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ABSTRACT: Peptide synthesis has opened new frontiers in the quest for bioactive
molecules with limitless biological applications. This study presents the synthesis of a
series of novel isoquinoline dipeptides using advanced spectroscopic techniques for
characterization. These compounds were designed with the goal of discovering
unexplored biological activities that could contribute to the development of novel
pharmaceuticals. We evaluated the biological activities of novel compounds including
their antimicrobial, antibacterial, and antifungal properties. The results show promising
activity against Escherichia coli and potent antibacterial activity against MTCC 443 and
MTCC 1688. Furthermore, these compounds demonstrate strong antifungal activity,
outperforming existing standard drugs. Computational binding affinity studies of
tetrahydroisoquinoline-conjugated dipeptides against E. coli DNA gyrase displayed
significant binding interactions and binding affinity, which are reflected in antimicrobial
activities of compounds. Our integrative significant molecular findings from both wet and
dry laboratories would help pave a path for the development of antimicrobial
therapeutics. The findings suggest that these isoquinoline-conjugated dipeptides could be excellent candidates for drug development,
with potential applications in the fight against bacterial and fungal infections. This research represents an exciting step forward in the
field of peptide synthesis and its potential to discover novel bioactive molecules with significant implications for human health.

■ INTRODUCTION
Drug-resistant infections have become a growing public health
concern, with an increasing number of pathogens developing
resistance to commonly used antibiotics.1−3 This has led to an
urgent need for the development of new and effective
antimicrobial agents to combat these infections. The
emergence of multidrug-resistant bacterial strains has been
linked to the overuse and misuse of antibiotics, leading to the
selection of resistant strains.4 In addition, the development of
new antibiotics has been slow and relatively few new
antibiotics are currently in development.5 Therefore, the
need for new antimicrobial agents to address drug-resistant
infections is pressing.
Antimicrobial peptides (AMPs) have emerged as a

promising class of molecules that can be used to address this
problem.6,7 These peptides have a broad spectrum of activity
against bacteria, fungi, and viruses and are less likely to develop
resistance compared to conventional antibiotics.8−10 AMPs are
produced by various organisms, including plants, animals, and
microorganisms, and they play a vital role in the innate
immune system’s defense against pathogens.11−13 These

peptides are typically small and cationic, allowing them to
interact with microorganisms’ negatively charged cell mem-
branes, leading to membrane disruption and cell death.14,15

Over the past few decades, there have been substantial
progress in the field of AMPs, with an increasing number of
these peptides being discovered and characterized.16−19 These
developments have revolutionized the medicinal field,
providing new hope in the fight against drug-resistant
infections. The discovery of AMPs has led to the development
of various peptide-based drugs with significant potential in the
pharmaceutical industry.20 These peptides have shown
promising activity against bacterial and fungal infections and
various viral infections as well, including HIV.21,22
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Cationic peptides are a subcategory of AMPs that are
characterized by their positively charged amino acid residues,
such as histidine (His), lysine (Lys), or arginine (Arg).23 The
cationic nature of these peptides plays a crucial role in their
antimicrobial activity, as it allows them to interact with the
negatively charged cell membrane of a bacteria and disrupt its
integrity.24,25 Furthermore, cationic peptides have been shown
to possess immunomodulatory properties, promoting wound
healing and reducing inflammation.26

Global researchers are actively engaged in the exploration
and synthesis of innovative therapeutic compounds incorpo-
rating heterocyclic scaffolds. This interest stems from the
ubiquitous presence of heterocyclic structures in nature, their
diverse synthetic applications, and their wide array of biological
activities.27−31 Nitrogen-containing heterocycles, in particular,

have garnered significant attention due to their superior
biological applicability compared to their oxygen and sulfur
counterparts.32−34 Among these nitrogen-containing hetero-
cycles, 1,2,3,4-tetrahydroisoquinoline (THIQ), an aromatic
heterocyclic compound featuring a nitrogen atom, holds
paramount importance for medicinal chemists seeking to
develop novel and potent therapeutics. THIQ derivatives
exhibit notable biological activities, including but not limited to
anticancer,35 antitubercular,36 antibacterial,37 antifungal,38 anti-
HIV,39 and anti-inflammatory,40 properties. Consequently,
THIQ represents a crucial and extensively utilized member
of the heterocyclic compound family. Notably, numerous
pharmaceutical products in the market incorporate THIQ
moieties, such as quinapril,41 noscapine,42 tubocurari,43 and
apomorphine.44

