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Abstract
Monomeric, dimeric, palindromic, and tetrameric peptides derived from bovine lactoferricin (LfcinB) containing the 
RRWQWR or the KKWQWK sequence were synthesized via SPPS- Fmoc/tBu strategy, and Lys-peptides showed higher 
synthesis efficiency. The antibacterial activity of the peptides against Escherichia coli, Pseudomonas aeruginosa, and 
Staphylococcus aureus ATCC reference strains and a multidrug resistant clinical isolate was evaluated. Lys peptides exhibited 
similar antibacterial activity to the Arg peptides, suggesting that the Arg for Lys substitution does not significantly affect 
the antibacterial activity. The synergy assays showed that the covalent dimeric Lys peptide decreased the MIC value of the 
ciprofloxacin up to 32 times, and LfcinB (20-25), and one of the Lys-peptides [K]-LfcinB (20-25)Pal presented a synergistic 
effect. Additionally, Lys peptides lowered the hemolytic activity by 2 to 7 times. These results suggest that short peptides 
derived from Lys-LfcinB could be a cost-effective alternative for the development of drugs or combinatory treatments against 
bacterial infections.
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Introduction

According to the World Health Organization (WHO), anti-
microbial resistance (AR) is generated when microorgan-
isms undergo changes or mutations that make the drugs 

commonly used to treat infections cease to be effective 
(World Health Organization (WHO) 2015). It is estimated 
that more than 50% of antibiotics are used incorrectly and 
improperly in many countries (World Health Organization 
(WHO) 2019). The WHO has reported an increase in patho-
gens that show resistance to conventional antibiotics and rec-
ommends investigating and developing new molecules that 
respond to current and future needs, focusing on activity, no 
resistance induction, and cost/benefit production, guarantee-
ing equitable access to treatment (World Health Organiza-
tion (WHO) 2015; Wang et al. 2018). The WHO classified 
the bacteria into three priority groups: the critical group 
(Acinetobacter, Pseudomonas and several enterobacteria; E. 
coli, Serratia spp, and Klebsiella spp), high-priority bacteria 
(S. aureus, E. faecium, H. pylori, Campylobacter, Salmo-
nella spp, and N. gonorrhoeae), and the medium priority tier 
(S. pneumoniae, H. influenzae, and Shigella spp) (Asokan 
et al. 2019). Specifically, Escherichia coli that causes uri-
nary tract infections has exhibited resistance to ciprofloxa-
cin in 8 to 65% of the cases (World Health Organization 
(WHO) 2018), Methicillin-resistant Staphylococcus aureus 
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(MRSA) could cause longer hospitalization and an increase 
in hospital mortality (Inagaki et al. 2019), and Pseudomonas 
aeruginosa has now been related to high resistance to car-
bapenems, one of the few available treatment alternatives 
(Xu et al. 2020).

Antimicrobial peptides (AMPs) are naturally found as 
part of the first line of defense of living organisms, exhibit-
ing activity against diverse microorganisms, such as bac-
teria, yeast, and fungi (Patel and Akhtar 2017; Tang et al. 
2018; Ciumac et al. 2019). They have a low possibility of 
developing resistance and in general a good toxicity profile 
(Ageitos et al. 2017; Kumar et al. 2018; Ciumac et al. 2019; 
Lei et al. 2019). Nevertheless, AMPs are susceptible to pro-
teolytic degradation and rapid clearance, and some of them 
exhibit severe hemolytic activity and have a high cost of 
production. This last aspect could increase specifically for 
longer sequences or peptides that contain high quantities of 
some amino acids such as arginine (Arg), thus making the 
production of pharmaceutical forms based on AMPs chal-
lenging (Hancock and Sahl 2006; Vrettos et al. 2018; Gao 
et al. 2018; Lei et al. 2019).

Bovine lactoferrin (LFB) is an iron-binding glycoprotein 
that possesses a highly positively charged N-terminal region 
(Gifford et al. 2005) and has exhibited antibacterial activ-
ity against Gram-positive and Gram-negative bacteria (Bel-
lamy et al. 1992). The pepsin hydrolysis of LFB releases 
a 25 residues antimicrobial peptide: Bovine Lactoferricin 
(LfcinB: 17FKCRRWQWRMKKLGAPSITCVRRAF41), 
that is located at the N-terminal side of lactoferrin and is 
more active than its parent protein (LFB). LfcinB forms an 
intramolecular disulfide bond (19Cys- 36Cys) thus generating 
a looped structure (Gifford et al. 2005). Its minimal antimi-
crobial motif is RRWQWR (Quintieri et al. 2013; Huertas 
et al. 2017). This protein and its derivative synthetic peptides 
have been widely studied and exhibit well-known antibacte-
rial activity (Huertas et al. 2017; Hao et al. 2018; Zarzosa-
Moreno et al. 2020). The suggested mechanism of action 
of lactoferricin-derived peptides starts with their cationic 
character (due to cationic amino acids), which leads to rec-
ognition of anionic molecules located in the pathogen. This 
electrostatic interaction is mainly developed by the Arg resi-
dues of the LfcinB, followed by a hydrophobic interaction of 
Trp residues that leads to membrane destabilization and cell 
lysis (Farnaud et al. 2004b; Huertas et al. 2017).

Solid-Phase Peptide Synthesis (SPPS) is used for 
obtaining these peptides. SPPS allows peptide chain elon-
gation by a covalent attachment of the first amino acid to 
a resin, followed by multiple coupling and deprotection 
steps, processes based on orthogonal protecting groups 
that allow the specific formation of the peptide bond 
(Fields 2001). Our group has synthesized AMPs by the 
SPPS-Fmoc/tBu strategy and we have studied the multi-
valent approach (Huertas et al. 2017), which is based on 

the repetition of short active motives within a peptide, 
thus increasing binding sites interactions and increas-
ing the antimicrobial activity or stability to proteolysis 
of peptides, through a rise of cationic and hydrophobic 
clusters, (Liu et al. 2010; Scorciapino et al. 2017; Huertas 
et al. 2017). Polyvalent or multivalent peptides can present 
multiple structures, such as palindromic or linear multiple 
sequences, covalent dimeric or two-branched peptides, and 
covalent tetrameric or tetra-branched peptides. Within the 
article, covalent dimers and tetramers will be referred as 
dimeric and tetrameric peptides. Dimeric peptides can be 
synthesized using the methodology developed by (Tam 
and Zavala 1989); with a lysine core molecule, that has 
unprotected α and ε amino groups and allows the double 
elongation of the peptide chain. According to (Rivera et al. 
2002), the establishment of intermolecular disulfide bonds 
by oxidation of dimeric peptides containing Cys amino 
acids, forms tetra-branched structures.

