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Abstract
Plant defensins have attracted much attention in the development of new antimicrobials. 
Yet the elucidation of their modes of action against bacterial pathogens is still incipient. 
The available recombinant systems to obtain plant defensin mutants with enhanced or op-
timized antibacterial activity may help to accelerate the knowledge of their action mecha-
nisms and their applications against pathogens. In this work, the point mutant defensin 
K45E (J1-1_K45E) was obtained by the same recombinant system as J1-1 defensin. The 
characterized peptide conserved antibacterial activity against the gram-negative Pseu­
domonas aeruginosa and showed a dose improvement relative to J1-1. Furthermore, the 
mutant J1-1_K45E exhibited a gain in function against the gram-positive Staphylococcus 
aureus. Finally, to correlate structural changes and antibacterial activity, two properties in-
volved in defensins’ modes of action were measured. First, the mutant J1-1_K45E which 
oligomerizes in a distinct pattern was compared with J1-1 and secondly, J1-1_K45E shows 
a distinct lipid binding profile because it binds preferentially to phosphatidylserine. Togeth-
er, our findings support the idea that amino acid sequence variability in plant defensins su-
perfamily can generate major functional changes, and highlight the relevant role of charged 
residues, beyond the g-core loop, in the improvement of J1-1 antibacterial activity.
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Introduction 

Among multiple sets of molecules produced by plants, 
plant defensins show antimicrobial activities against hu-
man, animal and plant pathogens (Pacheco-Cano et al. 
2020; Sathoff et al. 2020).

According to their subcellular localization, plant 
defensins are classified as class I or class II. Class I con-
tains a signal peptide and the mature domain, while 
class II defensins, in addition to the signal peptide and 
the mature sequence, bear a carboxy-terminal propep-
tide (Velivelli et al. 2018). In nature, these peptides 

contribute to plant immunity and are induced in re-
sponse to pathogen attack (Aerts et al. 2008; Carvalho 
and Gomes 2009). Plant defensins are short, cationic, 
cysteine-rich peptides that fold into the CSαβ 3D 
structure, which consists of a triple-stranded antiparal-
lel β-sheet and one α-helix stabilized by four disulfides 
(Lacerda et al. 2014). 

Class II plant defensins form phospholipid stabi-
lized dimers, considered oligomerization inducers. 
Some class II defensins dimer stabilization and 
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oligomerization are lipid concentration dependent 
processes. Furthermore, oligomeric assemblies are li-
pid type dependent which might be critical to perme-
ating the membrane and exerting their antimicrobial 
activity (Kvansakul et al. 2016). 

Structure-guided mutant peptides have been de-
signed to explore the importance of structural de-
terminants and to find correlations with defensin 
antifungal activity. Plant defensin interactions with 
sphingolipids and phospholipids define defensins’ 
mechanisms of action (MOA) on fungal cells, with 
multiple and varied cellular events as part of cell killing 
processes. For example, the internalization of MtDef4, 
from Medicago truncatula, depends on the presence of 
the phosphatidic acid (PA) to exert its antifungal activ-
ity on Fusarium graminearum and Neurospora crassa. 
Additionally, GluCer is required for RsAFP2 to induce 
apoptosis, cell wall stress, reactive oxygen species and 
septin mislocalization in Candida albicans (Cools et al. 
2017). 

Recently, several class II defensins in complex with 
phospholipids have been crystalized and their oligo-
meric structures are available. These defensin-lipid 
oligomeric structures have allowed for the analysis of 
precise molecular interactions namely, protein-lipid 
interactions and protein-protein interactions in defen-
sin dimers and oligomer interfaces (Poon et al. 2014; 
Kvansakul et al. 2016; Järvå et al. 2017; Ochiai et al. 
2020).

Binding to phospholipids involves cationic residues 
in the interface. For example in Nicotiana alata defen-
sin NaD1, the mutant R40E showed reduced binding 
and oligomerization with PI (4) P compared to the 
WT. Moreover, the mutant exhibited reduced activity 
on Fusarium oxysporum. In NaD1, R40 is involved in 
PI (4,5) P2 binding through a network of hydrogen 
bonds with N-terminus and the γ-core residues (Poon 
et al. 2014). 

