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Abstract

Background and objectives: Chlorella vulgaris is a green, photosynthetic microalga in the phylum Chlorophyta. The goal of our
study was to perform a bioinformatics analysis of Photosystem I P700 chlorophyll a apoprotein A2, one of its photosynthesis-
related proteins, and to hunt for potent bioactive peptides.

Methods: To generate peptides and estimate the safety and efficacy of each bioactive peptide, we employed the tools BIOPEP-
UWMT™, PeptideRanker, DBAASP, and ToxinPred. PepDraw was used to understand the physicochemical properties and
primary chemical structures of the selected bioactive peptides.

Results: The liberated peptides exhibit up to 17 distinct bioactivities, as shown by the in silico digestion of the protein using
several proteolytic enzymes. The peptides with bioactivities are listed as angiotensin-converting enzyme inhibitor, dipepti-
dyl peptidase IV inhibitor, dipeptidyl peptidase III inhibitor, antioxidative, renin inhibitor, glucose uptake stimulator, neu-
ropeptide regulator (regulating stomach mucosal membrane activity and ion flow), antithrombotic, anti-amnestic, CaMPDE
inhibitor, activators of ubiquitin-mediated proteolysis, alpha-glucosidase inhibitor, immunomodulating, calcium-binding, an-
tibacterial, anti-inflammatory, and hypotensive agent. Using the Database of Antimicrobial Activity and Structure of Peptides
(DBAASP) prediction method, the antibacterial activity of the released peptides was predicted, highlighting the existence of
potent antibacterial peptides. An examination of their physicochemical properties revealed that most peptides are low molecu-
lar weight, mildly acidic, and moderately water-soluble. To further establish the non-toxicity profile of the released peptides
(sequence length > 3), a ToxinPred analysis was performed, which revealed that most of the peptides are non-toxic. According
to the allergenicity analysis, most of the top-ranked peptides are likely non-allergenic.

Conclusions: Thus, our study reveals a less labor-intensive method for discovering new therapeutic targets derived from C.
vulgaris, which hold both pharmacological and medical significance.

Introduction

Marine water covers around 71% of the Earth’s surface, provid-
ing humans with access to an abundance of resources. The marine
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ecosystem consists of mammals, mollusks, bacteria, macroalgae,
microalgae, and other creatures. This ecosystem is rich in diverse
beneficial bioactive compounds that are useful as ingredients in
food and feed, as well as for human health.! Because marine algae
are a significant source of bioactive chemicals with marine origins
and have fewer detrimental effects compared to natural substances
found in terrestrial environments, scientists have paid particular
attention to them. Marine algae have made significant progress as
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a sustainable source of protein due to their ease of production and
minimal land occupation compared to terrestrial natural chemicals.
Additionally, marine algae-based bioactive peptides show emerg-
ing medical promise, attracting researchers to this field of study.?

The concept of bioactive peptides is currently being extensively
studied in the production of medications, food additives, and other
applications. Most bioactive peptides are derived from seaweeds,
cereal crops, milk, sea cucumbers, and a few other sources.?5 There
are also naturally occurring bioactive peptides that serve a variety
of functions, including antiviral, antibacterial, anti-inflammatory,
anticancer, and antioxidant activities. Due to the greater adaptability
of marine organisms in their environment, marine-derived bioac-
tive peptides often have higher pharmacological potential than those
from terrestrial sources. Traditional methods for producing bioac-
tive peptides from natural sources include enzymatic hydrolysis,
ultrasound, microwave treatment, pulse electric fields, and high hy-
drostatic pressure-assisted extraction.® As a complement to empiri-
cal procedures, in silico methods can analyze proteins’ potential to
serve as building blocks for bioactive peptides and predict the func-
tions of specific peptide sequences. In comparison to experimental
investigations, they also save more time, energy, and money. Sev-
eral in silico tools (PeptideRanker, DBAASP Antimicrobial Peptide
Prediction, ToxinPred) and databases (PEP-UWMTM) are available
to identify more precise active peptides, reducing extensive efforts.

Chlorella vulgaris is a green microalga in the genus Chlorella
and belongs to the division Chlorophyta. While it is most commonly
found in freshwater environments, it can also be found in marine
environments.” In many countries, it is widely used as a nutritional
food supplement. The dry weight output of C. vulgaris is significant-
ly higher than that of other microalgae due to its high tolerance to
invasive organisms and harsh environments.® C. vulgaris has a high
protein content, ranging from 42 to 58% of its dry weight,” and its
nutritional quality meets human protein standards.® It is also rich in
lipids (5-40% dry mass),’ pigments, including chlorophyll (1-2% of
the dry weight),!® carbohydrates (12-55% dry weight),!! vitamins,
and omega-3 polyunsaturated fatty acids that make C. vulgaris an at-
tractive source for dietary supplements and food additives.? Further-
more, C. vulgaris offers health benefits such as alleviating hypergly-
cemia and protecting against cancer, oxidative stress, and chronic
obstructive pulmonary disease.!? Despite these benefits, bioactive
peptide generation from this species has significant potential due to
its specificity for targeted delivery and lower risk of side effects.? C.
vulgaris is a photosynthetic microalga with endogenous Photosys-
tem I (PSI) P700 chlorophyll and an apoprotein A2 encoded by the
PsaB gene. Since this species undergoes photosynthesis, PsaB pro-
tein expression increases during photosynthesis and electron trans-
port. Generally, the P700 chlorophyll special pair and subsequent
electron acceptors are bound by the PsaA/B heterodimer. The central
antenna complex in PSI’s design collects photons, and an electron
transport network converts photonic stimulation into charge separa-
tion, transferring electrons from the P700 chlorophyll pair to other
electron acceptors, A0, Al, FX, and FB.!? Additionally, PsaB gene
expression is alleviated under metal stress or other environmental
stresses, indicating its ubiquitous expression status and importance
to the C. vulgaris living system.'* Despite the abundance of PsaB
protein in C. vulgaris, there are no reports of bioactive peptides gen-
erated from PsaB protein in this species. Given the protein’s abun-
dance, there is substantial scope to investigate the presence of suit-
able bioactive peptides in silico.