Several authors have evaluated the biological activity 
of peptides derived from LfcinB, showing that modifica-
tions in the sequences can enhance the antibacterial activ-
ity (Hao et al. 2018). In previous studies, we reported that 
monomeric, dimeric, and tetrameric peptides derived from 
the minimal motif of LfcinB exhibited high activity against 
ATCC strains of Gram-positive bacteria such as S. aureus 
and E. faecalis and Gram-negative bacteria such as E.coli 
and P. aeruginosa, and were considered as promising thera-
peutic agents (Vargas Casanova et al. 2017, 2019). But it has 
also been seen that dimeric and tetrameric peptides exhibit 
higher hemolytic activity (Vargas-Casanova et al. 2019), 
which could cause a problem when they are administered. 
Generally, AMPs present electrostatic interactions due to the 
cationic charge given by the high content of arginine; it has 
been seen in other studies that a substitution of arginine for 
lysine can help decrease the percentage of hemolysis, pre-
serving the antibacterial activity while also reducing manu-
facturing costs (Sitaram et al. 1992; Chen et al. 2000; Toku-
naga et al. 2001). In addition, short peptides derived from 
LfcinB that contain Lys residues have been synthesized. 
For example, the peptide LTX-315 (KKWWKK-Dip-K), 
which was designed based on a structure-activity relation-
ship and has exhibited a cytotoxic effect against cancerous 
cells in vitro and induced an immunological response upon 
being injected locally into tumors of immunocompetent 
mice (Sveinbjørnsson et al. 2017). Previous results have 
shown that Arg/Lys substitutions in several Trp-rich AMPs 
retained or slightly decreased the antimicrobial activity of 
the peptides against E. coli ATCC 25922, and that shorter 
Lys analogs such as ornithine or 2,3-diaminopropionic acid 
improved the stability to trypsin digestion (Arias et al. 2018), 
in fact, some of these peptides have cytotoxic effect against 
Jurkat cells. Furthermore, Lys modifications have shown an 
increase in selectivity (peripheral blood mononuclear cells) 
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and ornithine derivatives have exhibited increased anticancer 
potency (Arias et al. 2020).

In the present investigation, we evaluated the antibacte-
rial activity of LfcinB-derived peptides in which Arg resi-
dues were substituted for Lys residues to establish if these 
changes affect the antibacterial and hemolytic activity and 
the synthetic process. Additionally, we wanted to know if 
the antibacterial activity exhibited in reference strains was 
similar in a multi-drug resistant clinical isolate of E. coli.

Materials and Methods

Reagents and Materials

Mueller-Hinton Agar, Mueller-Hinton Broth (MHB), Brain 
Heart Infusion Broth (BHI), Tryptic Soy Agar (TSA), and 
peptonate water were obtained from OXOID, bacterial 
strains S. aureus ATCC 25923, E. coli ATCC 25922, P. 
aeruginosa ATCC 27853, and E. coli ATCC 11775 were 
obtained from ATCC (Manassas, VA, USA), The clini-
cal isolate E. coli 301755 was obtained from the Instituto 
Nacional de Cancerología E.S.E, located in Bogotá, Colom-
bia. Sterile distilled water, Ciprofloxacin (Bayer), Vanco-
mycin (Hospira. Inc- Pfizer), N,N-diisopropylethylamine 
(DIPEA), triisopropylsilane (TIPS), 1,2-ethanedithiol 
(EDT), 4-methylpiperidine, and ninhydrin were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). Rink amide 
resin, Fmoc-amino acids, 6-chloro-1-hydroxy-benzotriazole 
(6-Cl-HOBt), and N,N-dicyclohexylcarbodiimide (DCC) 
were purchased from AAPPTec (Louisville, KY, USA). 
Methanol, diethyl ether, N,N-dimethylformamide (DMF), 
absolute ethanol, dichloromethane (DCM), acetonitrile 
(ACN), isopropyl alcohol (IPA), and trifluoroacetic acid 
(TFA) were obtained from Honeywell-Burdick & Jackson 
(Muskegon, MI, USA). All reagents were used without fur-
ther purification.

LfcinB‑Derived Peptide Synthesis

The designed peptides were synthesized using manual solid-
phase peptide synthesis (SPPS-Fmoc/tBu) (Behrendt et al. 
2016; Rodríguez et al. 2019). Briefly, Rink amide resin (0.46 
meq/g) was used as a solid support. Resin swelling was car-
ried out with N,N-Dimethylformamide (DMF) for 2 hours. 
As shown in Fig. 1S (Step 1) Fmoc group removal was car-
ried out twice through treatment with 2,5% 4-methylpiperi-
dine in DMF and then, washed with DMF (6×) and DCM 
(3×); (Step 2) For the coupling reaction, Fmoc-amino acids 
were pre-activated with DCC/6-Cl-HOBt in DMF at room 
temperature (RT) for 10 minutes; Fmoc group elimination 
and the incorporation of each amino acid was confirmed 
by the Kaiser test (Kaiser et al. 1970) (Step 3) Side-chain 

deprotection reactions and peptide separation from the resin 
were carried out with a cleavage cocktail containing TFA/
water/TIPS/EDT (93/2/2.5/2.5 v/v/v). The reaction was 
stirred for 4 or 8 h at RT, and then the resin-peptide was 
filtered and the solution was collected. Crude peptides were 
precipitated by treatment with cold ethyl ether, dried at RT, 
and finally washed with ethyl ether five times. After purifica-
tion of the dimeric precursor (Step 4), the tetrameric peptides 
were obtained by the oxidation of precursor dimeric peptides 
(Step 5) (RRWQWR)2K-Ahx-C and (KKWQWK)2K-Ahx-C 
in accordance with (León-Calvijo et al. 2015; Vargas Casa-
nova et al. 2017); The oxidation of the molecules is carried 
out in Dimethyl Sulfoxide (DMSO) 10% (pH:7,5) during 
24hrs, then the tetramer molecules were desalted using an 
RP-SPE cartridge.

