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A B S T R A C T

A novel sulfur-containing heterocyclic dipeptide (compound 3) was synthesized and preliminarily evaluated for its 
therapeutic potential in combination with bioactive plant extracts. The antioxidant activity of the dipeptide was 
assessed using DPPH radical scavenging and phosphomolybdate assays. In the DPPH assay, compound 3 exhibited 
dose-dependent activity, with IC₅₀ values of 2.39 ± 0.24 mg/mL in methanol and 2.84 ± 0.29 mg/mL in DMSO, 
indicating greater efficacy in methanol. Conversely, the phosphomolybdate assay revealed higher total antioxidant 
capacity in DMSO, suggesting solvent-dependent behavior. Antibacterial activity was tested against Escherichia coli 
ATCC 25922 using the Kirby–Bauer diffusion method. While compound 3 alone showed no inhibitory effect at con
centrations up to 50 mg/disk, its combination with methanolic extracts of Paeonia daurica subsp. mlokosewitschii (leaves 
and roots) resulted in a dose-dependent modulation of the plant extracts' antibacterial activity, indicating an inter
action that may influence phytotherapeutic efficacy. Independently, the plant extracts demonstrated measurable 
antibacterial activity, with inhibition zones of 13.61 ± 0.17 mm (leaves) and 13.75 ± 0.05 mm (roots) at 200 μg/disk. 
Circular dichroism (CD) spectroscopy using bovine serum albumin (BSA) revealed specific peptide–protein binding 
interactions, supporting the biological relevance of the dipeptide. These findings were further supported by Density 
Functional Theory (DFT) calculations, molecular docking, and CD spectral deconvolution, providing insight into the 
compound's structural and interaction properties. Overall, the study highlights the potential of compound 3 as a 
modulator of plant-derived bioactivities and its relevance in the development of synergistic therapeutic strategies.

Abbreviations: AMP, Antimicrobial Peptide; ATR, Attenuated Total Reflection; BFEN-O, Bond Formation Enthalpy of the Oxidized Species; BFE, Bond Formation 
Energy; BSA, Bovine Serum Albumin; CD, Circular Dichroism; CFU, Colony-Forming Unit; CHCl₃, Chloroform; DCC, Dicyclohexylcarbodiimide; DCU, Dicyclohex
ylurea; DFT, Density Functional Theory; DMSO, Dimethyl Sulfoxide; DPPH, 2,2-Diphenyl-1-picrylhydrazyl; ESI-MS, Electrospray Ionization Mass Spectrometry; 
EtOAc, Ethyl Acetate; Fmoc, 9-Fluorenylmethoxycarbonyl; FMO / FMOs, Frontier Molecular Orbital(s); HOSu, N-Hydroxysuccinimide; HOMO, Highest Occupied 
Molecular Orbital; HPLC, High-Performance Liquid Chromatography; IC₅₀, Half Maximal Inhibitory Concentration; IP, Ionization Potential; IR, Infrared; K2D2, 
Computational Tool for CD Spectrum Deconvolution; KBr, Potassium Bromide; LB, Luria-Bertani (broth/agar); LCMS, Liquid Chromatography–Mass Spectrometry; 
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1. Introduction

In the evolving landscape of therapeutic discovery, the integration of 
peptides with natural products has become a central focus of phyto
therapy research. This multidisciplinary field seeks to harness the 
therapeutic potential of plant-derived molecules while enhancing effi
cacy, stability, and target specificity through strategic combination with 
synthetic agents. Particularly in the context of rising antimicrobial 
resistance and the increasing prevalence of oxidative stress-related dis
orders, there is a pressing need for innovative, dual-function systems 
that unify the bioactivity of natural extracts with the precision of syn
thetic peptide chemistry. Paeonia daurica subsp. mlokosewitschii (Loma
kin) D. Y. Hong is a representative of the family Paeoniaceae [1,2], a 
perennial herbaceous species characterized by biternate foliage in 
shades of grey or grey-green, broad yellow flowers, and a lignified, 
branched system of rhizomes and roots [3]. The species exhibits ende
mism to the Caucasus region, being distributed from the middle 
montane zone to the upper zone, in the forest, on stony slopes of the 
North Caucasus and Transcaucasus (Plants of Worlds Online; retrieved 
from https://powo.science.kew.org/ (accessed on 05.05.2025)). In 
Georgia, it is distributed exclusively in two main areas: Kiziki (Shiraki) 
and Kakheti (Lagodekhi) [4]. Notably, Paeonia genus extracts are 
commonly employed in traditional medicine across numerous regions, 
especially in Asia, which suggests their recognized ethno
pharmacological significance [5]. However, the therapeutic properties 
and phytochemical composition of Paeonia daurica subsp. mlokosewit
schii have not been investigated. Nevertheless, it is known that leaves 
and roots of several Paeonia species are endowed with antibacterial, 
antioxidant, antitumor, anti-inflammatory, analgesic, neuroprotective 
and hypotensive properties [6–11]. A comprehensive analysis of various 
Paeonia species has identified a diverse array of compounds, including 
15 stilbenes, 49 triterpenoids, and steroids, 53 tannins, 59 flavonoids, 
153 monoterpenoid glucosides, 61 phenolic compounds, and an addi
tional 61 substances, as summarized in reference [12].

Tackling socially impactful diseases drives the development of 
innovative therapeutic approaches involving molecular platforms that 
integrate both natural and synthetic compounds, including peptides, 
oligonucleotides, and hybrid architectures like nucleobase-containing 
peptides [13–21]. Recent studies have demonstrated that hybrid for
mulations combining plant extracts with synthetic drugs can result in 
synergistic or modulatory effects, offering novel pathways for thera
peutic intervention [22]. Antimicrobial plant extracts exert a significant 
influence on the human microbiome, with various tested extracts 
modifying gut microbial basal conditions following in vitro fermenta
tion, often in an inhibitory manner [23]. This pronounced suppressive 
effect emphasizes the necessity of developing new additives that can 
attenuate excessively strong antimicrobial action. By fine-tuning these 
formulations, researchers can help maintain microbial balance while 
still obtaining the beneficial properties of plant-derived compounds for 
health applications. Within this framework, sulfur-containing aromatic 
peptides, known for their stability, lipophilicity, and tunable in
teractions with biological targets, are emerging as valuable tools to 
modulate the pharmacological profile of plant extracts. Although not all 
peptides exhibit direct antimicrobial activity, many bioactive peptides 
represent some of the most promising antimicrobial candidates due to 
their biocompatibility, structural diversity, and ability to selectively 
target microbial and cellular components. These peptides exhibit diverse 
therapeutic capabilities, including anticancer, antioxidant, and enzyme- 
inhibitory activities [24–32].

