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Abstract

Macroalgae is a protein source with the potential to yield antimicrobial peptides (AMPs) that exhibit a wide range of biological
activities. This study aimed to find bioactive peptide-based antibacterial compounds from marine macroalgae Chondrus crispus
protein hydrolysate. The peptides were isolated by solid phase extraction with a strong cation exchanger from trypsin-digested and
a-chymotrypsin-digested hydrolysates. Certain fractions of the hydrolyzed protein displayed a good inhibition zone, with the a-chy-
motrypsin-digested fraction eluted at pH 9 exhibiting the highest inhibition against Gram-negative bacteria Staphylococcus aureus.
Several peptides were characterized as cationic helical peptides with hydrophobicity percentages of 16.67-77.78%. The potential
antibacterial peptide P01 KKNVTTLAPLVF was identified as an a-helical cationic antibacterial peptide with 0.525 GRAVY value,
amphipathic structure, and +2 total charge. Moreover, strong interaction was observed between P07 SAGSGNEGLSGW and P20
RTASSR peptide with DNA gyrase and DHFR receptors from S. aureus with binding energy -8.0 and -7.3 kcal/mol, respectively.
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Introduction , .
of S. aureus because these peptide mechanisms target

bacterial cell membranes leading to the disintegration of

Staphylococcus aureus is a Gram-positive bacteria that can
cause pneumonia and a variety of skin diseases (Lam and
Stokes 2023). S. aureus infection was previously treated by
antibiotics such as penicillin, methicillin, and oxacillin.
However, in recent decades, multidrug-resistant (MDR)
cases have increased causing the number of S. aureus in-
fections increased (Tong et al. 2015; Foster 2017). Con-
sidering this growing problem, the exploration of alterna-
tive therapeutic agents is needed. Antimicrobial peptides
(AMPs) offer a potential solution to antibiotic resistance

bacterial cell membrane bilayer structures (Bahar and Ren
2013; Lei etal. 2019). In addition to their capacity to target
bacterial cell membranes, active peptides also possess the
ability to inhibit bacteria growth by intracellular mech-
anisms. Notably, certain peptides show multiple mecha-
nisms of action as antibacterial agents (Le et al. 2017).
Antimicrobial peptides serve as innate defense mecha-
nisms against pathogens in a variety of organisms, includ-
ing animals, plants, aquatic, and microorganisms. Aside
from their endogenous occurrence within organisms,
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AMPs can also be produced through chemical synthesis
and proteolytic digestion of several proteins (Raharjo et al.
2021; Bellavita et al. 2022). Macroalgae, as a marine protein
source, represents a promising resource for new antibacte-
rial peptide discovery. Recent study shows that antimicro-
bial peptides from Porphyria yezoensis protein hydrolysate,
a macroalgae belonging to Rhodophyta phylum, have good
antimicrobial activity against Staphylococcus aureus. The
peptides exhibited remarkable stability under diverse envi-
ronmental conditions such as basic or acid pH, high tem-
perature, and ultraviolet radiation (Jiao et al. 2019).

Analysis of antimicrobial peptide classification with
machine learning in silico yielded 39 potential peptides
for antimicrobials. The study predicted that the red algae
species Chondrus crispus has the potential as an antimi-
crobial peptide (Shen et al. 2010; Luiz et al. 2017; Zaharie-
va et al. 2020; Caprani et al. 2021). Based on the potential
possessed by Chondrus crispus and the limited research on
antimicrobial peptides from marine macroalgae protein
hydrolysates, this study aims to explore new antibacteri-
al peptides from hydrolysate marine macroalgae protein
Chondrus crispus.

Materials and methods

Materials

The macroalgae utilized in this study is a species of Chon-
drus crispus from the market. The materials used for
protein extraction and fractionation are methanol, am-
monium sulfate, sodium dihydrogen phosphate, disodi-
um hydrogen phosphate, sodium citrate, and citric acid
purchased from Sigma Aldrich. Enzymes were purchased
from G-bioscience, Geno Technology Inc. The solid-phase
extraction cartridges were purchased from Thermo Sci-
entific. Protein/peptide concentrations were determined
by bicinchoninic acid (BCA) protein assay from Solarbio.
The materials used in the antibacterial test are Mueller
Hinton Broth and agarose obtained from Himedia, paper
disc and streptomycin were obtained from Oxoid. The
equipment used in the characterization process is aceto-
nitrile (hyper grade for LC-MS, LiChrosolv), water (MS
grade), trifluoroacetic acid (TFA) (Merck), and cellulose
dialysis membrane.