Reverse‑Phase HPLC

The analysis was performed on a Merck Chromolith® C18 
(50 × 4.6 mm) column using an Agilent 1200 liquid chroma-
tograph (Omaha, NE, USA) with UV-Vis detector (210 nm). 
For peptide analysis, a linear gradient was applied from 5 
to 50% solvent B (0.05% TFA in ACN) in solvent A (0.05% 
TFA in water) for 8 min at a flow rate of 2.0 mL/min at RT. 
10 µL samples were injected with an approximate concentra-
tion of 1.0 mg/mL of crude or purified molecules (Vargas 
Casanova et al. 2017).

Peptide Purification

The molecules were purified in accordance with the method 
reported by (Insuasty Cepeda et al. 2019), using solid-phase 
extraction columns (SUPELCO LC-18 with 2.0 g resin). 
SPE columns were activated prior to use with 30 mL ace-
tonitrile (containing 0.1% TFA) and equilibrated with 30 
mL water (containing 0.1% TFA). The crude peptides were 
passed through the column, and a gradient was used for their 
elution. The collected fractions were analyzed using RP-
HPLC (as described above). The fractions that contained 
pure products were lyophilized (Insuasty Cepeda et  al. 
2019).

Activation, Confirmation, and Maintenance 
of Bacterial ATCC Strains

Reference strains S. aureus ATCC 25923, E. coli ATCC 
25922, E. coli ATCC 11775, and P. aeruginosa ATCC 
27853 were activated according to the protocol established 
by the provider. Three serial passes were made until the opti-
mum growth rate was obtained; to confirm the purity of the 
microorganisms, Gram staining was performed. When isola-
tion of the bacteria in the TSA was obtained, the strains were 
stored at 4 °C for a maximum of 60 days. After this time, 
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or upon observing contamination in the medium, the strains 
were discarded and activated again as described above. The 
strains were stored at − 70 °C in 20% glycerol.

Antibiogram of the E.coli Clinical Isolate

The determination of the resistance profile of the clinical 
isolate was performed by Idime (Instituto de Diagnóstico 
Médico) according to its internal protocols.

Antibacterial Activity Assay

The minimal inhibitory concentration (MIC) was determined 
using the Broth microdilution method (Vargas-Casanova 
et al. 2019), according to the standards of the Clinical & 
Laboratory Standards Institute (CLSI) (Weinstein 2018). 90 
μL of Mueller-Hinton (MH) broth were added in a 96-well 
microtiter plate, followed by 90 μL of peptide (concentra-
tion of 200 μg/mL to 6.2 μg/mL). Then 10 μL of bacterial 
inoculum (5 × 106 CFU mL−1) was added to all the wells. 
Finally, the plate was incubated at 37 °C for 24 h and the 
absorbance was measured (620 nm). The minimal bacte-
ricidal concentration (MBC) was determined according to 
the National Committee for Clinical Laboratory Standards 
(NCCLS) standard (Clinical and Laboratory Standards Insti-
tute 1999). After measuring the absorbance, a subculture of 
each of the wells where there was no growth was made in 
MH Agar. MBC was defined as the when bacterial growth 
was reduced by 99.9%. Each of these tests was performed 
twice (n = 2).

Hemolysis Assay

5 mL of peripheral blood in EDTA was centrifuged at 500 
rpm for 15 min; the erythrocytes were separated and washed 
three times with 0.9% saline solution (SS). Then 100 µL of 
peptide (final concentrations of 200 to 6.2 µg/mL) was mixed 
with 100 µL of erythrocytes (2% hematocrit) and incubated 
at 37 °C for 2 h. It was then centrifuged at 2500 rpm for 5 
min and the absorbance of the supernatant was measured at 
450 nm. Two controls were used; positive control: distilled 
water and negative control: SS 0.9% (Solarte et al. 2015). 
All experiments were approved by the Universidad Nacional 
de Colombia ethical committee (code number 04-19 2019). 
Informed consent of all participating subjects was obtained.

Time‑Kill Curve

The time-kill curves were performed as described in the 
CLSI protocol (Clinical and Laboratory Standards Insti-
tute 1999), with some modifications. 270 µL of peptide 
(0.5 MIC, MIC and 2 MIC) in Mueller Hinton Broth and 
30 µL of inoculum (5 × 106 CFU mL−1) were added to a 

100-well microtiter plate; this was incubated at 37 °C for 48 
h in the Bioscreen C equipment. The absorbance (600 nm) 
was measured every hour (n = 3).

Synergy Test

The synergistic effect of the antibacterial activity was deter-
mined by the chessboard test using Mueller-Hinton broth 
(Vargas-Casanova et al. 2019). Briefly, the following combi-
nations were evaluated: Ciprofloxacin/[K]-LfcinB (20-25)Pal, 
Ciprofloxacin/[K]-LfcinB (20-25)2, LfcinB (20-25)/[K]-
LfcinB (20-25)Pal, LfcinB (20-25)/[K]-LfcinB (20-25)2, [K]-
LfcinB (20-25)/[K]-LfcinB (20-25)Pal, [K]-LfcinB (20-25)/
[K]-LfcinB (20-25)2, Ciprofloxacin/[K]-LfcinB (20-25)Pal, 
and Ciprofloxacin/[K]-LfcinB (20-25)2. The peptides were 
evaluated at concentrations of 0, 0.06, 0.12, 0.25, 0.50, 1, 
and 2 times the MIC. The FIC (fractional inhibitory con-
centration) was determined according to the following equa-
tion: [(A)/MICA] + [(P)/MICP] = FICA + FICP = FIC index, 
where the MICA and MICP are the MIC values of the indi-
vidual antibiotic and the peptide, respectively, and (A) and 
(B) are the MIC evaluated in combination. Specifically, the 
values of FIC ≤ 0.5 indicate synergy, FIC between 0.5 and 
1 additivity, between 1 and 4 indifference, and greater than 
4 antagonism (Committee for Antimicrobial Susceptibility 
Testing of the European Society of Clinical Microbiology 
and Diseases 2000). Each of these tests was performed twice 
(n = 2).

