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onjugated to non-peptidic motifs
exhibit antibacterial activity
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Aura Lućıa Leal-Castro,c Ricardo Fierro-Medina, a Zuly Jenny Rivera-Monroy a

and Javier Eduardo Garćıa-Castañeda *a

Short peptides derived from buforin and lactoferricin B were conjugated with other antimicrobial molecules

of different chemical natures. The sequences RLLR, RLLRLLR, RWQWRWQWR, and RRWQWR were

conjugated at their N-terminal end with non-peptidic molecules such as 6-aminohexanoic acid,

ferrocene, caffeic acid, ferulic acid, and oxolinic acid. Peptide conjugates and unmodified peptides were

synthesized by means of solid-phase peptide synthesis using the Fmoc/tBu strategy (SPPS-Fmoc/tBu),

purified via RP-SPE, and characterized via RP-HPLC and MS. The peptides' antibacterial activity against

bacterial strains E. coli ATCC 25922 and S. aureus ATCC 25923 was evaluated, and the results showed

that the peptide conjugates exhibited higher antibacterial activity than the original unconjugated

peptides. Conjugation of AMPs is a promising strategy for designing and identifying new drugs for

treating bacterial infections.
Introduction

The increase in the resistance of pathogens to conventional
antibiotics and the lack of therapeutic options for treating
infections has led the World Health Organization (WHO) to
consider the promotion of the development of new antibacterial
drugs to be a priority.1 The identication and development of
new antibacterial agents based on antimicrobial peptides
(AMPs) has emerged as a novel alternative that can replace and/
or complement conventional treatments. AMPs have been
identied in prokaryotes and eukaryotes, they exhibit a broad
activity spectrum against bacteria, fungi, viruses, and parasites,
and they exhibit multiple action mechanisms and have a low
potential for inducing resistance.2–4

The AMP buforin (1AGRGKQGGKVRA-
KAKTRSSRAGLQFPVGRVHRLLRKGNK39) is a 39-amino acid
peptide isolated from the stomach tissue of the toad Bufo gar-
garizans. Buforin II (16TRSSRAGLQFPVGRVHRLLRK37) is a 21-
amino acid peptide, and its sequence is identical to the N-
terminal region of histone H2A. This peptide exhibited anti-
microbial activity similar to buforin.5 It can be translocated
across the bacterial membranes and can bind to DNA and RNA
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without damaging the cell membrane.6,7 Buforin IIb
(RAGLQFPVGRLLRRLLRRLLR) is an analogue peptide of
buforin II that contains three times the RLLR motif, and it has
exhibited signicant antimicrobial activity.5

Lactoferricin B (17FKCRRWQWRMKKLGAPSITCVRRAF41) is
a 25-amino acid peptide located in the N-terminal region of
bovine lactoferrin protein (BLF).8,9 LfcinB was identied in the
hydrolysate of BLF caused by the gastric pepsin, and the anti-
bacterial activity of LfcinB is greater than that of the native
protein.8,10–12 LfcinB exhibited antibacterial, antifungal, anti-
viral, antiparisitic, and anticancerigenic activity in in vitro and
in vivo assays.8,13–15 It has been suggested that the antibacterial
activity of LfcinB is mediated by the electrostatic interaction
between the positively-charged amino acid side chains (Arg and
Lys) and the negative charges of the bacterial surface molecules
of Gram-positive (teichoic acid) and Gram-negative (LPS)
strains. So there is an interaction between the side chains of
hydrophobic residues (Trp) and the lipid bilayer, causing
membrane disruption and cellular lysis.8,16,17 Also, it has been
reported that LfcinB can internalize into the cell, suggesting
intracellular targets.18,19 On the other hand, previous studies
have shown that short peptides derived from LfcinB exhibited
signicant antibacterial activity, a characteristic similar to that
of LFB and LfcinB. The RRWQWR sequence has been reported
to be the minimal motif with antibacterial, antifungal, and
anticancerigenic activity.9,20,21 Peptide Rh-RRWQWR which
containing rhodamine at its N-terminal end showed greater
activity against E. coli JM-109 than the unmodied peptide. The
peptide can be translocated through the plasma membrane of
This journal is © The Royal Society of Chemistry 2020
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E. coli without affecting the integrity of the membrane and the
translocation depends of peptide concentration. In addition,
this peptide binds to the DNA suggesting that this molecule
could be a possible target.22 The palindromic peptide LfcinB
(20–25)Pal RWQWRWQWR exhibited greater antimicrobial
activity against Gram-negative and Gram-positive strains than
the minimal motif, LFB and LfcinB.21,23–25

