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Abstract

The global antibiotic resistance crisis raises concerns about antibiotic use, and alternative
strategies are urgently needed. In this context, host defense peptides (HDPs) have rapidly
gained interest. However, one of the main obstacles is their production strategy. Chemical
synthesis is the most widely used, although it is not scalable and has sequence limitations.
A possible alternative is recombinant production, but the strategies used so far have limited
efficiency. In this study, we aim to compare the activity and main characteristics of different
HDPs produced by both chemical synthesis and by recombinant production, using an
approach based on tetramers to ameliorate the production process. The results obtained
showed that the production of HDPs as tetrameric peptides by recombinant production in
Lactococcus lactis enhanced the peptide activity, with HDPs being much more active in terms
of antimicrobial activity, more structurally stable, and nanostructured. Thus, the recombi-
nant strategy described herein, fusing four repetitions of the same peptide, can become a
real alternative to produce highly active HDPs through a scalable production process.

Keywords: host defense peptides; recombinant production; concatemers; antimicrobial
activity; Lactococcus lactis

1. Introduction

Bacterial infections pose a significant global health burden and are the primary cause
of infection-related deaths globally, with wide-ranging effects on human, animal, and
environmental health [1-4]. Their consequences are exacerbated by the rapid emergence
of multidrug-resistant bacteria, which leads to severe strain on healthcare systems and
worsens economic instability and social disparities [3,5-7].

Over the past two decades, host defense peptides (HDPs) have rapidly gained signifi-
cant interest as alternatives to traditional antibiotics [8-11]. These peptides are characterized
by their short length, typically less than 50 residues, are amphipathic and cationic under
physiological conditions [11,12]. HDPs have demonstrated a wide range of antimicrobial
and antibiofilm activities, including direct pathogen-killing through membrane disrup-
tion and inhibition of metabolic pathways [12-15]. Additionally, HDPs can neutralize
bacterial endotoxins, such as Gram-negative lipopolysaccharides (LPS) [16,17], and ex-
hibit immunomodulatory activities in vertebrates [18-20]. The ubiquitous presence of
HDPs across all animals and plants as components of defense mechanisms, coupled with
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their multifunctional nature, makes them a promising solution to the antibiotic resistance
crisis [11].

One of the primary obstacles in advancing HDP-based therapies is developing pro-
duction strategies that ensure the proper peptide conformation and activity while being
cost-effective, scalable, and complying with safety standards if intended for therapeutic use.

Chemical synthesis, particularly solid-phase peptide synthesis (SPPS), is the most
common strategy for peptide production. In SPPS, the peptide is anchored by its C-terminal
to a resin support, allowing for the automated sequential addition of amino acids [21,22].
The complete peptide is then released from the solid support, producing a homogeneous
product with high purity [22-24]. However, additional synthetic steps are required to
add post-translational modifications (PTMs), such as disulfide bonds, glycosylations, and
methylations, increasing both cost and complexity [21,23-26].

Major disadvantages of SPPS are elevated costs, inefficient scalability, environmental
concerns due to toxic reagents, and sequence limitations. The efficiency of each coupling
step declines with each cycle, resulting in lower yields and more side products in long
peptides [23,24]. Moreover, certain sequences can be difficult to synthesize and require
further optimization, for example, those rich in amino acids with reactive side chains such
as cysteines, histidines, or aspartic acid [25].

A cost-effective alternative is recombinant production in heterologous systems [27]. It
is based on DNA technology to modify cells, turning them into factories for synthesizing
exogenous peptides or proteins, which are purified in subsequent steps. This method is
widely used in research and industry, and is scalable [27,28]. However, peptides have
reduced stability and are more prone to protease degradation than proteins, impairing
their recombinant production [29-31]. An added challenge, specific to HDPs, is their
potential toxicity to the cell factory, directly impacting the production yield [32,33]. Because
of these, recombinant strategies frequently require expressing HDPs with fusion tags to
improve their stability, facilitate purification, and reduce toxicity toward the host bacterial
cells [33,34]. These tags are then often cleaved to avoid masking the biological activity of
HDPs [35,36].

Post-translational modifications of recombinant peptides vary depending on the cell
factory used. Mammalian cells can perform more intricate PTMs than bacteria, but the pro-
cess is more costly and complex [33]. Escherichia coli, a Gram-negative bacterium, is the most
commonly used and optimized cell factory due to its simplicity and efficiency [33,37,38].
Despite its simpler PTM capabilities, various HDPs have been successfully produced in
E. coli using different design strategies: cathelicidins (e.g., human LL-37 [39], goat ChMAP-
28 and proline-rich mini-ChBac7.5N«, [40], murine CRAMP [41], and bovine BMAP28 [42])
and several defensins (such as human «-defensin 5 [43], human 3-defensin 6 [44], bovine
neutrophil 3-defensin 12 [45], and bovine lingual antimicrobial peptide [43], among others).

Recombinant production often results in lower purity levels compared to chemical
synthesis due to the presence of by-products from the cell factory in the final product [21].
Specifically, in the case of E. coli, endotoxins such as LPS can pose significant safety risks,
necessitating additional purification steps to ensure a safer product [34,46]. However,
these extra steps can reduce the overall yield of the process. An attractive approach could
be the use of generally regarded as safe (GRAS) organisms, such as the Gram-positive
Lactococcus lactis, which are free from endotoxins [47,48]. There are only a few examples
in the literature of HDPs produced in L. lactis: human 3-defensin 1 [32], human LL37 [49],
bovine BMAP27 [50], and a multidomain protein of avian -defensins [51].

Despite these considerations, there is limited research directly comparing the effects of
these different production systems on the final product’s properties. Harder et al. concluded
that the antimicrobial activity and biochemical properties of human (3-defensin 3 were
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preserved when produced either synthetically or recombinantly in E. coli [52]. Similar
results were observed when studying a short cysteine-rich insecticidal spider peptide [35]
and indolicidin [53]. However, further efforts were required to ensure the formation of
disulfide bonds and native folding of the peptide, independently of the production method.