Protein extraction and hydrolysis

Fine dry macroalgae weighing 8 grams was diluted by wa-
ter 1:25 (g/mL) and sonicated at room temperature and
42 kHz frequency for 1 hour. The mixture was centrifuged
for 10 minutes at 2000 rpm. Supernatant was separated
from the impurities. Protein was extracted from the super-
natant using the salting-in method using ammonium sul-
phate at the saturated point (80% w/v). The protein pellet
was obtained after the mixture was centrifuged for 1 hour
at 4500 rpm and 4 °C. Salting out process was carried out
overnight using dialyzed cellulose membrane to remove

the salts. Protein concentration was determined by BCA
protein assay reagent at 562 nm (Walker 1994). The pro-
tein pellet was dried by freeze-dry process for 24 hours.
Protein was hydrolyzed using trypsin and chymotrypsin
enzymes. The crude protein was dissolved using ammoni-
um bicarbonate to obtain 12 mg/mL solution concentra-
tion and heated at 90 °C for 15 minutes. Enzymes were add-
ed in ratios 1:10; 1:20; 1:30, 1:40, 1: 50, and 1:60 E:S (w/w),
the mixture was vortex for 1 minute and incubated for 20
h at 37 °C at pH 8. Incubation time optimization was de-
termined with 4, 8, 12, 16, 20 and 24-hours variation. The
enzyme was inactivated by heating at 90 °C for 15 minutes,
supernatant from the mixture was separated by centrifuge
at 3000 rpm for 10 minutes. The hydrolyzed protein was fil-
tered using 3 kDa ultrafiltarion. The concentration was de-
termined by BCA protein assay kit at 562 nm. The degree of
hydrolysis (DH) was determined using the formula below.

_ hydrolyzed mass protein < 3kDa

DH x100%

crude protein mass

Fractionation and purification of hydro-
lyzed protein

Hydrolyzed proteins were fractionated by solid phase ex-
traction method with a strong cation exchanger cartridge
(SPE-SCX). The SCX cartridge is prepared by pure water
and methanol with a flow rate of 1-3 mL/minute and con-
ditioned by pH 3 buffer. The protein hydrolysate fraction-
ated in citrate and phosphate buffer gradient pH 3; 4; 5;
6; 7; 8 and 9. Peptide fraction purified by SPE with polar
enhance polymer (PEP) cartridge and methanol as eluent.
Peptide fraction in methanol dried by nitrogen gas and di-
luted by purified water. Fraction concentration was deter-
mined by BCA protein assay kit at 562 nm (Walker 1994).

Antibacterial assay

Antibacterial activity of fraction tested by disc diffusion
dilution against Staphylococcus aureus ATCC 25923 from
Faculty of Medicine, Universitas Gadjah Mada. Inoculant
made by growth bacteria in Mueller-Hinton broth for 24
hours and diluted until the bacteria concentration was
0.1 OD (1 x 10® CFU/mL). The disc diffusion assay was
carried out by spreading the inoculant at Muller Hinton
agar. Purified water was used as negative control; strepto-
mycin disc 10 ug was used as positive control. The frac-
tion with a concentration of 1000 ppm was added for 10
uL to obtain a 10 pg sample on the disc. The inoculant
was incubated for 24 hours at 37 °C. Peptides sequence
of the active fraction was identified by liquid chromatog-
raphy high-resolution mass spectroscopy (LC-HRMS)
(Thermo Scientific).

Identification of active peptides sequence

Peptides sequences were identified by liquid chromatog-
raphy high-resolution mass spectroscopy (LC-HRMS)
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(Thermo Scientific). Samples were filtered by a 2 um sy-
ringe filter with a 100 A pore size. Mobile phases were used
are 0.05% TFA in water (A) and 0.1% TFA in water/ace-
tonitrile 20:80 (B). The gradient elution program for LC
was displayed in Table 1 with 50 uL/minute rate flow. MS/
MS analyses were carried out by electron spray ionization
(ESI) method with positive ion mode with 250-1.800 m/z
range with full-MS/dd-MS2. The resolving power was ad-
justed at 140.000 FWHM for full-MS, and 17.500 FWHM
for dd-MS2. Raw data were analyzed by Proteome Discov-
erer 2.1 with Sequence HT algorithms using the database
Chondrus crispus from UniProt (www.uniprot.org/).