Additionally, two-mutant peptides, K36E and 
R39A from NaD1, coordinated the phosphate head 
group of PA as observed in the NaD1-PA complex. The 
mutant R39A was unable to form oligomers in the pres-
ence of PA. Regarding their antifungal activity against 
C. albicans, both peptides showed higher IC50 values 
(2.5 ± 0.1 µM for K36E and 4.5 ± 0.1 µM for R39A) 
than WT NaD1 (1.9 ± 0.2 µM) (Järvå et al. 2018). 

The Solanum lycopersicum defensin TPP3 and de-
fensin OsAFP1, from Oryza sativa, share a similar 
dimer arrangement to that observed in the Nicotiana 
suaveolens defensin NsD7 in complex with PA, where 
the conserved residues that participate in the dimer 
interface are numbered K47 and C49. The dimer-di-
mer interface of OsAFP1 K47 coordinates a phosphate 
ion, probably because this structure was obtained 
in the absence of phospholipids (Baxter et al. 2015; 
Ochiai et al. 2020). 

Finally, two TPP3 variants, K6A and K42E, were 
designed to compare interactions previously described 
for K4 and R40 residues in NaD1. Both variants were 
unable to form high-order oligomers in the presence 
of PI (4,5) P2. Both lost binding to PI (4,5) P2 on li-
pid strips, and showed a 3-fold reduction in F. grami­
nearum hyphal growth inhibition was observed when 
compared to WT TPP3 (Baxter et al. 2015). 

Plant antibacterial defensins have the potential 
of being applied against antibiotic-resistant bacteria, 
however, a lack of knowledge regarding their MOA de-
lays their use as antibacterial agents (Ishaq et al. 2019). 
In 2016, the World Health Organization (WHO) was 
requested by member states to create a priority list of 
antibiotic-resistant bacteria to support research and 
development of effective drugs (Tacconelli et al. 2018). 
That list included ESKAPE pathogens (Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, 
and Enterobacter species). These ESKAPE pathogens 
are associated with high rates of mortality, diseases, 
and economic burden in healthcare worldwide (Idris 
and Nadzir 2023). 

The pepper defensin J1-1 was previously obtained 
in a bacterial expression system in Escherichia coli. 
Recombinant J1-1 is an antibacterial, PA binding pep-
tide, active on gram-negative Pseudomonas aeruginosa 
(Guillén-Chable et al. 2017). 

Here, we report the functional characterization of 
the point mutant J1-1_K45E derived from the type I 
antibacterial defensin J1-1. This point mutant showed 
a lipid-independent oligomerization, a distinct lipid-
binding specificity, and an improved antibacterial 
activity. Compared to J1-1, the mutant J1-1_K45E 
improved its antibacterial activity against the human 
and animal pathogen P. aeruginosa, which consisted of 
a reduced quantity of peptide needed to inhibit bacte-
rial growth. Interestingly, it exhibited activity against 
Staphylococcus aureus. J1-1_K45E also binds to PA, but 
acquired the ability to bind to phosphatidylserine (PS) 
in vitro. Yet, J1-1_K45E exhibited differences in its 
oligomerization pattern compared to J1-1, but neither 
J1-1 nor J1-1_K45E oligomerize in a PA concentration 
dependent manner. 

Materials and Methods

3D-structure model of dimers 

The 3D structural model of J1-1 mature peptide as 
a monomer was obtained by homology modeling 
in Modeller software (Fiser and Šali 2003) using the 
Protein Data Bank (PDB) ID 2LR3 (MtDef4 defen-
sin) as a template. The 3D models of dimers were 
generated using PDB file 5KK4 (NsD7 defensin) as 
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template. The molecular surface electrostatic po-
tential of both J1-1 and J1-1_K45E mature peptides 
were obtained by PyMOL using the software default 
settings.

Physicochemical characteristics such as molecular 
weight, isoelectric point, total charge and grand aver-
age of hydropathicity (GRAVY) index score of both 
peptide sequences J1-1 and J1-1_K45E were in silico 
predicted by using ProtParam and Peptide Calcula-
tor from Expasy (Gasteiger et al. 2003; Gasteiger et al. 
2005).

