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Fig. 3 Antifungal activity of the title compounds 6a–j.

Fig. 4 2D interaction diagram representation of ID-6c with DNA gyrase showing intermolecular interactions.
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indole ligands were prepared using the LigPrep module to
generate the proper ionization state of the ligand molecules at
the default pH. Finally, prepared ligand molecules were docked
in the generated grids in DNA gyrase and lanosterol 14-alpha
demethylase using the extra precision (XP) docking protocol.
Each of the poses was analysed for intermolecular interactions,
Glide docking, and Glide emodel score.

4.4 Molecular dynamics (MD) simulation

MD simulation was used to assess the conformational changes
and stability of the target proteins (DNA gyrase and lanosterol
14-alpha demethylase) in the presence of the test compound 6c.
An MD simulation study was carried out using the Desmond
module of the Schrödinger 2021-1 suite, which has been run on
an Ubuntu 18.04 HP Z2 G2 TOWER workstation integrated with
an NVIDIA Quadro 6000 graphics processing unit (GPU).66,67 The
docked ligand–protein complex of compound 6c was chosen,
and the system was modelled using a preset solvent system of
SPC water molecules with orthorhombic boundary conditions.
Counter-ions (Na+ and Cl−) were added to neutralize the
simulation box, the constructed system was submitted to energy
Fig. 5 2D interaction diagram representation of ID-6h with DNA gyrase

© 2023 The Author(s). Published by the Royal Society of Chemistry
minimization until a gradient threshold of 1 kcal mol−1 was
obtained at 300 K and 1 bar of pressure using the NPT (N =

number of particles, P = pressure, and T = temperature)
(isothermal–isobaric) ensemble class.68–71 Lastly, both systems
of compound 6c with DNA gyrase and lanosterol 14-alpha
demethylase were subjected to a production run for 100 ns with
a time step of 100 ps under NPT ensemble conditions.

4.5 DNA gyrase binding study

Molecular docking studies of the indole derivatives 6a–j were
performed on DNA gyrase and lanosterol 14-alpha demethylase
to study their binding poses, intermolecular interactions, and
binding strength of indole derivatives (Fig. 4–8 and S1–S15†).
The indole derivative 6c (ID-6c) displayed a reasonable number
of interactions with the DNA gyrase enzyme. The benzene
moiety of ID-6c showed p–p stacking interaction with DNA
nucleotide ‘adenine’ however, Lys441, Asp461, and Ptr129
residues displayed hydrogen bond interaction networks with
ligand molecules as shown in Fig. 4. The computed binding
affinity of ID-6c was found to be −7.8 kcal mol−1. The Glide
emodel was calculated to be −101.1 for the ID-6c molecule.
showing intermolecular interactions.

RSC Adv., 2023, 13, 24250–24263 | 24257
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Table 2 Various docking energy parameters of indole derivatives with
DNA gyrase

Molecule ID
Docking score
(kcal mol−1) Glide emodel

ID-6c −7.8 −101.1
ID-6f −7.8 −96.9
ID-6h −7.7 −106.9
ID-6g −7.7 −100.2
ID-6b −7.5 −88.1
ID-6a −6.9 −103.8
ID-6d −6.8 −94.3
ID-6j −6.8 −85
ID-6i −6.5 −86.2
Ciprooxacin −9.475 −89.761
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Whereas ID-6h ligandmolecule also projected a good amount of
intermolecular interaction networks with DNA gyrase as shown
in Fig. 5. The benzene moiety of ID-6h ligand displayed p–p

stacking interaction with the pyrimidine moiety of DT 10 and
DA base of DNA. It also displayed p–cation interaction with
Arg482. The other important residues such as Ptr129 and DA
displayed hydrogen bond interaction with a ligand molecule.
The binding affinity of ID-6h was computed to be
7.7 kcal mol−1. The calculated Glide emodel score of ID-6h was
found to be −106.9 which is slightly better than the ID-6c
molecule.

Further, we have compared the results with the standard
drug ciprooxacin. Ciprooxacin (quinoline ring) showed p–p

stacking interaction with DNA nucleotide adenine-15 and
guanine-11, whereas the carboxylic acid group established the
hydrogen bond and salt bridge interaction with the Arg-128 as
shown in Fig. 6. The overall docking study highlighted that
indole derivatives are comfortably binding in the quinolone
binding pocket (QBP) by forming interaction networks with
Arg482, Tyr129, DT10, and DA11 majorly. All the calculated
docking energy parameters of indole derivatives 6a–j are listed
in Table 2.
4.6 Lanosterol 14-alpha demethylase binding study

In the case of lanosterol 14-alpha demethylase (CYP51), the ID-
6c molecule displayed very good binding strength due to
a greater number of intermolecular interactions. The binding
poses of ID-6c projected hydrogen bond interaction networks
with Arg98, Phe241, His381, Ser382, and Ser504 residues. The
Fig. 6 2D interaction diagram representation of Ciprofloxacin with DNA