Table 1. Gradient elution program for liquid chromatography.

Time (min) Solvent A (%) Solvent B (%)
0 96 4
3 90 10
29 920 10
30 80 20
70 80 20

Peptides physical properties analysis

Physical properties analysis and antimicrobial peptide
prediction were carried out to selection of active pep-
tide. Scoring of peptides was carried out using the Col-
lection of Anti-Microbial Peptides (CAMPr4) server
(www.camp.bicnirrh.res.in). The physical properties of
sequences were analyzed by EMBOSS PepStats from the
European Bioinformatics Institute (EBI) (https://www.
ebi.ac.uk/Tools/seqstats/emboss_pepstats). Toxicity was
predicted by ToxinPred (https://webs.iiitd.edu.in/ragha-
va/toxinpred/) (Gupta et al. 2013). The secondary struc-
ture of peptides was predicted using Discovery Studio
2021 client software, and the 3D structures were built by
de novo PEP-FOLD v4 web server (https://bioserv.rpbs.
univ-paris-diderot.fr/services/PEP-FOLD/), with 200
simulation cycle at 370 K (Shen et al. 2014). Helical wheel
projection was analyzed by HeliQuest (https://heliquest.
ipme.cnrs.fr/cgi-bin/ComputParamsV2.py) (Gautier et
al. 2008).

Molecular docking

Molecular docking analysis was performed by High Am-
biguity Driven protein-protein Docking (Haddock v.2.4)
(Honorato et al. 2021). The 3D structures of potential pep-
tides were built using PEP-FOLD v4 web server (https://
bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD/).
Protein structure of S. aureus DNA gyrase (6Z1A) and
dihydrofolate reductase (DHFR, 1DLS) were downloaded
from Research Collaboratory for Structural Bioinformat-
ics (RSCB) Protein Data Bank (https://www.rcsb.org/).
Protein structure was cleaned from other compounds
using USCF Chimera v1.1.4. The binding affinity of the
protein-peptide complex were determined by Protein
Binding Energy prediction (PRODIGY) (https://wenmr.
science.uu.nl/prodigy/) (Xue et al. 2016).

Results and discussion

Extraction and hydrolysis of protein

The extraction of protein from macroalgae was conduct-
ed by a conventional method employing sonication and
ammonium sulphate saturation to salt out the proteins.
The method produced the highest yield compared to
high-pressure processing and autoclave pre-treatment.
Macroalgae crude protein was obtained with a yield of
13.94 £ 0.94%, less than the result from the previous re-
port with a 35.2 + 3.9% yield (O’Connor et al. 2020). The
protein content obtained during extraction depends on
various factors such as the extraction method used, the
location of harvest, weather conditions, and the maturity
level of the macroalgae(Vieira et al. 2018).

The hydrolysate protein was obtained through the di-
gestion of the protein using trypsin and a-chymotrypsin
enzymes. Trypsin and a-chymotrypsin were selected to
generate peptides with specific C-terminal and positive
characteristics. Trypsin is responsible for cleaving the
peptide bonds involving lysin and arginine, while a-chy-
motrypsin cuts in aromatic residues C-terminal (Graf et
al. 2013; Zhang et al. 2020).

To obtain the maximum degree of hydrolysis (DH),
the hydrolysis condition was optimized using two param-
eters: enzyme-substrate ratio and incubation time. Since
antibacterial peptides isolated from natural sources com-
monly consist of 12-50 residues, the hydrolysates from
trypsin and a-chymotrypsin were filtered using a 3 kDa
filter to obtain small active peptide (Hancock and Sahl
2006). As shown in Fig. 1, the best enzyme-substrate ra-
tio for both enzymes is 1:10, with a consistent decreasing
DH to a higher ratio. Incubation time is also optimized
by varying the time, resulting in a consistent increase in
DH up to 20 hours, followed by a decrease in 24 hours of
incubation. The decrease in DH value could be due to the
saturation of the reaction rate caused by inhibition of sub-
strate diffusion or enzyme aggregation (Islam et al. 2021).
The result showed that the best incubation time and en-
zyme-substrate ratio for both enzymes are 20 hours and
1:10. The best DH value exhibited by trypsin-digested hy-
drolysate was 44.57%. Whereas the best DH value digest-
ed by a-chymotrypsin-digested hydrolysate was 54.66%.
This result was used to generate new antibacterial peptides
from macroalgae Chondrus crispus protein hydrolysate.

