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Abstract 

The growing emergence of microorganisms resistant to antibiotics has prompted the development of alternative 
antimicrobial therapies. Among them, the antimicrobial peptides produced by innate immunity, which are also 
known as host defense peptides (HDPs), hold great potential. They have been shown to exert activity against both 
Gram-positive and Gram-negative bacteria, including those resistant to antibiotics. These HDPs are classified into 
three categories: defensins, cathelicidins, and histatins. Traditionally, HDPs have been chemically synthesized, but this 
strategy often limits their application due to the high associated production costs. Alternatively, some HDPs have 
been recombinantly produced, but little is known about the impact of the bacterial strain in the recombinant prod‑
uct. This work aimed to assess the influence of the Escherichia coli strain used as cell factory to determine the activity 
and stability of recombinant defensins, which have 3 disulfide bonds. For that, an α-defensin [human α-defensin 5 
(HD5)] and a β-defensin [bovine lingual antimicrobial peptide (LAP)] were produced in two recombinant back‑
grounds. The first one was an E. coli BL21 strain, which has a reducing cytoplasm, whereas the second was an E. coli 
Origami B, that is a strain with a more oxidizing cytoplasm. The results showed that both HD5 and LAP, fused to Green 
Fluorescent Protein (GFP), were successfully produced in both BL21 and Origami B strains. However, differences were 
observed in the HDP production yield and bactericidal activity, especially for the HD5-based protein. The HD5 protein 
fused to GFP was not only produced at higher yields in the E. coli BL21 strain, but it also showed a higher quality and 
stability than that produced in the Origami B strain. Hence, this data showed that the strain had a clear impact on 
both HDPs quantity and quality.
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Background
Infections caused by antimicrobial resistant (AMR) bac-
teria are continuously growing, whereas available drugs 
for their treatment are limited and, in some cases, non-
existent [1, 2]. The current situation has led the World 
Health Organization (WHO) to declare AMR as one of 

the top 10 global public health threats facing humanity 
[3]. To tackle this global challenge affecting both human 
and animal health, research efforts are directed to the 
generation of alternative antimicrobial therapies includ-
ing phage therapy [4], lysins [5], probiotics [6], antibod-
ies [7], and antimicrobial proteins [8]. Among them, 
host defense peptides (HDPs) outstand for their broad-
spectrum bactericidal activity [9, 10]. HDPs are short, 
cationic peptides, which are naturally produced by the 
innate immunity of organisms of all life forms, being key 
molecules for the prevention and overcoming infections 
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[11–13]. Besides, their fast and multiple mechanisms of 
action hamper the development of resistances [14–17].

The different HDPs have been classified into three 
groups: defensins, cathelicidins, and histatins [18, 19]. 
Defensins are one of the most remarkable groups, widely 
distributed in animals and plants. Whereas invertebrate 
and plant defensins contain a common structure com-
prising an α-helix linked to a β-sheet by two disulfide 
bridges (CSαβ-motif ) [20], mammalian defensins are 
characterized by an antiparallel β-sheet structure, stabi-
lized by three disulfide bonds [13]. In addition, mamma-
lian defensins are divided into α- and β-defensins, which 
mainly differ in length, location, and connectivity of their 
three pairs of intramolecular disulfide bonds, as well as in 
their unique consensus sequences [21]. The α-defensins, 
which are mainly produced by neutrophils and Paneth 
cells in the small intestine, are 29–35 residues long, con-
taining six cysteines which are linked as follows: C1–C6, 
C2–C4, and C3–C5 [22–26]. In contrast, β-defensins 
produced by epithelial cells are 38–42 residues long with 
C1–C5, C2–C4, C3–C6 pairs forming disulfide bonds 
[24–27]. The conserved cysteines of defensins have led 
to the conclusion that correct disulfide bond formation 
could be critical for biological activity, structuration, and 
stability of these peptides [28].