The bioactive potential of peptides is primarily influenced by the 
amino acids they contain, each contributing specific physicochemical 
properties that collectively shape the peptide's biological activity. 
Studies have shown that leucine, a hydrophobic, branched-chain 
essential amino acid, plays a crucial role in peptide design by 
enhancing structural stability and promoting interactions with biolog
ical membranes. Although leucine itself is not intrinsically 

antimicrobial, leucine-rich peptide sequences have been shown to in
fluence peptide conformation and facilitate membrane disruption, 
thereby contributing to overall bioactivity. Hydrophobicity plays a key 
role in determining how water-soluble peptides integrate into the 
membrane lipid bilayer, a process crucial for membrane permeabiliza
tion [33–38].

Incorporating non-proteinogenic amino acids is a strategic approach 
to modulating the pharmacological profile of peptides [39–42]. Among 
these, 1,2,4-triazole-based amino acid derivatives have garnered 
considerable attention due to their chemical stability and broad- 
spectrum bioactivities, including enzyme-inhibitory effects. These het
erocyclic motifs frequently disrupt critical microbial pathways, such as 
cytochrome P450-dependent ergosterol biosynthesis, while concur
rently enhancing peptide stability and membrane permeability. In 
recent years, peptides bearing sulfur-containing heterocyclic moieties – 
such as thiazoles and thiophenes – have attracted growing interest for 
their distinctive physicochemical characteristics, including increased 
lipophilicity, conformational rigidity, and improved biomolecular in
teractions. These structural features enhance binding affinity to key 
biological targets, particularly nucleic acids and serum proteins, thereby 
contributing to the therapeutic potential of peptide-based scaffolds 
[43–50]. Such properties make these peptides excellent candidates for 
modulating the antimicrobial activity of bioactive plant extracts, where 
they can fine-tune extract efficacy and improve therapeutic profiles by 
influencing both the microbial membrane interactions and the stability 
of the active compounds. Interestingly, hybrid peptide systems that 
integrate natural amino acids (e.g., glycine, alanine, leucine) with 
bioactive heterocycles represent a rational strategy for the development 
of next-generation therapeutics that exhibit both antioxidant activity 
and membrane-disrupting capabilities, a combination whose relevance 
is further validated by peptides' rapid mode of action in the treatment of 
infections associated with oxidative stress [51–54].

In the present study, we report the synthesis of a novel dipeptide 
containing 1,2,4-triazole and sulfur-based heterocycles, incorporating a 
Fmoc (9-fluorenylmethoxycarbonyl)-protected amino acid residue. 
Remarkably, Fmoc groups, commonly used in peptide synthesis, not 
only facilitate purification and improve peptide solubility but also 
enhance bioavailability through increased lipophilicity [55,56]. The 
combination of sulfur-based heterocycles and Fmoc protection presents 
a synergistic strategy for designing peptides with improved pharmaco
kinetics and target-binding capabilities. The new dipeptide 3 with plant 
extract-modulatory properties was synthesized and its biological prop
erties were evaluated through preliminary studies on the peptide 
modulatory effects on Paeonia daurica extracts, antioxidant assays and 
interaction studies with bovine serum albumin (BSA).

2. Experimental section

2.1. Synthesis and purification of materials

In this study, we used the following chemicals: DCC, dimethylsulf
oxide (DMSO), N-hydroxysuccinimide, DPPH (2,2-diphenyl-1-picrylhy
drazyl), C6H14, C4H8O2, CH3COOC2H5, Na2CO3, NaHCO3, NaOH, (S)-2- 
((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-methylpentanoic acid 
(1), ammonium molybdate, CH2Cl2, methanol obtained from Sigma- 
Aldrich (St. Louis, MA, USA). The LB agar plates and LB broth for 
E. coli were purchased from LLC Elavia Biopreparations, Tbilisi, Georgia. 
The compound (S)-2-amino-3-(4-phenyl-3-propyl-5-thioxo-4,5-dihydro- 
1H-1,2,4-triazol-1-yl)propanoic acid (2) was synthesized at the Arm
biotechnology Scientific and Production Center, National Academy of 
Sciences (Armenia) [57]. All reagents were obtained from commercial 
sources and employed in the study without undergoing additional pu
rification. Solvents were freshly distilled prior to use. Thin-layer chro
matography (TLC) analyses were conducted using Merck aluminum- 
backed plates coated with 0.2 mm Kieselgel 60 F254 (Darmstadt, Ger
many). Proton (1H) and carbon-13 (13C) NMR spectra were acquired 
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using a Varian Mercury 300 MHz spectrometer, with tetramethylsilane 
(TMS) serving as the internal reference (Palo Alto, CA, USA). Melting 
points were assessed via an electrothermal device from Bibby Scientific 
(Stone, UK). LCMS measurements were performed using a Shimadzu 
LCMS 2020 system coupled with a Prominence-I LC-2030C 3D unit. 
Infrared spectral analysis was carried out employing an ATR (Attenu
ated Total Reflection) module, enabling direct evaluation of powdered 
samples with a Shimadzu IRTracer-100 spectrometer (Kyoto, Japan), 
utilizing a KBr prism (4000–350 cm− 1) in single reflection mode at a 
resolution 4 cm− 1.

Preparation of the N-Oxysuccinimide ester: a solution containing 0.4 
g (1.14 mmol) of amino acid 1 and 0.15 g (1.3 mmol) of N-hydrox
ysuccinimide (NHS) was prepared in 2.0 mL of dioxane and 2.0 mL of 
methylene chloride. To this mixture, 0.25 g (1.21 mmol) of dicyclo
hexylcarbodiimide (DCC), pre-dissolved in 2 mL of dioxane, was added 
at 0 ◦C. The reaction was maintained at this temperature for 1 h, fol
lowed by an additional hour at room temperature. Progress was moni
tored via thin-layer chromatography (TLC) using a solvent system of 
chloroform/ethyl acetate/methanol (2:4:1). Upon completion, the 
precipitated dicyclohexylurea (DCU) was removed by filtration. The 
resulting filtrate, containing the succinimide ester intermediate, was 
concentrated under reduced pressure to yield an oily residue. This in
termediate was obtained in 0.38 g (75% yield) and used directly in the 
subsequent peptide coupling step.

Synthesis of dipeptide 3: to a solution of 0.34 g (1.1 mmol) of amino 
acid 2 in 1.6 mL of 0.5 M NaOH, 0.034 g (0.4 mmol) of sodium bicar
bonate was added. Subsequently, 0.36 g (0.8 mmol) of the N-hydrox
ysuccinimide ester of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl) 
amino)-4-methylpentanoic acid, dissolved in 2 mL of dioxane, was 
introduced. The reaction mixture was stirred at room temperature for 3 
h. After completion, the mixture was transferred to a separatory funnel, 
and 6 mL of ethyl acetate, 3 mL of 10% citric acid solution, and 0.2 g of 
sodium chloride were added. Vigorous stirring facilitated phase sepa
ration. The organic layer was collected, dried over magnesium sulfate, 
and the solvent was removed under vacuum at 50 ◦C. The residue was 
crystallized from a 1:3 mixture of ethyl acetate and petroleum ether, 
yielding dipeptide 3 as a white crystalline solid (67% yield; mp: 
122–125 ◦C).Characterization of 3 (Fig. S1–S5) - ESI MS (m/z): 641.79 
(expected); 642.10 (found).