Antimicrobial activity against S. qureus

Trypsin-digested and a-chymotrypsin-digested hydro-
lysate proteins were fractionated by pH variation from 3
to 9 and purified using a PEP cartridge to reduce the salt
content from the buffer solution before being tested for
their antibacterial activity. Antibacterial activity of pep-
tides fraction was assayed against Gram-negative bacteria
S. aureus. Table 2 and Fig. 2 show a-chymotrypsin-di-
gested fractions pH 8 and pH 9 exhibited high inhibi-
tion zones of 13.5 and 14.4 mm, respectively, compared
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Figure 1. The degree of hydrolysis of macroalgae Chondrus crispus protein hydrolysate varied by A. Enzyme-substrate ratio (mg/

mg) and B. incubation time (hours).

Figure 2. Inhibition zone of A. trypsin-digested fraction eluted at pH 3; 4; 5; 6; 7; 8; 9; B. a-chymotrypsin-digested fraction eluted

atpH 6;7; 8; 9.

Table 2. Inhibition zone pH fraction of hydrolysate macroalgae
Chondrus crispus protein against S. aureus.

Trypsin-digested fraction  a-Chymotrypsin- digested fraction

pH fraction  Inhibition  pH fraction Inhibition
zone (mm) zone (mm)
3 - 3 -
4 2.30 4 -
5 - 5 -
6 5.00 6 6.50
7 - 7 8.00
8 - 8 13.50
9 - 9 14.40
Streptomycin (+) 16.00 Streptomycin (+) 16.15

Sterile Water (-) - Sterile Water (-) -

to streptomycin as positive control. On the other hand,
the remaining fraction from a-chymotrypsin-digested
fractions pH 6 and pH 7 showed moderate activity with
inhibition zones of 6.5 and 8.0 mm, compared to positive
control. Regarding the trypsin-digested fractions, only
trypsin-digested fraction pH 4 and pH 6 fractions demon-
strated antibacterial activity against S. aureus with small
inhibition zones of 2.3 and 5.0 mm, respectively.

Characterization of antibacterial pep-
tides

The sequences of antibacterial peptides from all active frac-
tions were identified by LC-HRMS with database of Chon-
drus crispus protein from the UniProt protein data bank.
As shown in Table 3, thirty-one peptides were identified
from active fractions. The molecular weight of peptides
ranged from 608.70 to 1857.81 Da. Several peptides exhib-
ited high AMPs prediction scores (>0.50), indicating their
potential as antimicrobial peptides. All identified peptides
were predicted as non-toxic peptides. Several identified
peptides exhibited hydrophobic characteristics, as indicat-
ed by their grand average of hydropathicity index (GRA-
VY) and hydrophobicity values. Positive GRAVY values
suggest the peptides are hydrophobic, while negative val-
ues signify hydrophilicity (Chang and Yang 2013). Anti-
bacterial peptides with 40-60% hydrophobic residues ex-
hibited good antibacterial activity against broad-spectrum
bacteria (Hazam et al. 2023).

The activity of peptides is influenced by residual amino
acids, total charge, hydrophobicity, amphipathicity, and



Pharmacia 70(4): 983-992

987

Table 3. Physicochemical properties of antibacterial peptide sequences from macroalga Chondrus crispus protein hydrolysate.

