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Abstract
Antimicrobial peptides (AMPs) offer a novel alternative to present day antibiotics which are becoming ineffective due to 
development of resistance in microbes. In this study, a short synthetic β sheet forming antimicrobial peptide-IRK (IRIKIRIK) 
was synthesized and we studied the effect of multimerization of peptides on its antimicrobial activity. The activity of lin-
ear, dimeric and tetrameric forms of IRK peptide was evaluated against reference strain of Staphylococcus aureus (ATCC 
29,213) and Methicillin Resistant Staphylococcus aureus (MRSA) clinical isolates (n = 25). It was observed that the linear 
IRK peptide showed a minimum inhibitory concentration (MIC) of 16 µM, whereas the dimeric IRK showed 65% and 76% 
inhibition of bacterial growth at 16 µM and 32 µM respectively. However, tetrameric form of IRK peptide showed only 
60% inhibition at both 16 µM and 32 µM concentration. At higher concentration, i.e., 64 µM (equivalent to 4 X MIC for 
linear IRK), all forms of IRK peptide inhibited the growth of more than 92% of MRSA isolates. While antibacterial activity 
decreased with the branching of IRK peptide, the haemolytic activity increased with the degree of branching. Structural 
changes arising due to multimerization may have attributed to this change in biological activity. We can conclude that linear 
and branched forms of IRK peptide have immense potential to inhibit the growth of MRSA and can be used as an alternative 
to antibiotics, especially in formulations for topical applications.
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Introduction

The World Health Organization (WHO) categorizes the 
emergence of antibiotic resistance as one of the biggest 
threats to human health. The antibiotics that once saved mil-
lions of lives have now been transformed into a menace for 
living beings. The increase in bacterial resistance against 
conventional antibiotics and saturation in development of 
novel antibiotics have become a major setback in treatment 

of bacterial infections (Schäberle and Hack 2014). The anti-
microbial resistance loom up has been contributed by the 
excessive and imprudent use of antibiotics (Sengupta et al. 
2013) further aided by reduced economic incentives and 
challenging regulatory requirements (Gould and Bal 2013). 
Presently, the menace of Methicillin Resistant Staphylococ-
cus aureus (MRSA) is of global concern (Sengupta et al. 
2013). Previously, MRSA was considered as a major patho-
gen responsible for nosocomial infections but now it has 
emerged as a community-associated infection causing agent 
(Lakhundi and Zhang 2018).

Mastitis is an infectious disease of the mammary glands 
of dairy cattle, with high worldwide prevalence at both 
the cow and udder quarter levels (Abrahmsén et al. 2014). 
Many microorganisms are responsible for causing masti-
tis, with Streptococcus agalactiae, Staphylococcus aureus 
and Mycoplasma spp. as the major contagious pathogens 
(Gomes and Henriques 2016). Several reports have revealed 
isolation of multi drug resistant S. aureus from mastitic cow 
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milk (Salauddin et al. 2020; Ismail 2017; Mohammed et al. 
2018; Kozerski et al. 2014; Wang et al. 2018; Haran et al. 
2012; Ren et al. 2020). Whenever a new molecule has been 
introduced these smart little bugs always find their ways to 
survive by altering shields, thus search for alternate sources 
of antibiotics is of utmost importance (Lewis 2013; Gajdács 
and Albericio 2019). Antibiotic resistance may arise by 
numerous mechanisms in bacteria which involve inactiva-
tion of antimicrobials enzymatically, antimicrobial target 
modifications/ alterations through acquired point mutations, 
increased efflux of antimicrobials, decrease in interaction 
between the antimicrobial and bacteria through altered drug 
accessibility followed by acquisition of resistance through 
mobile genetic elements (Vestergaard et al. 2019; Garg et al. 
2020). Recent studies reveal that more than 99% of S. aureus 
clinical isolates are resistant to penicillin through the acqui-
sition of blaZ gene responsible for coding beta lactamase 
enzyme. Methicillin was introduced as a semisynthetic alter-
native resistant to beta lactamase in the 60’s (Boyle-Vavra 
and Daum 2016). MRSA strains are resistant to Methicil-
lin by acquiring the mecA gene that encodes for PBP2a, a 
transpeptidase effective against most beta lactams and its 
derivatives. Another gene, mecC has also been acquired by 
MRSA strains and aids to further cases of resistance.