ATR-IR, ν, cm− 1: 3649.32 (N–H), 3568.31 (N–H), 2927.94, 
2870.08 (C–H, aliphatic), 1716.65 (C––O, acid/ester), 1670.35 (C––O, 
carbamate), 1496.76 (C––N, carbamate), 1446.61 (C––C, aromatic), 
1408.04 (C–N, aromatic), 1330.88 (C=S), 1161.15 (C–O, acid), 
1107.14 (C–O, ether), 1072.42, 1041.56 (C–N, heterocyclic), 1010.70 
(C–N, heterocyclic), 759.95, 736.81 (C–H, aromatic bending).

1H NMR (300 MHz, DMSO/CCl4 1/3, δ, ppm, Hz): 0,81 t (3H, J =
7.3, CH3), 0.90 d (3H, J = 6.8, CH3), 0.92 d (3H, J = 6.8, CH3), 
1.45–1.59 m (4H, 2⋅CH2), 1.68 m (1H, 2⋅CH3), 2.28–2.42 m (2H, 
CH2C2H5), 4.00–4.06 m (1H), 4.09–4.19 m (2H), 4.31–4.39 m (2H), 
4.68 br d (1H, J = 12.6), 4.83 m (1H), 7.20–7.28 m (3H), 7.31–7.37 m 
(4H), 7.45–7.52 m (3H), 7.59–7.69 m (3H), 7.71–7.75 m (2H). 13C NMR 
(75 MHz, DMSO/CCl4 1/3, δ, ppm): 13.1, 18.8, 21.1, 23.1, 24.0, 26.9, 
29.0, 40.9, 46.6, 50.6, 53.2, 65.7, 119.29, 119.32, 125.0, 125.1, 126.5, 
127.0, 128.0, 128.79, 128.82, 134.3, 140.5, 143.5, 143.6, 149.7, 155.5, 
167.4, 171.2.

2.2. CD experiments

CD measurements were carried out using a Chirascan™ V100 spec
tropolarimeter (Applied Photophysics, Leatherhead, Surrey, UK) 
equipped with a Peltier Quantum temperature control unit. Experiments 
were conducted at 15 ◦C in a 10 mM phosphate-buffered saline (PBS) 
solution at pH 7.4. Compound 3 was prepared as a 9 mM stock solution 
in acetonitrile. For each measurement, 1.8 × 10− 2 nmol of BSA (Merck, 
Darmstadt, Germany) and 9 nmol of compound 3 were combined. The 
final sample volume was 0.15 mL, and spectra were recorded using a 

quartz cuvette with a 0.5 mm path length (Applied Photophysics, 
Leatherhead, Surrey, UK). Each CD spectrum represented the average of 
three consecutive scans. To isolate the spectral contribution of the 
BSA–compound 3 complex, the CD spectrum of compound 3 alone was 
subtracted from the composite signal.

2.2.1. CD deconvolution
The alpha-helix and beta-sheet contents of the serum albumin before 

and after the addition of the analyzed compound were estimated using 
the K2D2 program (freely available at the link https://cbdm-01.zdv. 
uni-mainz.de/~andrade/k2d2/ accessed on 03 October 2025 [58]), 
which predicts secondary structure starting from circular dichroism 
data. These data in the wavelength range 190 to 240 nm were selected 
for our analysis, with a total of 51 data points that were used as input for 
each spectrum.

For BSA alone, the CD (mdeg) values from 190 to 240 nm were: 
13.1288, 13.4629, 13.5829, 13.3857, 12.79, 11.7945, 10.4201, 
8.70985, 6.72956, 4.52588, 2.2591, 0.082393, − 1.89345, − 3.67701, 
− 5.19778, − 6.39, − 7.33068, − 7.9885, − 8.38384, − 8.52532, 
− 8.48471, − 8.35751, − 8.15085, − 7.99124, − 7.8414, − 7.75435, 
− 7.72313, − 7.71971, − 7.73458, − 7.72911, − 7.74177, − 7.75027, 
− 7.70481, − 7.63183, − 7.50136, − 7.28702, − 7.01011, − 6.62888, 
− 6.1975, − 5.73109, − 5.25258, − 4.73771, − 4.2365, − 3.74054, 
− 3.2951, − 2.84898, − 2.45421, − 2.0776, − 1.76358, − 1.51291, 
− 1.2978.

For BSA in complex with compound 3, the CD mdeg values from 190 
to 240 nm were: 13.6587, 13.9424, 13.9272, 13.7173, 13.2737, 
12.3979, 11.2392, 9.65727, 7.7536, 5.64038, 3.46379, 1.28454, 
− 0.637425, − 2.32598, − 3.78598, − 4.97289, − 5.83548, − 6.49397, 
− 6.87931, − 7.0685, − 7.11813, − 7.03134, − 6.79583, − 6.66326, 
− 6.59235, − 6.53253, − 6.49102, − 6.4893, − 6.49729, − 6.56534, 
− 6.63871, − 6.60897, − 6.5675, − 6.4955, − 6.35212, − 6.1132, 
− 5.79559, − 5.41274, − 5.0218, − 4.64916, − 4.23807, − 3.75557, 
− 3.29432, − 2.86315, − 2.47852, − 2.03144, − 1.60917, − 1.28886, 
− 1.02526, − 0.814446, − 0.629929.

2.3. Antioxidant activity assessment

2.3.1. DPPH radical scavenging assay
Stock solutions of dipeptide 3 (10 mg/mL) were prepared using 

either 99.9% methanol or 99.9% DMSO as solvents. The antioxidant 
activity of dipeptide 3 was evaluated following the procedure outlined 
in reference [59]. For each test, 200 μL of dipeptide 3 at varying con
centrations was combined with 2.8 mL of a 0.1 M DPPH solution in 
methanol, resulting in final concentrations ranging from 50 to 500 μg/ 
mL. These concentration values were selected based on prior optimiza
tion experiments. The mixtures were incubated in the dark at room 
temperature for 30 min. Absorbance readings were taken at 517 nm 
using a DU-8800 RS spectrophotometer (Drawell, China). A methanolic 
DPPH solution served as the blank, with an absorbance value of 0.98 ±
0.02. Radical scavenging efficiency was calculated as the percentage 
reduction in DPPH absorbance. The IC₅₀ values, representing the con
centration of dipeptide 3 required to inhibit 50% of the DPPH radicals, 
were determined by plotting inhibition percentages against sample 
concentrations and applying linear regression analysis. 

