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infections, while also limiting the increase in antimicrobial 
resistance, which has become a global health problem [3]. 
ß-defensins, which are effective against Gram-negative and 
Gram-positive bacteria, cause multiple stresses either by 
acting on bacterial membranes or by affecting DNA syn-
thesis and repair, protein synthesis, and cell signal transduc-
tion pathways. One of the most essential characteristics of 
ß-defensins is that they develop low bacterial resistance due 
to their antibacterial properties and show minimal toxic or 
allergic effects on humans [3, 4]. In addition to antimicro-
bial resistance, many studies have shown that AMPs could 
be used as an effective agent against SARS-CoV-2 at the 
beginning of the COVID-19 pandemic.

COVID-19 is an infectious viral disease first detected in 
China in 2019 [5, 6]. SARS-CoV-2 is enveloped by single-
stranded ribonucleic acid as its nuclear material. It expresses 
the spike (S) protein, which interacts with the angiotensin-
converting enzyme-2 (ACE-2) receptors of respiratory and 
digestive epithelial cells. The initial stages of SARS-CoV-2 
infection concern the specific binding of the S protein of 
SARS-CoV-2 to ACE-2 [7, 8]. This binding induces a con-
formational change in S proteins. After this, proteolytic 

1 Introduction

Antimicrobial peptides (AMPs) are short peptide molecules 
containing 10–100 amino acids, also called host defense 
peptides (HDP), produced by most living things, and gener-
ally rich in cationic amino acids like lysine and arginine. 
AMPs are considered to be among new-generation and mul-
tifunctional antibiotics that can be a solution to antimicro-
bial resistance and viral infections [1, 2].

Defensins, one of the essential groups of AMPs, can be 
a good alternative for protecting the host against microbial 
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Abstract
COVID-19 is a disease that have affected the entire world, and it continues to spread with new variants. A patient’s innate 
immune system plays a critical role in the mild and severe transition of COVID-19. Antimicrobial peptides (AMPs), which 
are important components of the innate immune system, are potential molecules to fight pathogenic bacteria, fungi, and 
viruses. Human β-defensin 2 (hBD-2), a 41-amino-acid antimicrobial peptide, is one of the defensins inducibly expressed 
in the skin, lungs, and trachea in humans. In this study, it was aimed to investigate the interaction of hBD-2 produced 
recombinantly in Pichia pastoris with the human angiotensin-converting enzyme 2 (ACE-2) under in vitro conditions. 
First, hBD-2 was cloned in P. pastoris X-33 via the pPICZαA vector, a yeast expression platform, and its expression was 
confirmed by SDS-PAGE, western blotting, and qRT-PCR. Then, the interaction between recombinant hBD-2 and ACE-2 
proteins was revealed by a pull-down assay. In light of these preliminary experiments, we suggest that the recombinantly 
produced hBD-2 may be protective against SARS-CoV-2 and be used as a supplement in treatment. However, current 
findings need to be supported by cell culture studies, toxicity analyses, and in vivo experiments.
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degradation occurs via proteases on the cell surface. This 
way, the virion can enter the cell [9]. Due to this pathway 
that is seen during the entry of the infectious agent, the inhi-
bition of both the S protein and ACE-2 protein is a promis-
ing approach in the potential treatment process [10]. ACE-2 
gene expression was reported in the lungs, liver, brain, tes-
tes, kidneys, and heart. ACE-2 has many different functions 
as a cell surface receptor in these organs [11].

Human β-defensin 2 (hBD-2) is a low-molecular-weight 
AMP discovered in the human skin in 1997 [12]. hBD-2 is 
transcribed from the Defb4 gene, has 41 amino acids and is 
inducibly expressed in the skin lesions of psoriasis patients 
and the lung epithelium of cystic fibrosis patients [12, 13]. 
hBD-2 is one of the AMP molecules currently being reeval-
uated. Recent studies have reported that hBD-2 blocks the 
receptor-binding domain (RBD) of the S protein in in silico 
and cell cultures [14, 15]. However, the mechanism of this 
inhibition process is still unclear.