24258 | RSC Adv., 2023, 13, 24250–24263
benzene moieties of the ligand molecule also displayed p–p

stacking interaction networks with Tyr126 and Phe241 as shown
in Fig. 7. The computed binding affinity of ID-6c was found to
be −12.8 kcal mol−1 and the Glide emodel score was calculated
to be −130.5. From the docking study, it is understood that
indole derivatives are comfortably binding to the enzyme by
making hydrogen bonds and p–p stacking interactions with
active site residues. These results were compared with the
standard drug uconazole, which showed the p–p stacking
interactions with the Phe-236 with docking score of the
−6.913 kcal mol−1 as shown in Fig. 8. Overall, binding poses
and interaction networks of indole molecules revealed that
Tyr126, Tyr129, Phe241, His381, Ser382, and Met509 residues
are vital for binding. The calculated various docking energy
gyrase showing intermolecular interactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 2D interaction diagram representation of ID-6c with lanosterol 14-alpha demethylase showing intermolecular interactions.

Fig. 8 2D interaction diagram representation of Fluconazole with lanosterol 14-alpha demethylase showing intermolecular interactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 24250–24263 | 24259
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Table 3 Various docking energy parameters of indole derivatives with
lanosterol 14-alpha demethylase

Molecule ID
Docking score
(kcal mol−1) Glide emodel

ID-6c −12.8 −130.5
ID-6d −12.4 −115.3
ID-6e −12.1 −129.3
ID-6i −12 −124.5
ID-6f −10.9 −112
ID-6j −10.8 −116.3
ID-6a −10.1 −136.2
ID-6h −9.7 −121.7
ID-6b −9.6 −109.2
ID-6g −9.6 −123
Fluconazole −6.913 −62.202
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parameters of indole derivatives with lanosterol 14-alpha
demethylase are listed in Table 3.
4.7 Molecular insights from MD simulations

In molecular docking study of all the compounds it was seen
that compound 6c exhibited the highest docking score towards
the DNA gyrase and lanosterol 14-alpha demethylase, while
compound 6g demonstrated signicant antibacterial activity.
Therefore, considering the docking score as a determining
factor, compound 6c was subsequently chosen for further
simulation. The Desmond Simulation Package was used to run
MD simulations for 100 ns following the docking calculations to
assess the steady nature and conformational stability of
compound 6c in complex with DNA gyrase and lanosterol 14-
alpha demethylase. The MDS trajectories have been used to
calculate the root-mean square deviation (RMSD) of the ligand,
the RMSD of protein Ca atoms, the root-mean square
Fig. 9 MD simulation analysis of 6c in complex with DNA gyrase (PDB I
atoms RMSD is shown in grey while RMSD of compound 6c with respect
interaction diagram and (D) protein–ligand contact histogram obtained

24260 | RSC Adv., 2023, 13, 24250–24263
uctuation (RMSF) of protein amino acids, and a histogram
indicating ligand–protein interactions of the complexes in
order to explore their structural stabilities, and binding modes.
Total structural changes of protein–ligand complexes were
initially investigated in terms of RMSD in the coordinates of
protein Ca atoms and ligand from the original docked confor-
mation. It was observed that when compound 6c is in the
system, the maximum RMSD values of protein and ligand were
∼3.6 Å and ∼4.9 Å, respectively. The Ca atoms of GyrB were
found to uctuate slightly, while in the ligand a mean RMSD of
∼2.2 Å was observed for the duration between 0 and 72 ns, aer
which dri and uctuation could be observed from 72 to 76 ns
and remained stable till 100 ns. Fig. 9A demonstrated clearly
that the compound 6c-5BS8 systems were consistent in
sustaining the molecular interaction prole throughout the
simulation run and, more importantly, did not exhibit signi-
cant uctuation, which is an absolutely acceptable range for
judging the protein–ligand complex interaction stability. Simi-
larly, the RMSD plot of the 6c-4LXJ complex shows initial uc-
tuation during ∼0–29 ns with an average RMSD of ∼3.8 Å. With
slight dri, RMSD increased to ∼4.9 Å at ∼32 ns, aer minor
uctuation was observed, and a stable equilibrium was
continued for the remaining period of simulation. However, the
ligand plot shows an initial uctuation due to equilibration and
remains consistent around the RMSD value of ∼3.6 Å till 100 ns
(Fig. 10A). From the above data, it is clear that the Ca atoms of
DNA gyrase and lanosterol 14-alpha demethylase bound with
compound 6c remained stable during the simulation.

