
Enhancing Antibacterial Activity Against Escherichia coli K-12
of Peptide Ib-AMP4 with Synthetic Analogues
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Abstract A family of Ib-AMP4 peptide analogues was

obtained by solid phase synthesis, modifying the net charge

and hydrophobicity of C-terminal domain by replacing

certain amino acidic residues by arginine and tryptophan.

Additionally, disulfide bonds were eliminated by replacing

the cysteine residues by methionine, which resulted in a

decrease in the number of synthesis byproducts, and con-

sequently diminished the subsequent purification steps. The

obtained peptides were purified by RP-HPLC and their

molecular mass was determined by MALDI-TOF mass

spectrometry. The peptide analogues (IC50 between 1 and

50 lM) presented a higher antibacterial activity against

Escherichia coli K-12 than the native peptide (IC50 [
100 lM). The hemolytic activity of the peptide with the

highest antibacterial efficacy presented no degradation of

erythrocytes for a concentration of 1 lM that corresponds

to its IC50 value. The results show that the synthesized

peptides are good candidates for the treatment of diseases

caused by E. coli.
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Introduction

The extensive and indiscriminate use of antibiotics has led

to an increased pathogenic resistance which demands new

strategies for treating of infection (Reddy et al. 2004).

Antimicrobial peptides (AMPs) are a component of the

immediate non-specific defense mechanism of almost all

species during the infection process (Reddy et al. 2004; Marr

et al. 2006; De Luca and Walsh 2000). Peptides isolated from

plants inhibit a large variety of phytopathogens and bacteria

as Escherichia coli (Selitrennikoff 2001; Pelegrini et al.

2008; Franco et al. 2006). For this reason the use of AMPs

arise as a new strategy for the control of bacterial infections.

Antimicrobial activity of AMPs is determined by its

amphipathic structure and net charge, which must be greater

than ?2 (Epand and Vogel 1999; Kamysz et al. 2003; Bisht

et al. 2007). Variations of these properties result in an

increase or decrease of antimicrobial activity depending on

the microorganism–peptide couple studied (Van der Kraan

et al. 2005; Haney et al. 2009). Cerovský et al. (2008) syn-

thesized analogues of mastoparan peptides isolated from the

venom of Polistinae wasps and its antibacterial activity was

tested against E. coli. The results showed that an increase in

the positive charge leads to an enhancement of the antibac-

terial activity.

Tailor et al. (1997) isolated four closely related AMPs

from seeds of Impatiens balsamina (Ib-AMPs). These

peptides are highly basic and contain four cysteine residues

which form two intermolecular disulfide bonds. Within this

family, the Ib-AMP4 peptide inhibits a large variety of

phytopathogenic fungal as Fusarium culmorum, Botrytis

cinerea and Mycosphaerella fijiensis with the key advan-

tage of not being cytotoxic to human cells (Thevissen et al.

2005; Vásquez et al. 2009). However, the values of half

maximal inhibitory concentration (IC50) obtained for
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Gram–negative bacteria as E. coli were higher than 500 lg/mL.

On the other hand, synthetic production of peptides as

Ib-AMP4 is difficult and expensive due the formation

process of disulfide bonds which generates unwanted iso-

mers (Lee et al. 1999).

In this work we investigated the effect of removing disulfide

bonds of peptide Ib-AMP4 by replacing cysteine for methio-

nine residues. Additionally, we introduced arginine and tryp-

tophan residues with the aim of modifying the net charge and

hydrophobicity in the C-terminal domain. Antibacterial

activity against E. coli K-12 of the peptide Ib-AMP4 and its

synthetic analogues was studied. We found five analogues that

showed lower values of IC50 than the native peptide.

Materials and Methods

Strains and Growth Conditions

Escherichia coli K-12 was cultured aerobically in Müller-

Hinton broth (MHB) at 37 �C by 18 h. After this time, the

culture was diluted with MHB to achieve an inoculum of

*1.6 9 106 colony forming units (CFU)/mL.

Peptide Synthesis and Peptide Cyclization

Peptides were prepared by the standard Fmoc-based solid-

phase method on a solid support of Rink amide-AM resin

using DIPEA (N,N-diisopropylethylamine) and TBTU (2-

(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetra-

fluoroborate) as coupling reagents (Lee et al. 1999; Wang

et al. 2009). The amino acids (5 equivalents) were preac-

tivated with TBTU (5 equivalents) and DIPEA (10 equiv-

alents) in 2 ml of N,N-dimethylformamide for 20 min

followed by coupling for 2 h. The peptides were treated for

2 h at room temperature with the following cleavage

reagents: trifluoroacetic acid (TFA):water:1,2-ethanedi-

thiol:triisopropylsilane (92.5 %:2.5 %:2.5 %:2.5 %) as

previously reported (Lee et al. 1999; Wang et al. 2009).