Bacterial strains, enzymes and plasmids

Escherichia coli DH5a and E. coli Origami (DE3) 
strains were used for plasmid propagation and re-
combinant protein expression, respectively. pGEM-
TEasy (Promega Biotech, United States) and pQE30 
(QIAGEN) plasmids were the cloning and expression 
vector, respectively, for the J1-1_K45E gene. Bacte-
rial pathogenic strains S. aureus ATCC 29213 and 
P. aeruginosa ATCC 27853 were purchased from the 
American Type Culture Collection (ATCC) through 
The Global Bioresource Center™. 

Expression and purification of J1-1_K45E

A mutant gene of the previously reported J1-1 was ob-
tained by PCR from Capsicum chinense Jacq genomic 
DNA using specific primers. A reverse primer was 
designed to introduce a point mutation in the K45E 
in J1-1 mature peptide sequence. The reverse primer 
sequence was 5´GCT AAT TAA GCT TGG CTG 
CAG TTA AGC ACA GGG CTC 3´. J1-1_K45E 
gene cloning was performed by introducing Bam HI 
and Pst I sites at 5´and 3´, respectively. The obtained 
plasmid construct in the expression vector pQE30 or 
pQE30_J1-1_K45E (Guillén-Chable et al. 2017) was 
confirmed by sequencing. The recombinant expres-
sion and purification of recombinantly expressed 
J1-1_K45E, was performed by affinity chromatogra-
phy using nickel-nitrilotriacetic acid (Ni-NTA) under 
denaturant conditions (Qiagen) and reverse-phase 
High Performance Liquid Chromatography (rpHPLC). 
Briefly, a semi-preparative C18 column (5 C18MS, 
10 × 250 mm Nacalai-Tesque Japan) was run from 
solvent A (0.1 and trifluoroacetic acid (TFA) in 
water) to solvent B (0.1 and TFA in acetonitrile 
(ACN)) using a gradient that started after 10 min 
from 10 to 100% of solvent B in 30 min at a flow of 
1.5 ml ∙ min–1. After collecting J1-1_K45E manually, it 
was vacuum dried and solubilized in sterile H2O. Pure 
J1-1_K45E and J1-1 were used for the protein-lipid in-
teraction assay, protein cross-linking and antibacterial  
activity assays. 

Peptide analysis by SDS-PAGE  
and Western Blot

Both J1-1_K45E and J1-1 were visualized by sodium 
dodecyl sulfate-poliacrylamide gel electrophoresis 
(SDS-PAGE) under reducing and denaturant con-
ditions. The polyacrylamide gels were stained with 
Coomassie R250 Brilliant Blue solution for 30 min. 
The destaining solution was a mixture of acetic acid 
and methanol. The molecular mass markers used for 
SDS-PAGE and Western Blot were from either Sigma 
(Color Markers Wide Range, Sigma-Aldrich Cat. 3437; 
Broad-Range SDS-PAGE Standards Sigma-Aldrich 
Cat.1610317) or Thermo (PageRulerTM Prestained Pro-
tein Ladder, Thermo ScientificTM).

To observe differences in the cross-linking profile 
of the recombinant peptides, identical samples were 
used in standard SDS-PAGE and Western Blot (WB) 
(Mahmood and Yang 2012). The protein detection was 
performed using previously obtained polyclonal rabbit 
antibodies anti-J1-1 (Guillen-Chablé et al. 2017). After 
SDS-PAGE, proteins were transferred to PVDF (poly-
vinylidene fluoride, Immobilon®-P Millipore) mem-
branes. Immunodetection of oligomeric complexes 
of both peptides were performed by using polyclonal 
antibodies anti-J1-1 (1 : 10,000 dilution). Then anti-
rabbit horseradish peroxidase (HRP)-coupled-IgG 
was used as a secondary antibody (Sigma-Aldrich Cat. 
32160702). Chemioluminiscence detection and image 
acquisition were obtained in a ChemiDocTMMP Imag-
ing System BIO-RAD (Mahmood and Yang 2012).