Recently, along with the COVID-19 pandemic, the over-
use of antibiotics and the spread of hospital infections have 
led to an increased interest in AMP molecules [16]. On the 
other hand, for AMPs to be used in clinical settings, they 
must be produced in large amounts. AMP extraction from 
natural sources is laborious and substantially affected by 
environmental conditions. Another method is to produce 
AMPs by chemical synthesis. However, chemical synthesis 
from long peptide sequences is not preferred due to the diffi-
culty of the method and its increased costs [17, 18]. Because 
of these disadvantages, recombinant approaches are cur-
rently preferred for the production of AMPs. Additionally, it 
is biotechnologically significant to ensure that recombinant 
proteins can be produced on a large scale, and their thera-
peutic properties are maintained [17, 18].

In this study, we aimed to produce hBD-2 recombinantly 
in Pichia pastoris X-33, demonstrate its activity, and exam-
ine whether it binds to the ACE-2 receptor under in vitro 
conditions. This way, we wanted to provide preliminary 
data on whether recombinantly produced hBD-2 can bind 
with ACE-2 and have a protective effect.

2 Materials and methods

2.1 Reagents, Plasmids and Pathogenic Bacterial 
Strains

pPICZαA and the P. pastoris X-33 strain were used for clon-
ing studies. Zeocin was purchased from InvivoGen (Tou-
louse, France). Restriction endonucleases were obtained 
from New England Biolabs (Ipswich, United States). A plas-
mid extraction, gel purification kit and SDS-PAGE marker 
was obtained from EcoTech Biotechnology (Erzurum, Tur-
key). For qRT-PCR, HOT FIREPol® EvaGreen® qPCR 
Supermix (Solis BioDyne, Estonia) was used. The Magne-
His™ Protein Purification System cat number V8500 was 
purchased from Promega Co. Ltd. (Madison, USA). ACE-2 
protein (cat no: AVI10544) was utilized, and a pull-down 
assay kit (Pierce™ His Protein Interaction Pull-Down Kit) 
was purchased from Thermo Scientific (Rockford, USA). 
The purity of other chemical reagents was of analytical 
grade. All primers that were used in the study are given in 
Table 1.

2.2 Construction Design, Cloning, and 
Transformation

The coding region of hBD-2 was excised from the FaDu cell 
line (HTB-43™) by the induction method with some modi-
fications [19] (Fig.S1). In this process, the FaDu cell line 
was incubated with 1% L-glutamine, 1% penicillin/strepto-
mycin, and 10% (/v) fetal calf serum in RPMI 1640 media. 
The flask was incubated at 37 °C with 5% CO2 in the incu-
bator. At the same time, Pseudomonas aeruginosa (ATCC 
10,145) was inoculated in LB broth medium at 37 °C and 
150 rpm. After the adhesion of the FaDu cell line, 1 ml cul-
ture filtrate of filter-sterilized P. aeruginosa was added to 
the cultures and incubated for 24 h. Thus, hBD-2 production 
was facilitated. The FaDu cell line not supplemented with 
P. aeruginosa culture filtrate was used as the control group. 
The levels of hBD-2 expression were also determined by 
qRT-PCR.

In the primer design process, the coding sequence for 
hBD-2 was incorporated with the EcoRI and XbaI restriction 
sites. The PCR product was ligated into pGEM T-easy vec-
tor and transformed into E. coli TOP10 cells. The pGEM-
hBD2 vector isolated from the transformants with the help 
of the plasmid isolation kit was sequenced using the SP6 and 
T7 universal primers, and the presence of hBD-2 was con-
firmed. After confirmation, the pGEM-hBD2 and pPICZαA 
vectors were digested with the EcoRI and XbaI restriction 
enzymes, and the purified DNA fragments from the gel were 
ligated together. The resulting plasmid (pPICZaA-hBD-2) 
was transformed into E. coli TOP10 cells cultivated at 37℃ 