Most studies done with defensins have used synthetic 
forms of these peptides. However, some of them have 
also been recombinantly produced [29–32]. Unlike 
chemical synthesis, the recombinant production of pep-
tides is an efficient and fully scalable process with no 
limits in peptide length [33–36]. Generally, when using 
the recombinant production strategy, defensins (and 
in general HDPs) are fused to carrier proteins to avoid 
proteolysis [37] and minimize the toxicity of these short 
peptides [38–40]. Some examples of fusion carriers are 
thioredoxin, glutathione S-transferase (GST), small ubiq-
uitin-related modifier (SUMO) and Green Fluorescent 
Protein (GFP). Although different production strategies 
have been explored to optimize defensins production, lit-
tle is known about the disulfide bond formation of HDPs 
under recombinant conditions. This is particularly rel-
evant in bacterial hosts and more specifically in Escheri-
chia coli (E. coli) because it has a reducing cytoplasmic 
environment maintained by the glutaredoxin and thiore-
doxin pathways, that hampers disulfide bond formation 
[41, 42]. Commercial E. coli strains such as Origami 
(Novagen), in which the thioredoxin reductase (trxB) and 
glutathione reductase (gor) genes are deleted have been 
used to produce defensins in a more oxidizing environ-
ment. For example, Wang and coworkers have compared 
the production of human α-defensin 6 (HD6) in E. coli 
BL21 and Origami strains, determining that higher pro-
duction yields are reached when using Origami [43]. 

Other authors have proven that defensins produced in 
E. coli Origami are active against different pathogenic 
strains [44, 45]. However, the comparison of the quality 
(activity) of defensins produced in these two strains has 
not yet been evaluated. Thus, in this study, we have deter-
mined the production yields and activity of an α-defensin 
and a β-defensin recombinantly produced in both oxidiz-
ing and reducing E. coli cytoplasm. For that, we have used 
both the soluble form and aggregated protein forming 
inclusion bodies (IBs) of the human α-defensin 5 (HD5) 
and β-defensin lingual antimicrobial peptide (LAP). IBs 
are mechanically stable protein-based nanoparticles 
formed during recombinant protein production pro-
cesses [46]. These aggregates have already been shown to 
be a low-cost drug delivery system for different applica-
tions, including biocatalysis [47, 48] or biomedicine, such 
as antimicrobial therapy [49].

Results
Two different defensins, HD5 and LAP were selected 
to perform this study (Table  1). Both HDPs, which are 
peptides with hydrophobic regions as well as positively 
charged amino acids, were fused to GFP as protein 
carrier.

Both HD5-GFP-H6 and LAP-GFP-H6 defensins were 
successfully produced in E. coli BL21 and Origami B 
strains, although the production profile was different 
depending on the HDP and the strain used (Fig.  1). In 
both cases, the proteins were produced in soluble (Fig. 1 
top) and insoluble (Fig. 1 bottom) forms, but the aggrega-
tion ratio was higher for HD5-GFP-H6 than LAP-GFP-
H6, especially when using the Origami B strain (Fig. 1B). 
Soluble LAP-GFP-H6 had similar levels of production 
in both BL21 and Origami B strains, being in both cases 
time- dependent (p < 0.0001) (Fig. 1 top). In contrast, the 
production kinetics of HD5-GFP-H6 showed that the 
soluble form is produced at higher levels in BL21 than in 
the Origami B strain (Fig. 1 top; p = 0.040). However, the 
aggregated form of both LAP-GFP-H6 and HD5-GFP-H6 
showed no differences between strains at the any produc-
tion time (Fig. 1 bottom).