Having the potential to fight against the alarming situ-
ation of antimicrobial resistance, Antimicrobial peptides 
(AMPs) are being contemplated as an alternative to con-
ventional antibiotics (Wang et al. 2016). AMPs are poten-
tial, viable therapeutic agents which can be used to treat the 
MDR infections (Gupta et al. 2021). The unique mode of 
action of antimicrobial peptides with relatively no resist-
ance development have lured many researchers to this newer 
approach of fighting superbugs since last few years.

There is constant effort to enhance the activity of anti-
microbial peptides for which several strategies are in pro-
gress like N-terminal modification, C-terminal modifica-
tion, Dimerization etc. There are reports that dimerization 
not only increases the peptide activity by many folds but 
also improves stability against proteases (Tam et al. 2002; 
Falciani et al. 2007) over their monomeric forms. How-
ever, there are reports that show decrease in antimicro-
bial activities, and increase in toxicity of peptides upon 

dimerization (Yang et al. 2009; Lorenzon et al. 2012). 
Reported synthetic β-sheet forming short amphiphilic 
peptide IK8L (IRIKIRIK) designed by Ong et al. (2014) 
was selected for this study because of its potent antimicro-
bial activity. In the present work we studied the influence 
of dimerization and tetramerization on the antimicrobial 
activity of the peptide against S. aureus ATCC 29,213 and 
MRSA isolates and further elucidated their haemolytic 
activity.

Materials and Methods

Synthesis and Purification of Peptide

The antimicrobial peptide IRK (IRIKIRIK) was synthe-
sized in linear, dimer and tetramer form by stepwise solid 
phase peptide synthesis on Rink amide resin (Novabio-
chem, Germany) using Fmoc chemistry (Merrifield 1963) 
(Table 1). For synthesis of linear IRK, Rink amide resin 
with loading efficiency of 0.8 mmol/gm and for synthe-
sis of dimeric and tertrameric IRK peptides Rink amide 
resin with loading efficiency of 0.6 mmol/gm were used. 
C-terminal dimerization by incorporation of one whereas 
for C-terminal tetramerization three di-Fmoc protected 
lysines were used which enabled simultaneous synthe-
sis of the two and four chains of dimeric and tetrameric 
peptide respectively (Fig. 1). After sequential synthesis 
of peptides, the crude peptide was cleaved from the resin 
by using K-reagent comprising of phenol, TFA (Trifluoro-
acetic Acid, Merck, Germany), EDT (1,2-Ethanedithiol, 
HiMedia, India) and thioanisole (HiMedia, India). The 
peptides were precipitated using chilled diethyl ether (SD 
Fine Chemicals, India) and washed several times with 
diethyl ether to remove salts and impurities. The peptides 
were then de-salted on ODS-Silica column using a gradi-
ent of acetonitrile (Merck, Germany) and finally solubi-
lized in water. The peptides were analyzed for purity by 
performing reverse-phase high-performance liquid chro-
matography (RP-HPLC, Shimadzu LC20AR) on a C-18 
column (Shim-pack GIST C18 5 μm, 250 X 14 mm) under 
a linear gradient of acetonitrile containing 0.05% TFA.

Table 1  Amino acid sequence and physicochemical properties of chemically synthesized antimicrobial peptides (calculated using https:// pepca 
lc. com/ (Innovagen)-Peptide property calculator)

Peptide name Sequence No of amino 
acid residues

Charge Molecular 
weight (gm/
mol)

Solubility % Purity after HPLC

IRK linear NH2-IRIKIRIK-CONH2 8 5 1038.38 Good water solubility  > 90% purity
IRK dimer (NH2-IRIKIRIK)2K-CONH2 17 10 2187.9 Good water solubility  > 90% purity
IRK tetramer (NH2-IRIKIRIK)4  KK2-  CONH2 35 20 4486.94 Good water solubility  > 90% purity

https://pepcalc.com/
https://pepcalc.com/
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Screening for Antibacterial Activity

Bacterial Strains

For determining the MIC of peptides, we used the reference 
strain of S. aureus (ATCC 29213). Besides this the activity 
of peptides was also determined on clinical isolates of S. 
aureus isolated from mastitic milk samples collected from 
dairy farms.