Y = a • X+ b 

IC50 =
(50 − b)

a 

2.3.2. Assessment of the total antioxidant capacity (Phosphomolybdate 
Assay)

The total antioxidant capacity (TAC) of dipeptide 3 was evaluated 
using the phosphomolybdate assay, with ascorbic acid serving as the 
reference standard [60]. Varying concentrations of dipeptide 3 (200 μL) 
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were combined with 2.8 mL of reagent solution composed of 0.6 M 
sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium molyb
date, yielding final concentrations ranging from 30 to 450 μg/mL. The 
reaction mixtures were sealed and heated in a water bath at 95 ◦C for 90 
min. Following cooling to room temperature, absorbance was recorded 
at 765 nm using a blank for baseline correction. Results were expressed 
in terms of ascorbic acid equivalents (AAE) per μg/mL of dipeptide 3. 
The blank consisted of 2.8 mL of reagent solution and 200 μL of solvent, 
subjected to identical incubation conditions.

2.4. Assessment of the antimicrobial activity

2.4.1. Extraction of plant samples
Paeonia daurica subsp. mlokosewitschii (Lomakin) D. Y. Hong plant 

specimens were harvested in July 2024 from the National Botanical 
Garden of Georgia, located in Tbilisi (GPS coordinates: N 41.68574◦, E 
44.80217◦). A portion of leaves and roots (5 g each) was subjected to 
freeze-drying using a DW-10 N freeze dryer (Drawell, China) within a 
500 mL vacuum flask at a pressure of 10 Pa and a condenser temperature 
of − 55 ◦C, continuing until a stable dry weight was achieved. The dried 
plant material was then homogenized in a 1:5 ratio with 80% methanol, 
selected based on its superior extraction efficiency [61,62]. The mixture 
was stirred continuously for 24 h at room temperature using an orbital 
shaker operating at 270 rpm. Following extraction, the crude solutions 
were clarified by centrifugation at 5000g for 15 min using a TD6 
Benchtop Centrifuge (Drawell, China). The resulting methanolic leaf and 
root extracts were concentrated via rotary evaporation at 50 ◦C using a 
DW-ORE2000 Rotary Evaporator (Drawell, China), and the final resi
dues were reconstituted in 80% DMSO.

2.4.2. Determination of antibacterial activity
The antibacterial activity evaluation was performed with the Kirby- 

Bauer diffusion method [62]. The Escherichia coli ATCC 25922 strain, 
cultured in LB broth for 16–18 h at 37 ◦C to reach a density of approx
imately 109–1010 CFU/mL, was employed for antibacterial testing. 
Sterile 6 mm blank discs were placed on LB agar plates inoculated with 
300 μL of the bacterial suspension. Each disc was treated with 10 μL of 
dipeptide 3 dissolved in DMSO, at concentrations ranging from 5 to 50 
μg/disk. For experiments involving plant extracts, leaf or root extracts of 
Paeonia daurica subsp. mlokosewitschii (200 μg/disk) were applied indi
vidually to the discs. To evaluate the modulatory effect of dipeptide 3 on 
the antibacterial activity of these extracts, varying amounts of dipeptide 
3 (12–25 μg/disk) were combined with either leaf or root extracts (200 
μg/disk), maintaining a total application volume of 10 μL per disc. All 
plates were incubated at 37 ◦C for 24 h. Antimicrobial efficacy was 
assessed in triplicate by measuring the diameter of the inhibition zones 
(mm). Amoxicillin (30 μg/disk) served as the positive control, while 
80% DMSO was used as the negative control.

2.5. Statistical analysis

All experiments were conducted in triplicate, and the resulting data 
are presented as mean values accompanied by their respective standard 
deviations. Statistical comparisons were carried out using a variance- 
based t-test implemented in Microsoft Excel 365. A p-value below 0.05 
was interpreted as indicative of a statistically significant difference.

2.6. Molecular docking

Blind docking simulations were conducted using the HDOCK plat
form, which applies the ITScore-PP algorithm, an iterative, knowledge- 
based scoring method, to rank the top ten predicted binding poses. The 
software generates a dimensionless energy value, referred to as the 
HDOCK score, where lower scores correlate with stronger binding af
finities. These computational predictions have shown good agreement 
with experimental data. For downstream analysis, the highest-ranked 

pose (Top-1) was selected based on its energy score. The peptide 
structure used for docking was generated through a multi-step process. 
First, the SMILES representation was derived from the IUPAC name 
using MolView. This string was then submitted to the ProNovo online 
tool (https://novoprolabs.com/tools/smiles2pdb; accessed April 9, 
2025), which converted it into a 3D PDB format. The resulting file was 
refined in Discovery Studio Biovia (BIOVIA, Dassault Systèmes, San 
Diego, CA, USA), where hydrogen atoms were added and energy mini
mization was performed using the MMFF force field. The finalized 
structure was uploaded to HDOCK for blind docking against BSA, using 
PDB ID 4F5S as the target. Default parameters were applied throughout 
the docking procedure. Additional information about the HDOCK plat
form is available at http://hdock.phys.hust.edu.cn/ (accessed on 11 Jun 
2025).

SMILES (compound 3).
C1C2=C(C3C(C2COC(N([H])[C@@](CC(C)C)C(N([H])[C@@] 

(CN2C(=S)N(C4C=CC=CC=4)C(CCC)=N2)C(O[H])=O)=O)=O)=
CC=CC=3)C=CC=1

2.7. Computational evaluation (DFT)

Over recent decades, Density Functional Theory (DFT) calculations 
have proven to be a powerful tool for understanding the antioxidant 
properties of several compounds [63–68]. Computational modeling was 
carried out using Gaussian 16 [69], with GaussView 6 serving as the 
graphical interface. Geometry optimizations for the peptide structure 
were performed in both singlet and triplet electronic states using density 
functional theory (DFT) at the ωB97XD/6-31+G(d,p) level. The inclu
sion of polarization and diffuse functions was intended to improve the 
reliability of calculations regarding polar bonds and to adequately 
represent sulfur-containing groups [70]. Additionally, geometry opti
mizations were carried out under methanol and DMSO solvation con
ditions using the polarizable continuum solvation model (CPCM) [71], 
followed by frequency calculations in each solvent to obtain thermo
dynamic properties. Structural superimpositions and RMSD (Root Mean 
Square Deviation) values were calculated using VMD software. Log(P) 
value was calculated through ChemDraw 22.2.0 suite.

The spatial distribution of surface charge was illustrated using Mo
lecular Electrostatic Potential (MEP) maps [67,72], which depict the 
electrostatic potential (ESP) across the molecular surface, reflecting the 
cumulative influence of atomic nuclei and surrounding electron density. 
The contribution to the ESP depends on the distance from the evaluated 
point: nuclei have a positive influence, while electrons have a negative 
one, as illustrated by the equation provided in the Supporting Infor
mation for a generic vector position.