Taking 3 h as production time, the two defensins were 
produced and purified in their soluble form, and the 
antimicrobial activity was tested against two bacterial 
pathogens (Fig.  2). Both defensins at 5  μM significantly 
reduced methicillin-resistant Staphylococcus aureus 
-MRSA- and Pseudomonas aeruginosa survival (Fig.  2), 
decreasing bacterial survival up to 99% in both organ-
isms. By contrast, GFP alone did not show any antimi-
crobial activity (Additional file  1: Fig. S1). Comparing 
the activity of the proteins produced in a reducing envi-
ronment (BL21 strain) and under more oxidizing condi-
tions (Origami B strain), no differences were observed for 
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Table 1  LAP (V25-K64) and HD5 (A63-R94) sequences with the disulfide cysteine pairing

The proportion of hydrophobic residues, peptide M.W, net charge and pI are also shown

HD5 human defensin 5, LAP lingual antimicrobial peptide, M.W molecular weight, pI Isoelectric point
a The number of hydrophobic residues include amino acids with aliphatic side chains
b pI was theoretically calculated according to Expasy ProtParam tool

Fig. 1  A Production kinetics and distribution of soluble (top) and IBs (bottom) of LAP-GFP-H6 and HD5-GFP-H6 proteins in mg/L at 1, 3, and 5 h in 
E. coli BL21 (dark grey) and Origami B (light grey) strains. The ratio of aggregation (at 3 h) for each HDP and strain is indicated in Table (B)
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LAP-GFP-H6 (Fig. 2). However, HD5-GFP-H6 produced 
in BL21 showed a higher bactericidal effect against both 
MRSA and P. aeruginosa (Fig. 2 top) than that produced 
in an Origami B strain.

To analyze the protein quality of the insoluble protein 
fraction of LAP-GFP-H6 and HD5-GFP-H6, bacterial IBs 
produced in both BL21 and Origami B strains, were puri-
fied, and their activity was tested. The results shown in 
Fig.  2 (bottom) proved that defensin-based IBs showed 
values of antimicrobial activity to levels that are compa-
rable with the soluble fraction (Fig. 2 top). As observed 
with the soluble form, LAP-GFP-H6 had the same activ-
ity against MRSA regardless of the producer strain, 
whereas HD5-GFP-H6 IBs showed higher bactericidal 
activity when it was produced in a reducing environment 
(BL21 strain) (Fig. 2 bottom).

The analysis of free cysteines in LAP-GFP-H6 and 
HD5-GFP-H6 produced in E. coli BL21 and Origami B 
strains revealed some differences (Fig.  3). Surprisingly, 
both soluble and insoluble (IBs) HD5-GFP-H6 had more 
free cysteines when using Origami as producer strain in 
spite of their apparent oxidizing environment than with 

BL21 strain (Fig. 3). In the case of LAP-GFP-H6, no dif-
ferences were observed between the protein produced in 
both strains and forms.

In terms of protein stability, the analysis of the soluble 
LAP-GFP-H6 and HD5-GFP-H6 at 37 °C showed that the 
producer strain had an impact on protein stability of the 
α-defensin, while LAP-GFP-H6 was not affected (Fig. 4).

Harnessing the presence of GFP as a carrier fused to 
the defensins, we evaluated the potential correlation 
between fluorescence (Fig.  5) and antimicrobial activity 
of both soluble (Fig. 2 top) and insoluble (Fig. 2 bottom) 
of the HDPs used. However, the linear correlation values 
(R2) were in all cases lower than 0.22, which indicates a 
lack of interrelation between both parameters.

Discussion
The bactericidal capacity of defensins, and in general of 
HDPs, has aroused the interest of the scientific commu-
nity for these short peptides [13, 50]. They are part of the 
innate immunity and they have shown broad-spectrum 
activity against Gram-positive and Gram-negative bac-
teria, including MDR microorganisms, making them 

Fig. 2  Bacterial survival of MRSA and P. aeruginosa in the presence of 5 μM of soluble LAP-GFP-H6 and HD5-GFP-H6 (top) and insoluble (IBs) 
LAP-GFP-H6 and HD5-GFP-H6 (bottom) produced in E. coli BL21 (dark grey) and Origami B (light grey). Different letters depict statistical differences 
between proteins and producer strain (MRSA soluble) p = 0.0024; (P. aeruginosa soluble) p < 0.0001; (MRSA IBs) p = 0.0108; (P. aeruginosa IBs) 
p = 0.094
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a promising alternative to antibiotic therapy [51, 52]. 
Structurally, HDPs have 6 cysteines that form 3 con-
served disulfide bonds. In humans, among the group of 
α-defensins, there are two that are produced by epithe-
lial intestinal Paneth cells (HD5 and HD6), being HD5 
the most abundant enteric HDPs. These α-defensins 
are important as host defense against pathogens, but 
also maintaining intestinal homeostasis. In the group of 
β-defensins, LAP was one of the first described and it is 