In this paper, we aim to compare the effects of using two different production
strategies—chemical SPPS and recombinant production in L. lactis—of four bovine HDPs:
bovine neutrophil (3-defensin 1 (BNBD1), bovine neutrophil p-defensin 3 (BNBD3),
bactenecin 5 (Bac5), and the bovine myeloid antibacterial peptide 27 (BMAP27). To improve
the efficiency of recombinant production and avoid the cleavage of fusion tags, the recombi-
nant version of the peptides was produced as tetrameric multidomain fusion proteins. The
synthetic peptides were compared to their recombinant counterparts in terms of biological
activity (antimicrobial, antibiofilm, and endotoxin-binding) and structure (oligomerization
state and folding).

2. Materials and Methods
2.1. Bacterial Strains

Lactococcus lactis NZ9000 (pepN::nisRnisK, MoBiTech, Hamburg, Germany) was used
for recombinant protein expression. The antimicrobial activity was evaluated on the Gram-
positive methicillin-sensitive Staphylococcus aureus (MSSA, ATCC-35556, LGC Standards
S.L.U., Barcelona, Spain) and Gram-negative Pseudomonas aeruginosa (CECT4122, Valencia,
Spain). L. lactis was grown in M17 (Sigma-Aldrich, Madrid, Spain) supplemented with 0.5%
glucose, MSSA in Brain Heart Infusion (BHI; Scharlau, Sentmenat, Spain), and P. aeruginosa
in Luria-Bertani (LB).

2.2. Synthesis of Host Defense Peptides

Two types of molecules were produced: synthetic host defense peptides (HDPs) and
multidomain recombinant proteins based on the same HDPs. For this, the mature se-
quences of bovine neutrophil -defensin 1 (BNBD1, UniProt_P46159) and 3 (BNBD3,
UniProt_P46161), as well as cathelicidins 2 (Bac5, UniProt_P19660) and 6 (BMAP27,
UniProt_P54228) were used. The tertiary structures of monomeric and multidomain vari-
ants are shown in Supplementary Figures S1 and S2.

2.3. Synthetic Peptides

Peptides were synthesized by RoyoBiotech (Shanghai, China) in the linear form and
named sBNBD1, sBNBD3, sBac5, and sBMAP27. Final peptides were not amidated at the
C-terminus, and the cysteines of 3-defensins were not protected.

2.4. Recombinant Production of Proteins
2.4.1. Protein Design and Cloning

Recombinant proteins were designed as tetrameric repeats of a single HDP fused
with the linker “GGSSRSS”. A C-terminal hexa-histidine (H6)-tag was added for pro-
tein purification purposes. The final constructs were BNBD1-BNBD1-BNBD1-BNBD1-H6
(rBNBD1x4), BNBD3-BNBD3-BNBD3-BNBD3-H6 (rBNBD3x4), Bac5-Bac5-Bac5-Bac5-H6
(rBacbx4), and BMAP27-BMAP27-BMAP27-BMAP27-H6 (tfBMAP27x4). The genes were
synthesized and their codon usage was optimized for expression in L. lactis by GeneArt
(GeneArt® Life Technologies, Regensburg, Germany). The four constructs were cloned into
the chloramphenicol-resistant (CmR) vector pNZ8148 (MoBiTech, Goettingen, Germany)
as previously described [48]. For that, two restriction sites were added to flank the gene
sequence: Ncol at the 5" end and Xbal at the 3’ end. The resulting plasmid was transformed
into L. lactis strain NZ9000 (pepN::nisRnisK) by electroporation. Clones were double val-
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idated by plasmid digestion with Ncol (FD0575, Thermo Scientific, Madrid, Spain) and
Xbal (FD0684, Thermo Scientific, Madrid, Spain), and plasmid sequencing.

2.4.2. Protein Expression and Purification

For protein production, clones were grown to the exponential phase (ODgpp = 0.5-0.6)
at 30 °C in 5 L of M17 media supplemented with 0.5% glucose and 5 ug/mL Cm. The
intracellular protein expression was induced with 12.5 ng/mL nisin. Expression kinetics
were studied to determine the optimal expression time for each protein: 1 h for rBNBD1x4
and rBacbx4, but 3 h for rBNBD3x4 and rBMAP27x4. Bacterial cells were centrifuged at
6200x g for 15 min at 4 °C, and the resulting pellet was stored at —80 °C until protein
purification and was then resuspended in binding buffer (20 mM Tris, 500 mM NaCl,
20 mM imidazole, pH = 7.4). For protein extraction, cells were disrupted with a high-
pressure homogenizer (Constant Systems CF1 Cell Disrupter, Daventry, United Kingdom)
operating in continuous flow for two cycles at 40 kpsi. The soluble fraction was obtained by
centrifuging at 15,000 x g for 45 min at 4 °C and was filtered through a 0.22 pm filter. The
samples were kept refrigerated throughout the process. Protein purification was performed
using immobilized metal affinity chromatography (IMAC) HisTrap HP columns with the
AKTA Start protein purification system (Cytiva, Hospitalet de Llobregat, Spain) as detailed
in [43] but adjusted for 5 mL columns. The eluted fractions were dialyzed against 0.01%
acetic acid and lyophilized (Telstar LyoQuest lyophilizer, Terrassa, Spain) at —60 °C and a
gradual decrease in pressure of 1 mbar for 4 h, 0.5 mbar for 4 h, 0.3 mbar for 2 h, and 0.1 for
8 h. Lyophilized protein samples were stored at —20 °C and before use, resuspended with
20 mM HEPES (pH 5.2) in water endotoxin-free and quantified using a Qubit™ protein
assay kit (33211, Invitrogen, Inchinnan, UK). Protein purity was tested on SDS-PAGE
electrophoresis (TGX™ FastCas™, Bio-Rad, Hercules, CA, USA) with Coomassie staining
and Western Blot.