Protein cross-linking 

Cross-linking reactions were conducted in a volume 
of 50 μl containing 1 mg ∙ ml of J1-1 or J1-1_K45E, 
5 mM bis(sulfosuccinimidyl) suberate (BS3) (Islam 
et al. 2017). The modified conditions were as follows, 
defensins were incubated in the presence or absence of 
447.8 µM PA and 150 mM of NaCl in water, at room 
temperature. After 30 min of incubation, 5 μl Tris 
500 mM was used to stop the reaction. Protein sam-
ples were visualized using 12 μl of the protein cross-
linking reactions, boiled for 5 min at 95°C under re-
ducing and denaturing conditions and loaded into 
SDS-PAGE lanes and ran at 120 V (Mini PROTEAN 
tetra Cell chamber BioRadTM). Proteins were stained 
with Coomassie blue or transferred to PVDF mem-
branes for Western Blot analysis. 

Antibacterial activity  

The bacterial strains, S. aureus ATCC 29213 and 
P. aeruginosa ATCC 27853, were cultured with 
J1-1_K45E in broth microdilution assay as previously 
described by Guillén-Chable et al. (2017) with some 
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modifications. Briefly, modifications consisted of us-
ing ½ Mueller-Hinton broth (MHB) (BD Biosciences, 
Sparks, Md.) instead of MH medium. It was performed 
as a consequence of the observed aggregation in so-
lution at peptide concentrations of 125 μg ∙ ml–1 and 
250 μg · ml–1 in MHB. The peptide J1-1_K45E was di-
luted in sterile ½ MHB in 96-well microtiter Costar® 

culture plates (Sigma-Aldrich) to a final volume of 
100 μl, i.e., 50 μl of bacterium in ½ MHB and 50 μl 
of the recombinant peptide in sterile water contain-
ing the corresponding peptide concentration. The 
bacterial strains were initially cultured in ½ MHB to 
reach values between 0.08 and 0.1 absorbance units at 
600 nm. Then, cultures were diluted 1 : 100 with sterile 
½ MHB. Fifty μl of these dilutions were dispensed into 
each plate well, and immediately 50 μl of a two-fold 
final concentration of the peptide J1-1_K45E solution 
was added to reach a final volume of 100 μl per well. 
Culture plates were incubated at 37°C for 18 h. Ab-
sorbance at 600 nm was measured using a SunriseTM 
plate reader Tecan Group Ltd. (San Jose, CA, USA). 
Experiments were conducted with gentamicin as the 
control and without antibiotic to calculate maximum 
growth. Replicates were n = 4. Next, Colony Form-
ing Units (CFU) assays were performed as follows, 
a volume of 10 μl from overnight microdilution cul-
tures at peptide concentrations: 250, 125, 62.5, 31.25 
and 15.62 μg ∙ ml–1, as well as the positive or negative 
control were taken and serially diluted (6-fold). Final-
ly, 15 μl of each dilution was plated onto ½ MH-agar 
and incubated for 18 h at 37°C (n = 2). To obtain the 
bacterial inhibition percentages, CFU for P. aeruginosa 
and S. aureus were calculated according to the follow-
ing formula (Scilletta et al. 2021): 

CFU = Number of colonies  × Dilution factor 
Platet volume in ml  . 

Peptide-lipid binding

In vitro peptide-lipid interactions were analyzed as pre-
viously reported elsewhere (Poon et al. 2014). Briefly, 
J1-1_K45E lipid interactions using P-6001 phosphati-
dylinositol phosphate (PIP) strips (Echelon Bioscienc-
es, Salt Lake City, UT, USA) were used together with 
HRP-coupled anti-rabbit antibodies as secondary an-
tibodies (Sigma-Aldrich 32160702, diluted 1 : 10,000). 
The membrane was incubated for 20 min, and after 
two washing steps with 5 ml of Tris buffered saline plus 
Tween 20 (TBS-T), treated with the Immobilon West-
ern Chemiluminescent HRP Substrate (Millipore Co.) 
following the manufacturer’s instructions. Peptide-li-
pid binding was detected by chemioluminiscence and 
documented in a ChemiDoc™MP Imaging System 
(BIORAD). 