The development of new drugs based on the improvement of
existing AMPs through the modication of their structure is
a promising strategy. Also, the aim is to reduce manufacturing
costs by obtaining short sequences with greater antibacterial
activity.26 Through the strategy called conjugation, it is possible
to obtain new entities from the union of sequences derived from
AMPs such as buforin and LfcinB with other antimicrobial
molecules, with the aim of enhancing their antibacterial
activity.27,28 In the present investigation, sequences derived from
buforin (RLLR, RLLRLLR) and LfcinB (RRWQWR,
RWQWRWQWR) were synthesized by means of SPPS Fmoc/tBu
and conjugated with non-peptidic organic molecules such as 6-
aminohexanoic acid (Ahx), ferrocene (Fc), caffeic acid (CA),
ferulic acid (FA), and oxolinic acid (OA) (Fig. 1). We evaluated
the synthetic viability and established if the incorporation of
these molecules into peptidic sequences enhanced the anti-
bacterial activity against E. coli ATCC 25922 and S. aureus ATCC
25923.

Fc is a metallocene that exhibits antimalarial, antitumor,
and antibacterial properties. This compound has been incor-
porated into a variety of molecules in order to improve their
biological activity.29 Metzler-Nolte et al. synthesized OM-AMPs
by conjugating Fc during SPPS. They found that the incorpo-
ration of Fc in some cases improved the antibacterial activity
compared to the peptides used as a control. For example, the Fc-
Fig. 1 Chemical structure of peptide sequences and non-peptidic
molecules bound to peptides.

This journal is © The Royal Society of Chemistry 2020
WRWRW peptide exhibited antibacterial activity against S.
aureus with aminimum inhibitory concentration (MIC) of 7 mM,
while the WRWRWR sequence had an MIC of 16 mM against the
same strain.30,31 Other studies suggest that the antibacterial
activity of peptides is affected by the metallocene conjugated to
AMPs, as well as the position in the sequence.32

CA and FA are phenolic acids derived from the secondary
metabolism of plants and have antibacterial and antioxidant
properties.33 These molecules exhibit a broad spectrum of
antimicrobial activity against Gram-positive and Gram-negative
bacteria such as E. coli, S. aureus, L. monocytogenes, and B.
cereus, as well against fungi such as C. albicans.34,35

OA is a rst-generation synthetic quinolone; it has been used
as an antibacterial drug. It exhibits restricted antibacterial
activity against Gram-negative aerobic bacteria, particularly
Enterobacteriaceae such as E. coli. Because of its narrow spec-
trum of activity and the emergence of resistance, it has been
replaced by third- and fourth-generation quinolones.36,37

In the present investigation, peptide conjugates derived
from LfcinB and Buforin containing 6-aminohexanoic acid
(Ahx), ferrocene (Fc), caffeic acid (CA), ferulic acid (FA), and
oxolinic acid (OA) were synthesized by employing the SPPS
method. The antibacterial activity of these peptide conjugates
against S. aureus and E. coli strains was evaluated, and the
results showed that the incorporation of these non-peptidic
molecules can increase the antibacterial activity, suggesting
that conjugation of AMPs is a viable strategy for identifying
promising peptides for the treatment of bacterial infections.
Experimental details
Solid-phase peptide synthesis

The peptides were synthesized using the manual solid-phase
peptide synthesis (SPPS) Fmoc/tBu strategy. 100 mg of Rink
amide resin (0.46 meq. g�1) was treated with DCM for 2 h at
room temperature (RT), and the mixture was gently stirred. The
Fmoc group removal was carried out through treatment of resin
or resin-peptide with 2.5% 4-methylpiperidine in DMF (2 � 10
min). Then the resin was washed with DMF (5 � 1 min), and
DCM (5 � 1 min).38 The coupling reaction was performed by
mixing Fmoc-amino acid (0.21 mmol) with DCC/6-Cl-HOBt
(0.20/0.21 mmol) in DMF at RT for 15 min. Then the reaction
mixture was added to the resin or resin-peptide and stirred for
2 h at RT. Aer that, the resin was washed with DMF (3� 1 min)
and DCM (2 � 1 min). Fmoc group removal and the incorpo-
ration of each amino acid was conrmed by the Kaiser test.
Amino acid side chain deprotection and peptide separation
from the resin were carried out by treatment with resin-peptide
dried with solution containing TFA/water/TIPS/EDT (92.5/2.5/
2.5/2.5; v/v) for 6–8 h at RT and shaking. The crude peptides
were precipitated by treatment with cool ethyl ether and washed
with ethyl ether (5�), aer which they were dried at RT.
Peptide conjugates