Table 1 Primers used in this study. (The DNA sequence of hBD-2 with 
primer annealing sites were given underlined and restriction cutting 
site were bold)
Primers Sequences References
5’AOX 5´-GACTGGTTCCAATTGACAAGC-3´ Invitrogen
3’AOX 5´-GCAAATGGCATTCTGACATCC-3´ Invitrogen
hBD-2 F2 5’GGAATTCGGTATAGGCGATCCTGT-

TACCT3’
This 
Study

hBD-2 R1 5’GTCTAGATGGCTTTTTGCAG-
CATTTTG3’

This 
Study

GAPDH 
F

5’ AATGTTCGTTGTCGGTGTCA 3’ This 
Study

GAPDH 
R

5’ GTCTTTTGAGTGGCGGTCAT 3’ This 
Study
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in low-salt LB agar medium containing 25 µg/ml of zeocin. 
The selected transformants were confirmed by colony PCR. 
Lastly, the pPICZαA-hBD2 vector was linearized with SacI 
to transfer electrocompetent P. pastoris X-33 cells. The elec-
troporation (Biorad, Gene Pulser Xcell Electroporation Sys-
tems) conditions were 2000 V, 25 µF, and 200 Ω. DNA was 
isolated from the P. pastoris transformants using the phe-
nol/chloroform extraction methods previously described by 
Sambrook and Green (2018) [20]. The linearized pPICZαA 
vector was used as the negative control. Transformants were 
selected from genomic DNA by PCR using the 5’AOX and 
3’AOX primers. The construction diagram is presented in 
Fig.S2.

2.3 Expression and Purification of Recombinant 
Protein

The positive transformant was grown in 25 ml buffered 
glycerol complex medium (BMGY; 2% peptone, 1.4% yeast 
nitrogen base, 1% yeast extract, 1% glycerol, 0.00004% 
biotin, and 100 mM potassium phosphate buffer pH 6.0) in 
a 250-ml triple baffled flask at 30℃ and 150 rpm for 16 h. 
Then, the culture was centrifuged and washed with 5 ml 
of buffered methanol complex medium (BMMY; BMGY 
medium containing 0.5% v/v methanol instead of glycerol) 
to remove the remaining glycerol. To induce hBD-2 expres-
sion, the culture was started in 100 ml BMMY medium with 
an optical density (OD600 nm) of 1.0. Methanol induction 
was performed by forming three different groups containing 
1%, 2%, and 3% methanol. The methanol induction process 
was carried out every 24 h. One ml of the sample was col-
lected every day in all groups.

2.4 Antimicrobial Activity Assay

The P. aeruginosa (ATCC10145, PAO1), Klebsiella pneu-
moniae (clinical isolate oxa-48+), Acinetobacter baumannii 
(ATCC BAA-1605), Staphylococcus aureus (ATCC 43,300, 
ATCC 25,923), E. coli (ATCC 25,922), and Enterococcus 
faecalis (ATCC 29,212) strains were used to determine the 
antimicrobial activity of hBD-2.

Antimicrobial activity was evaluated using two different 
methods. In the first method, the collected culture filtrates 
were evaluated with the agar well diffusion method [21]. In 
this process, the pathogenic bacterial strains were seeded on 
Mueller Hinton agar by the spread plate method. The wells 
were drilled with a 6 mm cork borer, and culture filtrates 
were added to the wells. The specimens were incubated at 
37℃ for 24 h. At the end of the incubation time, zone for-
mations were examined. In the second method, the exami-
nation was made using a micro liquid-bacterial colony 
notation assay [22, 23]. Here, the overnight bacteria culture 

was adjusted to be an OD 600 of 1.0, and 2 µl of this sus-
pension was taken to a 96-well plate. Then, 100-µl recombi-
nant culture filtrates were added to a 96-well plate. BMMY 
medium was used as the negative control. This plate was 
incubated at 37 °C for 4 h. After incubation, 30 µl of the 
specimen was taken and spread on LB agar medium, fol-
lowed by incubation at 37 °C for 24 h [23]. A colony count 
was performed after incubation.