Results

Cloning of J1-1_K45E gene  
into the pQE30 expression plasmid

The vector pQE30 was used to express the Capsi­
cum chinense defensin mutant gene J1-1_K45E in 
E. coli Origami (DE3) strain. The expression 
plasmid contains a T5 promoter to be induced by 
isopropyl thiogalactoside (IPTG) which is added  
to the culture medium for protein expression. The 
expressed recombinant defensin bear an N-termi-
nal 6xHis tag to facilitate the purification by affin-
ity chromatography, followed by a sequence that en-
codes the 4 amino acids (IEGR) that serve as a cut 
site for Factor Xa protease to release, if necessary, 
the J1-1_K45E mature peptide from the 6xHis-tag. 
The correct reading frame and restriction sites in 
the new pQE30J1-1_K45E plasmid were confirmed. 
Figure 1A shows the 3D structure model of the mon-
omeric defensin J1-1 and the putative PA and PIP2 
binding residues. Figure 1B shows the J1-1_K45E fu-
sion protein format and its amino acid sequence, and 
Figure 1C shows theoretical biophysical values of 
J1-1 and J1-1_K45E.

Recombinant expression  
and J1-1_K45E purification 

The pQE30J1-1_K45E plasmid, previously sequenced, 
was used to transfect the expression E. coli Origami 
(DE3) strain. A single ampicillin-resistant colony was 
used to inoculate 1 L of LB medium flask containing 
ampicillin at 100 µg · ml-1. After induction and then 
protein purification by affinity chromatography, the 
expression of J1-1_K45E was observed by SDS-PAGE 
(Fig. 2). Intense protein bands of J1-1_K45E ~7 kDa 
(monomeric, I) in multimeric forms were observed, 
that is, protein bands of ~ 14 and ~21 kDa corre-
sponding to dimers and trimers were observed. Also, 
other multimeric forms with larger molecular mass 
were visible (Fig. 2). 

After nickel affinity chromatography purification, 
the main fractions were injected into the C18 column 
for a rpHPLC purification. The resulting chromato-
gram of this purification is shown in Figure 3. Mass 
spectrometric analysis of J1-1_K45E, collected at 
a retention time (RT) of 26.6 min, showed a mo-
lecular mass of 7,044.8 Da. The fraction with RT of 
11.8 min corresponds to solution salts or other low 
molecular mass components from the affinity chro-
matography elution fractions. 
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Immunodetection of recombinant peptides

After rpHPLC purification, J1-1 and J1-1K_45E were 
analyzed by SDS-PAGE and by WB (Fig. 4). Further-
more, to observe differences in the oligomeric profile 
between J1-1 and J1-1K_45E, anti-J1-1 polyclonal 
antibodies were used to observe oligomer formation 

before and after cross-linking reaction. Before cross-
linking, the J1-1 antibodies were able to recognize the 
recombinant mutant J1-1_K45E of the monomers, di-
mers, and trimers (Fig. 4). 

Dimeric 3D models and surface potential 

The homology of a 3D model of J1-1 was obtained to 
predict the structure of defensins and contribute to 
the analysis of structure-function relationship. The 3D 
model of J1-1 was built on the structural template from 
Medicago truncatula, MtDef4 (PDB: 2LR3) with a se-
quence identity of 48.9%. The structure model of J1-1 
contained a conserved triple-stranded β-sheet (β1-β3) 
and the α-helix, illustrating the conserved plant de-
fensins CSαβ fold (Fig. 5A). To observe the effect of the 
charge inversion in J1-1_K45E in comparison to J1-1, 
the molecular surface electrostatic potential of dimer 
analysis was performed using the modeled peptides in 
PyMOL. The analysis showed the expected increment 
in the negative surface area, located as a negatively 
charged patch shown in red in the J1-1_K45E dimer 
(Fig. 5C) and absent in J1-1 dimer (Fig. 5B).