Scheme 1. Synthetic Route for the Preparation of Title Compounds 7a−i
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Globally, researchers widely prefer the solid support
approach (solid-phase peptide synthesis or SPPS) over the
liquid phase technique (liquid-phase peptide synthesis or
LPPS) for the synthesis of AMPs, especially for longer peptide
sequences. SPPS, known for its efficiency, employs straightfor-
ward synthetic processes and simple purification methods,
enabling the rapid synthesis of linear peptides with high purity.
Unlike LPPS, SPPS eliminates the need for isolating
intermediates or time-consuming procedures, making it a
more effective option. Its applicability extends to the synthesis
of peptides with varying complexities, including short or long
chains as well as cyclic structures. Notably, SPPS protocols can
be fully automated and the utilization of automated peptide
synthesizers significantly enhances its scalability.45

In light of these facts, we designed and synthesized a novel
class of short dipeptide-heterocycle hybrids 7a−i, comprising a
THIQ-3-carboxylic acid constituent at the N-terminus and
lysine at the C-terminus, by utilizing the SPPS protocol
(Scheme 1). The dipeptides were synthesized using lysine as
the amino acid to introduce cationic properties to the
peptides.23 The cationic nature of these peptides allows them
to interact with the negatively charged bacterial cell membrane
and disrupt its integrity, thus playing a crucial role in their
antimicrobial activity. Therefore, we have designed our
synthetic protocol solely based on the fact that having a
cationic amino acid, like Lys in our sequence, will enhance the
positive charge on the overall molecule, which in turn will
enhance its biological activity. Lys was constant in all peptides,
and the second AA was changed. The other two cationic AAs,
Arg and His, were incorporated with the anticipation that
those THIQ peptides will give good biological activity due to
their cationic behavior. Moreover, we have used AAs with
polar uncharged side chains, such as serine (Ser) and threonine
(Thr), and AAs with hydrophobic side chains, such as tyrosine
(Tyr), methionine (Met), and tryptophan (Trp), to show the
effect of side chains on the biological activities of the
synthesized compounds. Furthermore, we assessed the
antimicrobial efficacy of the resulting hybrids, comparing
their activities to those of the standard antibacterial drug
ampicillin and the standard antifungal drug nystatin. Addition-
ally, we conducted in silico studies on the synthesized short
peptide derivatives. The synthesis methodology facilitated easy
purification steps, eliminating the need for the isolation of
intermediate products during the dipeptide synthesis. The
comprehensive approach, combining experimental and in silico
investigations of the prepared derivatives 7a−i, holds promise
in establishing safe and efficient therapeutics to combat
antimicrobial resistance (AMR).

■ RESULTS AND DISCUSSION
A series of experiments were conducted to create a novel class
of peptide-heterocycle hybrids known as THIQ-3-carboxylic
acid constituents conjugated with short dipeptide motifs 7a−i.
The methodology employed for their synthesis, namely, the
solid-phase peptide synthesis (SPPS) approach using the
HBTU/HOBt condensation protocol, was carefully selected to
ensure the highest possible yield. Yields of all the synthesized
derivatives were in the range of 78−89%. Notably, the resulting
peptide derivatives were obtained in a remarkably stable solid
powder form, underscoring the reliability and robustness of the
synthesis process. We have used similar synthetic procedures
for the synthesis of desired products that we have used in our
previously reported work.31