Isolation of S. aureus from Mastitic Milk Samples

Milk samples were collected aseptically from each quarter 
of the mastitic cow in a sterile 15 ml centrifuge tube. At 
first, udder was disinfected with 5% potassium permanganate 
then milk was collected and transported to the laboratory in 
an icebox. Milk samples were first enriched in Brain Heart 
Infusion broth (BHI, HiMedia, India). 1 ml of sample was 
homogenized in 9 ml of sterile BHI broth and further incu-
bated at 37 ℃ for 16–18 h. A loopful from this enrichment 
broth was spread on Mannitol Salt Agar (MSA, HiMedia, 
India) plates and incubated at 37 ℃ for 16–18 h. Single yel-
low- colored colonies were picked from MSA plates and 
inoculated into BHI broth and incubated at 37 ℃ for 6–8 h. 

These log phase cultures in BHI broth were used to prepare 
25% glycerol stocks and further utilized for genotypic and 
phenotypic screening.

Genotypic Identification and Confirmation of MRSA

Overnight log phase cultures in BHI broth were used for 
DNA isolation. DNA was isolated by CTAB method 
described by Minas et al. (2011) (CTAB, Cetyl Trimethyl 
Ammonium Bromide, HiMedia, India). A multiplex poly-
merase chain reaction (PCR) was carried out for identifica-
tion of S. aureus with nuc and 23S rRNA genes whereas 
another multiplex PCR was set up for antibiotic resistant 
genes mecA and mecC. Details of the primers used and 
annealing temperatures for the multiplex PCR are given 
in Table 2. Genomic DNA from Pseudomonas aeruginosa 
ATCC 27853 was used as negative control for PCR.

Phenotypic Confirmation (Antibiogram) of MRSA

The susceptibility of the isolates against antibiotics was 
evaluated by antibiotic sensitivity test following Kirby-
Bauer disk diffusion method (Bauer et  al. 1966). The 
antibiotic discs (Himedia, India) used for this study were 

Fig. 1  a Linear form of peptide IRK b Chemical structure of peptide IRK c dimeric and d tetrameric forms of peptide IRK where symbols repre-
sent standard amino acids viz. I Isoleucine, R Arginine, K Lysine
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Chloramphenicol (30 mcg), Tetracycline (30 mcg), Eryth-
romycin (15 mcg), Enrofloxacin (5 mcg), Co-Trimoxazole 
(Sulpha/ Trimethoprim) (25 mcg), Vancomycin (5 mcg), 
Linezolid (30 mcg), Penicillin-G (10 units), Oxacillin (1 
mcg), and Cefoxitin (30 mcg).

Minimum Inhibitory Concentration (MIC) 
and Minimum Bactericidal Concentration (MBC) 
Determination

The MIC for the linear form of the peptide IRK was deter-
mined against S. aureus, ATCC 29213by using broth micro 
dilution method (Wiegand et al. 2008) in a 96 well flat bot-
tom cell culture plate. Briefly, the bacteria were streaked 
onto a Mueller Hinton Agar (MHA, HiMedia, India) plate 
and kept for overnight incubation at 37 ℃ for growth. Sin-
gle colony from the plate was then inoculated into Mueller 
Hinton Broth (MHB, HiMedia, India) and then incubated 
till mid-exponential phase at 37 ℃. Turbidity of the cultures 
was measured spectrophotometrically (600 nm) and an OD 
of 0.3 was equivalent to 2 ×  108 CFU/ mL bacterial cells 
approximately. It was further diluted to 1 ×  106 CFU/mL in 
fresh MHB for seeding in wells. A stock solution of 2000 µg/
mL for AMP was prepared and serially diluted to make a 
two-fold serial dilution starting from 128 to 1 µM in 50 µl of 
sterile water. To each of these wells 50 µL of MHB contain-
ing 1 ×  106 CFU/mL were added. The wells with bacteria in 
MHB supplemented with 50 µL of sterile water was taken 
as control. The wells containing erythromycin (2 μg/mL) 
along with bacterial culture was taken as positive control and 
wells with 50 µL of MHB and 50 µL of sterile water were 
taken as blank. Each concentration was tested in duplicate 
wells. The microplate was incubated for 24 h at 37 ℃ in a 
humidified chamber and growth inhibition was measured at 
optical density (OD) 600 nm in a microplate reader (Multis-
kan Go, Thermo Fisher Scientific, USA). For determination 
of minimum bactericidal concentration (MBC), 10 µL from 
all the wells of known MIC was taken and serially diluted 
10,000 times in sterile PBS and spread onto MHA plates 

and incubated at 37 ℃ for 18 h. Then, plates were evaluated 
for bacterial inhibition. The lowest concentration at which 
bacterial growth were reduced to 99.9% was determined as 
MBC. This experiment was performed in triplicate.