2.5. Antimicrobial Activity
2.5.1. Antimicrobial Killing Assay

BacTiter-Glo™ Microbial Cell Viability assay (Promega, Madison, WI, USA), which
quantifies bacterial viability based on ATP levels, was used to test the bactericidal effect of
HDPs at 4, 1, and 0.1 uM. MSSA and P. aeruginosa were grown on BHI or LB agar plates, re-
spectively, at 37 °C overnight. A bacterial cell suspension was prepared at2 x 108 CFU/mL
in protein buffer 20 mM HEPES (pH 5.2). Equal volumes of bacterial suspension and pro-
tein (75 uL) were mixed in sterile 96-well round-bottom polypropylene plates (Corning
Costar, Madrid, Spain). Bacteria with protein buffer were used as a negative control; the
peptide or protein alone with protein buffer was used as a protein control; and wells filled
with buffer alone were used as a blank and sterility control. After a 4 h incubation at 37 °C,
100 pL of each sample was transferred into a white 96-well flat-bottom polypropylene plate
(Thermo Fisher, Madrid, Spain). The plate was tempered for 5 min at room temperature
before adding 100 uL of BacTiter-Glo reagent mix following the product instructions. The
luminescence was measured with a Lumistar plate reader (LUMIstar® Omega, v5.50R4.
BMG Labtech, Ortenberg, Germany). Each sample was run in triplicates and bacterial
survival was calculated using bacterial cells treated with protein buffer alone as a control
using the following formula:

(Sample — Blank)

B . val(%) —
acterial survival (%) (Negative control — Blank) x 100 (1)
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2.5.2. Determination of the Minimal Inhibitory Concentrations

A 2-fold serial dilution of the peptides/proteins was performed in 20 mM HEPES (pH
5.2) and a bacterial suspension of 1 x 10 CFU/mL (MSSA or P. aeruginosa) was prepared
in 20% Mueller Hinton Broth II (MHB II, Sigma-Aldrich, Madrid, Spain) from bacterial
colonies. In a 96-well round-bottom polypropylene plate (Corning Costar, Madrid, Spain),
50 puL of bacterial suspension, 15 pL of distilled water, and 35 pL of treatment or protein
buffer (negative control) were mixed. The treatments’ final concentration ranged from 16
to 0.0625 1M, and a final bacteria concentration of 5 x 10° CFU/mL in 10 mM HEPES and
10% MHB II. The same media alone was used as a sterility control and a water barrier in
surrounding wells was created to prevent excessive evaporation. Plates were incubated for
24 h at 37 °C and a visual reading of the plate was performed. The minimum inhibitory
concentration (MIC) was determined, being the lowest treatment concentration with no
visual bacterial growth. All samples were run in duplicates.

2.5.3. Antibiofilm Assay

P. aeruginosa was grown in LB supplemented with 2% glucose and 200 uL/well of
bacterial suspension at ODggg = 0.01 (~1 x 107 CFU/mL) was added in a 96-well flat-bottom
polypropylene plate (Eppendorf, Madrid, Spain) with 200 puL extra media (LB with 2%
glucose). A sterility control and a water barrier were also included. After a 24 h incubation
at 37 °C, samples were washed thrice with sterile 20% MHB II. Equal parts of 20% MHB II
and protein/peptide treatments (100 uL) were added to each well and incubated for 24 h at
37 °C to obtain a final 10%MHB II. Synthetic peptides were used at a final concentration
of 4 uM, while recombinant proteins, designed as tetrameric HDPs, were used at a final
concentration of 1 uM. Protein buffer was used as a negative control and mixed to 20%
MHB media to be used as sterility controls. Wells were washed thrice with sterile 0.9%
Na(l, treated with 100% methanol for 10 min to fix the bacteria, and stained with 1% crystal
violet for 20 min. Three washes with distilled water were performed to remove the excess
dye, and stained samples were dissolved with 70% EtOH. Samples were transferred to a
new 96-well plate (100 pL/well) to read absorbance at 595 nm (LUMIstar® Omega, v5.50R4,
BMG Labtech, Ortenberg, Germany). The reduction in biofilm mass was calculated from
triplicates with the same equation used for the BacTiterGlo bactericidal assay (Equation (1)).

2.6. Lipopolysaccharide Binding Assay

The ability of HPDs to bind LPS was evaluated using the fluorescent probe BIODIPY®
cadaverine (BC) (Invitrogen, Inchinnan, United Kingdom) and soluble LPS of E. coli O111:B4
(437627, Sigma-Aldrich, Madrid, Spain). Cadaverine specifically binds to LPS, and the
conjugated fluorophore reports the displacement of the molecule as a shift in fluorescence.
The LPS binding activity was assessed by measuring the displacement of BC at increasing
concentrations of synthetic and recombinant HDPs prepared in 2-fold serial dilution in
polystyrene 96-well plates with 10 mM HEPES buffer (pH 7.2). LPS and BC were added
at a final concentration of 2.5 ug/mL and 2.5 uM, respectively, with HDP concentrations
ranging from 7.5 to 0.007 uM. The following three controls were included: without LPS
(NL), without peptide/protein (NP), and one with the synthetic peptide LL37 (synthesized
and provided by the Systems Biology of Infection Lab, UAB), a well-characterized human
antimicrobial peptide. The fluorescence was measured at 580 nm excitation and 620 nm
emission wavelengths, both at a bandwidth of 5 nm and 30 flashes per well using a
TECAN Spark Instrument (Tecan, Ménnedorf, Switzerland). Sample concentrations were
transformed to the logarithm and data normalized to run from 0 to 100% to create a dose-
response curve. These were fitted to a four-parameter logistic equation to calculate the
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half-maximal effective concentration (ECsp); the concentration at which half of the protein
is bound to LPS. The experiment was run in duplicates.