Results and Discussion

AMPs derived from LfcinB have exhibited antimicrobial 
properties in both Gram-positive and Gram-negative ATCC 
strains (Huertas et al. 2017; Vargas-Casanova et al. 2019). In 
the present investigation, the activity of LfcinB-derived pep-
tides with Arg/Lys substitution was evaluated with the aim 
of studying the synthetic viability, hemolytic activity, and 
antimicrobial effect against microorganisms that are part of 
the WHO priority group (Asokan et al. 2019): Gram-positive 
(S. aureus) and Gram-negative (E. coli and P. aeruginosa) 
reference strains, and an E. coli multidrug-resistant clinical 
isolate. Four Arg- peptides previously described (Vargas-
Casanova et al. 2019) and four Lys-peptides newly designed, 
derived from LfcinB were synthesized, purified, and char-
acterized via RP-HPLC and MALDI-TOF MS (Table 1 and 
Fig. 2S). In all cases chromatographic purity was above 91% 
(Fig. 3S) and the main MS signal corresponded to the m/z 
ratio of the [M+H]+ ion and was in accordance with the 
expected monoisotopic mass (Table 1 and Fig. 3, 4S).There 
were no significant changes in the hydrophobicity of the 
molecules, reflected in the retention times (tR), determined 
in a chromatographic profile using RP-HPLC; the longer the 



1755International Journal of Peptide Research and Therapeutics (2021) 27:1751–1762	

1 3

retention time, the greater hydrophobicity is reflected. The 
palindromic peptides exhibited the highest hydrophobicity 
and the monomeric peptides the lowest. Both groups of mol-
ecules presented high purity and yields.

Lys peptides exhibited better synthetic efficiency rep-
resented by lower reagent consumption, shorter synthesis 
duration and lower costs, while maintaining high chromato-
graphic purity. Our results are in agreement with previous 
reports that showed the difficulty of Arg coupling, requiring 
long reaction times and a high quantity of reagents (Huer-
tas et al. 2017). The highly basic and nucleophilic guani-
dine group requires an electron withdrawal and a bulky 
protecting group, such as the Pbf (pentamethyl-2,3-dihyd-
robenzofuran-5 sulfonyl), which is voluminous and highly 
acid-stable, which makes it difficult to complete the cou-
pling reaction of the Fmoc-Arg(Pbf)-OH and their removal 
in the cleavage process during SPPS (Seo and Silverman 
2006). Lys is an amino acid that could introduce the posi-
tively charged character to the peptide chain, together with 
easier incorporation into the growing chain in SPPS-Fmoc/
tBu synthesis. This is partly due to the fact that the Lys side 
chain is protected by the Boc group, which is less volumi-
nous than Pbf, thus causing less steric hindrance and requir-
ing less time and fewer reagents to complete the coupling 
reaction (Albericio et al. 2009; de la Fuente-Núñez et al. 
2017).

Moreover, for Arg containing peptides, the number of 
coupling cycles was greater than for Lys-containing ones. 
For instance, for peptide [K]-LfcinB (20-25)2 synthesis, 
twelve coupling reaction cycles were required, in contrast 
to twenty-three coupling reaction cycles required for peptide 
LfcinB (20-25)2 synthesis. Besides, a 4-hour increase in the 
cleavage process was also required, which reaffirms that the 
synthesis of Arg peptides is more labor-intensive and rep-
resents higher costs (Fig 5S). Interestingly, the increase in 

coupling steps applies for the whole sequence and not just 
Arg cycles, as mentioned before, this behavior demonstrates 
the steric hindrance that Arg creates into the peptide chain. 
Each additional coupling reaction cycle represents higher 
expend on reagents, and currently, Arg (Fmoc-Arg(Pbf)-OH) 
costs at least twice as much as Lys (Fmoc-Lys(Boc)-OH). 
In addition, Lys-synthesis of the dimeric entity required 
approximately 48% less moles of amino acid, DCC and 6-Cl-
HOBt and approximately 90% less volume of solvents (DMF 
and DCM), making this a green synthesis approach. The 
synthesis of the dimeric and tetrameric peptides was carried 
out using the methodology developed by Tam et al., The 
incorporation of Fmoc-Lys(Fmoc)-OH, allows the formation 
of two-branched peptide (dimer precursor), the oxidation of 
Cys residue located in the C-terminus leads to tetra-branched 
molecule (León-Calvijo et al. 2015) (Fig. 1S).

As shown in Table 2, monomeric peptides LfcinB (20-25) 
and [K]-LfcinB (20-25) exhibited the lowest antibacterial 
activity in the evaluated strains, suggesting that the Arg/Lys 
substitutions in the LfcinB (20-25): RRWQWR sequence 
did not notably increase the antibacterial activity of these 
linear peptides. On the contrary, the palindromic, dimeric, 
and tetrameric peptides exhibited higher antibacterial activ-
ity. This result is in agreement with previous reports by our 
research group, showing that palindromic and polyvalent 
sequences of the minimal motif of LfcinB enhance the activ-
ity compared to their monomeric counterparts (León-Calvijo 
et al. 2015; Huertas et al. 2017; Guerra et al. 2019; Vargas-
Casanova et al. 2019). Furthermore, the tetrameric peptide 
LfcinB (20-25)4 exhibited the highest antibacterial activity 
against all the reference strains, and we found that all the 
peptides exhibited better activity against the E. coli strains 
(ATCC 11775 and 25922) compared to the other bacterial 
strains. The palindromic peptide LfcinB (21-25)Pal exhib-
ited higher antibacterial activity compared to the peptide 