Bactericidal Kinetics

Bactericidal killing kinetics was performed for all the 
three linear, dimeric and tetrameric forms of the peptide 
IRK against S. aureus, ATCC 29213 as per CLSI (Clinical 
and Laboratory Standards Institute 2016) guidelines. Broth 
microdilution assay was performed similar to MIC determi-
nation but only 16 µM for all the peptides was taken for this 
study. The micro plate readings were taken at OD 600 nm 
at 0 h, 3 h, 6 h, 9 h, 12 h and 24 h. Each concentration was 
taken in duplicate.

Screening of Linear, Dimeric and Tetrameric Forms 
of IRK Against S. aureus ATCC 29213 and MRSA 
Isolates

Three concentrations of all the peptides viz., 8 µM, 16 µM, 
32 µM were taken and their activity was evaluated against 
S. aureus ATCC 29213. For screening of linear, dimeric, 
and tetrameric forms of the peptide on 25 MRSA clinical 
isolates fixed concentration of the three peptides i.e., 64 µM 
was taken, which is four times of the MIC determined for 
the linear peptide. The study was performed by broth micro 
dilution method as described in MIC determination section.

Haemolytic Activity

The haemotoxicity of the linear, dimeric and tetrameric 
forms of the peptide IRK on erythrocytes of healthy rabbit 
was tested following the methods described by Bhagavathula 
et al. (2017) and Tan et al. (2017). The blood collected was 
tranferred to a 5 ml micro centrifuge tube and resuspended 
with equal volume of Alsever’s solution (pH 6.1) and 
centrifuged at 1000×g for 5 min at 4 ℃. The supernatant 

Table 2  Gene sequence with 
amplicon size for identification 
and virulence screening of 
clinical isolates

Gene Sequence 5′–3′ Amplicon size Annealing 
tempera-
ture

mecA F-TCC AGA TTA CAA CTT CAC CAGG 162 bp 59 ℃
R-CCA CTT CAT ATC TTG TAA CG

mecC F-GAA AAA AAG GCT TAG AAC GCCTC 138 bp
R-GAA GAT CTT TTC CGT TTT CAGC 

nuc F-GCG ATT GAT GGT GAT ACG GTT 278 bp 60 ℃
R-AGC CAA GCC TTG ACG AAC TAA AGC 

23S rRNA F-AGC GAG TCT GAA TAG GGC GTTT 894 bp
R-CCC ATC ACA GCT CAG CCT TAAC 
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containing haemolysed RBC cells was discarded. Further, 
equal volume of Alsever’s solution was added and the tubes 
were kept at  40C overnight for ageing. Next day the eryth-
rocytes were washed twice with Alsever’s soluion and a 4% 
erythrocyte solution was made. 80 µL of this 4% erythro-
cyte solution was added to the 20 µL of peptide concen-
trations of 8 µM and 16 µM in a 0.6 mL microcentrifuge 
tube. This mixture was incubated at 37 ℃ for 1 h and then 
centrifuged at 1000×g for 5 min at 4 ℃. The supernatant 
(75 µL) was pipetted out in 96-well plate and readings were 
taken at 570 nm using microplate reader. 0.1% Triton-X 
100 (Sigma Aldrich, USA) was used as the positive control 
(100% hemolysis) and phosphate buffer saline (PBS) was 
used as the negative control. This experiment was performed 
in duplicates. Percent haemolysis was calculated by follwing 
formula:

Statistical Analysis

All the results are reported as mean ± SEM and total varia-
tion, present in between groups was determined by one way 
and two- way analysis of variance (ANOVA). Tukey’s mul-
tiple comparison test was used for determining significance.

Results

Antimicrobial Peptides: IRK Linear, Dimeric 
and tetrameric Forms

The peptides were synthesized and purified using RP-HPLC 
where > 90% purity was achieved (Table 1). The stock solu-
tions of each lyophilized peptide were prepared at a con-
centration of 2000 μg/mL in sterile water, filter sterilized by 
passing through 0.22 μm filter, and stored at − 20 ℃ for sub-
sequent experiments. The dissolved peptide samples were 
analyzed using RP-HPLC at different time points during 
storage and compared with original molecule. We observed 
no disintegration of any of these peptides over a period of 
one month after reconstitution.