All peptides were obtained simultaneously, to guaranty that the
products were homogeneous, each reactor was initially loadedwith
RSC Adv., 2020, 10, 29580–29586 | 29581
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500 mg of resin, aer incorporating the last amino acid of the
sequence, the resin was divided into ve parts, and they were
loaded into ve new reactors. In each reactor a non-peptidic
molecule was incorporated to the peptide-resin, those reactions
were monitored by Kaiser test, in all cases the test indicated
complete reaction. The peptide conjugation was performed during
the SPPS. The modier was incorporated at the N-terminal posi-
tion of the peptide using uronium salts as activators. The non-
peptidic molecule (0.21 mmol) was pre-activated with DIPEA/
TBTU (0.60/0.21 mmol) in DMF at RT for 5 min. Then, the acti-
vated modier was mixed with resin-peptide and the reaction
mixture was gently stirred for 4 h at RT (Scheme 1).35 Aer that, the
resin was washed with DMF (3� 1min) andDCM (2� 1min), and
the reaction wasmonitored by means of the Kaiser test. Side chain
deprotection reactions and peptide conjugate separation from the
resin were carried out by treatment with a cleavage cocktail con-
taining TFA/water/TIPS/EDT (92.5/2.5/2.5/2.5; v/v) for 6–8 h at RT
and shaking. Then, crude peptides were precipitated by treatment
with cool ethyl ether, dried at RT, and analysed using RP-HPLC
analytical chromatography.
Reverse-phase HPLC

The peptides (10 mL, 1 mg mL�1) were analyzed on a Merck
Chromolith® C18 (50 � 4.6 mm) column, using an Agilent 1200
liquid chromatograph (Omaha, NE, USA) with UV-Vis detector
(210 nm). A linear gradient was employed, from 5% to 70%
solvent B (0.05% TFA in ACN) in solvent A (0.05% TFA in water)
for 10 min at a ow rate of 2.0 mL min�1 at RT.
Scheme 1 Conjugation of peptides during SPPS with different
modifiers.

29582 | RSC Adv., 2020, 10, 29580–29586
Peptide purication

All the peptides were puried via RP-SPE chromatography,
using the method reported by Insuasty et al.39 Briey, solid-
phase extraction columns (SUPELCO LC-18; 2.0 g) were acti-
vated with methanol, solvent B (acetonitrile containing 0.05%
TFA), and solvent A (water containing 0.05% TFA) in accordance
with the supplier's recommendations. The crude peptide was
injected into the column and eluted using a gradient of solvent
B (5–50%). The collected fractions were analyzed via RP-HPLC
chromatography, and those that contained the pure peptide
were collected and lyophilized.

MALDI-TOF MS

The puried peptides were analyzed following the method
described by Roman et al. Briey, the peptide (1 mg mL�1) was
mixed with the matrix (1.0 mg mL�1 of 2,5-dihydroxybenzoic
acid, or sinapinic acid) (2 : 18, v/v), and then 1 mL of this mixture
was seeded on a steel target. The experiment was carried out on
an Ultraex III TOF-TOF mass spectrometer (Bruker Daltonics,
Bremen, Germany) in reectron mode, using an MTP384 pol-
ished steel target (Bruker Daltonics). Laser: 500 shots and 25–
30% power.