2.5 RNA Isolation and cDNA Synthesis

RNA isolation was performed in the group showing anti-
bacterial activity using the standard TRIzol-based method. 
Then, RNA concentration and purity were measured with 
the help of an Epoch Microplate Spectrophotometer (BioTek 
Instruments, Winooski, VT, USA), and the samples were 
stored at -80℃ until being used in experiments. To deter-
mine the levels of hBD-2 expression, 1 µg of RNA sample 
was converted to cDNA following the manufacturer’s kit 
protocol (Invitrogen, USA). The cDNAs formed as a result 
of the reaction were stored at -20 °C.

2.6 Real-Time PCR (qRT-PCR) Analysis

The resulting cDNAs were diluted at a ratio of 1:3. The 
qRT-PCR reaction was facilitated using the HOT FIREPol® 
EvaGreen® qPCR Supermix (Solis BioDyne, Estonia). The 
GAPDH gene was used as a reference control gene, and the 
experiments were performed in triplicates. The results were 
analyzed using the 2−(ΔΔCt) method. The significance of the 
results was evaluated with one-way analysis of variance 
(ANOVA) in the GraphPad (Prism 8.2) program.

2.7 Purification of hBD-2 and SDS-PAGE

hBD-2, which was secreted into the culture medium, was 
purified using the MagneHis™ Protein Purification System 
as described in the manufacturer’s instructions. Its concen-
tration was determined by the Bradford assay method. To 
confirm the purity of hBD-2, SDS-PAGE was performed 
according to Brunelle and Green (2014) with some modi-
fications [24]. The purified protein was loaded onto 15% 
polyacrylamide gels at a constant voltage (70 V) and identi-
fied by Coomassie blue staining. Images were taken using 
BioRad Gel Doc XR Imaging Systems with image lab 
software.

2.8 Western Blot Analysis

Equal amounts of protein samples separated in 15% SDS-
PAGE gel were transferred to a ClearBand Polyvinylidene 
Fluoride (PVDF) membrane in a western blot system. 
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3 Results

3.1 Construction of pPICZαA-hBD-2 Vector and 
Selection of Recombinant Clones

The hBD-2 peptide encoded by the Defb4 gene is secreted 
from epithelial cells to assist host defense. Its production is 
induced by pathogens, endotoxins, and cytokines [25]. We 
set up a system called induction to easily extract the mRNA 
of hBD-2 from FaDu cells. Therefore, the purpose of induc-
tion is to amplify hBD-2 more easily. This way, the coding 
sequence of hBD-2 was amplified from the FaDu cell line, 
a hypopharyngeal carcinoma cell line. As shown in Fig.S3a, 
a 3335-fold increase in the level of hBD-2 gene expression 
was recorded in the induction process with P. aeruginosa 
(ATCC10145) compared to the control.

After this, the resulting PCR product (Fig.S3b) was first 
ligated into the pGEM-T easy vector and subcloned into 
E. coli cells. After sequence validation, the target gene 
region was ligated into the pPICZαA vector. Eventually, the 
recombinant pPICZαA-hBD-2 was confirmed by Sanger 
sequencing.

After the confirmation of the construct, pPICZαA-hBD-2 
was linearized with SacI and transformed into the electro-
competent P. pastoris X-33 by electroporation. The recom-
binant clones were screened in zeocin-containing YPDS 
medium. A total of eleven clones were selected. Their 
genomic DNA was amplified by PCR using the 5’AOX and 
3’AOX primers. The pPICZαA vector was used as the nega-
tive control.