Antibiogram and PCR Screening of MRSA Isolates

A total of 80 isolates were obtained from different mas-
titic milk samples as confirmed by PCR for nuc and 23S 
rRNA genes (data given for selected resistant 25 isolates in 
Table 3). Out of these 80 isolates, antibiotic sensitivity assay 
of 25 clinical isolates of S. aureus showed high resistance 
against different antibiotics. All the 25 isolates were found 
to be resistant for oxacillin and cefoxitin (Table 3). On PCR 

% Haemolysis =
[(

Asample − Ablank

)

∕
(

ATriton − ABlank

)]

× 100

screening, all these isolates were found positive for mecA 
gene and 7 isolates were found to be positive for mecC gene 
suggesting MRSA (Fig. 2a and b).

Antibacterial Screening Assay

Determination of MIC and MBC for Linear IRK Peptide

Different concentrations of linear IRK peptide were screened 
against S. aureus ATCC 29213 (Fig. 3). Broth microdilution 
assay was performed with S. aureus ATCC 29213 and dif-
ferent concentrations of the peptide and a range of percent 
growth inhibition was obtained. Incubation of S.aureus for 
24 h with concentrations ranging from 1 to 4 µM showed 
a growth inhibition of < 35% whereas, at 8 µM the inhibi-
tion was > 75%. At a range of 16 µM to 128 µM of peptide 
concentrationthe inhibition was found to be > 95%. Eryth-
romycin showed > 95% inhibition at its breakpoint of 2 µg/
mL. The results elucidate the potent antimicrobial activity 
of the peptide at 16 µM and above concentrations. There-
fore, MIC of the linear IRK can be considered as 16 µM 
against S. aureus. The MBC of IRK linear was found to be 
the same as MIC concentration i.e., 16 µM where no growth 
was observed on the plates.

IRK Linear, Dimeric and Tetrameric Peptide Killing 
Kinetics

The antimicrobial activity of linear, dimeric and tetrameric 
forms of the peptide IRK was determined for bacterial iso-
lates at 16 µM (concentration equivalent to MIC for linear 
peptide) with respect to time (Fig. 4). Linear, dimer and 
tetramer peptides showed 30%, 20%, and 19% inhibition of 
bacterial growth respectively, within 3 h of incubation. The 
inhibition increased for linear, dimeric and tetrameric IRK 
at 6 h to 68%, 45%,40% respectively whereas at 9 h it further 
increased to 76%, 61%, 59% respectively. After 12 h of incu-
bation 81%, 76%, 75% inhibition of growth was obtained for 
IRK linear, dimer and tetramer respectively which finally 
after 24 h of incubation was > 99%, > 85%, > 83%, respec-
tively. It was deduced from this study that more than 50% 
of bacteria were killed within 6 h by the linear form while 
dimeric and tetrameric forms could kill more than 50% bac-
teria only after 9 h of incubation.

Activity of Linear, Dimeric and Tetrameric Forms 
of IRK Against S. aureus ATCC 29213

The effect of different forms of the peptide IRK on its 
antimicrobial activity against S. aureus ATCC 29213 was 
assessed (Fig. 5). Three concentrations viz., half of the 
MIC (8 µM), MIC (16 µM) and 2xMIC (32 µM) of the 
linear form of IRK peptide were selected for the study. The 
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Table 3  Antibiogram and PCR screening results of MRSA clinical isolates where R indicates Resistance, I represent Intermediate sensitivity, S 
represents Sensitivity, P represents presence and A represents absence

Isolate Name 
Chloramphenicol ( 
30mcg) 

Tetracycline 
(30mcg) 

Erythromycin 
(15 mcg) 

Enrofloxacin (5 
mcg) 

Co-Trimoxazole (Sulpha/ 
Trimethoprim) (25mcg) 

Vancomycin 
(5mcg) 

Linezolid 
(30mcg) 

Penicillin-G 
(10 units) 

Oxacillin (1 
mcg) 

Cefoxi�n 
(30mcg) 