In this study, we investigated in silico the possible bioactive
peptides from the PsaB protein of C. vulgaris, a photosynthetic
microalga, using several computational tools. The PsaB protein
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sequence was obtained from the UniProtKB database and further
investigated through PEP-UWM™, PeptideRanker, DBAASP
antimicrobial peptide prediction, and ToxinPred tools to identify
potential bioactive peptides. Finally, the PepDraw tool was used to
obtain the peptide structures of the top-ranked, non-toxic bioactive
peptides. Our research deciphered the C. vulgaris PsaB protein as
a potential treasure trove of bioactive peptides.

Materials and methods

Retrieval of Photosystem I P700 chlorophyll a apoprotein A2
(PsaB) amino acid sequence

Figure 1 depicts the experimental setup briefly. The amino acid
sequence of PsaB was retrieved from UniProtKB (sequence ID:
P56342). The protein is part of the light-harvesting complex PS-I
and consists of 734 amino acids (Fig. 2).

In silico proteolysis in BIOPEP-UWM: ENZYME(S) ACTION
tool

The in silico tool allows for the identification of probable peptide
fragments from a protein molecule digested by a proteolytic en-
zyme. Theoretical peptides from PsaB were obtained for further
analysis in this study using the BIOPEP-UWM: ENZYME(S) AC-
TION tool. Peptide sequences were represented using the universal
one-letter code for amino acids.'®

Ranking peptides in PeptideRanker by computing a probability
score

PeptideRanker, based on a unique N-to-1 neural network, predicts
bioactive peptides (http://distilldeep.ucd.ie/PeptideRanker/).!® The
highest score indicates the most active peptide, while the lowest
score indicates the least active. Peptides with unknown bioactiv-
ity derived from PsaB were analyzed in PeptideRanker to assess
their probability of being bioactive. The score ranged from 0 to
1, and in this study, we set the cutoff score at >0.75 to eliminate
false-positive bioactive peptides. The most active peptides were
further analyzed.

Prediction of antimicrobial peptides using DBAASP

Theoretical peptides obtained from PsaB were screened in
DBAASP (Database of Antimicrobial Activity and Structure of
Peptides) to identify potential antimicrobial peptides.!”

Probability score of bioactive peptide toxicity

The toxicity of bioactive peptides is the major hurdle to their sus-
tainable utilization for functional foods or nutraceuticals. Tox-
inPred provides tools to design and identify toxic and non-toxic
peptides.'® We used the ‘Batch Submission’ tool to identify toxic
peptides from the pool of theoretical peptides obtained through in
silico proteolysis of PsaB.

Physicochemical properties and structure of top-ranked bioac-
tive peptides

The physicochemical properties of a protein or enzyme are cru-
cial for its stability and solubility in water or lipids. For synthetic
proteins or peptides, stability and dissolution in a living system
should be considered before synthesis, leading to the prediction
of their physicochemical properties. The physicochemical features
(theoretical molecular mass, isoelectric point, hydrophobicity, and
extinction coefficient) and the structure of the top-ranked bioac-
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Fig. 1. Experimental setup of the study.

tive peptides were evaluated using the PepDraw (http://pepdraw. predict the potential allergenicity of the bioactive peptides.'®
com/) tool. This tool draws the primary structure of peptides and
calculates the theoretical properties of each peptide.
Results
Prediction of allergenicity of bioactive peptides

Before using a drug or food additive for human health, it is criti- In silico proteolysis of PsaB protein