Oligomerization of recombinant defensins 

The capability of J1-1_K45E and J1-1 to oligomerize in 
solution was investigated using the BS3 chemical cross-
linker, in the presence or absence of PA and NaCl 

Fig. 1. Structure model and properties of recombinant J1-1_K45E. A) Cartoon representation showing the side chains reported to 
interact with PA and PIP2; B) Amino acid sequence in recombinant J1-1_K45E, side chains shown on A are highlighted with asterisks 
Double lines indicate PIP2-binding amino acids; C) Comparison of biophysical values of both defensins

Fig. 2. Affinity Chromatography Purification of the recombinant 
J1-1_K45E. MM – molecular weight marker; 1 – GdnHCl solubi-
lized inclusion bodies; 2 – flow-through; 3 – protein elution with 
imidazole 0.7 M. Black arrows indicate the monomers (I), dimers 
(II) and trimers (III) 
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(Fig. 6). Oligomers in the presence or absence of PA or 
NaCl were observed for J1-1 and J1-1_K45E recombi-
nant peptides in Coomassie blue stained SDS-PAGE. 
Protein bands around 7, 14, ~21, ~28 and ~35 kDa were 
present, which would be equivalent to monomers, di-
mers, trimers, tetramers and pentamers of each peptide. 

It is worth mentioning that rpHPLC purified peptides, 
without any treatment, showed specific laddering pat-
terns. The most abundant bands were the smaller oli-
gomers observed, corresponding to monomers, dimers 
and trimers (Fig. 6A and 6C). In the control oligomeri-
zation patterns (rpHPLC purified peptide), tetramers 

Fig. 3. rpHPLC chromatogram of recombinant J1-1_K45E. A fraction with RT 26.654 min, was further analyzed by mass spectrometry 
to confirm mutant defensin identity. The phase gradient was from 10 to 100 and ACN in 30 min. Nickel affinity purified fractions of 
J1-1_K45E were loaded into the C18 column

Fig. 4. Detection of J1-1 and J1-1K45E by SDS-PAGE and WB. A) SDS-PAGE, lane 1, BSA, lane 2, recombinant J1-1, and lane 3 recombi-
nant J1-1_K45E; B) The Western Blot is a replica of the SDS-PAGE from Figure 4A where proteins were transferred to a PVDF membrane 
and it was immunodetected by anti-J1-1 polyclonal antibodies. Black arrows indicate the monomers (I), dimers (II) and trimers (III)
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Fig. 5. J1-1 and J1-1_K45E dimers. A) 3D structure of J1-1 dimer obtained by homology modeling. B) J1-1 dimer molecular surface 
electrostatic potential and C) J1-1_K45E dimer molecular surface electrostatic potential. Models were generated using PyMOL with 
default settings. The template was the plant defensin NsD7 (PDB: 5KK4)

Fig. 6. J1-1 and J1-1_K45E cross-linking and immunodetection. A) SDS-PAGE of J1-1_K45E and cross-linking products stained with 
Coomassie blue; B) WB with J1-1_K45E cross-linking products in reactions with or without PA or NaCl; C) SDS-PAGE of J1-1 and cross-
linking products stained with Coomassie blue and D), WB with J1-1 cross-linking products, reactions, with or without PA or NaCl. Lanes 
from 1 to 5 indicate: + means added reagent, and – means non-added reagent. Arrows indicate: monomers (I), dimers (II), and trimers (III)
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and pentamers appeared after BS3 cross-linking for 
both, J1-1_K45E and J1-1. It was noticed that oligom-
ers under 205 kDa for J1-1 were present when NaCl 
was added in the cross-linking reaction (Fig. 6C, 
lanes 4 and 5). For J1-1_K45E, a clear difference in 
larger molecular mass oligomers was not observed be-
tween the different reaction conditions in SDS-PAGE 
(Fig. 6A, lanes 2 to 5). To better observe differences in 
larger mass oligomerization patterns, the cross-linked 
peptides J1-1_K45E (Fig. 6B) and J1-1 (Fig. 6D) were 
analyzed by WB, with anti-J1-1 polyclonal antibody. 
As in SDS-PAGE. J1-1 formed high mass oligomers 
in the presence or absence of PA, with no noticeable 
effect in cross-linking reactions with or without NaCl 
(Fig. 6D, lanes 3 to 5) The same pattern is observed 
in lane 2 which only contains J1-1 cross-linked with 
BS3. J1-1_K45E, was detected in a different laddering 
pattern that is evidence of a change in higher mass 
oligomers. Undefined bands were mainly observed in 
reactions conducted with PA and NaCl (Fig. 6B, lanes 
3 and 4). On the other hand, cross-linked J1-1_K45E 
showed oligomers without PA or NaCl that are im-
munodetected in a similar laddering pattern (Fig. 6B, 
lane 2).  