PCR Screening (Genotyping) 

nuc 23S 

rRNA 

mec 

A 

mec 

C 

MKS/SA/001 S R R R I R R R R R 
P P P A 

MKS/SA/002 S S R R S R R R R R 
P P P P 

MKS/SA/003 S S I R S R S R R R 
P P P A 

MKS/SA/004 R R R R I R R R R R 
P P P A 

MKS/SA/005 S S I R S R S S R R 
P P P A 

MKS/SA/006 S R R R R R R R R R 
P P P A 

MKS/SA/007 R R R R R R R R R R 
P P P P 

MKS/SA/008 R R R R R R R R R R 
P P P P 

MKS/SA/009 R R R R R R R R R R 
P P P P 

MKS/SA/010 R I R R R R R R R R 
P P P A 

MKS/SA/011 S R R R R R R R R R 
P P P A 

MKS/SA/012 R R R R R R R R R R 
P P P P 

MKS/SA/013 R R R R R R R R R R 
P P P P 

MKS/SA/014 I S I R R R R R R R 
P P P A 

MKS/SA/015 R R R R R R R R R R 
P P P P 

MKS/SA/016 S S I R S I S R R R 
P P P A 

MKS/SA/017 S I I R S I R R R R 
P P P A 

MKS/SA/018 S S R S R R R R R R 
P P P A 

MKS/SA/019 I R I R S I S R R R 
P P P A 

MKS/SA/020 S S I R R R S R R R 
P P P A 

MKS/SA/021 S R R R R R S R R R 
P P P A 

MKS/SA/022 S R I R S I S R R R 
P P P A 

MKS/SA/023 S S S S S S S S R R 
P P P A 

MKS/SA/024 S S S S S S S S R R 
P P P A 

MKS/SA/025 S R S S S S S R R R 
P P P A 

Fig. 2  a Lane 1-1  Kb ladder (Gene ruler); Lane 2-23S rRNA gene 
(894 bp); Lane 3-nuc gene (278 bp), Lane 4-23S rRNA and nuc gene, 
Lane-5 Negative control (PCR performed with Pseudomonas aer-
uginosa ATCC 27853 genomic DNA), b Lane 1–50 bp ladder (Gene 

ruler); Lane 2-mecA gene (162  bp); Lane 3-mecC gene (138  bp), 
Lane-4 Negative control (PCR performed with Pseudomonas aerugi-
nosa ATCC 27853 genomic DNA)
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dimeric and tetrameric forms of IRK were also evaluated 
at the same concentrations. It was found that at 8 µM con-
centration the percent growth inhibition for linear, dimeric 
and tetrameric forms of IRK were 82%, 59%, and 57% 
respectively; at 16 µM the percent growth inhibition for 
linear, dimeric, tetrameric forms were > 95%, 65%, and 
60% respectively and at 32 µM the inhibition for linear, 
dimeric and tetrameric forms increased to > 95%, 76% and 
61% respectively. At all the three concentrations linear 
form of the peptide showed more potent activity than the 
branched forms of the peptide. These findings demonstrate 
that upon branching the peptide, its activity against bac-
teria decreases.

Activity of Linear, Dimeric and Tetrameric Forms 
of IRK Against MRSA Isolates

All the three forms of the peptides were screened against 
clinical MRSA isolates (Fig. 6). Growth of around 92% of 
isolates was inhibited by all the three forms of the peptide 
at a concentration of 64 µM (equivalent to 4 X MIC for 
linear IRK).

Haemolytic Assay

Haemolytic activity of the linear, dimeric and tetrameric 
forms of the peptide IRK was studied against rabbit 

Fig. 3  Determination of Minimum Inhibitory Concentration 
(MIC) for linear form of IRK, where all values represent mean 
(n = 2) ± SEM. E(2) stands for Erythromycin at 2  µg/mL.One way 
ANOVA was applied to compare treatments with control where P 
value vs control: *< 0.05, **< 0.01, ***< 0.001, ns not significant

Fig. 4  Killing kinetics of linear, dimeric and tetrameric forms of IRK. 
All values represent mean ± SEM (n = 2)

Fig. 5  Inhibition of S. aureus (ATCC 29213) by linear, dimeric and 
tetrameric forms of IRK. All values represent mean (n = 2) ± SEM. 
Two-way ANOVA was applied to compare groups and multiple group 
analysis was done by Tukey’s test where P value vs linear peptide 
treatment: a < 0.001, b < 0.01, c < 0.05, d- not significant; P value vs 
dimeric peptide treatment: p < 0.001, q < 0.01, r < 0.05, s- not signifi-
cant

Fig. 6  Heat map representing percentage growth inhibition of MRSA 
isolates (n = 25) by linear, dimeric, and tetrameric forms of IRK. All 
experiments were performed in duplicates (n = 2)
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erythrocytes. At 8 µM concentration linear, dimeric and 
tetrameric forms showed 8%, 14%, and 16% haemolysis, 
respectively whereas at 16 µM linear, dimeric and tetrameric 
forms showed 12%, 16%, and 20% haemolysis, respectively 
(Fig. 7). This demonstrates that the haemolytic activity 
increases with the branching of the peptide.