expressed in tongue, mammary gland, intestine and res-
piratory tract [53]. Both α and β-defensins are cationic 
and amphiphilic peptides with a net positive charge, 
hydrophobicity and amphiphilic nature which allows 
them to interact with negatively charged bacterial cell 
surfaces [54]. After this interaction, HDPs have two 
mechanisms of action: physical disruption of bacterial 
cell surface and action on internal targets [54].

Different articles, in which chemically synthesized pep-
tides have been used, reported contradictory information 
regarding the importance of disulfide bond formation in 
HDP bactericidal activity [55–60].

In terms of recombinant protein production, little is 
known about the impact of the producer strain in the 
HDPs antimicrobial activity. Classical E. coli strains, such 
as BL21 used as recombinant cell factory, have a reduc-
ing cytoplasm, while the mutant strain E. coli Origami 
has an oxidizing intracellular environment which should 
favor disulfide bond formation [42]. To explore the 
importance of cytoplasmic environment of E. coli strains 
in HDP recombinant production, we have here studied 
the production and activity of two HDPs (an α- and a 
β-defensins) in two different cytoplasmic environments. 
The results proved that both production yields and pro-
tein activity are not only determined by the bacterial 
strain used, but also by the tested peptide (Figs. 1 and 2). 
Whereas the β-defensin LAP fused to GFP was efficiently 
produced (Fig.  1A) and showed comparable activities 
when using both BL21 and Origami B strains (Fig.  2), 
HD5-GFP-H6 showed significant differences when pro-
duced in the two different bacterial backgrounds (Figs. 1 
and 2). The soluble form of the HD5-GFP-H6 showed 
a decrease in the production yields (Fig.  1) and also a 
lower bactericidal activity when using an E. coli strain 
with an oxidizing environment (Origami B) (Fig. 2 top). 

Fig. 3  Analysis of free-cysteines in soluble (A) and insoluble (IBs) (B) LAP-GFP-H6 and HD5-GFP-H6 produced in E. coli BL21 (dark grey) and Origami 
B (light grey). Different letters depict statistical differences between proteins and strains A p = 0.0008, B p = 0.0345

Fig. 4  Antimicrobial activity of soluble LAP-GFP-H6 and HD5-GFP-H6 
against P. aeruginosa at 5 μM after a 0, 5, 24, 48, 72 h and 1-week 
incubation at 37 °C. Dark grey bars represent the HDPs produced in 
E. coli BL21 and light grey bars represent proteins from E. coli Origami 
B strain. Different letters indicate significant statistical differences 
between proteins and producer strains. p < 0.0001. W week
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The greater activity of the soluble α-defensin produced in 
the BL21 strain against both Gram-positive and Gram-
negative microorganisms indicated that, contrary to 
expectations, this strain produced a protein with better 
conformational quality than that produced by Origami B 
strain (Fig. 2 top B). Interestingly, the soluble HD5-GFP-
H6 produced in BL21(DE3) is also more active than the 
synthetic HDP (Additional file 1: Fig. S2).

The difference observed in activity for HD5-GFP-H6 
in the two cytoplasmic environments is in agreement 
with the free cysteine profile observed in Fig. 3A. When 
comparing the HD5-GFP-H6 produced in E. coli BL21 
and Origami B strains, the number of free cysteines is 
higher in the second case (Fig. 3A). This correlates with 
the resulting lower antimicrobial activity against the two 
pathogenic microorganisms tested (Fig. 2) and the dimin-
ished stability (Fig. 4). Therefore, this data supports pre-
vious works describing the importance of disulfide bonds 
on α-defensins stability. Tanabe et al. and Maemoto et al. 
reported that the disruption of disulfide bonds of HD5 
and mouse α-defensin cryptdin-4, increased peptide pro-
pensity to be proteolyzed and, in consequence, the activ-
ity of these peptide variants decreased [56–58]. Thus, 
this shows that disulfide bonds have an important role 
in protein stabilization. The protein stability analysis also 
showed that all the HDPs with low free-cysteines pro-
duced are highly stable, keeping the bactericidal activity 
for at least 1 week at 37 °C (Fig. 4). This data is highly rel-
evant in terms of applicability and storage of these bacte-
ricidal peptides.