Frontier Molecular Orbitals (FMOs) were analyzed by evaluating the 
HOMO/LUMO energy gaps under each condition to compare outcomes 
with experimental results. Having regard for the radical scavenging 
mechanism of DPPH toward the peptide through single-electron transfer 
(SET), this pathway was investigated both in the gas phase and under 
solvation [64–67] [73]. Moreover, the formation enthalpies (BFE) of the 
oxidized thioxo-triazole ring derivative were computed [74], given that 
phosphomolybdate could oxidize the peptide through this route. The 
SET mechanism was evaluated using the Ionization Potential (IP), while 
the TAC assay was interpreted in terms of Bond Formation Energy (BFE): 

ArOH→ArOH⋅+ + e−

IP = H(ArOH⋅+) − H(ArOH)

ArN+O→[ArN+ − O− ]

BFEN− O = H([ArN+ − O− ]) − H(ArN) − H (O)

where H stands for total enthalpy (Hartree).
A time-dependent self-consistent field (TD-SCF) calculation was 
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performed using the ωB97XD density functional over the 6-31+G(d,p) 
basis set, with methanol modeled as the solvent. This computational 
approach was employed to simulate electronic transitions and compare 
them with the experimental UV–Vis absorption spectrum (Fig. S6) 
[67,75].

3. Results and discussion

3.1. Peptide Synthesis and BSA binding studies

Dipeptide 3, incorporating the non-proteinogenic amino acid 1, was 
synthesized according to the protocol illustrated in Scheme 1. The initial 
step involved converting the protected amino acid 1 into its succinimide 
ester derivative. This transformation was achieved by activating the 
carboxyl group of the Fmoc-amino acid using N-hydroxysuccinimide 
(NHS) in the presence of dicyclohexylcarbodiimide (DCC) as the 
coupling agent. The reaction was carried out in a solvent mixture of 
dioxane and methylene chloride, yielding a stable NHS ester 
intermediate.

Subsequently, amino acid 2 was coupled with the NHS-activated 
Fmoc-amino acid 1 to form the dipeptide. Various reaction conditions 
were explored, particularly focusing on the molar ratio of sodium hy
droxide (NaOH) to sodium carbonate (Na₂CO₃). The most favorable 
outcome was achieved with a NaOH:Na₂CO₃ ratio of 1:0.5, which 
significantly reduced the formation of side products. In contrast, re
actions performed using NaOH alone resulted in a higher incidence of 
undesired by-products. Under optimized conditions, dipeptide 3 was 
successfully synthesized, as depicted in Scheme 1.

As anticipated, the synthesis of dipeptide 3 was achieved starting 
from Fmoc-protected amino acid 1, employing HOSu and DCC to acti
vate the carboxyl groups. This strategy is favored due to the stability of 
the reactive intermediates, which facilitates efficient coupling with a 
range of amino acids. Reaction conditions were optimized by varying 
the molar proportions of NaOH and Na₂CO₃, leading to the identification 
of an optimal ratio of 1:0.5 (NaOH:Na₂CO₃), which effectively reduced 
the formation of undesired side products. This optimized protocol not 
only enabled the successful preparation of dipeptide 3 but also high
lighted the method's reliability and potential for scale-up in peptide 
synthesis. The structure of the final product was confirmed through 
Electrospray Ionization Mass Spectrometry (ESI-MS; see Supporting In
formation) and Nuclear Magnetic Resonance (NMR) analysis. After the 
synthesis, compound 3 was assayed for its binding to BSA, a model 
protein commonly used to evaluate the potential of new drug candidates 
to interact with serum albumins, which is relevant for their transport in 
the bloodstream [76]. To this end, we employed circular dichroism 
spectroscopy, recording the CD spectra of BSA alone and in the presence 
of compound 3. The intrinsic CD signal of compound 3 was recorded 
separately and then subtracted from the combined spectra in order to 
isolate the effects on BSA. Visual inspection of the resulting CD spectra 
(Fig. 1) indicates a clear interaction between the peptide and BSA, 

particularly in the 210–222 nm region. In this range, a noticeable 
decrease in CD intensity was shown at both characteristic minima, 
suggesting significant alterations in the secondary structure of BSA upon 
binding of compound 3.

For more quantitative information, we performed CD deconvolution 
of the spectra using the K2D2 program (see section 2.2).

The effect of compound 3 on BSA's secondary structure is moderate 
but clearly noticeable. The α-helix content decreases by about 7 per
centage points (from 67.4% to 60.27%, Table 1), and the β-strand con
tent shows a slight increase. Correspondingly, the CD minima at 210 and 
222 nm display a reduced negative ellipticity, indicating partial desta
bilization of the α-helical structure. More in detail, the CD signal at 210 
nm changes from − 7.287 to − 7.069 mdeg, and at 222 nm from − 8.151 
to − 6.663 mdeg. This reduction in magnitude suggests a partial loss or 
destabilization of the α-helical structure in BSA induced by compound 3. 
Correspondingly, the predicted α-helix content decreases and, the pre
dicted β-strand content increases from 2.2% to 4.79%, implying a 
possible slight shift toward β-structure formation (Table 1). Despite this 
moderate structural perturbation, BSA retains much of its native 
conformation and, therefore, likely its functional capacity. This suggests 
that BSA can still effectively perform its role as a transport protein for 
compound 3, supporting the potential of this drug to be carried without 
major loss of serum albumin function. Given the possible modulatory 
role of compound 3 in attenuating the antimicrobial activity of plant 
extracts, particularly in the gut, its binding to serum albumins may play 
a pivotal role in ensuring controlled systemic availability, stability, and 
co-localization with plant-derived compounds. Whether administered 
concurrently or as a pre-treatment, such transport mechanisms could be 
essential for achieving targeted and balanced modulation of microbiota- 
associated effects.

Scheme 1. Schematic representation of the synthetic route to the dipeptide 3.

Fig. 1. CD analysis of the interaction between compound 3 and bovine serum 
albumin (BSA, 0.12 μM, phosphate buffer: pH of 7.4, 15 0C).
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3.2. Antioxidant and antimicrobial studies of 3 combined with extracts of 
Paeonia daurica

The antioxidant properties of compound 3 were investigated using 
two complementary in vitro assays: the DPPH radical scavenging test 
and the TAC assay based on the phosphomolybdate method (Fig. 2). 
These approaches provided insight into the compound's ability to 
counteract free radicals and mitigate oxidative stress.

In the DPPH assay, dipeptide 3 demonstrated greater antioxidant 
activity when dissolved in methanol compared to DMSO. At a concen
tration of 500 μg/mL, the methanolic solution showed the highest ac
tivity (12.21%), whereas the same concentration in DMSO yielded a 
significantly lower value (7.44%). The IC₅₀ for the methanol-based so
lution was also lower (2.39 ± 0.24 μg/mL) than that for the DMSO- 
based solution (2.84 ± 0.29 μg/mL), as shown in Fig. 2A and B.