Minimum inhibitory concentration (MIC) assay

The minimum inhibitory concentration (MIC) was determined
using the broth microdilution protocol from the Clinical and
Laboratory Standards Institute guidelines,40 in accordance with
Vargas et al. Briey, in a 96-well microtiter plate, 90 mL of
peptide (200, 100, 50, 25, 12.5 and 6.2 mg mL�1) and 10 mL of
inoculum (5 � 106 CFU mL�1) were added. Aer the mixture
was incubated at 37 �C for 24 h, the absorbance was measured
at 620 nm using an ELISA Human Reader. The MIC was dened
as the lowest peptide concentration (mM) required to inhibit
visible microbial growth. The MICs were the average values
obtained in duplicate in two independent experiments. To
determine the minimum bactericide concentration (MBC),
a small sample was taken from each well where there was no
visible growth, using an inoculation loop, which was then
spread on MHA plates and incubated overnight at 37 �C.40 The
MBC was considered to be the peptide concentration corre-
sponding to the plate that showed no bacterial growth. Each of
these tests was performed twice (n ¼ 2).

Results and discussion

The development of new, effective, and safe antibacterial drugs
is a priority for the treatment of infections caused by resistant
bacterial strains. The conjugation of peptides has allowed
modifying the properties of peptides and increasing their
antibacterial activity and has become an alternative to the
development of new antibiotic drugs. In the present investiga-
tion, sequences derived from buforin (RLLR and RLLRRLLR)
and LfcinB (RRWQWR and RWQWRWQWR) were functional-
ized with non-peptidic molecules containing carboxyl groups
such as 6-aminohexanoic acid (Ahx), ferrocene, caffeic acid
(CA), ferulic acid (FA), and oxolinic acid (OA), which have
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05937d


Fig. 3 Chromatographic profile and MALDI-TOF mass spectrum of
the conjugated peptide CA-Ahx-RRWQWR.
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antioxidant and antibacterial properties (Fig. 1). These non-
peptidic organic molecules have diverse chemical structures
and different physicochemical properties. However, they
contain a carboxyl group in their structure that allows them to
attach to the amine group at the N-terminal end of the sequence
through an amide bond during SPPS (Scheme 1). The peptides
and peptide conjugates were obtained in similar way and the
synthesis had no difficulties. The non-peptidic molecules
incorporation into peptide chain was completed as Kaiser test
indicated. All peptides were synthesized simultaneously, each
reactor contained initially 500 mg of resin, aer the last amino
acid was incorporated, the peptide-resin was dried, weighted
and divided in ve new reactors, and then each non-peptidic
molecule was incorporated. The sequences used in this inves-
tigation are: (i) LfcinB (20–25): RRWQWR, (ii) LfcinB (21–25)Pal:
RWQWRWQWR, BFII (32–35): RLLR, and BFII (32–35)Pal:
RLLRRLLR (Fig. 1). These peptide sequences are derived from
two AMPs that exert their antibacterial activity in different ways:
LfcinB disrupts bacterial cell membranes, and Buforin is a cell-
penetrating peptide that doesn't affect the membrane. Peptide
conjugates were designed containing an Ahx residue at the N-
terminal, which is a spacer for facilitating the incorporation
of non-peptidic molecules (Fig. 2).

The coupling of non-peptidic molecules to the growing chain
during the SPPS method was carried out using TBTU/DIPEA
reagents, this being an efficient strategy. The conjugation
reactions were carried out using a 3 molar excess of reagents
with respect to the resin equivalents to guarantee complete
reaction. The conjugated and control peptides were obtained
using the SPPS-Fmoc/tBu method, with high chromatographic
purity inmost cases (Fig. 3). The unmodied peptides and those
that contained Ahx, Fc, and CA exhibited chromatographic
purity higher than 90%, suggesting that the incorporation of the
Ahx, FC, and CA does not affect the synthesis efficiency inde-
pendently of the amino acid sequence. Incorporating Ahx
Fig. 2 Peptide conjugates with sequence RRWQWR and different mod
ferulic acid, OA: oxolinic acid.