2.7. Dynamic Light Scattering (DLS)

The intensity size distribution of HDPs was assessed by dynamic light scattering (DLS)
in a Zetasizer Pro Blue (Malvern Instruments Limited, Malvern, UK). HDP samples were
prepared at 0.250 mg/mL in 20 mM HEPES buffer (pH 5.2) with or without a treatment
with 10% SDS for 30 min at RT to dissociate any protein complexes. All were centrifuged
at 15,000x g and 4 °C for 15 min before measurement. Samples were loaded in ZEN2112
3 mm quartz batch cuvettes, and scattered light was measured at 633 nm and 25 °C for three
consecutive measurements. Volume size data were used to select the most representative
population intensity values, which were subsequently represented. Polydispersity index
(PDI) values were also displayed, providing protein size dispersion within the sample and
their respective errors.

2.8. Secondary Structure of Peptides and Proteins
2.8.1. Circular Dichroism Spectroscopy (CD)

Peptide and protein samples were dissolved in 20 mM HEPES at a concentration of
20 uM. They were then further diluted to a concentration of 6.7 uM with endotoxin-free
distilled water or 5.4 uM with sodium dodecyl sulfate (SDS) micelles at a final concentration
of 10 mM SDS to simulate a membrane-like environment [54,55]. CD spectra were recorded
in the 190-260 nm range on a Jasco J-815 CD spectropolarimeter (Jasco, Easto, MD, USA)
with a 3 mm quartz cuvette. OriginPro software (version 2022, OriginLab Corporation,
Massachusetts, USA) was used to subtract the baseline signal from the buffer or SDS and
to smooth data with the Svitzky—Golay method. Results were represented as molar mean
residue ellipticity (Svrg):

6 x 10°
2 -1\ _

0 virE (degxcm x dmol ) = Txcxn ()
where 0 is the ellipticity (mdeg); 1 is the cuvette pathlength (mm); ¢ is the peptide/protein
concentration (uM); and 7 is the number of peptide bonds = #aa — 1.

The CD spectra were analyzed with CDPro software (version 2021, N. Sreerama, [56])
to estimate the secondary structure fractions.

2.8.2. ATR-FTIR Spectroscopy

An Alpha II FTIR spectrometer (Bruker, Bremen, Germany) with an attenuated to-
tal reflection (ATR) platinum accessory was used to study the amide I band of synthetic
peptides and recombinant proteins. The measurement was conducted at the range of
1600-1700 cm !, the amide I region, predominantly associated with the C=O stretching
vibrations of the peptide backbone [57]. Each spectrum was acquired with a resolution of 4
cm~! and averaged over 32 independent scans. Prior to measurement, all samples were
dried to avoid the interference of water molecules, which absorb near 1640-1650 cm ™1,
overlapping with random coil and «-helix structures [58]. The OPUS MIR Tensor 27 soft-
ware (Bruker, Bremen, Germany) was used to subtract the background, correct the baseline,
and normalize the data. To resolve overlapping spectral components, second-derivative
analysis was applied to the amide I region. Identified frequencies were subsequently
modeled as overlapping Gaussian functions, from which the peak positions and areas were
calculated using the PeakFit software package (Systat Software v4.12, San Jose, CA, USA).

This analysis revealed three deconvoluted peaks centered approximately at ~1630,
~1650, and ~1675 cm ! in all samples.
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3. Results
3.1. Protein Design and Physicochemical Characteristics

The potential of four bovine HDPs (Table 1), including two (3-defensins (BNBD1
and BNBD3) and two cathelicidins (Bac5 and BMAP27), was compared in their synthetic

and recombinant forms (Figure 1B), produced using L. lactis, a GRAS expression system
(Figure 1A). HDPs with diverse characteristics were selected.

Table 1. Primary structure of bovine HDPs.

Class Name Sequence
B-Defensins BNBD1 DFASC1HTNGGIC, LPNRC3PGHMIQIGIC4FRPRVKC5C4RSW
BNBD3 QGVRNHVTC; RINRGFC,; VPIRC3PGRTRQIGTC4FGPRIKC5CgRSW
Bach RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP

Cathelicidins

BMAP27 GRFKRFRKKFKKLFKKLSPVIPLLHLG

Numbers in (3-defensin sequences denote the six cysteines characteristic of these HDPs that have a Cys pairing:
Cys1-Cys5, Cys2—Cys4, and Cys3-Cys6, typical of vertebrate 3-defensins.

A B
: Synthetic Recombinant
@ @ @ @ ® sBNBDI rBNBD1x4
® sBNBD3 rBNBD3x4
| GENE |
S——— ® 9 @® sBacs rBac5x4
— @9
GNZSMS | ® SsBMAP27 rBMAP27x4
— L. lactis
c
Name MW (Da) pl #aa #aa- #aa+ Aliphaticindex Hydropathicity
sBNBD1 4278 8.98 38 1 5 61.58 -0.042
19,939 9.4 181 4 23 52.27 -0.262
sBNBD3 4834 11.2 42 0 9 57.86 -0.393
22,162  11.61 197 0 39 49.85 -0.543
sBach 5148 12.54 43 0 9 54.42 -0.723
23,420 12.83 201 0 39 47.06 -0.823
sBMAP27 3283 12.32 27 0 10 97.41 -0.367
15,959 13.16 137 0 43 77.52 -0.588

Figure 1. Synthetic peptides and recombinant protein characteristics. (A) Graphic representation of
the design and production strategy of recombinant HDP-based proteins in L. lactis. (B) Scheme of
the synthetic and recombinant versions of the HDPs used. (C) Physicochemical characteristics of
synthetic HDPs and recombinant proteins estimated using ExPASy’s ProtParam server [59].