Table 1   Analytical 
characterization summary of 
LfcinB- derived peptides

Molecules were synthesized via SPPS- Fmoc/tBu strategy, purified using RP-SPE, characterized by means 
of RP-HPLC, and analyzed via MALDI-TOF mass spectrometry
*Data of the precursor dimer that was oxidized to the tetramer (Supplementary material)
Ahx (6-aminohexanoic acid), MS mass spectrometry

Code Sequence Characterization

RP-HPLC tR (Purity) MS [M+H]+ m/z

min (%)

LfcinB (20-25) RRWQWR 4.2 (96) 987.65
LfcinB (21-25)Pal RWQWRWQWR 5.9 (94) 1485.85
LfcinB (20-25)2 (RRWQWR)2K-Ahx 4.9 (99) 2194.00
LfcinB (20-25)4 ((RRWQWR)2K-Ahx-C)2 5.2* (99) 2295.10*
[K]-LfcinB (20-25) KKWQWK 3.7 (99) 903.90
[K]-LfcinB (21-25)Pal KWQWKWQWK 5.7 (96) 1400.33
[K]-LfcinB (20-25)2 (KKWQWK)2K-Ahx 4.8 (99) 2025.34
[K]-LfcinB (20-25)4 ((KKWQWK)2K-Ahx-C)2 4.8* (91) 2127.82*
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[K]-LfcinB (21-25)Pal; however, the difference between 
MIC values for these palindromic peptides corresponded to 
one peptide dilution in all cases, suggesting that the Arg/
Lys substitutions do not significantly affect the antibacterial 
activity. It can be deduced that the antibacterial activity of 
palindromic, dimeric, and tetrameric Lys peptides for the E. 
coli reference strains was similar (MICs between 23 and 47 
µM). For dimeric and tetrameric peptides containing Lys, the 
MIC values were higher (corresponding to one or two pep-
tide concentration dilutions) than those of the dimeric and 
tetrameric peptides containing Arg residues. The tetrameric 
peptides LfcinB (20-25)4 and [K]-LfcinB (20-25)4 exhib-
ited higher antibacterial activity against the S. aureus strain, 
confirming that the polyvalence enhances the antibacterial 
activity of sequences with moderate antibacterial activity 
and that the Arg/Lys substitutions do not significantly affect 
the antibacterial activity.

Peptides [K]-LfcinB (20-25)2 and [K]-LfcinB (20-25)4 
exhibited significant antibacterial activity against P. aerugi-
nosa and S. aureus strains. As mentioned above, in a man-
ner similar to the RRWQWR motif, the polyvalence of the 
KKWQWK motif also improved the antibacterial activity, 
because the RRWQWR and KKWQWK peptides alone do 
not exhibit significant antibacterial activity. Our results are 
in agreement with reports that showed that the polyvalence 
of sequences derived from LfcinB significantly increases 
the antibacterial activity (Azuma et al. 2008; León-Calvijo 
et al. 2015; Vargas Casanova et al. 2017; Vargas-Casanova 
et al. 2019).The improvement of the antibacterial activity by 
the polyvalence of these short sequences possibly occurred 
because of the increase in the number of amino acids with 
positively-charged side chains (Arg or Lys); both Arg and 
Lys are basic residues that have a net charge of +1 under 
physiological conditions. This fact is in accordance with 

previous studies, which suggest that the antibacterial activ-
ity of AMPs is associated with their self-assembly, forming 
polymeric structures that interact with bacterial membranes 
(Farnaud and Evans 2003; Farnaud et al. 2004a; Azuma 
et al. 2008; Tian et al. 2015). In addition, positive charges 
are essential in order for the peptide to approach the cell 
membrane through electrostatic interactions with the nega-
tive charges located on cell surface, so that the hydrophobic 
side chains of the peptide can then interact with the lipid 
bilayer, causing the membrane to rupture (Schibli et al. 
1999; Farnaud and Evans 2003; Nguyen et al. 2005; Chan 
et al. 2006). Dimeric and tetrameric peptides have multiple 
chains that are attached to an arm containing the unnatural 
amino acid; 6-aminohexanoic acid (Ahx), which may confer 
greater stability against proteolytic degradation.

The differences between the antibacterial activity of the 
Arg peptides and the Lys peptides could be due to the nature 
of the positive charge in the side chain. The Lys side chain 
has a primary amine, while Arg contains a guanidine group, 
causing it to interact differently with negatively charged mol-
ecules on the plasmic membrane. In the guanidine group, the 
positive charge could be dispersed, due the resonance effect 
and that it can form contact like-charge ion pairs in water, 
which avoids the repulsion of positive charges and favors 
the penetration across cellular membranes (Yang et al. 2003; 
Vazdar et al. 2018). Furthermore, other studies with Arg/
Lys substitution observed that Arg peptides tend to exhibit 
better activity, which can be explained by the hydrogen 
bridge stabilization of the Arg-phosphate clusters. There is 
no clear correlation with the antimicrobial activity, due to 
the complexity of the peptide interactions (charge distribu-
tion, hydrophobicity, and secondary structure) (Kang et al. 
1996; Li et al. 2013; Arias et al. 2018; Luong et al. 2018; 
Mann et al. 2018).

Table 2   Antibacterial activity of LfcinB-derived peptides against ATCC reference strains

Test developed in accordance with the Broth microdilution method (Vargas-Casanova et al. 2019). MIC: Minimal inhibitory concentration (µM); 
MBC: Minimal bactericidal concentration (µM)
In accordance with the results of a(Vargas Casanova et al. 2017); b(Vargas-Casanova et al. 2019)