3.2 Expression of Recombinant hBD-2 and 
Optimization of Its Production

In this study, we performed the production process by meth-
anol induction. It is reported that the methanol ratio used in 
the induction process varies according to the protein [26, 
27]. Therefore, the rate of methanol added in the induction 
process can have a positive or negative effect on production. 
Since the addition of methanol in excess will have a toxic 
effect on recombinant P. pastoris, different rates have been 
tested to determine the optimum methanol ratio for produc-
tion. Therefore, in this study, methanol concentrations of 
1–3% were used in the methanol induction process. Firstly, 
the selected recombinant colonies grown in the BMMY 
medium were induced every 24 h in different groups con-
taining 1%, 2%, and 3% methanol. The methanol concen-
tration at which recombinant hBD-2 was determined was 
2%. When we used the other methanol ratios, we could not 
observe the active production of hBD-2.

qRT-PCR and western blotting experiments were per-
formed to confirm production on the mRNA and protein 

Afterwards, they were washed with 1X TBST. The mem-
brane was blocked using a blocking buffer for 1 h at room 
temperature. The primary antibody was diluted with the 
blocking buffer according to the dilution factor recom-
mended in the manufacturer’s protocol. His tag primary 
antibody diluted enough to remove the blocking buffer and 
cover the membrane was added. The membrane was incu-
bated with the primary antibody for 1 day at 4℃. The mem-
brane was then washed three times for 15 min with 1xTBST 
to remove the primary antibody. The HRP-conjugated sec-
ondary antibody was diluted with the blocking buffer. The 
membrane was incubated with the secondary antibody for 
1 h at room temperature, and it was then washed 3 times for 
15 min with 1xTBST. Equal amounts of solution 1 and 2 
substrate mixtures were used for chemiluminescent irradia-
tion. The membrane was placed on a flat surface, and 1 ml 
of the substrate mixture for the membrane was distributed 
over it. After 3 min, the membrane was placed inside the 
Gel Doc XR Imaging Systems (BioRad), and the images 
were taken.

2.9 In silico Analysis

First, the amino acid sequences of human ACE-2 and 
hBD-2 proteins were accessed from the UniProt database 
(https://www.uniprot.org/). The InterEvDock2 software 
(https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.
py#data::overview) was used to predict the binding patterns 
of the two sequences. The interaction was facilitated using 
the FRODOCK-Interactive protein-protein docking (https://
frodock.iqfr.csic.es/) software. The structure was analyzed 
in the PyMOL program.

2.10 Pull Down Assay

The interaction assay was performed using the Pierce™ His 
Protein Interaction Pull-Down Kit according to the manu-
facturer’s recommendations. In the process, the purified 
hBD-2 protein was bound to the pull-down column system. 
To prevent unwanted binding on the column, washes were 
performed with a wash buffer (TBS: 25 mM Tris-Cl; 0.15 M 
NaCl; pH 7.2), and the wash solutions (bait flow) were col-
lected. Then, 50 µg of ACE-2 protein was added, washed 
on this column for 2 h with 800 µl of an equilibration buffer 
(Lysis:TBS: Imidazole; 4 ml lysis buffer: 4 ml TBS:20 µl 
4 M Imidazole), and incubated for 2 h at 4℃ by stirring. At 
the end of the process, this column was washed to remove 
unwanted binding. Each wash was carried out for 10 min 
by stirring. When the washes were completed, the samples 
were collected with 250 µl of elution buffer (500 mM imid-
azole). SDS-PAGE was performed with the samples, and 
the interaction was observed.

1 3

402

https://www.uniprot.org/
https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#data::overview
https://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#data::overview
https://frodock.iqfr.csic.es/
https://frodock.iqfr.csic.es/


Expression of Human β-defensin 2 (hBD-2) in Pichia Pastoris and Investigation of Its Binding Efficiency with…

recombinantly produced by P. pastoris was pulled down by 
ACE-2 (Fig. 1c.)

4 Discussion

AMPs are a part of the immune system in multicellular 
organisms while helping unicellular organisms compete for 
nutrients against other organisms that share their biological 
niche. They are also the first line of defense against infec-
tious agents. Since AMPs are very important in antibiotic 
resistance and antiviral treatments, their recombinant pro-
duction is required.