BNBD1 and BNBD3 share similar folding consisting of an «-helix and three antiparallel
[3-sheets (Supplementary Figure S1) but differ in amino acid composition and physico-
chemical properties (Figure 1C). BNBD1 has one anionic and five cationic residues, while
BNBD3 has nine positively charged residues, showing a higher isoelectric point (pI). Ad-
ditionally, BNBD3 (hydropathicity index —0.393) is more water-soluble than BNBD1 (hy-
dropathicity index —0.042). Bac5 and BMAP27 are cathelicidins with major differences.
Despite having similar pl, they differ in hydropathicity, aliphaticity, and primary structure
(Table 1; Figure 1C). Bac5 is a linear cathelicidin enriched with 20 proline residues, being
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an amino acid rarely found in «-helical structures; whereas BMAP27 is cathelicidin, similar
to human LL37, that acquires an «-helical when interacting with bacterial membranes
(Supplementary Figure S1).

Peptides were chemically synthesized, while recombinant versions were produced in
L. lactis as multidomain proteins containing four tandem copies of the same HDP (Figure 1A;
Table S1 Supplementary Material). Key characteristics of both synthetic and recombinant
HDPs have been summarized in Figure 1C. The recombinant forms have molecular weights
and amino acid lengths approximately 4.7-5 times greater than their synthetic counterparts.
They also have three additional positive charges because they were designed as tetramers
linked by a 7-residue linker (GGSSRSS), which includes a cationic arginine (R), to facilitate
an efficient recombinant expression (Supplementary Material Table S1).

3.2. Bioactivity Analysis
3.2.1. Antimicrobial and Antibiofilm Activity

The antimicrobial activity of all molecules was evaluated against methicillin-sensitive
Staphylococcus aureus (MSSA, Gram-positive) and Pseudomonas aeruginosa (Gram-negative)
to assess if they had efficacy against the two bacterial groups. Multiple assays were used,
including a bactericidal assay (Figure 2) and determination of the minimum inhibitory
concentration (MIC) (Figure 3). In addition, the antibiofilm activity was assessed against
P. aeruginosa (Figure 3).

A MSSA B P. aeruginosa
BNBD1 BNBD3 BNBD1 BNBD3
150 150 150 150
a
—_ a —_— d [ b
£ 100 a a 100 £ 100 e 100
3 b ] P
2 2
S 50 & 50 E 50 50
7] c a
d
g
0 T T ‘T‘ T 0
Q011 4011 46Mm o@’m 14011 4™ Qo1 4011 4M o1 401 4 ()
SBNBD1 sBNBD3 SBNBD1 S sBNBD3
Bac5 BMAP27 Bac5 BMAP27
150 150
a
< ey b b
S 100 < 100 2 2
] 3 c
2 2
E 50 E 50
7 a
d
0 T T I'I-I T
Q011 4011 40 0@’0.1 14011 46Mm K011 4011 46M Q01T 4011 4w
sBac5 SBMAP27 rBMAP27x4 SBMAP27 rBMAP27x4
MSSA P.
C Samples ([7\11) Activity D Samples ([(IJ\]A) aeruginosa
H ratio H Activity ratio
0.1 0.8 0.1 0.9
sBNBD1/ 1 20.3 sBNBD1/ 1 18.4
4 1.5 4 1.9
0.1 1.0 0.1 0.9
sBNBD3 / 1 0.2 sBNBD3 / 1 0.9
4 1.7 4 0.1
0.1 0.8 0.1 0.9
sBac5/ 1 284 sBac5 / 1 12.0
4 0.7 4 1.3
0.1 0.8 0.1 0.9
sBMAP27 / IBMAP27x4 1 58.6 sBMAP27 / iBMAP27x4 1 9.6
4 0 4 2.8

Figure 2. Antimicrobial activity of the synthetic peptides and recombinant proteins against (A) MSSA
(Gram-positive) and (B) P. aeruginosa (Gram-negative). Ratio of bactericidal activity comparing
synthetic and recombinant HDPs against (C) MSSA and (D) P. aeruginosa. Statistical differences
calculated using a two-way ANOVA with the Tukey post hoc test (statistical differences determined
by letters; p < 0.05).
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A

MSSA P. aeruginosa

— o 200 ;
Activity Activity 1 g Smt@um
HDP MIC Tatio  ThCratio L E= Recomb (1 uM)
(M) (s/r) (HM) (sfr) — 120 iL
>R 100
SEbEE Yoo 8 e E 804 *
1 0.5 =
\BD3 4 4 2 %0
sBNBD3 PR B,
5 : 2 20+
sBach 1 2 o5 4 01 T T T T
i e B S Q7 Q\ Qrb é’) ('1/,\ ™
sBMAP27 4, 1, OV P &F
1 0.5 s < £ v

Figure 3. Bacteriostatic and antibiofilm activity determination. (A) MIC and bacteriostatic (MIC) activ-
ity ratio comparing synthetic and recombinant HDPs against MSSA and P. aeruginosa. (B) Antibiofilm
assay against P. aeruginosa. Statistical differences calculated using a two-way ANOVA with Dunnett’s
post hoc test to compare with the negative control (“*” = p < 0.005).

The killing activity was evaluated by testing HDPs at 0.1, 1, and 4 pM concentrations.
Although results revealed varying degrees of antimicrobial activity among the HDPs, the
activity of recombinant version of three of the four peptides tested (BNBD1, Bac5, and
BMPAZ27) was higher than the synthetic peptides (Figure 2). It is also worth noting that these
three proteins were most effective at 1 uM against both the Gram-positive (Figure 2A) and
the Gram-negative bacteria (Figure 2B). By contrast, the synthetic peptides demonstrated
notable efficacy at 4 uM against S. aureus (Figure 2A) but had relatively lower or no activity
against P. aeruginosa (Figure 2B). The survival rate ratio was calculated to compare bacteria
treated with synthetic peptides to those of the recombinant forms. At 1 uM, the survival
rate was 20-59% higher for MSSA (Figure 2C) and 9-18% for P. aeruginosa (Figure 2D) when
bacteria were treated with synthetic peptides compared to their recombinant forms. At 0.1
and 4 uM, slight differences were observed (Figure 2C,D). However, BNBD3 exhibited the
opposite trend: the synthetic was more active than its recombinant counterpart at 1 pM
against S. aureus (Figure 2A,C) and at 4 uM against P. aeruginosa (Figure 2B,D).