To assess the exibility of the residues, the individual amino
acid based RMSF in the trajectory was computed. More exi-
bility during the MD simulation is shown by higher RMSF
values. The ndings reveal that the RMSF of the protein mole-
cule varies in different areas of the protein. Protein secondary
structural elements, such as a-helical and b-strand, are
D: 5BS8) (A) time dependent RMSD of 6c-5BS8 complex (protein Ca-
to protein are shown in red) (B) protein amino acids RMSF (C) ligand 2d
from MD trajectory.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 MD simulation analysis of 6c in complex with lanosterol 14-alpha demethylase (PDB ID: 4LXJ) (A) time dependent RMSD of 6c-LXJ
complex (protein Ca-atoms RMSD is shown in grey while RMSD of compound 6c with respect to protein are shown in red) (B) protein amino
acids RMSF (C) ligand 2d interaction diagram and (D) protein–ligand contact histogram obtained from MD trajectory.
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displayed in red and blue backgrounds, respectively, in the
RMSF plot, whereas the loop region is portrayed in white
shades. Excluding the loop areas and the N/C terminus, the
values of most residues are less than 2 Å, indicating that the
residue conformation is relatively consistent during the simu-
lation illustrated in Fig. 9B and 10B. The RMSF plot also showed
that in the 6c-5BS8 complex, 25 amino acids interacted with the
ligand, while in the 6c-4LXJ complex, 30 amino acids interacted
with the ligand. All of these interacting residues are marked by
a green vertical line. The average RMSF was found to be 1.14 Å
and 1.7 Å in the case compound 6c was bound with DNA gyrase
and lanosterol 14-alpha demethylase protein, respectively. The
low values observed undoubtedly revealed that there was an
insignicant uctuation in any interacted amino acid residues
during the simulation. In the 6c-5BS8 complex, ligand 2d
interaction showed that indole moiety interacted with Tyr93
through p–p stacking at 11% of simulation time.

Through amino acid mediated hydrogen bonding and direct
hydrogen bonding, compound 6c's terminal hydroxyl group
formed H-bonds with lys441, pro123, and asp122 amino acid
residues (Fig. 9C). The phenyl ring of the indole scaffold showed
44% simulation trajectories of parallel p–p stacking with the
hydrophobic amino acid Phe241, while the NH group interacted
with Ser308 and Tyr72 via amino acid mediated hydrogen
bonding in the case of the 6c-4LXJ complex. In this complex,
one ionic interaction is observed between the hydroxyl group
and Cys470 through the protein Fe ion. In particular, polar
amino acids His381, and Ser382 are involved in notable
hydrogen bonding with the compound 6c at 74% and 43% of
the simulation time, respectively (Fig. 10C).

The simulation interaction diagram can be used to study the
four types of protein–ligand interactions (hydrogen bonds,
hydrophobic interactions, ionic interactions, and water bridge
© 2023 The Author(s). Published by the Royal Society of Chemistry
interactions) that occurred throughout the 100 ns MD simula-
tion study. The interactions in 6c-5BS8 and 6c-4LXJ complexes
are given in Fig. 9D and 10D. It can be observed that compound
6c formed major amino acid mediated hydrogen bonding, fol-
lowed by hydrophobic interactions with several amino acids of
the catalytic site cavity of DNA gyrase. While in lanosterol 14-
alpha demethylase protein, compound 6c is stabilized by crucial
hydrogen bonding and hydrophobic interaction. In particular,
the signicant polar contacts and particular hydrogen bond
interactions (>30% of occupancy) were higher in 6c-4LXJ than in
6c-5BS8.
5 Conclusion

In this research article, a new library of hybrids of peptide-
heterocycle consisting of indole-3-carboxylic acid constituent
conjugated with short dipeptide motifs was outlined and
prepared by using the methodology of solid phase peptide
synthesis. All the synthesized compounds were characterized by
elemental analysis and techniques of spectroscopy. Also, in vitro
antimicrobial activities of the synthesized peptides were
studied with the anticipation of nding out new therapeutics
with potent antimicrobial properties. On analysing against
Ciprooxacin, the standard drug, derivatives 6a, 6d, 6g, and 6i
demonstrated better activities versus bacterial strains.
Compound 6g demonstrated excellent activity versus both
bacterial and fungal species. It was evident from the ndings
that on incorporating methionine into the peptide chain, the
microbial activities versus both bacterial and fungal strains have
remarkably surged. Molecular docking studies of synthesized
compounds against DNA GyrB and lanosterol 14-alpha deme-
thylase exhibited a correlation between the docking score and
biological activities. The 100 ns MD study investigations on
RSC Adv., 2023, 13, 24250–24263 | 24261
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compound 6c complex with DNA GyrB and lanosterol 14-alpha
demethylase displayed that both complexes attain stability of
interaction networks and conformational exibilities. The ob-
tained results from the current research aid to elucidate further
advancement of antimicrobial agents consisting of hybrids of
peptide-heterocycle.
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