cal to conduct an allergenicity test. In this study, the Allergen FP Numerous peptides derived from the proteolysis of the PsaB pro-
v.1.0 tool (http://www.ddg-pharmfac.net/AllergenFP) was used to tein are illustrated in Figure 3. Among these, peptides with known
10 20 30 40 50 60 70 80 90 100
MATKFPKFSQ ALAQDPTTRR LWFGIATAHD FESHDGMTEE RLYQKIFASH FGQLAIIFLW TSGNLFHVAW QGNFEQWVQD PLHIRPIAHA IWDPHFGQAA
110 120 130 140 150 160 170 180 190 200
VEAFTRGGAS GPVNISTSGV YQWWYTIGIR TNQELYVGSI FLLVLAGLFL FAGWLHLQPS FQPALSWFKN AESRLNHHLA GLFGVSSLAW TGHLVHVAIP
210 220 230 240 250 260 270 280 290 300
ESRGQHVGWD NFLTVLPHPA GLTPFFTGNW AAYAENPDSL SQLFGTGEGS GTAILTFLGG FHPQTQSLWL TDMAHHHLAT AVVFILAGHM YRTIFGIGHS
310 320 330 340 350 360 370 380 390 400
MREILEAQTP PSGRLGAGHK GLYDTVNNSL HFQLGLALAS VGTICSLVAQ HMYSLPPYAF LAQDFTTQAS LYTHHQYIAG FIMCGAFAHG AIFFVRDYDP
410 420 430 440 450 460 470 480 490 500
EANRGNVLAR VLDHKEAIIS HLSWVSLFLG FHTLGLYVHN DVVQAFGTPE KQILIEPVFA QWIQAAHGKT VYGFDFLLSS ATSAPSLAGQ SLWLPGWLQG
510 520 530 540 550 560 570 580 590 600
INSDTNSLFL TIGPGDFLVH HAIALGLHTT TLILVKGALD ARGSKLMPDK KDFGYSFPCD GPGRGGTCDI SAWDAFYLAV FWMLNTIGWV TFYFHWKHLG
610 620 630 640 650 660 670 680 690 700
IWQGNVNQFN ESSTYLMGWL RDYLWLNSSQ LINGYNPFGM NSLSVWAWMF LFGHLIYATG FMFLISWRGY WQELIETLAW AHERTPLANL VRWRDKPVAL

710 720 730
SIVQARLVGL THFSVGYVLT YAAFLIASTS GKFG

Fig. 2. Peptide sequence of PsaB protein from Chlorella vulgaris.
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In silico proteolytic hydrolysis of psaB released numerous fragments

Number of fragments
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Fig. 3. Number of released peptide fragments for each enzyme.

bioactivities were displayed by searching for active fragments in
the BIOPEP-UWM™ database. These peptides are listed with
their specific bioactivities in Tables 1 and 2. The bioactive peptides
obtained from hydrolysis were categorized into two groups: en-
zyme inhibitory and antioxidative activities, and regulatory activ-
ity. Regarding enzyme inhibitory functions, the generated peptides
showed effects such as angiotensin-converting enzyme (ACE) in-
hibitor, dipeptidyl peptidase IV inhibitor, dipeptidyl peptidase I1I
inhibitor, prolyl endopeptidase inhibitor, renin inhibitor, CaMPDE
inhibitor, and alpha-glucosidase inhibitor. On the other hand, regu-
latory activities included glucose uptake stimulation, neuropeptide
regulation (regulating stomach mucosal membrane activity and
ion flow), antithrombotic activity, activation of ubiquitin-mediated
proteolysis, immunomodulation, calcium binding, antibacterial ac-
tivity, and anti-inflammatory activity. Thus, our in silico enzymatic
hydrolysis generated a significant number of bioactive peptides
with diverse pharmacological roles.

Prediction of bioactive peptides by PeptideRanker

Predicting peptides for their bioactivity before obtaining them from
bulk protein is important as it reduces costs and time. PeptideRanker
helps in this process by reducing both costs and time efforts for in-
vestigating the bioactivity of novel peptides. Using PeptideRanker,
we ranked the peptides derived from PsaB according to their prob-
ability scores. Data shown in Tables 3 and 4 indicate a high prob-
ability of these peptides being bioactive. To enhance the likelihood
of bioactivity, the cutoff score of >0.75 was set to exclude the pos-
sibility of false positives. The top-scoring bioactive peptides gen-
erated by chymotrypsin A, pepsin (pH 1.3), proteinase K, pancre-
atic elastase, thermolysin, chymotrypsin C, papain, ficin, leukocyte
clastase, metridin, stem bromelain, calpain 2, pepsin (pH > 2), coc-
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colysin, and subtilisin were PGW (0.98), SWF (0.99), GGF (0.98),
WEG (0.99), FWM (0.99), FHW (0.99), AWMF (0.99), VWAWMF
(0.98), WMFL (0.99), MGW (0.98), WMF (0.99), WFG (0.99),
WWY (0.99), FWM (0.99), and MGW (0.98), respectively. These
data suggest a higher bioactivity profile for peptides derived from
the PsaB protein of C. vulgaris. The top-ranked bioactive peptide
structure formulae are mentioned in Figure 4.

Physicochemical characteristics and primary structure of PsaB-
derived peptides

As mentioned earlier, predicting the physicochemical properties of
peptides is crucial for assessing their stability and dissolution. We
evaluated these properties for several bioactive peptides derived
from the PsaB protein using PepDraw. The molecular masses of
the PsaB-derived peptides ranged from 0.25 to 0.7 kDa, as ex-
pected, and most peptides exhibited acidic isoelectric points with
moderate to low water solubility (Table 4). Although many of the
higher-scored bioactive peptides showed increased hydrophobic-
ity, most were non-allergenic, which suggests potential safety con-
cerns.