Enzyme-pH ID Sequence MW (Da) Charge GRAVY AMPs Secondary
fraction* probability structure

Chym-9 P01 KKNVTTLAPLVF 1330.30 +2 0.52 0.77 coil-a helix
Chym-9 P02 TMDFEKEL 1012.14 -2 -0.82 0.20 coil
Chym-9 P03 PSGVHL 608.70 0 0.33 0.47 coil
Chym-9 P04 TQLSGLF 764.88 0 0.71 0.48 coil
Chym-8 P05 ARIASL 629.76 +1 1.10 0.80 a helix-coil
Chym-8 P06 LTVDEFSPL 891.03 -1 1.00 0.49 B-sheet-coil
Chym-7 P07 SAGSGNEGLSGW 1121.48 -1 -0.52 0.56 coil
Chym-7 P08 PYSKEEGTPAATY 1413.65 -1 -1.21 0.31 coil
Chym-6 P09 SIGGSF 567.27 0 1.00 0.44 coil
Chym-6 P10 RASLAL 630.39 +1 1.00 0.80 B-sheet-coil
Chym-6 P11 TQLTKSF 824.45 +1 -0.43 0.61 coil-a helix
Chym-6 P12 SSLDFSEPF 1028.45 -2 -0.18 0.46 coil
Chym-6 P13 DSTHRPcPL 1082.49 +1 -1.07 0.45 coil
Chym-6 P14 KGATImEADNTDLTNW 1857.81 -2 -0.50 0.15 B-sheet-coil
Chym-6 P15 YVNNVQDmL 1111.49 -1 -0.13 0.38 coil-a helix
Chym-6 P16 VFVcVTcSKQW 1413.65 +1 0.96 0.84 B-sheet-coil
Trp-6 P17 VmSEVLK 821.44 0 0.84 0.51 coil
Trp-6 P18 VASASSR 677.36 +1 0 0.62 coil
Trp-6 P19 SAPEHENTK 1012.46 -1 -2.10 0.44 coil
Trp-6 P20 RTASSR 677.36 +2 -1.58 0.86 coil
Trp-6 P21 RSTASR 677.36 +2 -1.58 0.86 coil
Trp-6 P22 RGSGLFmR 939.48 +2 -0.26 0.83 coil
Trp-6 P23 RATQmDmK 1012.46 +1 -2.38 0.39 coil
Trp-6 P24 NDYATVSDK 1012.46 -1 -1.24 0.35 coil
Trp-6 P25 mNTFWENISK 1012.61 0 -0.76 0.47 coil-a helix
Trp-6 P26 MASmmK 730.29 +1 0.46 0.59 a helix
Trp-6 P27 ISPNTDR 802.41 0 -1.44 0.38 coil
Trp-6 P28 ELNYKmGEESSK 1430.63 -1 -1.61 0.27 coil
Trp-6 P29 AQANGMADSRPER 1402.64 0 -1.42 0.19 coil
Trp-6 P30 mLWAGSmGK 1402.64 +1 0.33 0.53 coil-a helix
Trp-4 P31 NDYATVSDK 1012.46 -1 -1.24 0.35 coil

*Chym = a-chymotrypsin-digested fraction, Trp = trypsin-digested fraction.

secondary structure (Li et al. 2021). Most AMPs are cat-
ionic amphipathic peptides with cationic amino acids such
as lysine (K), arginine (R), or histidine (H) in large num-
bers. The mechanism of action of cationic AMPs depends
on its ability to interact with the cell walls of microbes
(Rehal et al. 2019). Since bacterial cell walls are rich in
lipid anions, it is generally believed that positively charged
peptides have an interaction with cell membranes (Chen
et al. 2017). The interaction leads to bacterial death by
cell membrane damage, resulting in cytoplasmic content
leakage and cell lysis (Lei et al. 2019). Hydrophobicity is
another crucial physicochemical property of antibacterial
peptides that aids in penetrating bacteria cell membranes.
Hydrophobic residues such as isoleucine (I), leucine (L),
tryptophane (W), and valine (V) are critical to second-
ary structure formation and interaction with hydrophobic
component of the lipid (Chen et al. 2007). Several negative
charge peptides also were detected in the fraction which
good antibacterial activity. Anionic peptides can contrib-
ute to activity by using cationic metal salt bridges to inter-
act with bacterial cell membranes (Rana et al. 2018).
According to secondary structure prediction by Dis-
covery Studio 2021 client software, several peptides had
a-helical and B-sheet secondary structures (Table 3). The
secondary structure of the peptide plays a crucial role
that influencing the antibacterial activity of peptides. Be-