Delving deeper into the intricacies of the synthesis process,
the construction of dipeptide derivatives containing THIQ
moiety 7a−i was meticulously illustrated through a compre-
hensive step-by-step description outlined in Scheme 1. This
synthetic pathway involved a series of precisely controlled
chemical reactions, including condensation and deprotection
steps, all carefully orchestrated to achieve the desired
molecular structure. A critical aspect of the synthesis involved
the attachment of the first amino acid (AA), which is Fmoc-
Lys(Boc)−OH, utilizing DIPEA in DCM to afford Fmoc-
Lys(Boc)-2-CTC resin 1, which is a fundamental building
block for the subsequent steps. The successful formation of
this compound was pivotal and served as the basis for the
subsequent stages of the synthesis process. To carry out the
condensation of further AAs, deprotection of the Fmoc group
of 1 was necessary, which was carried out using 20%
piperidine/DMF. The Fmoc group removal afforded NH2-
Lys(Boc)-2-CTC resin 2, consisting of the free amino (−NH2)
group at the N-terminal. The completion of Fmoc depro-
tection was ensured by performing the Kaiser test. The blue
color resin beads and Kaiser test solution confirmed the Fmoc
removal completion. Furthermore, the condensation reaction
condition utilizing HBTU/DIPEA/HOBt combination was
employed for the condensation of next Fmoc-AAs, Fmoc-
R(SPG)−OH, where R is a different AA and SPG is a side-
chain-protecting group. Again, the Kaiser test was carried out
to check the completion of the condensation step. The
obtained colorless resin beads and test solution indicated the
completion of condensation reaction. The intermediates 3a−i
and 4a−i were synthesized by using similar cycles of
deprotection and condensation steps.
Furthermore, condensation of 4a−i with Fmoc-D-Tic−OH

(N-1-Fmoc-D-1,2,3,4,-tetrahydro-isoquinoline-3-carboxylic
acid) by employing the aforementioned HBTU/DIPEA/HOBt
condensation reaction condition yielded different D-Tic-
R(SPG)-Lys(Boc)-2-CTC resin derivatives 5a−i. The Fmoc
group of 5a−i was deprotected by using 20% piperidine in
DMF to yield 6a−i. Finally, the global cleavage, acidolysis, of
6a−i was carried out to cleave the CTC resin and all SPGs
from the desired peptide chain using the cleavage cocktail of
TFA:H2O:TIS in a ratio 80:10:10. The precipitation was
carried out using DIPE to afford the desired THIQ-conjugated
dipeptides. Ethyl acetate and n-hexanes were utilized for
further purification of crude products and yielded pure desired
derivatives 7a−i in 78−89% yields. The advantage of carrying
out the SPPS of the desired THIQ-conjugated dipeptides was
that all of the condensation reactions were carried out in situ
and no isolation of intermediates was needed. Each
intermediate product was rigorously tested and validated
through the Kaiser test, ensuring the purity and integrity of the
chemical transformations at every step. The strategic
incorporation of various Fmoc-protected AAs and different
SPGs at specific stages of the synthesis process facilitated the
production of a diverse set of compounds, each possessing
unique structural characteristics. These variations in the
molecular composition of the peptides, such as the inclusion
of cationic, polar, negative, and hydrophobic substitutions,
were essential for the comprehensive evaluation of the
bioactive properties of the synthesized compounds.
The structures of 7a−i were characterized using 1H, 13C

NMR, and mass spectral analyses (Figures S9−S34). All the
spectral data confirm the structures of desired THIQ-
conjugated 7a−i compounds. In 13C NMR, it was observed
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that spectra of all the compounds have extra signals at 115−
120 and 60 ppm apart from the desired signals. In all the
compounds, the Lys moiety forms the TFA salt giving rise to
those additional signals of TFA in 13C NMR. In synthesized
series of peptides, we used different amino acid substitutions,
including cationic substitutions in peptides 7c (His) and 7e
(Arg), polar substitutions in peptides 7f (Thr) and 7g (Ser),
negative substitution in peptide 7h (Glu), and a special case of
amino acid substitution in peptide 7a (Cys). In addition,
hydrophobic substitutions were also explored in peptides 7b
(Tyr), 7d (Met), and 7i (Trp) to evaluate their bioactivities.
Overall, each step in the synthesis process played a crucial role
in the successful preparation of these novel peptides.

Biological Evaluation. The microorganisms, including
Escherichia coli MTCC 443, Pseudomonas aeruginosa MTCC
1688, Streptococcus pyogenes MTCC 442, Staphylococcus aureus
MTCC 96, Aspergillus niger MTCC 282, and Candida albicans
MTCC 227, were obtained from King Abdullah University
Hospital (KAUH), Irbid, Jordan. They were stored at −70 °C
in trypticase-soy broth with 20% glycerol from BBL Micro-
biology Systems (Cockeysville, Maryland, USA) until they
were required for batch susceptibility testing. To ensure purity
and viability, the organisms were thawed and subcultured three
times. The in vitro antimicrobial activities of the synthesized
compounds 7a−i were studied using the conventional Mueller
Hinton Broth-microdilution method.46 This method is used
for quantitative antimicrobial susceptibility testing and to
determine the minimum inhibitory concentration (MIC) of
antimicrobial agents. The test involved screening micro-
organisms for visible growth in broth consisting of different
dilutions of the antimicrobial agents. The MIC value indicates
the lowest concentration of an antimicrobial agent that inhibits
visible growth within a specified time frame. The microbroth
dilution method offers several advantages over the macrobroth
dilution method, including miniaturization and automation
through the use of disposable small plastic “microdilution”
trays. Its practicality and popularity in research are attributed
to advantages such as reproducibility, prepared panels, cost-
effective reagents, and space optimization resulting from its
miniaturization.47,48