The high chemical synthesis cost of AMPs dramatically 
limits their application in human diseases. Chemical syn-
thesis costs more than $100 for 1 mg of product [28]. The 
recombinant production of AMPs has been attempted in dif-
ferent hosts over the recent years. In this regard, the syn-
thesis of long-chain AMPs can be realized at a lower cost. 
E. coli, Bacillus subtilis, Saccharomyces cerevisiae, and P. 
pastoris have been broadly used to generate recombinant 
AMPs. Among these, P. pastoris is significant in that it can 
provide convenient production for post-translational modi-
fication such as folding, disulfide bond formation, and gly-
cosylation. Additionally, high-density cell growth, the high 
efficiency of secreted proteins, and lesser amounts of immu-
nogenic glycans are among the advantages of the P. pastoris 
expression system [29]. In particular, P. pastoris is preferred 
in the recombinant production of proteins of human origin, 
and P. pastoris has been successfully used for the produc-
tion of more than 500 biopharmaceutical products [30]. The 
production of many AMP molecules has been carried out in 
the yeast P. pastoris as the host [31–33].

hBD-2 is drawing attention as an alternative therapeu-
tic molecule for both antibiotic resistance and viral infec-
tions [34, 35]. Currently, the production pathway of hBD-2 
involves chemical synthesis and heterologous expression. 
However, the chemical synthesis of hBD-2 is very costly, 
and its recombinant production involves processes that need 
to be optimized [36]. In this study, we produced hBD-2 
using the yeast P. pastoris X-33 as the host. We confirmed 
its activity against pathogenic bacterial strains (Fig.S5-7).

We used the inducible promoter in the pPICZαA vector. 
Although the use of constitutive promoters provides advan-
tages in the production of recombinant proteins, it is not 
preferred in the production of antimicrobial proteins [37]. 
Antimicrobial proteins can be toxic to the host cell due to 
their functional properties. Therefore, inducible promoters 
are more efficient in AMP production.

In previous studies, it has been reported that hBD-2 can 
be produced by prokaryotic and eukaryotic expression sys-
tems. Fang et al. (2005) [38] reported the expression of 

levels, respectively. Here, in the examination performed 
with qRT-PCR, it was determined that the mRNA level was 
the highest at the 72nd hour as shown in Fig.S4a. hBD-2 
was detected by western blotting using His-tag antibodies, 
and it was successfully imaged up to about 7 kDa at the 
96th hour, as shown in Fig.S4b. Additionally, we obtained 
approximately 200 µg of protein from 100 ml of culture.

3.3 Antibacterial Activity of hBD-2

In the agar diffusion test, the culture filtrate taken at the 
96th hour caused zone formation (Fig.S5). The best results 
were obtained against P. aeruginosa, A. baumannii, and K. 
pneumoniae strains with 2% methanol induction. Using 
this assay, we could roughly remark that the recombinant 
hBD-2 in the culture filtrate was active and had antimicro-
bial activity. Additionally, both the culture supernatant and 
the purified recombinant protein showed antibacterial activ-
ity against E. coli, P. aeruginosa, S. aureus, K. pneumoniae, 
A. baumannii, and E. faecalis, as shown in Fig.S6.

The same conditions were used in the micro liquid-bac-
terial colony notation assay, which evaluated the activity of 
the recombinant hBD-2 protein to inhibit the growth of S. 
aureus and P. aeruginosa as shown in Fig.S7. In this test, the 
examination of surviving colonies of bacteria after hBD-2 
exposure was performed. Consequently, it was observed 
that the culture filtrates at the 96th hour of induction with 
2% methanol against pathogenic bacteria significantly 
reduced the number of colonies. This way, recombinant 
hBD-2 was shown to inhibit both Gram-positive and Gram-
negative bacteria.

3.4 Interaction hBD-2 and ACE-2 Proteins

In the in silico analysis, the human ACE-2 (Q9BYF1) and 
hBD-2 (O15263) amino acid sequences were obtained from 
the UniProt database. Then, the interaction was analyzed 
for binding patterns with the InterEvDock2 and Frodock2 
software. According to the analysis results, it was bioin-
formatically estimated that tyrosine, lysine, glutamine, and 
isoleucine, which are respectively the 24th, 25th, 26th, and 
27th amino acids of the hBD-2 protein and cysteine, which 
is the 15th amino acid of the hBD-2 protein, interacted with 
asparagine and tyrosine as respectively the 51st and 52nd 
amino acids of the ACE-2 receptor, methionine and aspara-
gine as respectively the 62nd and 63rd amino acids of this 
receptor, and serine as the 47th amino acid of this receptor 
(Fig. 1a). The results of the analyses with the InterEvDock2 
software also supported the results presented in Fig. 1b.