Conversely, results from the phosphomolybdate-based TAC assay 
revealed an opposite trend. The DMSO solution of dipeptide 3 exhibited 
a higher total antioxidant capacity than its methanol counterpart. Spe
cifically, at 450 μg/mL, the TAC value reached 29.10 ± 1.86 μg/mL AAE 
in DMSO, compared to 18.90 ± 0.96 μg/mL AAE in methanol (Fig. 2C 
and D). These findings suggest that solvent choice significantly in
fluences the antioxidant performance of dipeptide 3, depending on the 
assay employed.

These contrasting results likely arise from differences in the peptide's 
solubility and structural behavior in the two solvents. The Fmoc group 
increases the peptide's lipophilicity, promoting better solubility in 
DMSO, which in turn enhances its reducing ability measured by the 
phosphomolybdate assay. Conversely, methanol's higher polarity and 
protic nature favor radical scavenging reactions in the DPPH assay but 
may limit peptide solubility and thus reduce the compound's overall 
antioxidant activity in the TAC assay. This shows how solvent- 
dependent interactions critically affect the peptide's found antioxidant 
capacity and confirms that the peptide's performance as an antioxidant 
is not solely determined by its inherent chemical properties but also due 
to the environment in which the compound is dissolved.

As part of a preliminary investigation, the antibacterial properties of 
dipeptide 3 were evaluated against Escherichia coli (E. coli), a widely 
used Gram-negative bacterial model. Specifically, its in vitro activity 
was assessed using disk diffusion assays, which measure bacterial 
growth inhibition based on the presence or absence of a clear zone 

Table 1 
Circular Dichroism (CD) measurements at the characteristic α-helix minima 
(~210 nm and ~ 222 nm) and predicted secondary structure content of BSA 
samples with and without compound 3.

Sample CD at 210 nm 
(mdeg)

CD at 222 nm 
(mdeg)

Predicted 
α-helix (%)

Predicted 
β-strand (%)

BSA 
only − 7.28702 − 8.15085 67.4 2.2

BSA + 3 − 7.0685 − 6.66326 60.27 4.79

Fig. 2. In vitro assessment of the antioxidant potential of dipeptide 3, performed using DPPH (A and B) and total antioxidant capacity (TAC) assays (C and D). Panels 
A and C show results for dipeptide 3 dissolved in methanol, while panels B and D correspond to the DMSO-based solution. The black column represents a 5 μg/mL 
solution of ascorbic acid, used as a reference standard. Data are presented as mean ± standard deviation from three independent replicates. Asterisks indicate 
statistically significant differences (*p < 0.05, t-test) relative to the lowest tested concentration of dipeptide 3 within each respective assay.
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surrounding the disk. Notably, dipeptide 3 did not exhibit any inhibitory 
effect on E. coli growth at concentrations ranging from 5 to 50 μg per 
disk (Fig. 3A). However, dipeptide 3 appeared to modulate the anti
bacterial efficacy of Paeonia daurica leaf and root extracts against E. coli, 
as illustrated in Fig. 3B and detailed in Table 2. When combined with the 
leaf extract, increasing amounts of dipeptide 3 led to a reduction in 
antibacterial activity, evidenced by a decrease in the inhibition zone (IZ) 
from 13.61 ± 0.17 mm for 200 μg/disk of leaf extract alone to 12.07 ±
0.15 mm when supplemented with 25 μg/disk of dipeptide 3 (Fig. 3B, 
disks 1–3). A similar trend was observed with the root extract: the IZ 
diminished from 13.75 ± 0.05 mm for 200 μg/disk of root extract to 
10.20 ± 0.20 mm upon addition of 25 μg/disk of dipeptide 3 (Fig. 3B, 
disks 4–6 and Table 2). These findings suggest that specific interactions 
between dipeptide 3 and components of the extract matrix may influ
ence antibacterial performance, warranting further investigation to 
elucidate the underlying mechanisms.

We hypothesize that when combined with the Paeonia daurica leaf or 
root extracts, dipeptide 3 likely interferes with the solubility and 
bioactivity of the active compounds in the extracts. The peptide's 
structural properties, including its lipophilicity and potential for 
complexation, might modulate the bioavailability of these antimicrobial 
compounds. This could also involve a modification of how the bioactive 
compounds from the extracts interact with bacterial targets, such as 
bacterial membranes or enzymes.

Our findings suggest that while the peptide does not directly inhibit 
bacterial growth, it could be modifying the effectiveness of plant- 
derived antimicrobial agents. The observed attenuation of antimicro
bial activity by dipeptide 3 should not be viewed as a limitation, but 
rather as a strategically-relevant interaction. Our preliminary antimi
crobial results highlight how sulfur-containing aromatic dipeptides can 
be used to modulate the complex bioactivity of plant extracts, poten
tially enabling safer, more precise, and multifunctional therapeutic 
strategies, with our approach supporting innovation in phytomedicine, 
particularly in developing combinatorial therapies that balance efficacy 
with safety.

3.3. Computational studies

3.3.1. Docking simulations involving the BSA interaction with peptide 3
Molecular docking studies conducted using the HDOCK platform 

[77] demonstrated a favorable binding affinity between compound 3 
and bovine serum albumin (BSA; PDB ID: 4F5S) [78], occupying a cavity 
within chain B of the BSA dimer (Fig. 4a). The interaction is stabilized by 
both hydrophobic contacts and hydrogen bonds. Notably, hydrogen 

bonding occurs with residues Val342 and Gln220, while hydrophobic 
interactions involve residues Arg194 and Ala290 (see Fig. 4b).

The top-ranked docking pose of compound 3 demonstrated a favor
able binding affinity to the serum albumin target, with an HDOCK score 
of − 152.24 (Table 3).

The average score of the top three models (− 146.12 ± 5.36) further 
supports a consistent and stable interaction. In the best-scoring pose, 
compound 3 engages with Arg194, Gln220, Val342, and Ala290 through 
hydrophobic contacts and hydrogen bonding, at distances ranging from 
2.40 to 3.09 Å (Table 3).