Antimicrobial peptides from PsaB

Microbial resistance to drugs is a significant issue for the utili-
zation of antibiotics or other drugs. Therefore, peptides with in-
creased antimicrobial potency could aid in antimicrobial drug
development. In our study, we used DBAASP’s ‘Prediction of
general antibacterial activity’ tool to identify antimicrobial pep-
tides derived from the proteolytic digestion of PsaB, as listed in
Table 5. Bioactive peptides generated from proteolytic digestion
mostly consist of tetrapeptides to polypeptides, such as ATKF and
IASTSGKF by chymotrypsin A.
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Table 3. Scoring of peptides derived from PsaB (by proteolytic digestion) as a prediction of having bioactivity

Chymotrypsin A Proteinase K Thermolysin

0.987911 PGW 0.840052 QGNF 0.922013 FQP
0.987345 GGF 0.833322 AAF 0.902121 FPK
0.959298 AGW 0.819503 SAW 0.897906 FS
0.958541 CGAF 0.804969 DAF 0.877191 FGQ
0.954702 GIW 0.793307 QAF 0.859479 FTGNW
0.953169 GM 0.793186 CDGP 0.845373 IMCG
0.894831 PKF 0.78476 AQW 0.844668 FPCDGPGRGGTCD
0.881794 TPF 0.775374 DNF 0.833345 FHWKH
0.868141 PPY Pancreatic elastase 0.828049 LPP
0.852204 VGW 0.996278 WFG 0.78476 AQW
0.849992 AlW 0.994262 WMFL 0.779545 ISWRG
0.848096 GAIF 0.994192 FWML 0.766312 FEQW
0.844471 QPSF 0.994063 FMFL 0.758608 IWDPH
0.842881 PCDGPGRGGTCDISAW 0.977738 FDFL 0.755836 AWD
0.833322 AAF 0.969838 Qwwy Chymotrypsin C
0.832896 IAGF 0.967512 FFV 0.990882 FHW
0.804969 DAF 0.967425 WRG 0.989795 FGM
0.78476 AQW 0.963529 WDPHFG 0.982697 FAGW
0.76345 VRW 0.958912 WDNFL 0.971483 GFDFL
0.752534 DGM 0.958072 PFFT 0.954702 GIW

Pepsin pH 1.3 0.950178 MCG 0.939625 SFP
0.99088 SWF 0.948084 Fl 0.928594 AFL
0.987345 GGF 0.939404 FPCDG 0.912685 GDFL
0.984773 WML 0.933871 NPFG 0.910107 AVFW
0.979473 PGWL 0.904268 HFG 0.899536 FGHL
0.979247 MGWL 0.904195 WQG 0.890489 GGFHP
0.978146 SVWAWMF 0.889906 DFL 0.839976 FFTGN
0.948718 AGWL 0.869072 FHWKHL 0.830136 ATGFM
0.94657 PPYAF 0.868141 PPY 0.822086 AAFL
0.894831 PKF 0.842785 KFG 0.816879 FHVAW
0.881794 TPF 0.81261 FQPA 0.796958 IAGFIM
0.876307 GYSF 0.790112 Qwli 0.793186 CDGP
0.856383 IMCGAF 0.751998 NWA 0.789885 AIIFL
0.844471 QPSF Thermolysin 0.76345 VRW
0.838569 PCDGPGRGGTCDISAWDAF  0.997525 FWM 0.758123 TFL
0.795121 INGYNPF 0.972599 AWM 0.757343 ISW
0.788788 PHPAGL 0.97045 LPGW Papain
0.766454 AHGAIF 0.968639 Yaww 0.992532 AWMF

Proteinase K 0.965053 LMGW 0.99088 SWF
0.987345 GGF 0.959298 AGW 0.984773 WML
0.959298 AGW 0.952832 FH 0.961534 WDNF
0.958541 CGAF 0.951958 IGW 0.937045 AIWDPHF
0.95682 AGF 0.925995 FGH 0.92937 YNPF
0.941533 GDF 0.922094 FD 0.897085 QWWYT

(continued)
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0.894831
0.868141
0.845373
0.844471
0.839011
0.833341
0.805497
0.790112
0.755836
0.752918
0.750945

0.986284
0.984773
0.969838
0.961534
0.951874
0.940814
0.881794
0.868141
0.845373
0.838591
0.833341
0.833322
0.760915
0.752918

0.994262
0.994192
0.991137
0.981018
0.980505
0.979473
0.979247
0.967512
0.95973

0.959629
0.958072
0.950547
0.948084
0.945267
0.943742
0.930864
0.920052

Papain
PKF
PPY
IMCG
QPSF
YSF
AlF
SIF
QwiI
AWD
PCDG
ISWR
Ficin
VWAWMEF
WML
QWWY
WDNF
NPF
AWDAF
TPF
PPY
IMCG
WVTF
AlF
AAF
AIWDPH
PCDG

Leukocyte elastase

WMFL
FWML
GFMFL
WEFGI
GWL
PGWL
MGWL
FFV
YGFDFL
GWDNFL
PFFT
FYL
FI
GPGDFL
GFI
FYFHWKHL
FGI

0.899536
0.894015
0.865062
0.854452
0.836456
0.81261

0.806335
0.796542
0.796185
0.790112
0.787708
0.77598

0.775024
0.75667

0.989792
0.987911
0.987345
0.959298
0.954702
0.951874
0.896783
0.894831
0.881794
0.868141
0.856383
0.844471
0.842881
0.840052
0.833322
0.832896
0.804969
0.788788
0.78476