The Procedure for the Antibacterial Activity Assay.
The strains employed in this study were recently acquired and
stored under optimal conditions. The compounds underwent
screening for their antibacterial activity in triplicate experi-
ments against the bacteria, employing different concentrations
of 1000, 500, 250, and 200 μM. Substances exhibiting effective

inhibition were subsequently subjected to dilution and further
testing. The antibacterial assay employed the Mueller Hinton
broth dilution method. A suspension of the respective bacteria
at a concentration of 10 μM was inoculated on suitable media,
and growth was monitored following incubation at 37 °C for 1
to 2 days. The test mixture was intended to contain 108 cells/
mL. Ampicillin served as the standard drug for assessing
antibacterial activity in this study.46

The Procedure for the Antifungal Activity Assay. The
strains employed in this study were recently acquired and
appropriately stored. The substances underwent screening for
their antifungal properties in triplicate experiments against the
fungi at varying concentrations of 1000, 500, 250, and 200 μM.
The active compounds were further diluted and subjected to
additional testing. The antifungal assay utilized the Muller
Hinton broth dilution method. Fungal growth was monitored
using Sabouraud’s dextrose broth at 28 °C under aerobic
conditions for a period of 48 h. Nystatin served as the standard
for comparative analysis.46

The antibacterial activities of novel THIQ dipeptide
conjugate 7a−i against all the bacterial strains are shown in
Table 1. The cationic peptide conjugate 7c, containing
additional cationic AA His, was found to be 10 times more
potent against E. coli and showed excellent activity with the
highest MIC value of 33 μM among all the synthesized peptide
conjugates as compared with the standard drug ampicillin,
which had an MIC of 332 μM against the bacterial strain E.
coli. Compound 7g with Ser showed excellent activity with an
MIC value of 66 μM, five times more potent against E. coli as
compared with standard ampicillin. THIQ dipeptide con-
jugates 7b, 7e, and 7h also exhibited good activities with MIC
values of 166 μM and were two times more potent than the
control drug. Other conjugates 7a, 7d, 7f, and 7i were slightly
less active than the standard ampicillin against the bacterial
strain E. coli. Against P. aeruginosa, 7e exhibited the highest
activity among all the peptide derivatives with an MIC value of
83 μM, four times more potent as compared with the standard
drug ampicillin, which had an MIC of 332 μM against the
same. Moreover, compounds 7b and 7c also exhibited good
activity with MIC values of 166 μM and were two times more
potent than the control drug. The rest of the THIQ dipeptide
conjugates were found to be less active, with MIC values of
332−664 μM, against P. aeruginosa as compared to the
standard drug. Furthermore, among all the synthesized THIQ
dipeptide conjugates, only 7c showed little antibacterial activity
against S. aureus with an MIC value of 498 μM as compared to

Table 1. Antibacterial and Antifungal Activities of Synthesized Compounds 7a−i

MIC (antibacterial activity) in μM
MIC (antifungicidal activity) in

μM

entry name of compounds E. c. P. a. S. a. S. p. C. a. A. n.