The MIC values further supported these findings. Recombinant proteins showed
lower MIC values and, thus, higher bacteriostatic activity than synthetic HDPs against
both pathogenic bacteria (Figure 3A). All recombinant peptides were equally effective, with
MIC values of 1 uM against MSSA and 0.5 uM against P. aeruginosa. The recombinants
were four times more effective against MSSA than the synthetic peptides (MIC = 4 uM),
except for Bac5, which was twice as effective (Figure 3A). However, MIC values varied
among synthetic peptides against the Gram-negative bacteria, ranging from 1 to 8 uM, with
sBMAP27 being the most active and sBNBD1 the least (Figure 3A). These were translated
in recombinant rBMAP27x4 twice and rBac5x4 fourfold more active than the synthetic, but
rBNBD3x4 8-times and rBNBD1x4 16-times more effective (Figure 3A).

The antibiofilm activity was relevant for the rBMAP27x4, the only one that significantly
reduced the P. aeruginosa biofilm formation to almost 60% compared to the negative control
(Figure 3B).
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3.2.2. Antiendotoxin Activity

Another important mode of action of HDPs is the ability to bind to lipopolysaccharides
(LPS) in the context of Gram-negative infections. This activity was assessed using a cadav-
erine fluorescent probe, which specifically binds to LPS, and followed its dissociation at
increasing concentrations of HDPs. All HDPs, except sSBNBD1, showed significantly better
binding results to soluble LPS (low ECs( values) than the positive control of LL-37, a human
cathelicidin known to bind this endotoxin (Figure 4) [60]. The efficacy of recombinant pro-
teins was significantly greater, showing ECs( values between 4 and 23 times lower than the
synthetic peptides (Figure 4). Recombinant rBac5x4 and rBNBD3x4 proved to be the best
binding LPS, with ECsg values of 0.038 =+ 0.004 pM and 0.027 +£ 0.003 pM, respectively.

EC50 + SEM (MM)
— sBNBD1 1.2082 +0.109 -
) :23
rBNBD1x4 0.0539 +0.007 <

Binding to LPS

< 100- — SBNBD3  0.164° £0012
9 (BNBD3x4  0.027" £0003 <
3 — sBach 0261% +0016 - _
%‘ %07 rBac5x4 0.038" +0004 «
S — SBMAPZ7  0.302° 0011
3 (BMAP27x4 00761 +0.007 «
& 0] , : ; : : : --- LL-37 0.474° +0.030

25 -20 -1.5 -1.0 -05 0.0 0.5
log[c] (uM)

Figure 4. Binding of HDPs to soluble LPS. ECsj values are shown in concentration units (uM). A
one-way ANOVA corrected with a Tukey multiple comparisons test was performed on logECs
values, and statistical differences are denoted with letters (p < 0.05).

3.3. Structural Characterization and Conformational Analysis
3.3.1. Size Distribution

The size of HDPs was assessed using dynamic light scattering (DLS). Samples were
analyzed in protein buffer to evaluate their protein conformation and oligomerization
state; while SDS was added to disrupt non-covalent interactions, allowing us to study
their monomeric form. The intensity-weighted size distributions revealed differences in
particle size of synthetic and recombinant forms (Figure 5). In HEPES bulffer, the sizes of
the synthetic peptides ranged from 1.2 to 1.92 nm, except for sBNBD1, which aggregated
(194 nm). However, the addition of SDS enabled the dissociation of sSBNBD1 aggregates into
1.38 nm particles but did not significantly affect the other peptides (Figure 5). In contrast,
the recombinant forms exhibited higher sizes, particularly -BNBD1x4 and rBNBD3x4, with
size values of 12.21 and 19.31 nm, respectively. Treatment with SDS reduced the size of all
recombinant forms to 1.20-1.05 nm, with statistically significant differences observed for
rBNBD3x4 and rBMAP27x4, and a tendency for rBNBD1x4 (p = 0.0507).

3.3.2. Protein Folding

The HDPs’ folding and secondary structures were analyzed using circular dichroism
(CD) (Figure 6) and attenuated total reflectance—Fourier-transform infrared spectroscopy
(ATR-FTIR) (Figure 7).
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Figure 5. Size distribution in nm of synthetic and recombinant HDPs by DLS. Theoretical size
estimated as Th. Sz = 0.066 x*MW?1/3 [61]. Intensity-weighted hydrodynamic diameter of synthetic
and recombinant HDPs. Size values of HDPs in protein buffer alone represented as black dots
and grey when treated with 10% SDS; median values are indicated. Lines indicate the median size
of each sample. Polydispersity index values (PDI) are shown as mean value + SD; in black for
HDP alone and grey when treated with 10% SDS. Significant differences between +/— SDS were
analyzed with unpaired t-tests and the Welch’s correction when SD were not equal. (*): p-value < 0.05;

(t): p-value > 0.0507 (tendency).
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Figure 6. CD spectra of synthetic and recombinant HDPs. Discontinuous lines represent the CD
spectra of samples in an aqueous environment, while continuous lines represent those in a membrane-
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Figure 7. Analysis of the secondary structure content of synthetic and recombinant HDPs using
FTIR-ATR. (A) The absorbance spectra in the amide I region (in black) and the three components
obtained from the Fourier deconvolution of the FTIR spectra are represented: peak 1 (- -), peak 2
(—), and peak 3 (--). (B) Contribution of the secondary structure components indicating the area and
center of each peak. (C) Summary table of typical amide I band assignments. [58,62-65].