sides the amphipathic structure, hydrophobicity and total
charge, a-helices, and B-sheet structure are also import-
ant for several physicochemical mechanisms to destabilize
bacterial cell membranes (Salas-Ambrosio et al. 2021). The
secondary structure of peptides is also influenced by envi-
ronmental conditions. Several AMPs can transform from
random coil structure to a-helical conformation in anion-
ic environment like bacterial cell membranes (Cao et al.
2023). The characterization of peptide secondary structure
conformation using circular dichroism (CD) spectroscopy
is still needed in future studies to display and analyze the
influence of the environment on peptide structure.
Among the identified peptides, peptides POl KKNVT-
TLAPLVE P05 ARIASL, P10 RASLAL, P11 TQLTKSE
P16 VEVcVTcSKQW, P22 RGSGLFmR, and P26 MASm-
mK were classified as cationic antibacterial peptide as
their physicochemical properties (Table 3). The peptides
had good hydrophobicity with 42.87-66.67% hydropho-
bic residues. These peptides may influence the activity
of fraction as shown in Table 2. Especially for the tryp-
sin-digested fraction at pH 4, only peptide P31 NDY-
ATVSDK as an anionic peptide was identified. Several
anionic peptides also reported exhibited antibacterial
activity against S. aureus. The peptide MCNDCGA with
-1 total charge and 50% hydrophobicity gave good activi-
ty against S. aureus with 92.53% inhibition rate (Wang et
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al. 2023). Although several peptides provided promising
physicochemical properties and exhibited good inhibition
in fractional form, synthesis peptide antibacterial assay of
the identified peptide is needed in future studies to know
the activity of single peptide.

As shown in Fig. 3, the helical well and 3D structure of
peptide P01 KKNVTTLAPLVF showed the peptide pro-
vided two opposing hydrophobic and hydrophilic faces;
indicating their amphipathic structure (Jones et al. 1992;
Narayana et al. 2020). Peptide Aurein 1.2, a short peptide
with 13 residues, was identified to have an amphipathic
structure with hydrophilic and hydrophobic faces. The
peptide provided good activity against Gram-positive and
Gram-negative bacteria (Ramezanzadeh et al. 2021).

Basic local alignment search tool analysis (BLASH)
using CAMPr4 (http://www.camp.bicnirrh.res.in/ncbi-
Blast/) was carried out to know the identity and similarity
of new peptide with peptide database (Gawde et al. 2022).
Among the peptides investigated, only peptide P01 KKN-
VTTLAPLVF has similar sequence to the previous study
with peptide codes CP207 and CP26 as shown in Table 4.
with identity and similarity are 64% and 73% respectively.
CP207 and CP26 peptides were known as a-helical cat-
ionic peptides with +7 total charge, 26 residues, and 46%
hydrophobicity with difference in Vall3 and Aln13 resi-
dues. CP207 peptide displayed a wide-ranging activity
against Gram-negative bacteria such as E. coli, P. aerugino-
sa, and S. typhimurium with minimum inhibitory concen-
tration (MIC) of 2, 3, and 3 pg/ml, respectively (Scott et al.
1999). Different from the CP207 peptide, the CP26 pep-
tide exhibited a broader spectrum of antibacterial activity
against Gram-negative and Gram-positive bacteria such
as S. aureus and E. coli displaying MIC of 64 and 1 ug/
ml, respectively (Scott et al. 1999; Friedrich et al. 2000).
Among all peptides, peptide POl KKNVTTLAPLVF ex-

hibited the most potential physicochemical properties. To
study the structure, activity, and mechanism of peptide,
synthesis of the peptide chemically may need to be per-
formed in future studies.

Table 4. Basic local alignment search tool analysis of KKNVT-
TLAPLVF peptide.

Sequence ID Source
KWKSFIKKLTSVLKKVVTTAKPLISS CP207  (Scott et al. 1999)
KWKSFIKKLTSAAKKVVTTAKPLISS CP26 (Friedrich et al. 2000)
KKNVTTLAPLVF P01

Current report

Molecular docking analysis of the inter-
action between active peptide and key
enzyme of S. aureus

The inhibition of bacteria growth by the interaction of
peptides with enzyme systems has been proposed as a
potential target, although the mechanism of action of cat-
ionic antibacterial peptides is known to involve damaging
the bacterial cell membrane (Chen et al. 2007; Song et al.
2021). The molecular docking study was still being carried
out to demonstrate the potential activity of peptides as
antibacterial agents through intracellular mechanisms. In
this study, only potential peptides with good amphipathic-
ity, hydrophobicity between 40-60%, no modification, and
predicted as AMPs were used for molecular docking study.