0.775374
0.766454
0.76345

0.757343

0.997633
0.984773
0.961534
0.941151
0.92937

Leukocyte elastase

FGHL
FPCDGPGRGGT
YQWWYT
GWV

FGT

FQPA
GNWA
MCGA
WDPHFGQA
Qwli

FGV

GKFG

GRL
WRGYWQEL

Metridin

MGW
PGW
GGF
AGW
GIW
NPF
DPHF
PKF
TPF
PPY
IMCGAF
QPSF

QGNF
AAF
IAGF
DAF
PHPAGL
AQW
DNF
AHGAIF
VRW
ISW

Stem bromelain

WMEF
WML
WDNF
IWDPHF
YNPF

0.904195
0.894831
0.865062
0.845373
0.782785
0.752918
0.751998

0.996278
0.994063
0.988038
0.977738
0.962274
0.960563
0.959178
0.958912
0.958072
0.947248
0.937842
0.935844
0.934192
0.928594
0.919895
0.919474
0.910435
0.902121
0.901482
0.890464
0.889906
0.878963
0.868141
0.843778
0.812713
0.808892
0.801775
0.794483
0.789885
0.755836

0.992227
0.99088
0.938016
0.93391
0.931922

Stem bromelain
WQG
PKF
YQWWYT
IMCG
IIF
PCDG
NWA

Calpain 2
WFG
FMFL
AWMFL
FDFL
FYFHWK
AVFWML
FIMCG
WDNFL
PFFT
WWYT
SWFK
AIWDPHFG
AFG
AFL
IFG
YNPFG
DFG
FPK
SFPCDG
AFYL
DFL
SWR
PPY
SIFL
WT
YwQ
AIFFVR
SHFG
AlIFL
AWD

Pepsin pH>2
WWY
SWEF
PHF
SW
CG
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Table 3. (continued)

Pepsin pH>2 Subtilisin

0.920402 PSF 0.989792 MGW
0.868141 PPY 0.987911 PGW
0.80286 SHF 0.987345 GGF
0.779545 ISWRG 0.959298 AGW

Coccolysin 0.954702 GIW
0.997525 FWM 0.951874 NPF
0.972599 AWM 0.896783 DPHF
0.97045 LPGW 0.894831 PKF
0.968639 YQWW 0.883411 GKF
0.965053 LMGW 0.881794 TPF
0.959298 AGW 0.868141 PPY
0.925995 FGH 0.856383 IMCGAF
0.922013 FQP 0.852204 VGW
0.902121 FPK 0.840052 QGNF
0.877191 FGQ 0.833322 AAF
0.859479 FTGNW 0.832896 IAGF
0.845373 IMCG 0.804969 DAF
0.844668 FPCDGPGRGGTCD  0.788788 PHPAGL
0.833345 FHWKH 0.78476 AQW
0.828049 LPP 0.775374 DNF
0.78476 AQW 0.775024 GRL
0.779545 ISWRG 0.766454 AHGAIF
0.758608 IWDPH 0.76345 VRW
0.755836 AWD

Cut off score > 0.75.

Toxicity profile of all peptides

In silico digestion of PsaB by various proteolytic enzymes gen-
erates numerous peptide fragments. It is crucial to determine the
toxicity level of each peptide to ensure safety. The toxicity pro-
file of these peptides is shown in Tables 6. Data indicate that the
peptides generated by proteolytic hydrolysis of PsaB were mostly
non-toxic. These findings suggest the increased possibility of us-
ing the PsaB-derived peptides.

Allergenicity prediction of bioactive peptides

The frequency of food allergies is increasing, highlighting the need
to assess the allergenicity of food additives or drugs beforehand.
In this study, some top-ranked peptides generated by in silico pro-
teolysis were analyzed for allergenicity. According to Table 4, a
few peptides were found to be potential allergens, including WML,
FWML, FAGW, QWWY, GFMFL, MWG, WDNF, FMFL, AW-
MFL, and PHF. However, the other top-ranked peptides were not
allergenic. Although these few bioactive peptides exhibited aller-
genic properties, they were also non-toxic. This necessitates fur-
ther wet lab studies, including cell line and in vivo mouse studies,
particularly for these selected peptides.
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Discussion

This study focuses on the potential of obtaining bioactive peptides
from C. vulgaris, a marine or freshwater microalga commonly
used as a food supplement. In addition to its food applications, C.
vulgaris is also considered a promising candidate for bioremedia-
tion and biofuel production due to its rapid growth rate.?’ As a uni-
cellular photosynthetic microalga,?! C. vulgaris produces a variety
of proteins and enzymes to capture photons from sunlight, support-
ing its fast growth. Photosystem I P700 chlorophyll and apoprotein
A2 (PsaB) bind P700, playing a crucial role in photosynthesis. Be-
sides binding P700, this protein has several other important func-
tions, such as binding 4 iron—4 sulfur clusters, facilitating electron
transfer, and binding magnesium ions.?? In this study, PsaB has
been targeted as a parent protein for in silico analysis to identify
bioactive peptides. It has been previously shown that Rubisco, a
key enzyme for CO, fixation, can be an excellent source of bioac-
tive peptides.523