Discussion

Currently, an alternative search for new antimicrobials to 
combat multidrug resistance bacteria is a pressing prior-
ity among the researchers. Various efforts are being made 
either to develop new antimicrobials or improve the pre-
sent antimicrobials in terms of their efficacy against MDR 
bacteria. Antimicrobial peptides (AMPs) are small proteins 
having potent antimicrobial and immunomodulatory activi-
ties against gram-negative and gram-positive bacteria, fungi 
and viruses. AMPs based on their mode of action include 
both membrane acting and non-membrane acting peptides 
(Boparai and Sharma, 2019). Most membrane active pep-
tides are cationic with hydrophobic residues that interact 
with the bacterial membrane and lead to membrane disrup-
tions. AMPs can also target the formation of structural com-
ponents, such as the cell wall. Non-membrane active pep-
tides cross the membrane without causing any damage but 
interfere with intracellular functions such as transcription 
and translation. Several others, modulate the host immunity 
by either recruiting or activating of immunocytes or by mod-
ulating recognition of microbial products and nucleic acids 

released upon tissue damage by Toll like receptors (TLRs) 
(Zhang and Gallo 2016). Several databases have been devel-
oped for the collection of antimicrobial peptide sequences 
of both natural and synthetic origin. With advancement in 
artificial intelligence and other computer assisted technolo-
gies, identification and prediction of new AMP molecules 
have become quicker and different AI based methods have 
been employed to search for new molecules. Recently Deep 
ABPpred classifier has been proposed to identify new AMP 
sequences in proteins (Sharma et al. 2021). The model pre-
dicts AMP sequences with high accuracy and few of the 
predicted molecule have been experimentally validated in 
laboratory.

Recent advances in bioinformatics have helped rede-
sign and discover several other antimicrobial agents apart 
from AMPs. Gupta et al. (2019) have established that statin 
drugs used for hypercholesteremia can also have antibacte-
rial potential after analyzing them in silico and validating 
them in vitro against S. aureus, B. pumilus, P. aeruginosa 
and S. enterica. In a similar study, Fluvastatin has been rees-
tablished as a potent antifungal agent against Candida albi-
cans by in silico docking and analysis, potentiated by in vitro 
studies (Rana et al. 2019). Newer modifications in existing 
molecules such as thiophenes have been done by computer 
aided drug design and validated in silico by ADME predic-
tion. In vitro studies against S. aureus, B. subtilis, P. aerugi-
nosa and E. coli showed the potent antimicrobial activity 
of 1,3,4-Oxadiazole/1,2,4-Triazole-Substituted Thiophenes 
(Singla et al. 2020).

AMPs offer a viable and effective alternative to present 
day antibiotics to overcome the ever-increasing menace of 
antimicrobial resistance as observed in MRSA. Selective, 
rational chemical modification of AMPs offers great pro-
spective for development of novel next generation antimi-
crobials. These modifications may include glycosylation, 
lipidation and multimerization (Li et al. 2021). In the present 
work the effect of multimerization by C terminal dimeri-
zation and tetramerization on the antimicrobial activity of 
IRK peptide was studied. The short peptide IRK in its lin-
ear, dimeric and tetrameric forms was synthesized and their 
efficacy against MRSA strains was demonstrated. IRK is a 
short synthetic β sheet folding amphiphilic peptide which 
strongly interacts with the bacterial cell membrane. It was 
initially designed by Ong et al. (2014) based on the sequence 
 (X1Y1X2Y2)n-NH2 where X stands for hydrophobic amino 
acids, Y stands for cationic amino acids and n is the number 
of repetitions. MIC of the linear IRK was determined to be 
16 µM against antibiotic sensitive standard S. aureus ATCC 
29213 and at this concentration inhibition pattern of IRK 
dimer and tetramer was also evaluated. As per the previous 
report killing kinetics of IK8 L was dose dependent; killing 
time was halved from 2 to 1 h with doubling of MIC from 
2 × MIC to 4 × MIC (Zhong et al. 2017). In our present study 

Fig. 7  Haemolytic activity of linear, dimeric and tetrameric 
forms of IRK against 4% Rabbit RBC. All values represent mean 
(n = 2) ± SEM. Two-way ANOVA was applied to compare groups 
and multiple group analysis was done by Tukey’s test where P value 
vs linear peptide treatment: a < 0.001, b < 0.01, c < 0.05, d-not sig-
nificant; P value vs dimeric peptide treatment: p < 0.001, q < 0.01, 
r < 0.05, s-not significant
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also with increase in concentration a higher activity of this 
peptide was observed for all the forms.