7a D-Tic-Cys-Lys-OH 415 498 664 830 664 664
7b D-Tic-Tyr-Lys-OH 166 166 830 1661 332 664
7c D-Tic-His-Lys-OH 33 166 498 332 166 265
7d D-Tic-Met-Lys-OH 498 332 664 498 415 365
7e D-Tic-Arg-Lys-OH 166 83 830 315 166 332
7f D-Tic-Thr-Lys-OH 498 664 830 830 830 1661
7g D-Tic-Ser-Lys-OH 66 332 664 415 265 166
7h D-Tic-Glu-Lys-OH 166 332 830 747 332 1661
7i D-Tic-Trp-Lys-OH 332 332 664 764 332 664
Std1 ampicillin 332 332 830 332
Std2 nystatin 332 332
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the standard drug ampicillin (830 μM). The rest of the peptide
derivatives did not show significant antibacterial activities, with
MIC values of 664−830 μM, against S. aureus as compared to
the standard drug. For the activity against S. pyrogens, only the
derivative 7e showed very little activity with an MIC value of
315 μM, while the rest of the conjugates did not show
significant activity as compared with a standard drug, which
had an MIC of 332 μM (Figure 1). From the antibacterial
activity study of all of the synthesized THIQ dipeptide
conjugates, it was observed that compounds 7c and 7e with
cationic AAs, His, and Arg, respectively, were the most active
among all against the bacterial strains.
The antifungal activities of novel THIQ dipeptide

conjugates 7a−i against all the fungal strains are shown in
Table 1. Against C. albicans, conjugates 7c, 7e, and 7g were
most active with MIC values of 166, 166, and 265 μM,
respectively, compared to nystatin, which was active at 332
μM. Moreover, no significant activity was observed for the rest
of the compounds against the fungal strain C. albicans as
compared with the standard drug. 7c exhibited the highest
activity when screened against the fungal strain C. albicans with
an MIC value of 166 μM when compared to the standard drug
nystatin with activity of 332 μM against the same. Its efficacy
was twice that of the standard drug against C. albicans.
Conjugates 7c and 7g also displayed good inhibition against A.
niger with MIC values of 265 and 166 μM, respectively, as
compared to the control drug. However, the rest of the
synthesized derivatives showed less activity with MIC values in
a range of 332−1661 μM against A. niger (Figure 2). After
screening the THIQ dipeptide conjugates against all the
desired microbial strains, it was observed that among all the
conjugates 7c (His) and 7e (Arg), cationic peptide conjugates
were the most active, which indicated the significance of the
presence of cationic AAs in the peptide sequence for better
activities, as mentioned earlier.

Molecular Docking Analysis. The molecular docking
study was carried out using the glide module of the
Schrodinger program. The crystal structure of E. coli DNA
gyrase B was obtained from the Protein Data Bank using the
PDB ID of 4KFG. The protein structure was optimized using
the “protein preparation wizard” of the Schrodinger program,
where hydrogens and missing side chains were added along
with cap termination. The cocrystallized water molecules,
which came along with crystal structures, were deleted. The
protein structure was later optimized using the OPLS3 force
field. Grid was generated by centralizing on the cocrystallized
ligand present in the E. coli DNA gyrase B. At the same time,
all the synthesized compounds were prepared and optimized
using the LigPrep module of the Schrodinger program. The
docking study of the synthesized peptides was carried out using
the SP docking mode.49−51

The significant antibacterial activity of the title compounds
toward E. coli prompted us to conduct molecular docking
simulations to better understand the ligand−protein inter-
actions. As most of the synthesized peptides were showing
significant antibacterial activity toward the E. coli and hence for
the current study, we have selected the E. coli DNA gyrase as a
target for the docking study. The protein structure of the E. coli
DNA gyrase B was downloaded from the www.rcsb.org
platform using the PDB ID of 4KFG. The details of the
binding interaction and binding affinities against E. coli DNA
gyrase B are mentioned in Table 2. The docking interactions of
all the compounds 7a−i toward the E. coli DNA gyrase B
enzyme are shown in Figures 3 and 4 and Figures S1−S7.
Among the compounds examined for docking studies, 7b
showed a high binding affinity with a low energy of (−6.708
kcal/mol) against 4KFG. Molecular docking data revealed that
all the compounds show interaction networks with more than
one amino acid in the receptor active pockets. The 2D and 3D
interactions of top-scoring compound 7b are illustrated in

Figure 1. Antibacterial activity of title compounds 7a−i.