Antibacterial activity 

Antibacterial activity of J1-1_K45E was evaluated on 
P. aeruginosa ATCC 27853 and S. aureus ATCC 29213 
results are shown in Figure 7. Although the absorbance 
at 600 nm was measured it was not conclusive because 
at high concentrations peptide aggregation interfered 
with absorbance due to bacterial growth. Yet, total in-
hibition of cell growth was obtained at 125 μg ∙ ml–1 
for P. aeruginosa and 250 μg ∙ ml–1 for S. aureus. These 

values were confirmed by performing CFU plate as-
says. The CFU remaining values for P. aeruginosa were 
in the range of 3.3 × 108 to 2.3 × 105 at 15.6 μg ∙ ml–1 
and 62.5 μg ∙ ml–1, respectively, of J1-1_K45E, compared 
to the positive control value of 1.1 × 109 CFU ∙ ml–1. In 
contrast, CFU for S. aureus were 3.3 × 108 CFU ∙ ml–1 at 
15.6 μg ∙ ml–1 and 6.7 × 106 CFU ∙ ml–1 at a peptide con-
centration of 125 μg ∙ ml–1. Bacterial growth control 
(without peptide or gentamicin) was 4.7 × 108  CFU ∙ ml–1. 

 

J1-1 K45E in vitro lipid binding  

The lipid binding profile of recombinant J1-1 was 
previously reported. J1-1 binds to phosphoinositides 
(PIs): mono, bisphosphates and trisphosphates, and 
PA in vitro (Guillén-Chable et al. 2017). In this work, 
the mutant J1-1_K45E lipid binding profile was ob-
tained in vitro with PIP Strips. Recombinant defensin 
J1-1_K45E exhibited a single amino acid charge inver-
sion in comparison to J1-1 (K 45 for an E), but a re-
duction in cationic charge of two units. Interestingly, 
J1-1_K45E bound to PtdIns (4,5) P2, PtdIns (3,4,5) P3, 
PA and PS on P-6001 strip. In contrast, J1-1_K45E did 
not bind either mono-PIs, PtdIns (3,4) P2 or PtdIns 
(3,5) P2. Identical results from two independent assays 
are shown in Figure 8. Remarkably, J1-1_K45E bound 
to PS. 

Discussion

In this work, we reported the purification and charac-
terization of the point mutant J1-1_K45E. This point 
mutant had a Glu residue instead of a Lys residue at 

Fig. 7. Antibacterial activity of J1-1_K45E against A) Pseudomonoas aeruginosa ATCC 27853, control – gentamicin 4 mg · ml–1 and B) 
Staphylococcus aureus ATCC 29213, control – gentamicin 16 mg · ml–1 ; CFU · ml–1 after18 h in 37°C 
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position 45 of mature J1-1. This mutant peptide was 
successfully expressed and purified as well as J1-1. The 
point mutation changed the total charge from +4 in 
J1-1, to +2.1 in J1-1_K45E. It is already known that 
under physiological salt concentrations the effective-
ness of antimicrobial peptides (AMPs) might be af-
fected by reducing electrostatic interactions between 
the cationic amino acids and anionic surface of the mi-
crobial membrane and the presence of cations, such as 
Na+ or K+, disturbing the protein-protein interactions, 
which would directly affect the oligomer formation 
(Kerenga et al. 2019). Lipid-dependent oligomeriza-
tion has been described as a key event in the mecha-
nism of action of plant defensins on fungal cells. Dis-
ruption of the oligomer formation is associated with 
a reduction in the biological activity of plant defensins 
(Poon et al. 2014; Kvansakul et al. 2016; Järvå et al. 
2018). In the SDS-PAGE analysis of proteins stained 
with Coomassie blue we observed very similar peptide 
patterns before and after cross-linking reactions. To 
observe oligomers under several conditions, such as 
NaCl presence, PA presence or both, different cross-
linking reactions were designed. Detection of low 
quantities of peptides were achieved by WB, after re-
ducing and denaturating conditions and specific pat-
terns were identified for each peptide. We observed 
that the oligomer patterns change due to mutation 
K45E, and that the capacity to oligomerize is not de-
pendent on the NaCl or presence of PA.