Killing kinetics of linear, dimer, and tetramer forms of 
IRK demonstrated that more than 95% of S. aureus was 
inhibited at 16 µM concentration of linear IRK with  IC50 
(Inhibitory Concentration 50%) achieved within 6 h of incu-
bation. On the other hand,  IC50 was achieved after 9 h of 
incubation in case of dimer and tetramer. Thus, it is inferred 
that all the forms of IRK are highly effective against S. 
aureus (ATCC 29,213) with linear form having the highest 
antibacterial potency. When, the inhibition pattern of linear, 
dimer and tetramer forms of IRK was compared against S. 
aureus ATCC 29,213 at different concentrations it was found 
that efficacy and ability to inhibit the strain reduces with 
the branching of the peptide. This was in agreement with 
Lorenzón et al. (2012, 2014), who reported that dimeriza-
tion of the peptides Ctx-Ha and Aurein 1.2, reduced their 
ability to inhibit bacterial growth. In another study it was 
found that antimicrobial activity decreased by 2- to 4-fold 
against Gram-positive and Gram-negative bacteria upon 
dimerization of PST13-RK by Yang et al. (2009). Similar 
reduction in antimicrobial activity was observed for Mellitin 
after its dimerization (Lorenzón et al. 2019). This reduction 
in activity can be attributed to the fact that dimerization 
and tetramerization leads to change in the two-dimensional 
structure of the peptide and in turn may affect its interaction 
with the bacterial cell membrane and thus changes its bio-
logical activity. When MRSA isolates were screened with 
64 µM concentration (equivalent to 4XMIC of linear IRK) 
for all the three forms, they could inhibit 92% of the isolates 
with > 50% inhibition. This elucidates that the application of 
all the three forms of the peptide IRK showed potent activity 
against MRSA isolates but with higher MIC for dimer and 
tetramer forms.

Present study showed higher haemolytic activity with 
increase in branching of the peptide. This was in agreement 
with the finding that hybrid peptides have slightly enhanced 
hemolytic activity compared with the parent linear peptides 
(Liu et al. 2017; Vega et al. 2018; Lorenzón et al. 2012). 
This is also in compliance with the reports that hemolytic 
activity increases with increasing hydrophobicity of peptides 
leading to non selective binding to any cell membrane. Red 
blood cells have only lipids on their surface and lack the 
other bacterial membrane components like cell wall, made 
of peptidoglycan. Dimerization and tetramerization of the 
peptide lead to change of peptide structure in solution and 
thus lead to differential interaction with different membranes 
based on their composition (Lorenzón et al. 2019).

Present study demonstrated the influence of multimeriza-
tion on the activity of peptide IRK and offers a better under-
standing on how changes in structure can influence the bio-
logical activity of the peptide. Synthetic peptides based on 
rational design solely focused on structural interaction with 

the bacterial membrane also offer newer aspects of study 
and research for development of novel antimicrobials. More 
detailed and in-depth studies are required to completely 
unravel the mode of action of such branched AMPs. The 
branched peptides have shown enhanced inhibition in the 
growth of MDR strains of bacteria, which could be advanta-
geous in the long run, however, one must think of studying 
the detailed mechanism of action of these AMPs and also 
devising methods to reduce the haemolytic activity.

Conclusion

The synthesized linear, dimeric and tetrameric forms of the 
peptide IRK were tested against S. aureus (ATCC 29,213) 
and MRSA clinical isolates (n = 25). All the forms of the 
peptide were active against MRSA isolates at higher concen-
trations than the MIC determined against S. aureus (ATCC 
29,213). In the standard strain the antimicrobial activity 
was in the following order linear > dimeric > tetrameric 
whereas haemolytic activity was the highest for tetrameric 
followed by dimeric and lastly by linear form of the peptide. 
Structural changes arising due to multimerization may have 
attributed to this change in biological activity. Thus, it can 
be concluded that peptide IRK is highly effective against 
MRSA bacteria and the antimicrobial activity of the peptide 
IRK decreases with increase in branching.
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