PsaB, a crucial protein of the P700 (photosystem I), contains
many bioactive peptides within its amino acid sequence. These
active peptide fragments can be released by digesting the pro-
tein with various proteolytic enzymes (Tables 1 and 2). At least
17 different bioactivities of the peptides have been identified. In
addition to these active peptides, proteolytic digestion of PsaB re-
leased numerous peptide fragments (Fig. 3). Proteolytic enzymes
such as pepsin (pH > 2), stem bromelain, pancreatic elastase, ficin,
proteinase P1, calpain 2, and papain released the highest number
of peptides from PsaB. Although many peptides obtained from in
silico proteolysis had unknown biological functions, their poten-
tial could not be ruled out. The peptides shown in Tables 3 and
4, and in Figure 4, were ranked by PeptideRanker, indicating that
these peptides derived from PsaB have high probabilities of be-
ing bioactive. Therefore, these peptides warrant further analysis in
both dry and wet laboratories to explore their potential interactions
with biomolecules. Based on wet lab data, further docking analysis
will reveal the precise interaction patterns of each peptide with
corresponding enzymes. Additionally, several peptides should be
tested in laboratories to assess their antimicrobial potency, as sug-
gested by DBAASP’s antimicrobial activity prediction algorithms
(Table 5). Antibiotics are valuable but limited resources in the fight
against infectious diseases. However, the rapid increase in antimi-
crobial resistance poses a global public health threat. In this con-
text, the development and modification of antimicrobial peptides
may offer a solution, as developing resistance against antimicrobi-
al peptides would be a slower and costlier process for microbes.**
From the toxicity profile of the peptide pool, we observed that
most peptides generated from PsaB digestion were non-toxic (Ta-
ble 6). Therefore, these peptides are likely safe for use as medicine
or dietary supplements.

As demonstrated in Tables 1 and 2, PsaB can be a potent source
of bioactive peptides with pharmaceutical value. ACE inhibitors
and renin inhibitors are commonly used to treat high blood pres-
sure and cardiovascular disease.”> Furthermore, peptides with
ACE inhibitory activity may be useful in treating SARS-CoV-2
infection.>2¢ Peptides that inhibit DPP-IV and stimulate glucose
uptake can be used to treat type 2 diabetes.>?”-*8 Alpha-glucosidase
inhibitors can lower blood glucose levels by delaying carbohydrate
digestion. Other peptides with antioxidative, anxiolytic, prolyl
endopeptidase inhibitory, CaMPDE inhibitory, and antibacterial
activities may be beneficial for treating aging and cancer, anxi-
ety, neurodegenerative diseases, erectile dysfunction, and bacterial
infections, respectively. Additionally, our study identified calcium-
binding peptides, DPP-III inhibitors, regulators of phosphoglycer-
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Table 4. Theoretical physicochemical properties and allergenicity prediction of some top-ranked bioactive peptides generated by proteolytic hydrolysis

Enzymes equence Length o) iy (keal mol) fclems (M-iom) _ Prediion "
Chymotrypsin A PGW 3 358.1637 5.75 +7.10 5,500 Probable non-allergen
GGF 3 325.1093 5.13 +7.32 0 Probable non-allergen
AGW 3 332.1481 5.71 +7.46 5,500 Probable non-allergen
Pepsin (pH 1.3) SWF 3 438.1898 5.39 +4.56 5,500 Probable non-allergen
GCF 3 325.1093 5.13 +7.32 0 Probable non-allergen
WML 3 448.2138 5.53 +3.89 5,500 Probable allergen
Proteinase K GGF 3 279.1216 5.47 +8.49 0 Probable non-allergen
AGW 3 332.1481 5.71 +7.46 5,500 Probable non-allergen
CGAF 4 396.1263 5.13 +7.82 0 Probable non-allergen
Pancreatic elastase  WFG 3 408.1793 5.55 +5.25 5,500 Probable non-allergen
WMFL 4 595.2820 5.53 +2.18 5,500 Probable non-allergen
FWML 4 595.2820 5.52 +2.18 5,500 Probable allergen
Thermolysin FWM 3 482.1982 5.35 +3.43 5,500 Probable non-allergen
AWM 3 406.1670 5.41 +5.64 5,500 Probable non-allergen
LPGW 4 471.2475 5.69 +5.85 5,500 Probable non-allergen
Chymotrypsin C FHW 3 488.2167 7.68 +6.43 5,500 Probable non-allergen
FGM 3 353.1405 5.35 +6.67 0 Probable non-allergen
FAGW 4 479.2163 5.62 +5.75 5,500 Probable allergen
Papain AWMF 4 553.2352 5.47 +3.93 5,500 Probable non-allergen
SWF 3 438.1898 5.39 +4.56 5,500 Probable non-allergen
WML 3 448.2138 5.53 +3.89 5,500 Probable allergen
Ficin VWAWMF 6 838.3825 5.46 +1.38 11,000 Probable non-allergen
WML 3 448.2138 5.53 +3.89 5,500 Probable allergen
QWwy 4 681.2903 5.37 +3.78 12,490 Probable allergen
Leukocyte elastase  WMFL 4 595.2820 5.53 +2.18 5,500 Probable non-allergen
FWML 4 595.2820 5.52 +2.18 5,500 Probable allergen
GFMFL 5 613.2925 5.58 +3.71 0 Probable allergen
Metridin MWG 3 392.1514 5.53 +6.29 5,500 Probable allergen
PGW 3 358.1637 5.75 +7.10 5,500 Probable non-allergen
GGF 3 279.1216 5.47 +8.49 0 Probable non-allergen
Stem bromelain WMF 3 482.1982 5.42 +3.43 5,500 Probable non-allergen
WML 3 448.2138 5.53 +3.89 5,500 Probable allergen
WDNF 4 580.2275 3.05 +8.59 5,500 Probable allergen
Calpain 2 WFG 3 408.1793 5.55 +5.25 5,500 Probable non-allergen
FMFL 4 556.2711 5.52 +2.56 0 Probable allergen
AWMFL 5 666.3190 5.59 +2.68 5,500 Probable allergen
Papsin (pH > 2) WWY 3 553.2319 5.41 +301 12,490 Probable non-allergen
SWF 3 438.1898 5.39 +4.56 5,500 Probable non-allergen
PHF 3 399.1902 8.32 +8.66 0 Probable allergen
Coccolysin FWM 3 482.1982 5.35 +3.43 5,500 Probable non-allergen
AWM 3 406.1670 5.41 +5.64 5,500 Probable non-allergen
LPGW 4 471.2475 5.69 +5.85 5,500 Probable non-allergen
Subtilisin MGW 3 392.1514 5.61 +6.29 5,500 Probable non-allergen
PGW 3 358.1637 5.75 +7.10 5,500 Probable non-allergen
GGF 3 279.1216 5.47 +8.49 0 Probable non-allergen
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Fig. 4. Structural formulae of top-ranked bioactive peptides generated by proteolytic hydrolysis. Primary structures of peptides generated from various
proteolytic enzymes: a. Chymotrypsin A, b. Pepsin (pH 1.), c. Proteinase K, d. Pancreatic elastase, e. Thermolysin, f. Chymotrypsin C, g. Papain, h. Ficin, i.
Leukocyte elastase, j. Metridin, k. Stem bromelain, I. Calpain 2, m. Pepsin (pH > 2), n. Coccolysin, o. Subtilisin.