Figure 2. Antifungal activity of title compounds 7a−i.
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Figure 3. Compound 7b established the π−π hydrophobic
interaction and salt bridge with Arg-76 via the phenolic ring
and ionized carboxylate ion. Glu-50 established the hydrogen
bond interaction with the amidal NH group of compound 7b.
The terminal quaternary amino group of compound 7b formed
the salt bridge and hydrogen bond interaction with the Asp-49
amino acid and was involved in the hydrogen bond interaction
with Asn-46. The results of the ligand−protein molecular
docking provide valuable insight into the development of novel
lead antibacterial materials that target the DNA gyrase enzyme
of E. coli. Compound 7g established a hydrogen bond

interaction with Glu-50 via the peptidal NH group and Arg-
76 with the carbonyl oxygen of the terminal carboxylic acid
group. Similarly, compound 7g formed the hydrogen bond
interaction with Asn-46 and Asp-49 via the quaternized
terminal amino group. The same quaternized terminal amino
group also interacted with Asp-49 via the salt bridge
interaction (Figure 4). The interacting amino acid residues
of all of the synthesized peptides are given in Table 2.

Molecular Dynamics Simulation Study. The MD
simulation was used to investigate the thermodynamic stability
of the docked compound 7b−DNA gyrase B complex.52,53 The
compound 7b−DNA gyrase B complex was solvated using the
“single point charge (SPC)″ water model. The system was
neutralized by using Desmond’s system builder by adding
seven Na+ counterions to an orthorhombic cell.54,55 The
system was relaxed using a six-stage NPT protocol before the
MD simulation.56,57 The compound 7b-DNA gyrase B
complex was further submitted for a 100 ns MD simulation
study. The stability of the complex was analyzed by evaluating
the MD trajectories utilizing the “Desmond’s Simulation
Interaction Diagram (SID)”.53−58

A molecular dynamics simulation was conducted for a
duration of 100 ns to assess the durability of compound 7b
within the DNA gyrase B cavity. To facilitate a 100 ns
simulation, the docked complex was solvated in an explicit
solvent within an orthorhombic box.53,54 The impact of
compound 7b binding on the structural changes of E. coli DNA
gyrase B was evaluated by analyzing the “root mean square
deviation (RMSD) and root mean square fluctuation (RMSF)”
over time.55,56 The observed fluctuations during the simulation
can be utilized to gauge the stability of the protein in relation
to its conformation. The protein structure is considered more
stable when there are fewer variances or fluctuations. Figure 5
displays the RMSD graph of the Cα atoms of E. coli DNA
gyrase B over a duration of 100 ns. The compound 7b−E. coli

Table 2. Docking Score and Interacting Amino Acid
Residues of the Synthesized Peptides

dock
compounds

docking
score

(kcal/mol)
glide

Emodel
glide
Energy

interacting amino
acid residues

compound
7b

−6.708 −85.903 −51.172 Asn-46, Asp-49,
Glu-50, Arg-76

compound
7h

−6.592 −79.998 −52.68 Asn-46, Asp-49,
Glu-50, Arg-76,
Arg-136

compound
7g

−6.347 −80.344 −54.137 Asn-46 Asp-49, Glu-
50, Arg-76

compound
7a

−6.455 −88.398 −53.805 Asn-46, Asp-49,
Glu-50, Lys-110,
Arg-76

compound
7d

−6.328 −78.13 −52.032 Arg-76, Lys-110,
Asn-46, Asp-49,
Glu-50

compound 7i −6.005 −86.127 −54.887 Asn-46, Arg-76, Asp-
49, Glu-50

compound 7f −5.93 −75.532 −51.412 Asp-49, Glu-50, Lys-
110, Arg-76

compound
7c

−5.92 −83.698 −53.326 Asn-46, Asp-49,
Glu-50, Lys-110,
Arg-76

compound
7e

−5.177 −77.565 −46.246 Asp-49, Lys-110,
Arg-76, Asp-73

Figure 3. Docking interactions of compound 7b toward the E. coli
DNA gyrase B enzyme.

Figure 4. Docking interactions of compound 7g toward the E. coli
DNA gyrase B enzyme.
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DNA gyrase B complex remained in the equilibration state
until the 6 ns time of the simulation with ligand RMSD of 3.6
Å. From 6.20 to 13 ns time of the simulation, slightly higher
fluctuation of the ligand was observed with RMSD of 3.69−
4.09 Å due to initial equilibration of the system. Compound 7b
achieved stability from 14.90 to 26.80 ns time of the
simulation. The higher RMSD (5.27−5.24 Å) of compound
7b was observed from 37.50 to 70.80 ns time of simulation due
to the presence of a rotatable peptide bond in compound 7b
(Figure 6). The ligand−torsion profile in Figure 6 indicates
that the peptide backbone of compound 7b is highly fluctuable
during 100 ns of the simulation. From 72 ns onward, the ligand