Two key enzymes that play crucial roles in sustaining
bacteria growth are dihydrofolate reductase (DHFR) and
DNA gyrase (Hawser et al. 2006; Khan et al. 2018). Dihy-
drofolate reductase plays a pivotal role as the principal re-
duction catalyst in the folic acid pathway. It is responsible
for the conversion of dihydrofolate into tetrahydrofolate,
utilizing NADPH as a coenzyme factor. This enzymatic
process is critical for maintaining folic acid homeosta-

B

== Hydrophobic

Figure 3. A. Helical wheel projection of peptide P01 KKNVTTLAPLVF by HeliQuest analysis to show amphipathic structure
revealing hydrophobic and hydrophilic faces, color description residues; violet: hydrophilic, yellow: hydrophobic, green: special

residue, blue: positive charge residue, pink: amidic residue, grey: aliphatic residue; B. 3D structure of P01 KKNVTTLAPLVF peptide

by de novo PEP-FOLD v4 web server.
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sis and is intimately involved in the de novo synthesis of
thymidylate, thereby facilitating cell proliferation. DRFH
inhibition profoundly disrupts the biosynthesis of tetra-
hydrofolate, resulting in an inadequate supply of thymi-
dine, consequently the cessation of DNA biosynthesis,
and culminating in apoptotic cell death (He et al. 2020).
DNA gyrase is also important in the bacterial growth
process. During DNA replication, the enzyme induces
negative supercoils into DNA molecules and relaxes the
positive supercoils. Inhibition of DNA gyrase involves the
stabilization of enzyme and DNA complex intermediate in
the catalytic process, causing prevention of the DNA fork
movement and transcription (Dighe and Collet 2020).

Molecular docking was performed by Haddock to gen-
erate the most accurate protein-ligand complex based on
energy stability represented by the Haddock score. Ac-
cording to standard critical assessment of predicted in-
teractions (CAPRI), only complexes with RMSD lower
than 2 A that acceptable for docking study (Lensink and
Wodak 2010). The binding affinity of the most accurate
complex with similar interaction to the native ligand was
determined by the PRODIGY web server to show the best
interaction for this study.

In Tabel 5, several peptides exhibited strong interaction
with DNA gyrase. Peptides P07 and P21 demonstrated
stronger interaction with DNA gyrase than other peptides
with binding energy -8.0 kcal/mol, close to native ligand
Q52 binding energy (-8.3 kcal/mol). An interaction model
between peptide P07 and DNA Gyrase is shown in Fig. 5A;
hydrogen bonding interactions were observed in Asp1083;
Ser1084, Ser1085; and Glul088 residues. The rest of the
interaction was categorized as van der Waals, carbon-hy-
drogen bond, and alkyl interaction. Peptide P07 exhibited

similar mechanisms as native ligand Q52 of DNA gyrase
with hydrogen bond in Asp1083 residue, a key residue for
DNA gyrase inhibition (Wang et al. 2023). The native li-
gand placed the ATP binding domain in the DNA gyrase
GyrB subunit. Inhibition of DNA gyrase through GyrB
subunit is competitive inhibition in ATP binding domain
causing ATP hydrolysis inhibition (Rajendram et al. 2014).

Peptide P20 exhibited the strongest interactions with
DHFR with binding energy -7.3 kcal/mol (Table 6). As
shown in Fig. 5B, these interactions involved hydrogen
bonding with residues Arg28, Asn64, and Tyr22. More-
over, the peptide interacted with residues Asp2l with
electrostatic interaction. The rest of the interaction was
categorized as van der Waals and carbon-hydrogen bond
interaction. As the best-predicted peptide, the P20 peptide
could bind to DHFR with a similar mechanism and close
binding affinity to methotrexate as a native ligand. Pep-
tide P20 exhibited the same hydrogen bond interaction
as methotrexate at Arg28 and Asn64 residues (Fig. 4A).
Methotrexate (MTX) is a potent inhibitory of DHFR by
disturbing the conversion of dihydrofolate into active
tetrahydrofolate (THF). Consequently, the availability of
THF and its derivatives becomes limited and decreas-
es the biosynthesis of purines and pyrimidines as DNA
and RNA precursors in the cellular proliferation process
(Bedoui et al. 2019).