In the same line, when the protein aggregates (IBs) 
were analyzed, we could observe that even though 
in all the cases IBs were formed (Fig.  1), the activity of 
HD5-GFP-H6 IBs was again significantly higher when 

produced in BL21 strain (Fig. 2 bottom). Moreover, both 
soluble (Fig. 2 top) and insoluble proteins (Fig. 2 bottom) 
have the same behavior in terms of protein activity. This 
is in line with a previous publication describing that pro-
tein conformational quality of both soluble and insolu-
ble (IB) fractions takes place in parallel Thus, the factors 
affecting the conformational protein quality of the solu-
ble form also affect the IBs [59].

Besides, this study has also proven that GFP is a good 
carrier protein for the production of HDPs, as other 
proteins such as thioredoxin, glutathione S-transferase 
(GST), small ubiquitin-related modifier (SUMO), or 
PurF fragment [60]. Indeed, GFP did not just protect the 
resultant HDP-based proteins from proteolytic degrada-
tion, but also simplifies protein tracking during the whole 
production and purification process. However, the results 
shown in Fig.  5 indicated that this fluorescent protein 
cannot be used as antimicrobial activity reporter, since 
the differences observed in bactericidal activity (Fig.  2) 
did not correlate with differences in fluorescence emis-
sion (Fig. 5).

Conclusions
This study proved that the strain used for the production 
of HDP-based proteins had an impact on both the pro-
duction yields and protein quality, being the E. coli BL21 
strain an optimal background for the recombinant pro-
duction of HDPs.

Methods
Bacterial strains and medium
Escherichia coli BL21 (DE3) and Origami B (DE3) (TetR, 
KanR) strains were used for heterologous protein expres-
sion. For the antibacterial assay, the strains used were P. 

Fig. 5  Specific GFP fluorescence (relative fluorescence units per ng of peptide) of soluble (A) and inclusion bodies (B) LAP-GFP-H6 and HD5-GFP-H6 
produced in E. coli BL21 (dark grey) and Origami B (light grey). Different letters indicate statistical differences between proteins and strains A 
(p < 0.0001) B (p < 0.0001)
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aeruginosa (ATCC-10145) and methicillin-resistant S. 
aureus (MRSA. ATCC-33592). E. coli strains were grown 
in Luria–Bertani (LB) medium, whereas P. aeruginosa 
and S. aureus were grown in Brain–Heart Infusion (BHI) 
broth (Scharlau, Barcelona, Spain).

Genetic construct design
Constructs consisting in the mature form of bovine lin-
gual antimicrobial peptide (LAP; Uniprot entry Q28880, 
V25-K64) or human defensin 5 (HD5, Uniprot entry 
Q01523, A63-R94) were fused to green fluorescent pro-
tein (GFP) [61] using a linker sequence (SGGGSGGS) 
and named LAP-GFP and HD5-GFP, respectively. Each 
construct was C-terminally fused to a 6-histidine tag for 
purification and quantification purposes. LAP-GFP-H6 
and HD5-GFP-H6 were codon-optimized (GeneArt®, 
Lifetechnologies, Regensburg, Germany) and cloned in 
pET22b (AmpR) (Novagene, Darmstadt, Germany) vec-
tor. pET22b vector has a T7 promoter. The plasmid with 
each construct (LAP-GFP-H6 HD5-GFP-H6) was trans-
formed into competent E. coli BL21 (DE3) and Origami 
B (DE3). DE3 indicates that the host is a λDE3 lyogen, 
which carries a copy of T7 RNA polymerase gene under 
the control of lacUV promoter, which is induced by the 
presence of isopropyl-β-d-thiogalactoside (IPTG). The 
production of T7 RNA polymerase induce the synthe-
sis of the protein encoded in pET22b vector with a T7 
promoter.