To our knowledge this is the first report that points 
out the enhancement of antibacterial activity by reduc-
ing the cationicity of a plant defensin. J1-1_K45E showed 
antibacterial activity in the two strains tested. In a pre-
vious work on J1-1, the MIC for P. aeruginosa was de-
termined in 250 mg ∙ ml–1 but it did not inhibit S. aureus 
at the same concentration (Guillén-Chable et al. 
2017). In this work, an enhanced antibacterial activity 

on P. aeruginosa was observed at a peptide concen-
tration of 125 mg ∙ ml–1 and unexpectedly, this point 
mutant killed S. aureus at 250 mg ∙ ml–1. The antibac-
terial activity of J1-1_K45E might be influenced by 
the global electrostatic charge, but also it might be 
related to the lipid selectivity or to the J1-1_K45E oli-
gomerization pattern. It is important to highlight that 
antimicrobial mechanisms described on fungal cells are 
different, even when a distinct susceptible fungal genus 
is described. Furthermore, antibacterial defensins have 
been reported to bind not only to membrane lipids, but 
also to ligands such as cell wall constituents, enzymes or 
intracellular targets as DNA and ribosomes have been 
identified (Velivelli et al. 2018; Sathoff et al. 2019).

J1-1_K45E bound to PtdIns (4,5) P2, PtdIns (3,4,5) 
P3, PA and PS in vitro. Interestingly, J1-1 did not bind 
to PS, but as previously reported, it bound to mono-
PtdIns, tris-PtdIns, PA and also to bis-PtdIns (3,4) P2 
and PtdIns (3,5) P2. Such differences in lipid-binding, 
suggest a role of the residue K45 in selectivity related to 
charge or size of the lipid head group that, when sub-
stituted by an opposite charged side chain, could bind 
PS. This is important in the first step for membrane 
interaction or it is necessary to cross the membrane to 
reach intracellular targets as described for antifungal 
plant defensins (Poon et al. 2014; Baxter et al. 2015; 
Järvå et al. 2018). Lipids in bacterial membranes are 
important structural and functional constituents, and 
are targets of several types of AMP. Membrane lipids 
perform variable roles in cellular events as structur-
al components or as signaling molecules (Tam et al. 
2015). In this context, the binding of J1-1_K45E to PS 
is relevant due to its physiological cellular functions 
described. Phosphatidylserine (PS) is an anionic lipid 
found on cellular membranes, that under homeostatic 
conditions is typically restricted to the inner leaflet of 
the plasma membrane. It has a key role in conditions 
such as: apoptosis, protist apoptotic mimicry which is 
a condition where pathogens, expose PS on the mem-
brane to enter into the host cells to deploy its viru-
lence, and PS externalization in some cancer cell lines 
(Calianese and Birge 2020). In this sense, further work 
is needed to explore the J1-1_K45E binding to can-
cer cells or to evaluate its effect on other pathogens in 
apoptotic mimicry. 

Conclusions

In conclusion, the positive charge of the Lys residue in 
position 45 was a determinant for oligomerization and 
lipid-binding of J1-1. Interestingly, the residue Glu 45 
enhanced peptide antibacterial activity on P. aerugino­
sa and also conferred activity on S. aureus that was not 
previously observed in J1-1. This work highlights the 

Fig. 8. J1-1_K45E lipid binding. J1-1_K45E bound to PtdIns (4,5) 
P2, PtdIns (3,4,5) P3, PA and PS in vitro
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role of the amino acid K45 as a key structural deter-
minant for head group phospholipid interactions and 
the role of K45 in J1-1 oligomerization. On the other 
hand, the improved antibacterial activity of J1-1_K45E 
is contrary to the accepted idea that more positively 
charged plant defensins exert better antimicrobial ac-
tivity. More structure-function studies considering 
dimeric or oligomeric forms of these peptides are nec-
essary to accurately elucidate antibacterial plant de-
fensins mode of action. 
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