ate kinase and stomach mucosal membrane, antithrombotic pep-
tides, activators of ubiquitin-mediated proteolysis, and peptides
that enhance protein biosynthesis in lymphocytes, all of which
have significant roles and importance in the medical field.

A single bioactive peptide can possess multiple bioactivities,
which can be of great interest for treating patients with multiple
diseases such as diabetes, hypertension, and erectile dysfunction.’
Our study identified a substantial number of peptides with multi-
ple bioactivities. For example, PG, a dipeptide with five different
bioactivities (ACE inhibitor, DPP-IV inhibitor, regulator, anti-

164

amnestic, and antithrombotic), can be obtained by digesting PsaB
with various proteolytic enzymes such as papain, ficin, and calpain
2 (Tables 1 and 2). In the physicochemical properties analysis,
we found that most peptides derived from PsaB protein are low
molecular weight, mildly acidic, and moderately to poorly water
soluble (Table 4; Fig. 4). Our findings are consistent with previ-
ous research, which found that most bioactive peptides have a low
molecular weight profile.?’

Toxicity level detection or prediction is a crucial step before de-
veloping any drug or food additive.'83" In this study, the proteolytic
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Table 5. Antimicrobial peptides from PsaB
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Proteolytic enzyme

Peptides with predicted antimicrobial activity

Chymotrypsin A
Pepsin pH 1.3

Proteinase K (Endopeptidase So)

Pancreatic elastage
Thermolysin
Chymotrypsin C
Papain

Ficin

Leukocyte elastase
Metridin

Stem bromelain
Calpain 2

Pepsin pH > 2
Coccolysin
Subtilisin

V-8 protease (glutamyl
endopeptidase) pH 7.8

Trypsin

Prolyl oligopeptidase
V-8 protease pH 4
Plasmin

Cathepsin G
Clostripain
Pancreatic elastage Il
Glycyl endopeptidase

Proteinase P1

ATKF, QKIF, IRPIAH, RTIF, ARVL, VKGAL, IASTSGKF

MATKF, YQKIF, KNAESRL, AGHMYRTIF, ARVL, VKGAL, HWKHL, IASTSGKF
ATKF, KNAESRL

KFPKFS, WFKNA, RWRDKPV

ATKFP, KFSQ, KIFASHFGQ, RTIFGIGHSM, ARVL, VKGAL

HWKHL, HMYR, QKIF, HSMR

KFPKFS, WFKNA, GHMYRT, RWRDKPV, GHKGL, YQOKI

MATKF, RTIF, QKIF, HIRPIAHAIW, IASTSGKF, ARVL, VKGAL, KNAESRL
HWKHL, HMYR, YQKIF

SWFK, HMYR

LVKG, LVRWRDKPV

MATKF, QKIF, HIRPIAHAIW, RTIF, VKGAL

MATKFPKFSQALAQD, RLYQKIFASHFGQLAIIFLWTSGNLFHVAWQGNFE, AQTPPSGRLGAGHKGLYD

LYQK, TPLANLVR

MATKFP, ALSWFKNAESRLNHHLAGLFGVSSLAWTGHLVHVAIP, LANLVRWRDKP
RLYQKIFASHFGQLAIFLWTSGNLFHVAWQGNFE

LYQK, TPLANLVR

ATKF, QKIF, IRPIAH, KNAESRL, RTIF, ARVL, VKGAL, IASTSGKF
MATKFPKFSQALAQDPTTR, TPLANLVR

ATKF, YOKIF, KNAESRL, YRTIF, ARVL, VKGAL, HWKHL, IASTSGKF
MATKFPKFSQALAQDPTTRRLWFG, WLHLQPSFQPALSWFKNAESRLNHHLAG, HMYRTIFG
MATKEF, KIFA, AGHMYRTIFGIGH