Code Antibacterial activity

E. coli P. aeruginosa S. aureus

ATCC 11775
MIC/MBC

ATCC 25922
MIC/MBC

ATCC 27853
MIC/MBC

ATCC 25923
MIC/MBC

LfcinB (20-25) 203/> 203a 203/> 203a 203/> 203b 203/> 203b

LfcinB (21-25)Pal 17/17b 17/34b 67/135b 135/> 135b

LfcinB (20-25)2 23/23 6/11a 23/91b 91/91b

LfcinB (20-25)4 11/22 11/11 11/22b 22/44b

[K]-LfcinB (20-25) > 222/> 222 222/222 > 222/> 222 > 222/> 222
[K]-LfcinB (21-25)Pal 36/72 36/36 143/143 143/> 143
[K]-LfcinB (20-25)2 25/50 24/24 48/95 > 95/> 95
[K]-LfcinB (20-25)4 23/47 47/47 47/47 47/47
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There are previous reports on Arg/Lys substitution 
in 11-residue peptides derived from LfcinB (Kang et al. 
1996), where a decrease in the activity of Lys peptides 
was also observed. Other authors report reduction in the 
antimicrobial activity of Lys peptides, presumably due to 
the lower ability to induce membrane permeabilization in 
E. coli strains. On the other hand, Arias et al. evaluated 
the antimicrobial activity of some AMPs against E. coli 
ATCC 25922, and the shortest sequence that was pre-
sented and retained the activity of the Arg counterpart 
was VKKFAWWWAFLKK, with a MIC of 2 µM. Most 
of the Arg- and Lys-derivative peptides exhibited a strong 
correlation between the severity of the cytoplasmic mem-
brane disruption in E. coli and the antibacterial activity, 
suggesting that the antibacterial activity of Arg and Lys 
peptides is related to the same action mechanism (Falciani 
et al. 2007; Arias et al. 2018).

To establish the bacteriostatic and/or bactericidal effect 
of Lys peptides, we developed time-kill curve assays (Fig 1). 
Previously, the time-kill curves of peptides LfcinB (20-25)2 
and LfcinB (20-25)4 were reported (Vargas-Casanova et al. 
2019). Peptides [K]-LfcinB (20-25)2 and [K]-LfcinB (20-
25)4 were chosen for this assay because they exhibited the 
best results against E. coli ATCC 25922, S. aureus ATCC 
25923, and P. aeruginosa ATCC 27853 strains. In the E. coli 
ATCC 25922 strain, the dimeric peptide exhibited a bacte-
riostatic effect at all the evaluated concentrations (12, 24, 
and 48 µM that correspond to 0.5 MIC, MIC and 2 times the 
MIC) at 48 h, decreasing the bacterial growth to 20%, 50%, 
and 80%, respectively. In addition, this peptide prolonged the 
adaptation stage to between 7 and 11 h, compared with the 
control growth, which was 3 h (Fig. 1a). The dimeric peptide 
against P. aeruginosa ATCC 27853 (Fig. 1b) also prolonged 
the adaptation stage up to 6 h at 24 µM, but in this strain, 
a bactericide effect was achieved with peptide concentra-
tions at 48 and 95 µM at 48 h. In S. aureus ATCC 25923, 
the tetrameric peptide exhibited a bacteriostatic effect at 
24 µM, and the adaptation stage of the microorganism was 
prolonged up to 11 h, compared with the adaptation stage 
of the control (bacteria without the peptide), which was 5 h. 
Also, this peptide exhibited a bactericidal effect at 47 and 
94 µM for 48 h of treatment (Fig. 1c). These results are in 
agreement with (Vargas-Casanova et al. 2019). The peptides 
LfcinB (20-25)4 and [K]-LfcinB (20-25)4 exhibited the same 
bactericidal effect against S. aureus ATCC 25923 (44 µM), 
while the dimers LfcinB (20-25)2 (6-24 µM) and [K]-LfcinB 
(20-25)2 (24-94 µM) exhibited a bacteriostatic effect against 
E. coli ATCC 25922. In addition, it was possible to observe 
the bactericidal and bacteriostatic (24/48 µM) effect of the 
peptide [K]-LfcinB (20-25)2 against P. aeruginosa ATCC 
27853. This means that the Lys and Arg peptides exhibited 
similar behavior with respect to their antibacterial activity 
up to 48 h of treatment.

Our results agree with the majority of reports of previous 
Arg/Lys substitution, but with emphasis on the fact that the 
synthesis of Lys peptides can provide a better equilibrium 
between costs and activity, so it was decided to evaluate the 
synergistic effects of peptides in combination with antibiot-
ics or peptides at different concentrations. The most sensitive 
strain was selected for the trials, in this case E. coli ATCC 
25922. In addition, a multidrug-resistant clinical isolate 
(301755) was chosen to evaluate the synergy between the 
peptide and ciprofloxacin. The resistance profile of clini-
cally isolated E. coli 301755 was determined, exhibiting 
resistance to 7 (including ciprofloxacin) of the 10 evaluated 

0 10 20 30 40 50
0.0

0.5

1.0

1.5

2.0 [K]-LfcinB (20-25)2

A
bs

or
ba

nc
e

0 10 20 30 40 50
0.0

0.5

1.0

1.5

2.0 [K]-LfcinB (20-25)2

0 10 20 30 40 50
0.0

0.5

1.0

1.5

2.0 [K]-LfcinB (20-25)4

Time (h)

A

B

C

Fig. 1   Time-kill curve of peptides derived from LfcinB rich in Lys. 
A. [K]-LfcinB (20-25)2 against E. coli 25922. B. [K]-LfcinB (20-25)2 
against P. aeruginosa 27853. C. [K]-LfcinB (20-25)4, and against S. 
aureus 25923. ● Growth control, + Antibiotic, ★0.5MIC ◆MIC 
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antibiotics, indicating that this clinically isolated bacterium 
was classified as multidrug resistant (Table 3). Peptides [K]-
LfcinB (20-25)Pal and [K]-LfcinB (20-25)2 exhibited signifi-
cant antibacterial activity against E. coli multidrug-resistant 
clinical isolate 301755, with MIC values of 18 and 25 µM, 
respectively (Table 3). These results are in agreement with 
reports that showed that the peptides LfcinB (21-25)Pal and 
LfcinB (20-25)4 exhibited antibacterial activity against clini-
cal isolates of E. faecium, S. aureus, K. pneumoniae, and P. 
aeruginosa (Vega et al. 2018).