The GFP fused to a 6 His-tag (GFP-H6) previously 
developed [61] was used as a control.

Kinetics of soluble protein and inclusion body production
Escherichia coli BL21/pET22b cultures (0.5 L) with each 
antimicrobial fusion (LAP-GFP-H6, and HD5-GFP-H6) 
were grown overnight (O/N) in shake flasks at 37  °C 
and 250 rpm in LB broth with ampicillin at 100 μg/mL. 
Escherichia coli Origami B/pET22b with each antimicro-
bial fusion (LAP-GFP-H6 and HD5-GFP-H6) were grown 
at the same conditions with ampicillin, kanamycin, and 
tetracycline at 100, 25, and 12.5 μg/mL, respectively. The 
O/N were used as inoculum in fresh LB medium, start-
ing at OD600 = 0.05. Recombinant protein expression 
was induced by 1  mM IPTG when cultures reached an 
OD600 = 0.4–0.6. Culture samples of 25  mL were with-
drawn at 0, 1, 3, and 5  h post-induction, and they were 
collected by centrifugation at 6000×g for 15 min at 4 °C. 
Pellets were resuspended in 500 μL PBS with EDTA-free 
protease inhibitor (Roche) and bacteria were disrupted 
by sonication (2 cycles of 3 min, 0.5 s on, 0.5 s off at 10% 
amplitude) (Branson SFX550 Sonifier). Soluble and insol-
uble fractions were split by centrifugation (15,000×g, 
15 min, 4 °C). Quantifications of LAP-GFP-H6 and HD5-
GFP-H6 in both BL21 and Origami strains were obtained 

by western blot using a monoclonal anti-His antibody 
(His-probe, Santa Cruz), and their purity was evaluated 
by a Coomassie blue staining assay. Both outcomes were 
evaluated by ImageJ software to determine protein quan-
tity and purity.

Soluble antimicrobial protein purification
Cultures (1 L) of each fusion construct were grown and 
induced with IPTG, as described in the previous sec-
tion. After 3  h of production, the whole culture was 
harvested (6000×g, 15  min, 4  °C). Pellets from 500  mL 
culture of LAP-GFP produced in both BL21 and Origami 
strains and HD5-GFP produced in the BL21 strain were 
resuspended in 30 mL of binding buffer (500 mM NaCl, 
20  mM Tris, 20  mM imidazole) with EDTA-free pro-
tease inhibitor (Roche). Bacteria were sonicated (4 cycles, 
5  min, 0.5  s on, 0.5  s off at 10% amplitude, Branson 
SFX550 Sonifier) and centrifugated (15,000×g, 45  min, 
4  °C), collecting the supernatant, which contains solu-
ble protein. Culture samples (1 L) of HD5-GFP produced 
in Origami strain was harvested (6000×g, 15 min, 4  °C) 
at 3  h post-induction, and the pellet was resuspended 
in 60 mL of PBS, sonicated as previously described, and 
centrifugated (15,000×g, 45 min, 4  °C). The supernatant 
was discarded and the pellet, containing the IBs, was 
washed with dH2O and centrifugated (15,000×g, 45 min, 
4  °C). Then, the supernatant was discarded again, and 
the pellet was weighted, adding 40  mL of solubilization 
buffer (0.2% N-lauroylsarcosine mild detergent, 40  mM 
Tris) per gram of pellet. Next, the pellet was solubilized 
for 40  h at RT continuously stirred. Solubilized protein 
was recovered after centrifugation (15,000×g, 45  min, 
4  °C), and samples were equilibrated at 500  mM NaCl 
and 20 mM imidazole for purification.