In the pull-down assay, hBD-2 that was recombinantly 
produced form P. pastoris as a bait and human ACE-2 
protein as a target were used. We found that the hBD-2 
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and E. coli as hosts, as far as we know, we report here for the 
first time the recombinant production and activity of hBD-2 
using a wild-type P. pastoris strain. Here, we recombinantly 
produced hBD-2 using P. pastoris X-33 as a host. In gen-
eral, the hBD-2 we produced can be used for therapeutic 
purposes, and its effectiveness can be evaluated with dif-
ferent experimental studies. Although the in vivo activity 
of the material was not evaluated in this study, the in vitro 
antibacterial activity of hBD-2 was investigated. Thus, we 
confirmed that hBD-2 is actively and recombinantly pro-
duced in P. pastoris X-33. Conclusively, it is evident that P. 
pastoris is an ideal host for the active production of hBD-2, 
and this system may be used for the further scale-up produc-
tion of AMPs.

The innate immune system plays an important role in 
protecting the organism against pathogens as well as initiat-
ing inflammatory responses. Since AMP molecules are also 
produced by the immune system, they form an important 
component of immunity. AMPs induce numerous immu-
nomodulatory properties by inducing cytokine production, 
chemoattraction, and immune cell differentiation. This way, 
they bridge innate immunity to adaptive immunity [44].

Nowadays, infectious diseases are spreading rapidly. As a 
matter of fact, this has been clearly seen with the COVID-19 

hBD-2 in E. coli as a fusion protein. Peng et al. (2004) [39] 
utilized a different design for the production of hBD-2 in E. 
coli [27]. In their study, the hBD-2 gene was cloned into the 
pET-32a(+) vector by performing codon optimization. They 
also optimized the production temperature, IPTG concen-
tration, and medium content. Xu et al. (2006) [40] produced 
hBD-2 in multiple copies in E. coli. Another approach to 
the recombinant production of hBD-2 was introduced in 
2007 by Aerts et al. [32, 41]. In their study, Arabidopsis 
thaliana was used as the host organism. Møller et al. (2017) 
[42] carried out the production of hBD-2 with the MET17 
promoter in S. cerevisiae [30]. Corrales-García et al. (2020) 
[36] facilitated the expression of hBD-2 in E. coli using a 
factorial experimental design. They investigated the effect 
of cell density, temperature, length of induction, and inducer 
concentration. Consequently, the best expression condition 
in E. coli was determined.

In a recently published study examining the anti-cancer 
properties of hBD-2, it was stated that hBD-2 was produced 
in the P. pastoris GS115 yeast strain [43]. However, in 
the aforementioned study, information about antibacterial 
activity, production efficiency, and protein amount was not 
provided. Although some researchers have produced recom-
binant hBD-2 production using S. cerevisiae, P. pastoris, 

Fig. 1 a.In silico analysis of hBD-2 and ACE-2 protein interactions. 
The interface between the ACE-2 and hBD-2. b. 3-D interaction 
InterEvDock 2.0 image c. SDS-PAGE analysis of pull down assay 
using recombinant hBD-2 produced from P. pastoris X-33 as the bait 

and ACE-2 protein as the targets. Protein bands were visualized by 
staining with Coomassie Blue. The image was taken with the Gel Doc 
XR Imaging Systems
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very recently published study, the hBD-2 protein interacts 
with the S protein and is among the AMPs that are effective 
against COVID-19 [51]. Its interaction with the S protein is 
suggested to occur through its binding to the ACE-2 binding 
site. The reason for the difference between these two studies 
may be due to the production of the hBD-2 protein by chem-
ical synthesis and its different isoforms from recombinant 
production using the E. coli host [51]. These studies include 
what the host is in recombinant production or whether the 
synthesis is performed by a chemical method, since these 
parameters change the properties of the protein that is pro-
duced, and this is a situation that must be taken into con-
sideration. In our study, the interaction between hBD-2 and 
ACE-2 was investigated by both in silico and in vitro analy-
ses. Therefore, ACE-2-hBD-2 binding in our study may also 
have resulted from our recombinant production of hBD-2 in 
P. pastoris. This is because post-translational modifications 
during recombinant production are significant and may vary 
depending on the recombinant production host.