Furthermore, we studied the synergy of LfcinB-derived 
peptides with ciprofloxacin. Indeed this fluoroquinolone, 
which is effective against Gram-negative bacteria, such as 
E. coli, and exhibits low adverse effects, has raised resist-
ance over the years and it is important to overcome this issue 
(Goswami et al. 2006). Moreover, the availability in the 
group of an E. coli clinical isolate resistant to this antibiotic 
permitted to compare the results in the reference strains and 
in the clinical isolate. This resistance is understood micro-
biologically as the inhibition of the growth of the microor-
ganism at higher doses than that observed in non-resistant 
strains (Pfaller 2012). The MIC of the antibiotic in E. coli 
ATCC 25922 was 0.6 µM, in contrast to the MIC value of 
189 µM for the E. coli clinical isolate, which is in accord-
ance with the resistant profile, indicating that the isolate 
is resistant to ciprofloxacin. Our results support the great 
potential of the peptides [K]-LfcinB (20-25)Pal and [K]-
LfcinB (20-25)2 for developing combined therapies using 
peptides mixture or peptide mixed with antibiotics to treat 
bacterial infections caused by resistant strains.

The synergy test was evaluated with peptide combina-
tions of [K]-LfcinB (20-25)Pal and [K]-LfcinB (20-25)2 
because both exhibited higher activity against the reference 
strains. These peptides also showed additivity effect when 
were mixed with ciprofloxacin against E. coli, lowering the 
antibiotic MIC values by 2 and 8 times, respectively. Some 
of the mechanisms of resistance to ciprofloxacin are related 
to a decrease in drug concentration, which could be due 
to an increase in the mechanism of drug expulsion out of 
the microorganism or due to difficulties for the entrance of 
the drug in order to exert its function. Focusing on this last 
aspect, some antimicrobial peptides, especially those derived 
from lactoferricin, could have a permeabilizing action in the 
microorganism membrane (Aguilera et al. 1999; Midura-
Nowaczek and Markowska 2014). For the clinical isolate, 
the combination of ciprofloxacin with [K]-LfcinB (20-25)Pal 
or [K]-LfcinB (20-25)2 caused a decrease of 16 and 32 times 
the MIC of the antibiotic, respectively. Surprisingly, these 
results are even better than those found with the reference 
strains and bear out the great potential of these antimicro-
bial peptides. These results suggest that peptides [K]-LfcinB 
(20-25)Pal and [K]-LfcinB (20-25)2 can be considered for 
developing a combined therapy with ciprofloxacin in bacte-
rial infections caused by E. coli and strengthens the validity 
of the study of peptide-based approaches against multidrug-
resistant pathogens.

We also assessed synergy effect using peptides mixture 
(E. coli ATCC 25922); when peptide [K]-LfcinB (20-25)Pal 
or [K]-LfcinB (20-25)2 was combined with LfcinB (20-25) 
or [K]-LfcinB (20-25), additivity effect was observed in all 

Table 3   Synergy test

Antibacterial activity of peptide-peptide and peptide-ciprofloxacin combinations. A (Antibiotic or monomeric peptide). B (Lys- peptides). MICA/ 
MICB (MICs of molecule alone), CA/CB (concentrations at which the MIC was found in the synergy test), FIC (fractional inhibitory concentra-
tion). The peptides were evaluated at concentrations of 0, 0.06, 0.12, 0.25, 0.50, 1, and 2 times the MIC and the test was developed in duplicate
AM amplicillin, SAM ampicillin/sulbactam, CIP ciprofloxacin, NOR norfloxacin, AK amikacin, GEN gentamicin, ETP ertapenem, MER merope-
nem, NIT nitrofurantoin, STX trimethoprim/sulfamethoxazole, ESBL extended spectrum betalactamase. Resistant (R), Susceptible (S)
Activity: Synergy (S), Additivity (A)

Bacterial strain A B MICA/ MICB CA/CB FIC MICA/CA Activity

E. coli ATCC 25922 Ciprofloxacin [K]-LfcinB (20-25)Pal 0.6/36 0.30/75 1.0 2 A
Ciprofloxacin [K]-LfcinB (20-25)2 0.6/25 0.08/75 0.6 8 A
LfcinB (20-25) [K]-LfcinB (20-25)Pal 101/71 0.03/51 0.5 4000 S
LfcinB (20-25) [K]-LfcinB (20-25)2 101/49 0.03/101 1.0 4000 A
[K]-LfcinB (20-25) [K]-LfcinB (20-25)Pal 222/36 0.03/55 1.0 8000 A
[K]-LfcinB (20-25) [K]-LfcinB (20-25)2 222/12 0.03/28 1.0 8000 A

E. coli 301755 Ciprofloxacin [K]-LfcinB (20-25)Pal 189/18 12/9 0.6 16 A
Ciprofloxacin [K]-LfcinB (20-25)2 189/25 6/25 1.0 32 A

Antibiotic ESBL AM SAM CIP NOR AK GEN ETP MER NIT STX
Resistance profile S R R R R S R S S R R

MIC (µg/mL) – > 32 > 32 > 4 > 16 – > 16 – – > 128 > 320
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the cases except for LfcinB (20-25) and [K]-LfcinB (20-
25)Pal that presented synergistic effect. In this case, both 
MICs decreased, which could be considered as an interesting 
approach to enhance the antibacterial activity of monomeric 
peptides. The Lys-derivative peptides are costless compared 
with longer peptides or Arg- derivative peptides, therefore, it 
broadens the possibility of developing peptide-based thera-
pies at lower costs.

The hemolytic effect of the peptides was evaluated at con-
centrations between 0 and 200 µg/mL. Monomeric peptides 
LfcinB (20–25) and [K]-LfcinB (20–25) exhibited a simi-
lar hemolytic effect at the evaluated concentrations, corre-
sponding to 0.5% at the maximum concentration (Fig. 2a). 
In the same way, dimeric peptides LfcinB (20-25)2 and [K]-
LfcinB (20-25)2 exhibited a hemolytic effect of 2% and 1%, 
respectively, at 200 µg/mL (Fig. 2b). These results suggest 
that Arg/Lys substitution does not significantly affect the 
hemolysis of these sequences. Nevertheless, for the palin-
dromic peptides at 200 µg/mL, the hemolytic activity of [K]-
LfcinB (21-25)Pal was approximately four times lower than 
for LfcinB (21-25)Pal (Fig. 2d). This enables the use of the 
palindromic peptide [K]-LfcinB (21-25)Pal at high concen-
trations (200 µg/mL).