The crude peptides were then purified by reverse-phase

high-performance liquid chromatography (HPLC-Agilent

1100) with a C18 column using water-acetonitrile gradient

(0–80 %) containing 0.05 % TFA in 110 min. The peptides

were detected at 254 nm with a diode array detector (model

G1315B). The purified linear products were oxidized using

0.1 M Tris–HCl (pH 8.5) containing 0.3 mM oxidized

glutathione and 0.15 mM reduced glutathione for 4 h at

room temperature. The molecular mass of these peptides

was determined by MALDI-TOF.

Antimicrobial Assay

Antibacterial activity of peptides was evaluated using the

macrodilution method. Samples of MHB containing serial

dilution of the peptides and 1.64 9 106 CFU/ml of E. coli

K-12 were incubated at 37 �C with shaking (185 rpm) and

the absorbance at 620 nm was monitored each 30 min

spectrophotometrically. Antibacterial activity was esti-

mated from the concentration that inhibited 50 % of bac-

terial growth. The bactericidal activity was evaluated using

the viable cell count method and was defined as minimal

bactericidal concentration (MBC).

Hemolytic Activity of Peptides

Hemolytic activity of the peptide Ib-M6 was tested accord-

ing to protocols described previously (Thevissen et al. 2005;

Helmerhorst et al. 1999). Erythrocytes from healthy indi-

viduals, who had given their informed consent, were col-

lected in vacuum tubes. The erythrocytes were harvested by

centrifugation for 10 min at 2109g at 20 �C and washed

three times in isotonic buffer Tris (10 mM Tris/HCl,

150 mM NaCl, pH 7.4). Tris buffer was added to the pellet in

order to yield 1 % (v/v) erythrocytes/Tris buffer suspension.

Aliquots of the peptide Ib-M6 were incubated with eryth-

rocytes solution for 1 h at 37 �C. After centrifugation

(5 min, 4739g) the absorbance was measured at 450 nm. A

0 % lysis control (without peptide) and a 100 % lysis control

(fully lysed erythrocytes in water) was used to assess the

hemolytic activity of the peptide. The percentage hemolysis

was calculated according to the following formula:

Results

Synthesis of Peptide Ib-AMP4 and its Synthetic

Variants

The sequence of peptide Ib-AMP4 is shown in Table 1. Six

linear variants of Ib-AMP4 were synthesized replacing Tyr

residue 15 and Cys residues 6, 7 and 16 by Met residues in

order to preserve the number of sulfur atoms in the structure.

% Hemolysis ¼ A450 of the peptide treated sample� A450 of the buffer treated sample

A450 of the water treated sample� A450 of the buffer treated sample
� 100
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The peptides were classified into two groups in which

the Cys-20 and Arg-18 residues were replaced by Arg and

Trp, respectively, in group WR (peptides Ib-M1 to Ib-M3)

and Cys-20 residue was replaced by Trp in group WW

(peptides Ib-M4 to Ib-M6). In each group, Gly, Trp and Pro

residues at positions 8, 9 and 10 were replaced, one at a

time, by Arg (Table 1).

Peptides were synthesized by the solid phase method

using Fmoc protected amino acids. The employed resin

generated a C-terminal amide peptide after cleavage. Fig-

ure 1 shows the retention time of peptides on RP-HPLC.

The peptides of group WW showed the highest retention

time with 36.75 min for Ib-M4, 39.71 min for Ib-M5 and

39.05 min for Ib-M6 this is due to the high hydrophobicity

of the C-terminal residues. Each of the obtained fractions

was collected and its molecular mass was determined by

MALDI-TOF mass spectrometry (Fig. 2).

Antibacterial Activity

The antibacterial activity of Ib-AMP4 peptide and its syn-

thetic variants against E. coli K-12 was determined using

Müller-Hilton (MHB) culture medium. The values of IC50

obtained for each synthetic peptide and the corresponding to

peptide Ib-AMP4 are shown for comparison in Table 1.

Removing the disulfide bonds and introducing Arg and

Trp residues in the Ib-AMP4 sequence influenced the

Table 1 Antibacterial activity of native and synthetic variants of Ib-AMP4 against Escherichia coli K-12 in medium MH