enzymes used were primarily derived from plant and animal sources
and are commonly utilized in many food-processing industries. It is
known that peptides with low molecular weights are generally non-
toxic and less allergenic compared with their native proteins.3!-3?
From the ToxinPred analysis, it was observed that most of the stud-
ied peptides are non-toxic, except for FPCDGPGRGGTCD and FP-
CDGPGRGGTCD (SVM scores < 0) (Table 6). The primary com-
ponents of non-toxic peptides are V, T, R, Q, M, L, K, I, F, and A, and
most bioactive peptides contain these non-toxic amino acid compo-
nents according to our findings. As a result, these peptides can be
considered safe potential functional ingredients, though further in
vitro and in vivo testing is required to prove the safety concern.
Human health issues are driving an increased demand for al-
lergenicity safety concerns. Most allergens are animal and plant-
based proteins. Food allergens affect approximately 1-2% of
adults and 8% of children.3? The European Food Safety Author-
ity also encourages the prediction of the probable allergenicity of
food proteins through in silico approaches.3? Furthermore, proteo-
lytic hydrolysis by pepsin may result in the elimination of linear
epitopes, which is a primary concern for allergenicity.?*3435 Only
a few of the top-ranked peptides in our study were allergenic (Ta-
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ble 4), according to the AllergenFP v.1.0 tool.!” The allergenic-
ity of the selected peptides needs to be clarified through in vitro
and in vivo approaches.>® Additionally, we found that very few
of the bioactive peptides are toxic or allergic (Tables 4 and 6),
which would raise concerns about the compatibility of purifying
these peptides. Generally, bioactive peptides are manufactured
using various techniques such as microwave-assisted extraction,
chemical hydrolysis, organic synthesis, and enzyme hydrolysis.
The targeted peptides are then obtained through further purifi-
cation methods such as gel filtration, ultrafiltration, size exclu-
sion chromatography, ion-exchange column chromatography,
reversed-phase high-performance liquid chromatography, and so
on.’¢ Thus, after confirming bioactivity in vitro and in vivo as-
says, further purification processes could be applied to separate
the toxic from the non-toxic or allergenic from the non-allergenic
bioactive peptides.

In this study, we observed that some bioactive peptides pos-
sess poor water solubility due to slightly increased hydrophobicity
(Table 4). This could present a barrier to absorption in the human
body, as the body contains a lot of water. Therefore, water solubil-
ity is an important factor when considering functional foods, food
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Table 6. Toxicity profile of the bioactive peptides generated by various proteolytic enzymes

Proteolytic enzyme Peptides SVM score Prediction
Chymotrypsin A All -ve Non-toxin
Pepsin (pH 1.3) All -ve Non-toxin
Proteinase K All -ve Non-toxin
Pancreatic elastase All -ve Non-toxin
Thermolysin FPCDGPGRGGTCD +0.06 Toxin

Chymotrypsin C All -ve Non-toxin
Cathepsin G All -ve Non-toxin
Papain All -ve Non-toxin
Ficin All -ve Non-toxin
Leukocyte elastase All -ve Non-toxin
Metridin All -ve Non-toxin
Pancreatic elastase Il All -ve Non-toxin
Stem bromelain All -ve Non-toxin
Calpain 2 All -ve Non-toxin
Proteinase P1 All -ve Non-toxin
Pepsin (pH > 2) All -ve Non-toxin
Coccolysin FPCDGPGRGGTCD +0.06 Toxin

Subtilisin All -ve Non-toxin

SVM, support vector machine (a binary classifier that computes the probabilities of possible outcomes for samples in X within a range of negative (-ve) to positive (+ve) values. If

the output of the scoring function is negative, then the input is classified as non-toxic.).

ingredients, or drug development. Allergenicity and toxicity con-
cerns are also significant. A previous in silico study observed that
water-soluble peptides are not always non-allergenic, while poor
water-soluble peptides may be non-allergenic.?’ In our study, we
noted that some poor water-soluble peptides might affect absorp-
tion efficiency in the human body. Regarding toxicity and aller-
genicity, most of these poor water-soluble peptides are non-toxic
and non-allergenic (Tables 4 and 6). These issues will be further
examined by assessing the impact of these peptides in mammalian
cell lines and in vivo models. Additionally, for better absorption
of these peptides, nanoparticle-based or solid dispersion-based ap-
proaches could be applied,3® which are commonly used in thera-
pies for poorly water-soluble drugs.

This study focused solely on the in silico aspect of the process
(Fig. 5). The theoretical bioactive peptides should be produced and
validated in a wet lab with the appropriate proteolytic enzymes,
enzyme concentrations, substrate concentrations, optimal pH, and
temperature. The limitation of this study is that it only involves an
in silico approach to identify novel bioactive peptides from this
species. The potential bioactive peptides should be tested in wet
lab-based experiments using both in transfecto and in vivo models
to clarify their physiological relevance.

Future directions

Finding out of functional peptides has got great attention to all. In
this study, we found lots of functional peptides from C. vulgaris
having no toxicity and allergenicity that is promising to pharma-
ceutical industries to produce those peptides for human welfare.
Through investigating the in vivo studies, the real finding in bio-
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logical system will come in front. So that, few more realistic ex-
periments should be done to satisfy the proposed goal.

Conclusions

C. vulgaris is a widely cultivated green microalga, with annual
gross production of Chlorella biomass exceeding 2000 tons in
2005. It is extensively used in food and as a supplement in many
countries. This study highlights the importance of C. vulgaris in
pharmaceutical and medical contexts and encourages the pharma-
ceutical industry to explore the production and commercialization
of bioactive peptides as commercial products.
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