The hemolytic effect of tetrameric peptide LfcinB (20-
25)4 was significantly higher than for the tetrameric peptide 
[K]-LfcinB (20- 25)4 (Fig. 2c). The peptide LfcinB (20-25)4 
exhibited a hemolytic effect between 2% and 11%, while 
peptide [K]-LfcinB (20-25)4 exhibited a hemolytic activ-
ity between 0.5% and 1.5%. At a concentration of 200 µg/
mL (LfcinB (20-25)4: 44 µM and [K]-LfcinB (20-25)4: 47 
µM), where the tetrameric peptides exhibited the highest 
antibacterial activity against the three ATCC strains, it was 
observed that [K]-LfcinB (20-25)4 decreased the hemolysis 
percentage by approximately 7 times in comparison with the 
Arg analog. These results indicate that the therapeutic index 
(TI = peptide concentration that produces 10% hemolysis/
MIC) (Vishnepolsky et al. 2019) for peptide [K]-LfcinB 
(20-25)4 was presumably higher than for LfcinB (20-25)4 
in all cases, where higher therapeutic indexes are desired 
in antibiotics research (Maturana et al. 2017). For peptide 
LfcinB (20-25)4, the TI for the strains E. coli ATCC 25922, 
E. coli ATCC 11775, and P. aeruginosa ATCC 27853 was 
3.6, while for S. aureus ATCC 25923 it was 1, 8 and for the 
peptide [K]-LfcinB (20-25)4 the TI was > 1 for all the strains 
except E. coli ATCC 11775, which had a value of > 2.

In previous studies (Vargas Casanova et al. 2017, 2019), 
the antibacterial activity of the minimum motif of LfcinB 
was improved with the synthesis of polyvalent peptides, 
nevertheless it was also evident that for the tetra-branched 
sequence the hemolytic activity also increased. This disad-
vantage was solved within the present study through Arg/
Lys substitutions, decreasing the hemolytic activity, specifi-
cally for the peptides LfcinB (20-25)Pal and LfcinB (20-25)4. 

Fig. 2   Comparison of the hemolytic activity between peptides 
derived from LfcinB rich in Arg (red bar) and the analogs rich in Lys 
(blue bar). a Monomeric peptides, b dimeric peptides, c tetrameric 
peptides, d palindromic peptides. The arrows indicate the concentra-
tion where the Lys peptide exhibited the highest antibacterial activity
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In general, it has been described that Arg, and Lys, have a 
strong effect on the hemolytic activity (Oddo and Hansen 
2017), but is also worthwhile to note that Lys exhibits a 
lower hemolytic effect than Arg. (Sitaram et al. 1992) found 
that peptide SPFK at 9 μM with Glu/Lys substitution exhib-
ited less hemolysis (10%) than the original peptide (15%) 
at the same concentration. In addition, (Yang et al. 2003) 
reported a significant decline in the hemolytic activity of 
peptides Tritrpticin and SYM1 (37% and 24%, respectively) 
with Arg/Lys substitution at 100 µg/mL. The Lys peptides 
TRK and SYM11KK did not exhibit hemolysis (0%) at the 
same concentration, which agrees with our results.

The decrease in the affinity of Lys for mammalian cells 
over bacterial cells is because the membrane of mam-
mals, like erythrocytes, contains a higher number of zwit-
terionic lipids (phosphatidylcholine, sphingomyelin, and 
others such as cholesterol) than anionic lipids, and fur-
thermore, the negatively charged lipids are located in the 
inner face of the membrane and are less exposed to interac-
tion with the AMPs. On the contrary, bacteria membranes 
are mainly composed of anionic lipids such as PG and 
cardiolipin(Matsuzaki 1999; Glukhov et al. 2005). Thus it 
has been reported that Arg interacts strongly with anionic 
and zwitterionic phospholipids and Lys interacts weakly 
with zwitterionic phospholipids (Yang et al. 2003); there-
fore, Lys residues exhibit less attraction for erythrocytic 
membranes than do Arg residues. It is important to high-
light that the hemolysis assessment is a widely used initial 
toxicity test, previous reports indicate a strong correlation 
between membrane affinity and hemolytic activity, being the 
main reason of peptide hemolytic activity which is related 
to the ability to bind the erythrocyte membrane (Maturana 
et al. 2017). Nevertheless, these results are considered as the 
starting point to select the peptides to determine the corre-
lation of the hemolytic results with toxicity in vivo activity 
(Greco et al. 2020).

These promissory results need to be further studied in 
more bacterial species. And since LfcinB derived peptides 
have shown anticancer activity, Lys-peptides should be 
tested against cancer cell lines, such as MDA-MB-468 or 
MDA- MB- 231 (breast cancer cell lines) to evaluate the 
effect of Arg to Lys substitution, as it was reported for Arg-
peptides by (Vargas Casanova et al. 2017), and it is needed 
to further study toxicity and stability. These approaches will 
be useful to enlarge Lys-LfcinB peptides potential and settle 
the impact of Arg/Lys changes.

Conclusion

We studied Arg/Lys substitution in peptides derived from 
LfcinB. Our preliminary results indicate that the polyva-
lence of Lys peptides derived from KKWQWK increases 

the antibacterial activity against Gram-positive and Gram-
negative bacteria, as it was confirmed in ATCC reference 
strains and an E. coli multidrug-resistant clinical isolate. In 
addition, Lys peptides exhibited similar antibacterial activ-
ity to the Arg peptides in reference strains, suggesting that 
the Arg for Lys substitution does not significantly affect the 
antimicrobial activity. The synergic assays and the hemo-
lytic profile of Lys peptides suggest that they can be candi-
dates for developing combined therapies with a lower cost 
of synthesis, which opens new doors for the use of these 
peptides at higher scales or for the development of cheaper 
drug delivery systems. We consider that the Lys polyvalent 
peptides [K]-LfcinB (20-25)Pal and [K]-LfcinB (20-25)2 are 
antimicrobial molecules that could be taken into considera-
tion in further studies of the optimization of lead molecules 
and/ or in combined therapeutic approaches.
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