Overall, our docking results are consistent with the CD findings, 
which indicate a moderate but clear effect of compound 3 on bovine 
serum albumin's secondary structure. The binding of 3, localized within 
a cavity of chain B and stabilized by specific hydrogen bonds and hy
drophobic contacts, likely induces subtle conformational changes, re
flected in the decreased alpha-helical content and reduced negative 
ellipticity at 210 and 222 nm. This partial destabilization of the alpha- 
helix suggests a ligand-induced structural adjustment rather than 

Fig. 3. Zones of inhibition of different concentrations of 3 and Paeonia leaf and 
root extracts against Escherichia coli. A. 1 – dipeptide 3 5 μg/disk; 2 - dipeptide 3 
10 μg/disk; 3 - dipeptide 3 15 μg/disk; 4 - dipeptide 3 25 μg/disk; 5 - dipeptide 
3 40 μg/disk; 6 – dipeptide 3 50 μg/disk, A – positive control, 30 μg/disk 
Amoxicillin. B. 1 - Paeonia leaf extract 200 μg/disk; 2 - Paeonia leaf extract 200 
μg/disk + dipeptide 3 12 μg/disk; 3 - Paeonia leaf extract 200 μg/disk +
dipeptide 3 25 μg/disk; 4 - Paeonia root extract 200 μg/disk; 5 - Paeonia root 
extract 200 μg/disk + dipeptide 3 12 μg/disk; 6 - Paeonia root extract 200 μg/ 
disk + dipeptide 3 25 μg/disk. C – negative control, 10 μL/disk 80% DMSO.

Table 2 
Antibacterial activity of different concentrations of compound 3 and Paeonia leaf 
and root extracts against Escherichia coli. Asterisks refer to significant differences 
(t-test, * p < 0.05) when compared to the antibacterial activity of the corre
sponding Paeonia extracts without dipeptide 3. nd – not detected.

Concentration of 
dipeptide 3

Paeonia daurica extract 
(organ/concentration)

Inhibition zone (IZ), mm 
(mean ± SD)

5–50 μg/disk nd nd
0 Leaf/200 μg/disk 13.61 ± 0.17
12 μg/disk Leaf/200 μg/disk 12.53 ± 0.15*
25 μg/disk Leaf/200 μg/disk 12.07 ± 0.15*
0 Root/200 μg/disk 13.75 ± 0.05
12 μg/disk Root/200 μg/disk 11.47 ± 0.31*
25 μg/disk Root/200 μg/disk 10.20 ± 0.20*

Fig. 4. Molecular docking analysis carried out using bovine serum albumin 
(BSA, PDB ID: 4F5S) and compound 3. (a) The top-ranked binding conformation 
(Top-1) is depicted, with the dipeptide ligand highlighted in yellow for visual 
emphasis. (b) A schematic representation of molecular interactions was 
generated via ProteinPlus (https://proteins.plus/, accessed on 7 April 2025), 
illustrating key contacts between the ligand and protein residues. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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complete unfolding, indicating that bovine serum albumin remains 
functionally capable of transporting compound 3 while accommodating 
its binding.

3.3.2. DFT-based computational analysis
To better understand the electronic structure, reactivity, and anti

oxidant mechanism of 3, DFT calculations were performed under 
different conditions. More in detail, equilibrium geometries (see output 
coordinates in the Supporting Information) were evaluated in the gas 
phase as well as under MeOH and DMSO solvation conditions. A strong 
similarity was observed between the geometries optimized in DMSO and 
MeOH. As shown by theRMSD values in Fig. 5, these latter structures are 
nearly identical, with only minor deviations compared to the gas-phase 
geometry. MEP maps (Fig. 6a–h) reveal a generally homogeneous 
charge distribution across the molecular surfaces, except in the region 
surrounding the sulfur atom, which exhibits electron-rich lone pairs. 
This consistent charge distribution across the three optimization con
ditions is attributed to the similar structures. Additionally, a hydrogen 
bond is present between the benzyl substituent of the thioxo-triazole 
ring and the fluorene group, measuring 2.65 Å in solvation condition. 
This interaction helps to stabilize the structure in all examined condi
tions. From a biological perspective, polarized groups are known to 
interact effectively with cell membranes, while the presence of fluorene 
and aliphatic groups may enhance membrane permeability. Due to the 
absence of highly polarized groups on the molecular surface, which are 
consistent with a uniform MEP distribution, no significant structural 
modifications are observed for the peptide across different conditions. 
Despite the molecule's high dipole moment values (see Table 4), the 
estimated Log(P) value of 6.52 suggests that an active transporter may 
be required for uptake in the cells, which will be likely necessary to 
prevent the entrapment of this lipophilic dipeptide within membrane 
layers and to improve its absorption by cells [79,80]. FMOs provide 
insights into the molecule's reactivity and its interaction with Reactive 
Oxygen Species (ROS) [66,70]. In this context, the HOMO represents the 
region or functional group of the peptide which donate an electron most 

likely during interactions with scavengers, whereas the LUMO indicates 
the area where molecular reduction is more probable. The dipeptide's 
FMOs (see Fig. 7a–e) were calculated in the gas phase, MeOH, and 
DMSO solvation conditions, and energy gaps are reported in Table 4. As 
depicted in Fig. 7c, the HOMO is localized on the thioxo-triazole moiety, 
where the highest spin density (triplet state) is also observed (Fig. 7e).

This suggests that electron scavenging by ROS, including DPPH in 
this case, likely occurs on this ring. Conversely, the LUMO is mainly 
distributed over the fluorene group, likely due to its extended conju
gation, which effectively stabilizes a negative charge upon reduction. 
The FMOs maintain their spatial distribution in both the gas phase and 
in the two solvents, with the calculated energy gaps remaining consis
tent across all three conditions. This observation indicates that the 
HOMO/LUMO gaps in the gas phase, MeOH, and DMSO are virtually 
identical. To further explore the antioxidant mechanism with DPPH, we 
hypothesized that the thioxo-triazole ring, where the HOMO is primarily 
located, serves as site for the SET process. IPs were evaluated to un
derstand this oxidation pathway. As shown in Table 4, no significant 
differences were found between the IPs in either solvent, as well as in the 
corresponding FMO energy gaps suggesting similar antioxidant capac
ity. However, experimental results indicate a higher RSA% in MeOH, 
thus we assumed that this discrepancy is caused by the potential radical- 
scavenging nature of DMSO, which may lead to an experimental un
derestimation of RSA%, although IPs energies are similar. In the context 
of TAC assays, an inversion in the trend of activity was observed in our 
study, with higher antioxidant activity detected in DMSO compared to 
MeOH. To investigate this experimental outcome, additional computa
tional analysis was performed on the oxidation of the thioxo-triazole 
ring by ammonium phosphomolybdate, which is able to oxidize the 
ring generating a zwitterionic species, as illustrated in Fig. 8. For this 
purpose, we calculated the formation enthalpy of the oxidized product – 
reported as BFEN-O – as detailed in the Methods section. As shown in 
Table 4, the formation enthalpy is slightly more favorable in DMSO than 
in MeOH, aligning with the experimental observations. This suggests 
that thermodynamic factors may partially explain the observed trend 
inversion. Additional contributing factors may include solvent effects, 
such as improved solubilization and stabilization of the transition state 
leading to N+-O− bond formation, particularly considering the signifi
cantly higher dielectric constant of DMSO compared to MeOH.