In an aqueous environment, all synthetic peptides exhibited CD spectra with strong
minima below 200 nm, indicative of predominantly unordered conformations [66] (Figure 6
and Supplementary Table S2). In the membrane-like environment (SDS micelles), the CD
spectra shifted toward features typical of x-helices, characterized by a maximum around
190-195 nm and two minima at 208 nm and 222 nm [66]. These signals were particularly
intense in the recombinant variants, likely due to their multidomain structures (Supplemen-
tary Figure S2). Except for rBac5x4, these recombinant proteins already exhibited «-helical
content even in aqueous solution, which became more pronounced in the presence of SDS
micelles (Figure 6 and Supplementary Table S2), highlighting the conformational flexibility
of all HDPs. However, the lack of combination of minimums at 206 and 218 nm observed
in 3-defensins peptides [67] suggests the absence of an o3 domain.

The ATR-FTIR spectra exhibited broad peaks centered around 1650 cm ™!, indicating
contributions from multiple secondary structures. Curve fitting and second derivative
analysis revealed three distinct peaks at ~1630, ~1650, and ~1675 cm !, associated with
[3-sheet structures, o-helix or random coil elements, and antiparallel 3-sheets or 3-turns,
respectively ([58,62-65] summarized in Figure 7C). The relative area of each peak indicates
each secondary structure’s contribution to the protein’s folding.

ATR-FTIR spectra varied among synthetic peptides but were consistent across recom-
binant proteins (Figure 7A,B). Specifically, recombinant proteins exhibited peaks at 1630,
1652 (rBNBD1x4 1651 cm’l), and 1673 cm~! with similar relative areas of 28-30%, 45-46%,
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and 24-26%, respectively (Figure 7B). These data suggest a greater contribution of 3-sheets
in the structure of HDPs compared to what was inferred from CD analysis (Figure 6 and
Supplementary Table S2). Still, both techniques consistently indicated x-helical content
and suggest that the protein design used in recombinant HDPs could affect folding and
structural stability.

4. Discussion

With the growing threat of antibiotic resistance, HDPs have emerged as a promising
antimicrobial strategy owing to their broad-spectrum activity and multifunctionality [11,12].
However, despite their potential, challenges related to production, stability, and scalability
have hindered clinical applications [29].

To address these limitations, we engineered recombinant tetrameric HDPs expressed
in L. lactis and compared them with their synthetic linear monomers. Four bovine HDPs
with different characteristics were selected: two 3-defensins (BNBD1, BNBD3) and two
cathelicidins (Bac5, and BMAP27) (Table 1). Previous studies comparing synthetic and
recombinant HDPs reported either equivalent activity [35,52,53] or reduced efficacy in
recombinant forms [68,69]. However, fusion carrier proteins such as thioredoxin were
included in the recombinant forms reported in the literature when compared to synthetic
ones. Thus, in our approach, we have designed recombinant HDP tetramers without the
need for using any carrier protein. Our results revealed compelling advantages of recom-
binant tetramers over their synthetic monomeric counterparts, with enhanced biological
activity and a more ordered structural profile.

Antimicrobial efficacy of synthetic and recombinant bovine peptides was evaluated
through killing activity (Figure 2), MIC determination (Figure 3A), and antibiofilm ac-
tivity (Figure 3B). Overall, recombinant tetramers not only retained but amplified their
antimicrobial potency against MSSA (Gram-positive) (Figure 2C) and P. aeruginosa (Gram-
negative) (Figure 2D). Notably, recombinant rBNBD1x4, rBac5x4, and rBMAP27x4 achieved
significant bacterial killing of both pathogens at 1 uM, while synthetic versions required
4 pM to reach similar efficacy against MSSA (Figure 2A) and showed no activity against
P. aeruginosa (Figure 2B). In the bactericidal assay, BNBD3 exhibited a behavior that dif-
fers from other recombinant HDPs, being more active in its synthetic form than in the
recombinant one (Figure 2). However, when the MIC was assessed, we observed lower
MIC values and consequently better bacteriostatic activity for all recombinant peptides,
including rBNBD3x4 (Figure 3A).

This activity improvement of the recombinant forms when compared to the synthetic
peptides suggested that the tetrameric format of the recombinant proteins could be related
to these differences (Supplementary Figure S2). However, the increase in activity was not
directly proportional to the number of peptide repeats. At 1 uM, recombinant HDPs exhib-
ited a 10- to 59-fold increase in killing activity compared to their synthetic forms, except for
BNBD3 (Figure 2). MIC values for recombinant (3-defensins also improved significantly,
especially against P. aeruginosa (Figure 3A). Furthermore, recombinant forms bound LPS
more efficiently, with ECsg values an order of magnitude lower than those of their synthetic
counterparts (Figure 4). Interestingly, rBMAP27x4 also exhibited antibiofilm activity against
P. aeruginosa. Thus, altogether these findings suggest that the activity observed with the
recombinant HDPs is not only a linear consequence of fusing four domains. These findings
align with the current understanding that HDPs exhibit concentration-dependent effects,
although not in a strictly linear manner [70-73]. For instance, increasing concentrations
of Bac? shift its mechanism of action from intracellular targeting to membrane lysis [74].
Moreover, some HDPs form oligomers or nanostructures, which are thought to play a
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critical role in their mechanism of action [75-78]. LL-37 tetramers, for example, seem to
mediate membrane disruption through pore formation [75].

Recombinant HDPs were also more efficient than synthetic peptides binding LPS
(Figure 4). However, recombinant tBMAP27, being the most active against the tested
pathogens (Figures 2 and 3A) and the only one capable of reducing the biofilm formed by P.
aeruginosa (Figure 3B), had the weakest binding to LPS (Figure 4). These results suggested
that electrostatic forces may not be the primary driver of binding LPS (negatively charged),
since rBMAP27x4 was the most positively charged protein (Figure 1).