This journal is © The Royal Society of Chemistry 2020
residue confers hydrophobicity to the peptide sequence, which
agrees with the tR observed in the chromatographic proles
(Table 1). In the same way, the incorporation of the non-
peptidic molecule into a sequence increased its hydropho-
bicity, since the tR for each conjugate peptide was higher than
that of the tR of the analogous unconjugated. MALDI-TOF MS of
the conjugate peptides showed that the puried products had
the expected mass in all cases. In the mass spectra of the
peptides containing Fc, a signal with 120 mass units less than
the expected mass was observed. This signal can be attributed
to the molecule with no cyclopentadienyl ring. The loss of this
ring could occur during sample ionization. This behavior
concords with that found in previous papers that have reported
this phenomenon.41

In the present study, 24 peptides (4 peptide controls and 20
peptide conjugates) were obtained, and it was possible to
establish the experimental conditions for the conjugation of
linear peptides derived from LfcinB and buforin at the N-
terminus using the SPPS Fmoc/tBu method. The antibacterial
ifiers. Ahx: 6-aminohexanoic acid, Fc: ferrocene, CA: caffeic acid, FA:

RSC Adv., 2020, 10, 29580–29586 | 29583
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Table 1 Analytical characterization and antibacterial activity of peptide conjugates derived from buforin and bovine lactoferricin

Peptide sequence

RP-HPLC
MALDI TOF
MS Antibacterial activity MIC (MBC) in mM

tR (min) Purity (%)
m/z
[M + H]+

E. coli
ATCC 25922 S. aureus ATCC 25923

RRWQWR 4.0 98 986.5 203 (203) 203 (>203)
Ahx-RRWQWR 4.3 98 1099.6 182 (182) >182 (>182)
Fc-Ahx-RRWQWR 6.0 92 1311.9 76 (76) 153 (153)
CA-Ahx-RRWQWR 5.1 71 1261.3 79 (159) 159 (159)
FA-Ahx-RRWQWR 5.5 93 1275.7 157 (157) 39 (78)
OA-Ahx-RRWQWR 5.8 81 1343.5 75 (149) 37 (149)
RWQWRWQWR 5.8 99 1485.1 17 (34) 135 (>135)
Ahx-RWQWRWQWR 5.8 97 1600.3 63 (63) 16 (16)
Fc-Ahx-RWQWRWQWR 6.8 91 1812.2 >110 (>110) 55 (>110)
CA-Ahx-RWQWRWQWR 6.3 73 1762.8 57 (57) 28 (114)
FA-Ahx-RWQWRWQWR 6.5 81 1773.4 113 (113) 56 (113)
OA-Ahx-RWQWRWQWR 6.9 78 1843.6 7 (7) 54 (109)
RLLR 2.9 97 556.2 >360 (>360) >360 (>360)
Ahx-RLLR 3.1 98 670.4 >299 (>299) >299 (>299)
Fc-Ahx-RLLR 6.2 96 882.3 227 (227) >227 (>227)
CA-Ahx-RLLR 5.1 95 832.5 >241 (>241) 60 (241)
FA-Ahx-RLLR 5.5 70 846.4 >237 (237) 237 (>237)
OA-Ahx-RLLR 6.0 87 912.9 110 (110) 27 (27)
RLLRRLLR 4.3 96 1094.5 91 (183) >183 (>183)
Ahx-RLLRRLLR 5.2 97 1207.3 166 (166) 166 (166)
Fc-Ahx-RLLRRLLR 7.2 97 1419.5 70 (141) 35 (70)
CA-Ahx-RLLRRLLR 6.4 92 1370.0 37 (73) 73 (146)
FA-Ahx-RLLRRLLR 6.7 87 1383.5 36 (72) 36 (72)
OA-Ahx-RLLRRLLR 7.2 66 1451.5 34 (69) 17 (17)
Fc-COOH — — — >869 (>869) >869 (>869)
CA — — — >1111 (>1111) >1111 (>1111)
FA — — — >1031 (>1031) >1031 (>1031)
OA — — — 3/6 383 (>766)
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activity of the unmodied peptides and peptide conjugates
against E. coli ATCC 25922 and S. aureus ATCC 25923 strains
was evaluated (Table 1). In E. coli ATCC 25922, peptide conju-
gates containing the motif RRWQWR exhibited lower values of
MIC/MBC than the unmodied peptide (203 mM). Peptides OA-
Ahx-RRWQWR, CA-Ahx-RRWQWR, and Fc-Ahx-RRWQWR, with
MIC values of 75, 76, and 79 mM, respectively, exhibited the
highest antibacterial activity against this strain. These results
suggest that the inclusion of OA-Ahx, CA-Ahx, or Fc-Ahx at the N-
terminal end of the sequence RRWQWR enhances its antibac-
terial activity against E. coli ATCC 25922. Similarly, peptide
conjugates containing the RRWQWR sequence exhibited
greater antibacterial activity against S. aureus ATCC 25923 than
the unmodied peptide (MIC ¼ 203 mM). Conjugate peptides
OA-Ahx-RRWQWR and FA-Ahx-RRWQWR, withMIC values of 39
and 37 mM, respectively, exhibited the greatest activity against
this strain. The antibacterial activity of peptide conjugates
containing RRWQWR sequence could be due to the antibacte-
rial activity additive effect of both the peptide and the non-
peptidic molecule. Our results are in accordance with Monir-
uzzaman et al.22 report, since they found that the rhodamine
incorporation at the RRWQWR sequence N-terminus end
increases the antimicrobial activity against E. coli (JM-109). This
suggest that the antibacterial activity of the conjugated peptides
29584 | RSC Adv., 2020, 10, 29580–29586
may be associated with damage to the bacterial plasma
membrane which leads to cellular lysis in according with the
mechanism propose for LfcinB.10,11 In addition, peptide conju-
gates may act on intracellular targets, which is in agreement
with previous studies that showed that LfcinB is internalized in
the bacteria E. coli 25922 and S. aureus 25923 as well as that the
Rh-RRWQWR peptide can be translocated through the E. coli
strain membrane.22