Peptides Amino acids sequences Charge IC50
a (lM) Molecular mass

Calculated Measured

Ib-AMP4 EWGRRCCGWGPGRRYCRRWC-NH2 ?5 [100 2538.94 2538.87

Ib-M1 EWGRRMMGRGPGRRMMRWWR-NH2 ?6 15 2649.24 2649.12

Ib-M2 EWGRRMMGWRPGRRMMRWWR-NH2 ?6 50 2778.40 2778.22

Ib-M3 EWGRRMMGWGRGRRMMRWWR-NH2 ?6 15 2738.33 2738.21

Ib-M4 EWGRRMMGRGPGRRMMRRWW-NH2 ?6 [100 2649.24 2649.33

Ib-M5 EWGRRMMGWRPGRRMMRRWW-NH2 ?6 15 2778.40 2778.45

Ib-M6 EWGRRMMGWGRGRRMMRRWW-NH2 ?6 1 2738.33 2738.39

a IC50 value is expressed as the mean of duplicate experiments

Fig. 1 Analytical RP-HPLC profiles of Ib-AMP4 and synthetic

variants

Fig. 2 Mass spectra of Ib-AMP4 and its synthetic variants
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antibacterial activity against E. coli K-12. With the

exception of variant Ib-M4, each of the synthetic variants

augmented the antibacterial activity. It was found that the

peptide Ib-M6 exhibited the lowest IC50 value of 1 lM

(Fig. 3).

Peptide Ib-M4, in which Gly-10 and Pro-11 residues are

conserved, presented an IC50 value similar to the native

peptide (i.e. higher than 100 lM). Nevertheless, in the

presence of this synthetic peptide (from a concentration of

80 lM), E. coli K-12 showed an increased lag time, start-

ing its exponential phase at 120 min (Fig. 4). Although in

peptide Ib-M1 Gly-10 and Pro-11 residues are also con-

served, in this case the antibacterial activity was improved

with respect to the native peptide (IC50 = 15 lM))

indicating that these residues are not involved in their

antibacterial activity. However, the results show that not

only the total charge (which corresponds to ?6 for all

analogues) but also the distribution of positive charges

plays a role in peptide interaction with negatively charged

bacterial cellular membrane. Supporting this hypothesis,

Ikeda et al. (1990) found that introducing rigid spacers in

polymeric quaternary ammonium salts augmented their

antimicrobial activity.

Hemolytic Activity

Once defined the sequence of Ib-M6 as the best synthetic

alternative, its hemolytic activity was determined on

human erythrocytes. A 29 % of hemolysis was obtained for

the highest concentration assayed (100 lM). However, for

a concentration of 1 lM that corresponds to the IC50 value

no degradation of erythrocytes was observed (Table 2).

Discussion

The polycationic charge is an important property in the

activity of AMPs due to its role in peptide interaction with

negatively charged bacterial cellular membrane (Alves

et al. 2010). For this reason, one of the modifications done

over the Ib-AMP4 sequence was the augmentation of

positive charge introducing Arg residues. On the other

hand, the C-terminal hydrophobicity was modified by

means of Trp residues in positions 18 and 20, taking into

account that the Trp residues play an important role in

AMP activity (Chan et al. 2006). This is evidenced by the

results of inhibition obtained for peptide Ib-M6, which

showed the lowest IC50 value (1 lM). The contribution of

Trp lies in the indol ring of its lateral chain, which pro-

motes peptide0s insertion into the hydrophobic core of the

cell membrane, favoring the association of peptides to

bacterial membranes.

The modifications made of peptide Ib-AMP4 resulted

linear analogs with a lower IC50 value with respect to the

native peptide with the exception of Ib-M4. However, this

last peptide causes an augmentation in E. coli K-12 lag

time, which goes to show that a temporal interaction with

Fig. 3 Growth kinetics of E. coli K-12 in the absence (filled squares)

and in the presence of the peptide Ib-M6 at a concentration 5 lM

(filled circles), 4 lM (filled triangles), 2 lM (filled diamonds) and

1 lM (open circles)

Fig. 4 Growth kinetics of E. coli K-12 in absence (filled squares) and

in the presence the peptide Ib-M4 at a concentration 100 lM (filled

circles), 80 lM (filled triangles), 50 lM (filled diamonds), 20 lM

(open circles) and 15 lM (open triangles)

Table 2 Hemolytic activity of peptide Ib-M6 on human erythrocytes

Peptide Ib-M6 concentration (lM) Hemolysis (%)

1 Non detectable

2 0.9 ± 0.3

4 2.5 ± 0.3

5 3.0 ± 0.4

100 29 ± 1
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the cell membrane exists and would be responsible for

retardation in bacterial adaptation to the environment.

The simultaneous increment of the net charge and the

hydrophobicity in the sequence of Ib-AMP4 antifungal

peptide inherent to Ib-M6 analog resulted in an enhanced

antimicrobial activity against E. coli K-12, presumably due

to improved interaction with hydrophobic phospholipids of

the bacterial membranes. In addition, this analog presented

no hemolytic activity on human erythrocytes at a concen-

tration of 1 lM which corresponds to its IC50 value,

making it a therapeutic candidate for the treatment of

diseases caused by E. coli.
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