According to our results, it appears that the hBD-2 pro-
tein produced in P. pastoris made post-translational modifi-
cations to interact with the ACE-2 receptor. Here, we may 
state that hBD-2 produced recombinantly in P. pastoris 
interacts with and binds to ACE-2. However, our findings 
need to be supported by cell culture studies, toxicity analy-
ses, and in vivo experiments.

In conclusion, the results we obtained in our study 
showed that hBD-2 could be produced recombinantly in 
P. pastoris, and it had functional activity. Additionally, this 
protein showed a tendency to bind with the ACE-2 receptor 
protein under both in silico and in vitro conditions.
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pandemic, which has affected the whole world [16]. Since 
the SARS-CoV-2 virus started to spread, scientists have 
started to carry out several studies to prevent and treat the 
disease, and there are still many studies being carried out. 
In this context, in addition to vaccine studies, the reuse of 
existing drugs and the screening of possible new drug mol-
ecules with in silico approaches are being carried out [16, 
45]. [12, 32]. Drugs such as remdesivir, ivermectin, nelfina-
vir, cepharanthine, hydroxychloroquine, and dexametha-
sone used for different diseases have been used in clinical 
trials against SARS-CoV-2[16].

The human ACE-2 receptor is expressed in alveolar 
epithelial cells. It has many physiological functions in the 
lungs, gut, kidneys, and brain. ACE-2 has a potential role 
in treating hypertension and cardiac dysfunction [46]. Fur-
thermore, ACE-2 is vital in innate immunity and for AMP 
production in the intestines. In COVID-19, ACE-2 is known 
as a gate through which the virus enters the cell. Therefore, 
blocking the ACE-2 receptor is an important strategy against 
the SARS-CoV-2 virus. Another strategy is to inhibit the S 
protein that interacts with the ACE-2 receptor. AMP mol-
ecules interacting with the S protein also have the potential 
to be used as an antiviral agent against COVID-19.

As a matter of fact, we see one of the examples of this in 
a study against COVID-19. Human alpha defensin 5 (HD-
5), which is a type of enteric defensin, is essential to intes-
tinal immunity. In this study, it was shown that HD-5 binds 
to the ACE-2 receptor with high affinity. Additionally, HD-5 
was reported to reduce the SARS-CoV-2/ACE-2 interaction 
[47]. Furthermore, it is suggested that COVID-19 is more 
severe in cases where the HD-5 protein is underproduced 
and in people with intestinal diseases [47]. Liscano et al. 
[48] investigated 15 AMP molecules with antiviral prop-
erties and their interactions with ACE-2 and the S protein 
under in silico conditions. They suggested that 2 AMP mol-
ecules, Caerin 1.6 and Caerin 1.10, may have potential anti-
viral properties against COVID-19 through their interaction 
with the S protein.

On the other hand, the expression of hBD-2 is inducible 
in response to various infectious agents. The hBD-2 expres-
sion in leukocytes shows that it is significant for the adap-
tive immune system. Idris et al. (2020) [49]. showed that the 
expression levels of defensin genes were down-regulated 
in patients with COVID-19. For instance, many defensin 
genes, such as DEFB4A, 107B, 106B, 4B, and 103 A, are 
down-regulated in COVID-19 patients. Additionally, copy 
number variations of defensins also affect the immune sys-
tem and infections. Moreover, the expression of defensin 
genes, including hBD-2, is decreased in individuals with 
weakened immune systems [49].

Xu et al. reported that there was no interaction between 
hBD-2 and the S protein [50]. However, according to a 
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