was stabilized inside the pocket of the E. coli DNA gyrase B
with RMSD of 4.5 Å.
The flexibility of E. coli DNA gyrase Cα atoms was assessed

by calculating the RMSF values, which provided insights into
the impact of compound 7b on their flexibility.57,58 During the
simulation, compound 7b interacted with 33 amino acids of E.
coli DNA gyrase protein including Glu-42, Val-43, Asp-45,
Asn-46, Ala-47, Asp-49, Glu-50, Ala-53, Val-71, Asp-73m Arg-
76, Gly-77, Ile-78, Pro-79, Ile-82, Ala-86, Ile-90, Val-93, Leu-
94, Lys-110, Val-111, Gly-113, Gly-114, Leu-115, His-116,
Gly-117, Gly-119, Val-120, Ser-121, Arg-130, Thr-165, Val-
167, and Asn-178. All of these interactions are indicated by
vertical bars colored green, as shown in Figure 7. The RMSF

Figure 5. RMSD of ligand 7b with respect to the protein DNA gyrase B.

Figure 6. Ligand (compound 7b) torsion profile during the 100 ns time of simulation.
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graph suggests that the fluctuation in the E. coli DNA gyrase
Cα atoms is minimum within the RMSF with the value of 2 Å
when in complex with compound 7b, except for the amino acid
Ile-82, where RMSF reached 3.15 Å. Overall, these results
suggest that compound 7b made the protein−ligand complex
more stable during the 100 ns MD simulation.
Figure 8 shows a protein−ligand contact analysis during MD

simulations. It was observed that Asn-46 formed a prominent
hydrogen bond interaction with the NH of the isoquinoline
ring (70%) and two different NH (87 and 55%) of the peptide
backbone. Asp-45 also established the hydrogen bond
interaction (84%) with the terminal quaternized amino
group of the peptide backbone. Apart from it, water-mediated
hydrogen bonding was seen with Asp-49 and Ile-90. Hydro-
phobic interaction of the isoquinoline and phenol ring was
observed with the Val-167, Val-43, Pro-79, and Ala-86 amino
acid residues.

■ MATERIALS AND METHODS
The 2-chlorotrityl chloride (2-CTC) resin was utilized for the
synthesis of a series of short peptide derivatives with a THIQ-
3-carboxylic acid constituent. Highly efficient loading estima-
tion is obtained by using such resin. This resin is mainly used
for the synthesis of short-chain peptides.58 It was purchased
from Merck. Fmoc(9-fluorenylmethoxycarbonyl)-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 a survival
chemical. HOBt·H2O (N-hydroxybenztriazole monohydrate),
diisopropylethylamine (DIPEA), and trifluoroacetic acid
(TFA) were acquired from Spectrochem. Phenol was acquired
from SD Fine Chemicals. A fully automated CSBio peptide
synthesizer (CS136X) was utilized for the synthesis of
derivatives.31

An open capillary method was utilized to determine the
melting points that were uncorrected. The Kaiser test was used
for monitoring the deprotection and condensation reactions. A
mixture of ethyl acetate and n-hexanes was used for the
purification of the derivatives. A Shimadzu liquid chromatog-
raphy mass spectrometry (LC-MS) (at 70 eV) mass
spectrometer (ESI) was used to determine the mass spectra.
A 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.31

■ EXPERIMENTAL SECTION
Synthetic Route for the Formation of Intermediate 1.

The 2-CTC resin was introduced into the peptide synthesizer
with a substitution of 1.0 mmol/g. The resin was initially
rinsed with dichloromethane (DCM; 10 vol) and then drained.
After that, DCM (10 volumes) was added and the reaction

Figure 7. RMSF of DNA gyrase B during the 100 ns time of simulation, where the green line indicates the interaction of residues with the ligand
(compound 7b).