Regarding the peptides that contain the RWQWRWQWR
sequence, it is observed that several of the conjugates showed
less antibacterial activity against E. coli, with the exception of
the conjugated peptide OA-Ahx-RWQWRWQWR. This could be
explained by the fact that the peptide sequence is longer and by
including a non-peptide molecule of considerable size, it leads
to the loss of amphipathicity causing that the activity decreases.
Furthermore, as they are larger peptide conjugates, they can be
added making difficult the interaction of the peptide with the
membranes of Gram-negative bacteria. Furthermore, as
observed, the unconjugated peptide has great antibacterial
activity against E. coli with a MIC value of 17 mM, so in this case
it is not necessary to conjugate with Ahx, Fc, FA or CA.

The peptide RWQWRWQWR exhibited no antibacterial
activity against the S. aureus ATCC 25923 strain at the concen-
trations tested, while all peptide conjugates containing the
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05937d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/1

8/
20

25
 7

:1
4:

21
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
palindromic motif exhibited greater antibacterial activity
against the S. aureus ATCC 25923 strain, especially the anti-
bacterial activity of peptides Ahx-RWQWRWQWR and CA-Ahx-
RWQWRWQWR, with MIC values of 16 and 28 mM, respec-
tively. Therefore, we can establish that the incorporation of non-
peptidic molecules into the palindromic sequence at the N-
terminal end enhances the antibacterial activity against S.
aureus ATCC 25923. In these cases, the increase in antibacterial
activity against S. aureus can also be explained by the damage to
the bacterial plasma membrane caused by the interaction
between the conjugated peptide with teichoic acids and lip-
oteichoic acids of the plasma membrane.

It is interesting that the peptide OA-Ahx-RRWQWR and
exhibited the greatest antibacterial activity against the strains
evaluated and also the conjugated peptide OA-Ahx-
RWQWRWQWR exhibited greater antibacterial activity against
the E. coli ATCC 25922 strain than the palindromic sequence
unconjugated and all the synthesized peptides. The above is
explained because OA is an antibiotic agent and when conju-
gated to peptides it is possible to enhance antibacterial activity
through a synergistic effect.36 In this case, a mechanism of
action is suggested that involves the entry of the conjugated
peptide into the bacteria by the peptide fragment and the
subsequent inhibition of bacterial DNA synthesis OA associ-
ated.36 It highlights that OA-conjugated peptides exhibited
signicant antibacterial activity against S. aureus strain, taking
into account that OA has no antibacterial activity against this
Gram-positive strain, suggesting that the antibacterial activity
of these conjugated peptides can be attributed to peptide
sequence. It is possible that the mechanism of action for these
peptides conjugates could be associated with the membrane
translocation and/or disruption on the membrane. This is
important since it allows suggesting that the peptide conjuga-
tion with antibiotics is an alternative to improve antibacterial
action and avoid the development of resistance that has been
reported for antibiotics such as OA. The OA-conjugated
peptides could be considered to develop therapeutically
agents against resistant strains.4,10,11,22