All soluble proteins (obtained from supernatant or 
solubilized IBs) were filtered using a pore diameter of 
0.2 μm and purified by Immobilized Metal Affinity Chro-
matography (IMAC) in an ÄKTA Start (GE Healthcare) 
using 1  mL HiTrap chelating HP columns (GE Health-
care). Protein was loaded with binding buffer (20  mM 
Tris, 500 mM NaCl, 20 mM Imidazole) and eluted using a 
linear gradient with elution buffer (20 mM Tris, 500 mM 
NaCl, 500  mM Imidazole). Protein buffer exchange was 
done by dialysis in acetic 0.01% (v/v) O/N at 4  °C with 
gentle agitation. The yield of purified soluble protein 
was determined by NanoDrop™, and the integrity and 
purity of the protein were analyzed by Western blot and 
Coomassie.

IB purification
As described before, at 3  h post-induction, culture 
was harvested (6000×g, 15  min, 4  °C). The superna-
tant was discarded and the pellet was stored at − 80  °C 
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(minimum 16  h). Then, cells were thawed at RT, soni-
cated (2 cycles, 1.5 min, 0.5 s on, 0.5 s off at 10% ampli-
tude, Branson SFX550 Sonifier), and stored at −  80  °C 
O/N. Next, samples were thawed, and 0.2% (v/v) Triton 
X-100 (Sigma Aldrich) was added, incubating for 1 h at 
RT and 250 rpm, sample then was frozen at − 80 °C. An 
extra frozen/thawed cycle was recommended. Next, a 
contamination control was performed, 100 μL of sample 
was platted on LB-agar plate and incubated at 37 °C O/N. 
Freeze/thaw cycles were repeated until no viable bacteria 
were observed in control plates. Further, IBs were incu-
bated with 250 μL NP-40 (ThermoScientific™) for 1 h at 
4 °C and 250 rpm. Afterward, 0.6 μg/mL DNase I (Roche) 
and 0.6 μg/mL MgSO4 were added, and the sample was 
incubated for 1  h at 37  °C and 250  rpm. Then, the IBs 
were collected by centrifugation (15,000×g, 15 min, 4 °C) 
and the supernatant was discarded. After, IBs were resus-
pended in lysis buffer (100 mM NaCl, 50 mM Tris, 1 mM 
EDTA, 0.5% Triton X-100), followed by a contamination 
control as previously described. Then, IBs were harvested 
(15,000×g, 15 min, 4 °C) and frozen − 80 °C after super-
natant was removed. Finally, IBs were washed in 10 mL 
PBS, aliquoted, and centrifuged (15,000×g, 15 min, 4 °C). 
The supernatant was removed and the pellets, which con-
tained purified IBs, were kept at 80  °C until use. Purity 
and quantity of purified IBs were assessed by Western 
Blot and Coomassie assay. Shortly, the samples of soluble 
and IBs proteins were boiled at 95 °C for 10 and 45 min, 
respectively, to ensure that the protein is completely 
denaturalized. Next, samples were resuspended with Lae-
mmli loading buffer (100 mM Tris, 8% glycerol, 55 mM 
SDS, 4% β-mercaptoethanol, and 1.6% urea) and subse-
quent analyzed by electrophoresis (SDS-PAGE). Pro-
teins bands were electroblotted into PVDF membranes 
at 1.3 A and 25 V for 10 min, followed by a blocked step 
at 4ºC O/N with bovine serum albumin (BSA) at 5% in 
TBST buffer (10 mM Tris, 150 mM NaCl, 0.05% Tween 
20). Next, the membranes were incubated 2  h at RT in 
primary antibody (Anti-His, Sant Cruz Biotechnology) 
at 1:1000 dilution, followed by 3 washes in TBST buffer. 
Finally, membranes were incubated with secondary anti-
body (anti-mouse IgG-alkaline phosphatase (Sigma) at 
1/20,000 dilution for 1  h at RT and three time washed. 
Proteins bands were revealed after alkaline phosphatase 
(NBT/BCIP, Thermo Scientific) substrate incubation and 
protein was quantified with ImageJ software.