The result disclosed that peptides P07 and P21 showed
strong interaction with DNA gyrase with hydrogen bonds
and other interactions. Peptide P20 also exhibited tight
binding to dihydrofolate reductase enzyme by hydrogen
bonding and other interactions. The finding indicated that
peptides from active fractions may inhibit the growth of
S. aureus bacteria by intramolecular mechanisms. How-

Table 5. Binding energy and Haddock score of potential peptides against DNA gyrase (6Z1A).

D AG (kcal/mol) Haddock score RMSD Cluster H-bond
Po1 -7.5 -772+73 1.0£0.3 5.4 Asp1083, Asp237, Leud37
P05 -6.6 -582+39 0.4+0.3 1.3 Lys581, Ser438, His1081, His 1079
Po7 -8.0 -68.5+ 1.9 1.9+£0.0 11.1 Aspl083, Ser1084, Ser1085, Glu1088
P10 6.5 521£56 0700 124 Aspl083, Lys581, Gly584, Pro1080
P11 -7.7 -63.2+1.2 1.7+£0.1 1.2 Asp1083, Lys581, Ser438, Gly584, Ser428, His1081
P18 7.3 57526  05+03 2.4 Aspl083, Gly582, Asp510, Gly584
P20 -7.8 -54.0 4.9 0.3+£0.2 5.4 Lys581, Ala509, Argl033, Asp1148
P21 -8.0 -68.2+59 0.3+0.3 2.1 Asp1083, Lys581, Met1075, His1081, Gly1082, Tyr580, Pro1080, Ser438
P31 -6.8 -65.8+3.5 0.2+£0.2 4.2 Asp1083, Lys581, Glu585, Gly584
Q52 -8.3 -79.5+2.2 0.3+0.1 1.3 Asp1083, Lys581

Table 6. Binding energy and Haddock score of potential peptides against DHFR (1DLS).

1D AG (kcal/mol) Haddock score RMSD Cluster H-bond
P01 -5.3 -64.0+9.2 1.3+1.0 3.4 Arg28, Asn64
P05 -5.6 -42.0+2.1 0.8+0.1 2.3 Arg28, Asp21, Tyr22
P07 -6.9 -73.8+6.2 1.2+0.8 2.3 Arg28, Asn64, Lys68, GIn35
P10 -5.4 -41.6+7.8 04+0.2 6.4 Arg28, Try22, Ser59
P11 -4.8 -63.6 £4.8 0.2+0.1 2.3 Arg28, Asn64, Lys68, Arg70, GIn35
P18 -7.2 -49.8 £2.7 0.5+0.4 1.2 Arg28, Asn64, Ser59, Tyr22, Asp21
P20 -7.3 -494+13 02+0.1 1.2 Arg28, Asn64, Tyr22
P21 -6.6 -534+1.9 03+0.2 1.3 Arg28, Asnl19, Asp21, Phe58
P31 -5.7 -66.5+4.3 0.4+0.2 14 Asné64, GIn35, Arg32, Lys68
MTX -7.7 -71.0 £ 5.6 0.7+0.3 1.3 Arg28, Asn64, Valll5
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ever, the inhibitory effect assay of peptides from Chondrus
crispus hydrolysate protein on DNA Gyrase and DHFR is
needed in future investigation.

Conclusions

Hydrolysate fractions from macroalgae Chondrus cris-
pus protein digested by trypsin and a-chymotrypsin
give Several strong inhibition effects against S. aureus.
a-chymotrypsin-digested eluted at pH 9 fraction give the
strongest antibacterial effect. Thirty-one peptides were
identified from active fractions. Several peptides were
characterized as cationic helical peptides with hydropho-
bicity percentages of 16.67-77.78%. Peptide P01 (KKN-
VTTLAPLVF) provided promising physical properties
with a GRAVY value of 0.525, +2 total charge, amphi-
pathic structure, and a-helical structure. In addition, a
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