Conjugated peptides containing the sequence RLLR exhibi-
ted antibacterial activity against E. coli ATCC 25922 similar to
that of the unmodied peptide, except for the peptide OA-Ahx-
RLLR, which exhibited the greatest antibacterial activity
against this strain. On the other hand, peptides CA-Ahx-RLLR
and OA-Ahx-RLLR and exhibited signicant antibacterial
activity against S. aureus ATCC 25923. Peptides conjugated with
Fc, CA, FA, and OA containing the palindromic sequence
RLLRRLLR exhibited greater antibacterial activity against both
strains. Importantly, the peptides OA-Ahx-RLLRRLLR and FA-
Ahx-RLLRRLLR exhibited the greatest activity against both
strains. These results suggest that the antibacterial activity of
the conjugated peptides is dependent on both the sequence and
the non-peptidic molecule attached at the N-terminal end. It
should further be noted that in some cases the conjugation
increased the antibacterial activity against a specic strain,
while for other conjugate peptides the antibacterial activity
increased against both strains. It has been reported that the
proline hinge in buforin is indispensable for the cell
This journal is © The Royal Society of Chemistry 2020
penetrating activity, but the sequences RLLR and RLLRRLLR
don't have it. For this reasons, they are noncell-penetrating
peptides and they are as membrane acting peptides.6 For
these conjugated peptides a mechanism of action is suggested
where they attack the bacterial membrane leading to disruption
of the cell membrane.

The antibacterial activity of the non-peptidic molecules Fc,
CA and FA was signicantly lower than the peptides and
peptides conjugates and it was not possible to determine their
MIC values at the concentrations evaluated.

Fc-conjugated peptides also show increased activity against
Gram-positive and Gram-negative bacteria, suggesting that the
joined Fc motif improves antibacterial activity as reported by
other authors.31,42 Fc destabilizes cell membranes through lipid
peroxidation and leads to cell lysis, therefore, for these conju-
gated peptides, a mechanism of action similar to that reported
by altering membrane synthesis is suggested32 and pore
formation, which was also evidenced with the Fc-RP1 peptide
on vesicles. It may also be due to the increase of plasma
membrane permeation that leads to an increase of peptide
concentration at the cytosol and thus to better antibacterial
activity.42 Furthermore, the antibacterial activity of these
peptides was not caused by the redox action of the organome-
tallic compound bound to the peptide, as reported.32

Our results are in agreement with previous reports showing
that the inclusion of organometallic compounds or antibiotics
into peptides confers greater antibacterial activity against this
bacterial strain.31,32,43 This results also suggest that the anti-
bacterial activity of peptide conjugates depends on the physi-
cochemical properties of the peptides, such as the length,
sequence, charge, and structure, which are affected by the
conjugation. Thus it can be concluded that the peptide conju-
gates identied in this study can be considered to be promising
for inclusion in studies for the development of new antibacte-
rial drug molecules. The results indicate that the conjugation of
AMPs with non-peptidic molecules is a versatile and novel
strategy that allows us to identify promising molecules with
potent antibacterial activity against Gram-positive and/or Gram-
negative strains. Finally, the synthesis of conjugated peptides is
viable and opens up the possibility of introducing other mole-
cules into the peptide sequences in order to improve their
antibacterial activity.

Conclusions

We designed, synthesized, and characterized short peptide
conjugates derived from buforin and lactoferricin B using
different non-peptidic modiers. The non-peptidic molecules
as 6-aminohexanoic acid (Ahx), ferrocene (Fc), caffeic acid (CA)
and ferulic acid (FA) have no antibacterial activity but being
conjugated with peptides exhibited signicantly activity against
Gram-positive and Gram-negative bacteria. Also, it was shown
that the peptide conjugates with the antibiotic agent OA had the
lowest values of MIC due to a possible synergistic effect between
sequence and OA. These studies demonstrated the antibacterial
activity can be enhanced by conjugation of short sequences with
non-peptidic motifs. The results reported here showed that the
RSC Adv., 2020, 10, 29580–29586 | 29585
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peptide conjugation of short peptides derived from AMPs is
viable and allows the design of synthetic peptides with
enhanced antibacterial activity, which will be useful for devel-
oping new antibacterial agents.
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