Figure 8. 2D interaction diagram of compound 7b and protein−ligand interaction analysis of the MD trajectory.
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mass was stirred for 60 min for swelling before being drained.
Following this, Fmoc-Lys(Boc)−OH (3.0 equiv) was dissolved
in DCM (eight volumes) and transferred to the reaction vessel.
DIPEA (6 equiv) was subsequently added to the reaction
vessel and stirred at 25 °C for 2 h. The peptidyl resin was
filtered after the 2 h mark and washed twice with DCM and
once with dimethylformamide (DMF).59 A solution containing
DIPEA, methanol (MeOH), and DCM (1:2:7) was used to
cap the unreacted functional groups of the resin. The loading
percentage was monitored using an ultraviolet (UV)
spectrophotometer.31

Synthetic Route for the Formation of Intermediates
6a−i. The standard Fmoc/t-Bu(t-butyl)/Boc(t-butyloxycar-
bonyl) protocol was employed to produce the desired
intermediates 6a−i through the solid-phase peptide synthesis
(SPPS) method. In the SPPS reaction vessel, the Fmoc-
Lys(Boc)-2-CTC resin was swollen in 20 volumes of DMF for
30 min. The CSBio peptide synthesizer facilitated the synthesis
of the intended intermediates. Postswelling, the following steps
were repeated for the synthesis of the intermediates: (a)
deprotection of the Fmoc group was carried out using 20%
piperidine/DMF (v/v) (10 (v). The resin was washed twice (5
and 10 min each). The Kaiser test was used to ensure complete
deprotection, indicated by the appearance of a blue color.
Subsequently, the reaction mass (peptidyl resin) was filtered
and washed three times with DMF, once with isopropyl
alcohol (IPA), and three times again with DMF. (b) For all the
condensation reactions, Fmoc amino acid/Fmoc-D-Tic−OH
(3.0 equiv, 3 mmol concerning initial resin loading), HBTU
(3.0 equiv, 3 mmol), HOBt·H2O (3.0 equiv, 3 mmol), and
DIPEA (6.0 equiv, 6 mmol) in eight volumes of DMF were
utilized. All the condensation reactions required 1 h of stirring.
The Kaiser test was used to confirm the completion of the
reaction, indicated by a colorless test solution and beads. The
reaction mass (peptidyl resin) was then filtered and washed
five times with DMF to yield 5a−i.60 Additionally, group
deprotection of 5a−i was carried out using 20% piperidine/
DMF (v/v) (10 (v) to obtain the desired Fmoc intermediates
6a−i. The Kaiser test was used to confirm the deprotection of
the Fmoc group, where blue-color resin beads and solution
were observed, confirming the completion of the step.
Following this, the reaction mass (peptidyl resin) was filtered
and washed five times with DMF to produce 6a−i.31

Synthetic Route for the Synthesis of Desired THIQ
Dipeptide Derivatives 7a−i. A cleavage cocktail consisting
of a mixture of TFA:TIS:H2O (80:10:10) (10 mL/g) was
utilized for the cleavage of the side chain and CTC resin.61

The protected peptidyl resin was stirred in the cleavage
cocktail for 3 h at 27 ± 2 °C. After this duration, the reaction
mass was filtered and the filtrate obtained was precipitated
using chilled diisopropyl ether (DIPE) (50 (v)). Subsequently,
the reaction mass was stirred at 0−5 °C for 2 h, filtered, and
washed thrice with chilled DIPE (10 (v)). Finally, the wet cake
was dried at 30 °C under vacuum to yield the desired
products.31

■ CONCLUSIONS
THIQ is a privileged scaffold present in many clinically used
drug molecules. In this article, we demonstrated a new series of
THIQ conjugates with dipeptide derivatives synthesized using
a solid-phase peptide synthetic technique. The synthesized
THIQ conjugates were characterized using 1H NMR, 13C, and
mass spectrometric analysis techniques. The synthesized

THIQ dipeptide analogues were evaluated for their antimicro-
bial activities. The analysis found that the conjugates exhibited
significant antibacterial and antifungal activity as compared to
standard drugs, ampicillin and nystatin, respectively. Especially,
the cationic THIQ dipeptide conjugates 7c and 7e showed
significant activities against all the screened microbial strains
due to the presence of additional cationic AA, His and Arg,
respectively. All the synthesized derivatives were subjected for
molecular docking studies to investigate their intermolecular
interaction networks and binding affinities toward the E. coli
DNA gyrase enzyme. Among the synthesized compounds,
compound 7b displayed significant docking. Furthermore, the
MD simulation study at 100 ns time reflects that compound 7b
was stable inside the cavity of the E. coli DNA gyrase. The
structural and functional insights from experimental, biological,
and computational studies conducted on DNA gyrase assembly
with synthesized THIQ derivatives shed a light on further
development and potential of antimicrobials using hybrid
heterocycles with peptides.
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