Antibacterial activity assay
Antimicrobial activity was determined with the Bacti-
ter-Glo ™ Microbial Cell Viability kit (Promega). Briefly, 
an O/N culture of MRSA and P. aeruginosa was diluted 
100-fold in 10  mM KPi (10  mM), aliquoted in 150  μL 
eppendorf, and centrifugated (6200×g, 15  min, 4  °C). 

Supernatant was removed and the bacteria pellet was 
resuspended in 150 μL of each treatment (acetic buffer—
negative control, soluble proteins (LAP-GFP-H6 and 
HD5-GFP-H6) at 5 μM and IBs (LAP-GFP-H6 and HD5-
GFP-H6) at 5  μM). Samples were incubated in a sterile 
polypropylene 96-well microtiter plate 5 h at 37 °C. Next, 
100  µL of each sample were mixed with the same vol-
ume of BacTiter-Glo™ reagent on a sterile 96-well white 
opaque microtiter plate. Plates were incubated for 5 min 
and luminescence was measured in a microplate lumi-
nometer (LumiStar, Omega). The measured arbitrary 
luminescence values were normalized against the control 
(KPi treatment).

Protein stability assay
To evaluate protein stability, soluble LAP-GFP-H6 and 
HD5-GFP-H6 were incubated at different timescales (0 h, 
5 h, 24 h, 48 h, 72 h and 1 W) at 37 °C and then, antimi-
crobial activity was evaluated as previously described.

Fluorescence measurements
Fluorescence of the GFP fused with the antimicrobial 
peptides was recorded in a fluorescence spectrophotom-
eter (LumiStar, Omega). LAP-GFP-H6 and HD5-GFP-
H6 in both soluble and IBs formats produced in both E. 
coli BL21 and Origami B strains were analyzed, being 
the samples diluted when required. They were excited at 
480 nm and the emission was recorded at 510 nm. Spe-
cific fluorescence was calculated using the amount of 
protein in each sample.

Sulfhydryl determination
Sulfhydryls (–SH) not-forming disulfide bonds (–S–S–) 
were determined according to a previously established 
protocol based on 4,4′-diothiodipyridine (DTDP) [62]. 
DTDP is a small, amphiphilic uncharged molecule, capa-
ble of quickly reacting with poorly accessible sulfhydryls. 
In this case, samples were diluted to a final sulfhydryl 
concentration ≤ 40 μM in 1 mL (calculated by multiply-
ing protein moles by the number of SH) and mixed with 
200  μL of sodium buffer (100  mM NaH2PO4, 0.2  mM 
EDTA, pH 6.8 adjusted with NaOH). After the addition 
of 50  μL of 4  mM DTDP, samples were vortexed and 
incubated for 5 min at RT. Next, samples were read at an 
absorbance of 324  nm (A324) against a water blank. For 
the reagent blank (A324r), 1  mL of potassium phosphate 
buffer was mixed with 200 μL of sodium buffer and 50 μL 
of DTDP reagent. For the protein blank (A324p), 50 μL of 
water was added instead of DTDP reagent in the sample 
with a 200  μL sodium buffer. For proteins in insoluble 
form, the A324 increase was monitored over time after the 
addition of DTDP to the sample, to achieve an increment 
of A324 over 5 min.
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Statistical analysis
All experiments were performed in triplicate and rep-
resented as the mean of non-transformed data ± non-
transformed standard error of the mean (SEM). Data 
were previously checked for normality (JMP, SAS Insti-
tute Inc.) and p-values and letters correspond to the 
ANOVA analyses and Tukey test analyses respectively, 
using transforming data when required.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12934-​022-​01803-7.

Additional file 1: Figure S1. Bacterial survival of P. aeruginosa in the pres‑
ence and absence of 5 μM of soluble GFP-H6. Figure S2. Antimicrobial 
activity of soluble HD5-GFP-H6 (dark grey) and synthetic HD5 (light grey) 
against MRSA and P. aeruginosa. Different letters indicate statistical differ‑
ences between tested strains and proteins P = 0.0001.
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