Activity differences between synthetic and recombinant HDPs could also be correlated
with their assembly behavior. DLS measurements showed that recombinant proteins, show-
ing higher activity, formed particles within the nanometer range (Figure 5). The formation
of these nanoparticles with proteins comprising an N-terminal cationic peptide and a
C-terminal His-tag has been previously reported [79-82]. Such constructs adopt a toroidal
shape, with His-tags oriented inward and cationic peptides exposed on the surface [82,83].
In this study, beta-defensins BNBD1 and BNBD3 formed larger particles (19 nm and 12 nm,
respectively) than cathelicidins Bac5 and BMAP27, indicating that 3-defensins assemblies
may consist of a greater number of molecules (Figure 5). Recombinant HDPs were fully
disassembled upon 10% SDS, decreasing their size to values comparable to those found for
the synthetic version (Figure 5). This self-assembly behavior may have a role in increasing
protein activity and protecting recombinant HDPs from proteolytic degradation, compared
to synthetic peptides, addressing a major limitation in the development of HDP-based
therapeutics. In addition, the scalability of the recombinant production process makes this
strategy a promising and cost-effective platform to produce HDPs for in vivo applications.

Furthermore, structural analyses (CD and ATR-FTIR) revealed that regardless of the
production method, all HDPs exhibited structural flexibility, undergoing conformational
changes from aqueous to hydrophobic environments (Figures 6 and 7). The random
coil content observed in the protein buffer was reduced when HDPs interacted with
membrane-like structures (SDS micelles, Figure 6) or when water molecules were removed
(Figure 7), suggesting a shift toward more structured forms. Synthetic peptides had a higher
proportion of coil content and greater conformational flexibility (Figure 6). Recombinant
tetramers exhibited remarkably similar CD and ATR-FTIR profiles, despite being based
on different HDPs (Figures 6 and 7). These findings suggest that multimeric architecture
could promote intramolecular hydrogen bonding, favoring internal stabilization over
interactions with surrounding water molecules. Our results indicated that both 3-defensins
(BNBD1 and BNBD?3) exhibit conformational flexibility [84-88] and showed signs of 3-
sheet content, as suggested by ATR-FTIR (Figure 7). It is known that some (3-defensins
are more structurally stable than others, but all of them fold into an «f3 domain stabilized
by disulfide bonds [67,84,87-90]. However, the absence of a maximum at 230 nm in the
CD spectrum, typically associated with disulfide bonds [67], suggested that proper folding
into the canonical 3 domain may have been compromised. This effect could be more
pronounced in the recombinant variants, potentially explaining the lower activity observed
for rBNBD3x4. In this context, it is important to remark that the disulfide bonds are
considered important for 3-defensin stability [68,91], but previous studies have shown that
correct folding and activity can occur even in their absence [87,90,92].

Furthermore, Bac5, despite its high proline content, showed structural flexibility and
a shift toward «-helical structure in membrane-like conditions (10 mM SDS) when ana-
lyzed by CD (Figure 6). This conformational adaptability may contribute to the enhanced
activity observed in rBac5x4. The high activity and antibiofilm effect of rBMAP27x4 likely
correlate with its ability to adopt a-helical structures in membrane-mimetic environments,
consistent with known pore-forming mechanisms. Overall, these findings, together with
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previous studies, highlighted that structural stabilization—particularly proper folding
and environment-induced conformational changes—is a key determinant for antimicro-
bial activity and the mechanism of action of AMPs [93]. These findings support the idea
that improved activity in recombinant HDPs, compared to their synthetic counterparts, is
due not only to a higher local concentration of functional domains, but also to structural
conformations that favor peptide-membrane interactions.

5. Conclusions

The recombinant strategy described in this work is a promising alternative for pro-
ducing highly active HDPs. Linking four copies of the same HDP influences structural
organization and amplifies bioactivity beyond a simple dose-dependent effect. Recombi-
nant antimicrobial proteins exhibited stronger antimicrobial activity against both MSSA
and P. aeruginosa compared to monomeric synthetic counterparts. Additionally, these re-
combinant tetramers have also improved LPS binding and antibiofilm activity positioning
them as a viable and efficient production strategy beyond conventional chemical synthesis.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390 /biom15070980/s1, Figure S1: Three-dimensional structure of BNBD1 (a),
BNBD3 (b), Bacb segment 131-173 (c) and BMAP27 segment 132-158 (d) according to their PDB.
Tertiary structures are represented using PyMOL software (v3.0.2, Schrodinger Inc., New York, USA)
where o-helix is red, B-strand is in yellow, and loop is in green; Figure S2: Three-dimensional
structure of IBNBD1x4 (a), rBNBD3x4 (b), rBac5x4 segment (c) and rBMAP27x4 (d) as predicted by
AlphaFold3 [94]. Tertiary structures are represented using PyMOL software. «-helix in red, 3-strands
in yellow, loops in green, and the linker (GGSSRSS) in violet; Table S1: Sequence of the recombinant
proteins rBNBD1x4, rBNBD3x4, rBac5x4, and rBMAP27x4. GGSSRSS was used as a linker between
HDP domains, and a 6xHis-tag was added at the C-terminus for protein purification purposes; Table
52: Analysis of CD spectra and prediction of secondary structure using the CONTIN/LL method
with the CDPro software package.
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Abbreviations

The following abbreviations are used in this manuscript:

HDPs host defense peptides

LPS lipopolysaccharides

SPPS solid-phase peptide synthesis
PTMs post-translational modifications
GRAS generally regarded as safe

BNBD1 bovine neutrophil 3-defensin 1
BNBD3 bovine neutrophil 3-defensin 3

Bach bactenecin 5

BMAP27 bovine myeloid antibacterial peptide 27
MSSA methicillin-sensitive Staphylococcus aureus
BHI brain heart infusion

LB Luria-Bertani

IMAC immobilized metal affinity chromatography
MHB Mueller Hinton Broth

MIC minimum inhibitory concentration

DLS dynamic light scattering

ATR-FTIR  attenuated total reflectance-Fourier-transform infrared spectroscopy
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