TD-SCF calculation predicted the UV–vis spectrum (Fig. S6), identi
fying a singlet-state absorption at a wavelength of 258 nm (4.79 eV, f =
0.29). This peak is attributed to an n → π* transition from the sulfur lone 
pair to the fluorene group, involving an electronic transition between 
HOMO− 1 (169) and LUMO (171) with a 57% contribution. Another 
absorption was observed at 240 nm (5.15 eV, f = 0.15), generated by 
electronic transitions from the HOMO (170) to higher molecular orbitals 
with varying contributions. When compared with the experimental 
UV–vis spectrum in MeOH, the 263 nm absorption peak is assigned to 
the transition between the sulfur lone pair and the fluorene group, while 
the 237 nm absorption is linked to the thioxo-triazole transition. Over
all, the computational studies employed in our work not only provided 
insight into the binding mode of the sulfur-containing dipeptide toward 

Table 3 
HDOCK scores (Top1 and means of the Top1–3 scores ±S.D.) predicted for the 
formation of the complex of 3 with BSA, interacting residues in the Top 1 pose, 
and corresponding interaction distances (Å).

Top-1 
Binding 
energy 
(HDOCK 
Score)

Average 
binding 
energy 
(Top 1–3)

Standard 
deviation 
(Top 1–3)

Key 
interacting 
residues in 
Top-1 pose

Interaction 
distances (Å)

− 152.24 − 146.12 5.36

Arg194, 
Gln220, 
Val342, 
Ala290

Arg194–Ligand: 
2.40 
Gln220–Ligand: 
2.66 
Val342–Ligand: 
3.09 
Ala290–Ligand: 
2.69

Fig. 5. Superimposition of structures depicted with different colour and RMSD values respectively. White arrows represent the CH-π hydrogen bond length. Red 
molecule: gas phase. Green molecule: MeOH. Yellow molecule: DMSO. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
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the BSA protein, but also offered a plausible explanation for the anti
oxidant behavior of this synthetic derivative. These findings further 
highlight the current relevance and impact of computational chemistry 
in medicinal chemistry and drug discovery [81–84].

4. Conclusions

The sulfur-containing aromatic dipeptide 3 exhibits notable antiox
idant activity, with solvent-dependent efficiency demonstrated by both 

DPPH radical scavenging and total antioxidant capacity assays. While 3 
itself showed no direct antibacterial activity, its combination with 
methanolic extracts of the Caucasus plant Paeonia daurica subsp. mlo
kosewitschii resulted in a dose-dependent reduction of the plant's anti
microbial efficacy, suggesting a modulatory interaction. Paeonia daurica 
extracts demonstrated measurable antibacterial activity against E. coli in 
the absence of dipeptide 3. At a concentration of 200 μg/disk, the leaf 
extract produced an inhibition zone of 13.61 ± 0.17 mm, while the root 
extract resulted in a slightly larger zone of 13.75 ± 0.05 mm. Although 

Fig. 6. MEPs and dipole moment vectors of the dipeptide on the front (a) and on the back (b) side in gas phase. Front side (c), back side (d), and solvation sphere (e) 
in MeOH. Front side (f), back side (g), and solvation sphere (h) in DMSO. MEPs charge scale were normalized at the same range.

Table 4 
HOMO/LUMO gaps, dipole moments, ionization energies and BFEN-O for TAC interpretation calculated in gas phase, MeOH and DMSO at ωB97XD/6-31+g(d,p) level of 
theory.

ωB97XD/ 
6-31+g(d,p)

Dipole moment (D) HOMO/LUMO gap (eV)
HOMO/LUMO gap 

(
kcal
mol

)
IP (eV)

IP 
(
kcal
mol

)
BFEN-O (eV)

BFEN-O 

(
kcal
mol

)

Gas phase 6.51 6.89 159 6.95 160 − 4.93 − 114
MeOH 10.2 6.91 159 6.00 138 − 4.21 − 97.1
DMSO 10.2 6.87 158 6.01 138 − 4.85 − 112

Fig. 7. FMOs depictions (a,b,c,d) and triplet state spin density (e). Those present the HOMO localized on the thioxo-triazole ring which is involved in the oxidation, 
while the reduction takes place on the fluorene group (LUMO). HOMO-1 is involved in the n→π* transition at 263 nm.
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the dipeptide alone exhibited no antibacterial activity, its combination 
with methanolic extracts of Paeonia daurica subsp. mlokosewitschii pro
duced a dose-dependent attenuation of the plant's antimicrobial effi
cacy, without fully abolishing it, suggesting a modulatory role. This 
suggests that sulfur-containing aromatic dipeptides may mitigate the 
impact of antimicrobial plant extracts on the human gut microbiome 
while preserving their antibacterial potential. Peptide 3's properties, 
such as its short length, limited positive charge, and insufficient 
amphipathicity, are likely responsible for its lack of antimicrobial ac
tivity and reduced solubility. However, it still maintains notable anti
oxidant and protein-binding capabilities. Circular dichroism studies 
including CD deconvolution (Fig. S7) and computational modeling 
confirmed the dipeptide's ability to interact with both hydrophobic and 
polar residues of serum proteins, supporting its potential biological role 
and capacity for transport in the bloodstream. Computational evaluation 
via DFT supported the experimental findings, revealing similar energy 
gaps in DMSO and MeOH; however, DMSO exhibited a lower RSA% due 
to its intrinsic radical-scavenging properties. FMO analysis identified the 
thioxo-triazole ring as the primary site of oxidation, occurring through a 
SET mechanism. MEP maps provided insights into the peptide's mem
brane permeability and suggested the potential need for an active 
transporter to facilitate cellular uptake. Interestingly, an inversion of 
results was observed in the TAC assay, attributed to a thermodynamic 
factor. Additionally, the UV–Vis spectrum predicted by TD-SCF aligned 
well with the experimental data. These findings highlight compound 3 
as a bioactive molecule of interest in the context of phytotherapy 
research, particularly for its antioxidant properties and its capacity to 
modulate the bioactivity of natural plant extracts. More broadly, sulfur- 
containing aromatic dipeptides could serve as modulatory agents that 
attenuate the antimicrobial potency of plant extracts. This attenuation 
may contribute to preserving beneficial components of the human 
microbiome and mitigating potential toxicity associated with overly 
potent plant-based therapies, as several plant extracts have been shown 
to exert inhibitory effects on the human gut microbiome [23]. To our 
knowledge, this is among the first studies to explore such interactions, 
offering a novel strategy for balancing efficacy and safety in 
phytotherapy-based treatments. Compound 3's ability to interact with 
serum proteins, which facilitate its transport in the bloodstream, and its 
antioxidant properties make it a promising candidate as a peptide ad
ditive in herbal medicine formulations. Further investigation into its 
biological interactions and in vivo efficacy will be essential to fully 
harness its potential in complementary and integrative medicine.
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