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a b s t r a c t

Antimicrobial peptides (AMPs) are broad spectrum antimicrobial agents that act through diverse mech-
anisms, this characteristic makes them suitable starting points for development of novel classes of anti-
biotics. We have previously reported the increase in activity of AMPs upon addition of the Amino
Terminal Copper and Nickel (ATCUN) Binding Unit. Herein we synthesized the membrane active peptide,
Anoplin and two ATCUN-Anoplin derivatives and show that the increase in activity is indeed due to the
ROS formation by the CuII-ATCUN complex. We found that the ATCUN-Anoplin peptides were up to four
times more potent compared to Anoplin alone against standard test bacteria. We studied membrane dis-
ruption, and cellular localization and found that addition of the ATCUN motif did not lead to a difference
in these properties. When helical content was calculated, we observed that ATCUN-Anoplin had a lower
helical composition. We found that ATCUN-Anoplin are able to oxidatively damage lipids in the bacterial
membrane and that their activity trails the rate at which ROS is formed by the CuII-ATCUN complexes
alone. This study shows that addition of a metal binding tripeptide motif is a simple strategy to increase
potency of AMPs by conferring a secondary action.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

The rise of bacterial resistance against small-molecule antibiot-
ics is a growing global health problem that has led to increased
interest in the discovery of agents with a unique mode of action.
Due to their broad-spectrum activity, Antimicrobial peptides
(AMPs) have arisen as a paradigm for the design of novel antibiot-
ics. AMPs are a component of the innate immune system of many
organisms, from bacteria and fungi to vertebrates, invertebrates
and plants [1–3]. These peptides are typically short and cationic,
although many anionic AMPs have been identified [3]. AMPs have
membrane solubilizing, cell penetrating and DNA/RNA binding
abilities [4,5]. Numerous peptide-small molecule conjugates have
been synthesized to improve the efficacy of AMPs. Conjugates rel-
evant to this work include amine-based metal binding groups [6],
porphyrins [7–9], and chromophores [10–12]. The latter two con-
jugate types are dual acting in that they generate Reactive Oxygen
Species (ROS) in addition to their classical antibiotic action. The
resulting ROS renders the bacteria more susceptible to the
conjugates.

The naturally occurring Amino Terminal Copper and Nickel
(ATCUN) Binding Motif with the consensus sequence H2N-Xaa-
Xaa-His has high affinity for Cu2+ and Ni2+ ions [13]. Decades of
research have shown that the activity of the ATCUN motif is not
limited to transport of metals, but it can also have other potential
biological functions. For example, the human protamine P2 (HP2),
an important protein involved in the production and maturation of
sperm, contains the ATCUN sequence Arg-Thr-His at its N-termi-
nus [14]. HP2 has been suggested to play a major role in sperm
DNA damage due to its ability to affect proper DNA assembly
and generate ROS upon metal binding. Model peptides have shown
that the damage caused by HP2 is linked to the presence of the
ATCUN sequence [14]. In addition, numerous studies have shown
that the CuII-ATCUN complex has nuclease and protease activity
owing to the fact that it can form Reactive Oxygen Species [15–19].

Naturally occurring peptides with antimicrobial activity con-
taining an ATCUN motif have also been reported, although whether
the motif is biologically relevant or not is yet to be determined. The
amino acid sequence of the human salivary peptide histatin 5
(DSHAKRHHGYKRKFHEKHHSHRGY) and other histatins contain
an ATCUN motif. Notably, the antifungal activity of histatin 5 has
been related to the ROS generating activity of the Asp-Ser-His
motif [20–24]. Similarly, Myxinidin (GIHDILKYGKPS), an AMP
derived from the epidermal mucus of hagfish, contains the ATCUN
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sequence Gly-Ile-His [25]. Interestingly, when the histidine residue
is replaced with a lysine, the peptide becomes less active against
Escherichia coli and Staphylococcus aureus [26].

We and others have previously appended ATCUN motifs to
known AMPs and shown that the new peptides had an enhanced
antimicrobial activity [27,28]. The evaluation of the mechanism
of action of the resulting conjugates indicated that the increase
in activity arises from the added ROS-generating ability of the pep-
tides. In this study, we report the use of two additional ATCUN
motifs (Leu-Lys-His, LKH; and Arg-Thr-His, RTH) that were selected
from a library of ATCUN peptides for their ability to rapidly
produce ROS. We added the sequences to Anoplin (GLLKRIKTLL-
NH2), a peptide with membrane lytic activity. Our results indicate
that the ATCUN sequences LKH and RTH can be used to success-
fully increase the antimicrobial activity of peptides that target
membranes.

2. Methods

2.1. Antimicrobial assay

The antimicrobial susceptibility testing was done using a
method suggested by Hancock et al. [35]. Single colonies of E. coli
(MG1655, WT), and Bacillus subtilis (PS832) were grown to mid-
logarithmic phase in Mueller–Hinton Broth (MHB). Then a 50 lL
of a twofold serial dilution series of the test peptide were placed
in each well of a sterile 96-well polypropylene plate. A 50 lL ali-
quot of bacterial suspension (106 CFU/mL) was added to each well.
Ampicillin and Kanamycin were used as positive control. The
plates were incubated for 18–20 h at 37 �C, after which, Minimum
Inhibitory Concentration (MIC) was defined as lowest concentra-
tion that prevented visual growth of the bacteria. P value were
calculated using One-Way ANOVA function of GraphPad Prism
6.0; statistical significance was set at P < 0.05.

2.2. Laser confocal microscopy

Peptides were fluorescently labeled using 5(6)-carboxyfluores-
cein coupled to the e-amino group of an additional Lys residue
placed between the ATCUN motif and Anoplin. Mid-logarithmic
cells were incubated with the FITC-peptides at their MIC (total vol-
ume 25 lL). Labeling was allowed to proceed for 15 min; after
which, 1 mL of PBS was added to the mixture and the cells were
pelleted using a microcentrifuge. The supernatant was removed
and 50 lL of sterile PBS was used to resuspend the cells. Then
40 lL of the cell suspension was placed in a poly-L-lysine coated
glass slide. The images were acquired using a 100� oil immersion
objective mounted on a Nikon A1R Laser Confocal Microscope. The
GFP channel was used for detection of probe, and no further image
manipulation was done.

2.3. Lipid peroxidation assay

The E. coli strain MWF1 (fabR::kan recD::Tn10) were obtained
from Prof. Charles O. Rock of the University of Tennessee in Mem-
phis and is described in Refs. [29,30]. E. coli MWF1 were grown to
mid-logarithmic phase and were harvested, washed and resus-
pended in ROS buffer (20 mM HEPES, 100 mM NaCl, pH 7.40). An
aliquot of the cell suspension was incubated with 10 lM CuII-
ATCUN-Anoplin (made by mixing 1.5 eq of ATCUN-Anoplin with
1 eq of Cu2+ and incubating for 30 min to completely form the com-
plex), 1 mM sodium ascorbate and 1 mM H2O2 for 2 h at 37 �C.
After which, the TBA Assay was done using a method suggested
by Chirico [31]. A 50 lL BHT (butylated hydroxytoluene) was

added to the mixture followed by 1.5 mL of 0.44 M H3PO4. This
was incubated at room temperature for 10 min. Then, 500 lL of
2-thiobarbituric acid was added and the mixture was heated at
90 �C for 30 min. After the mixture was allowed to cool down, a
60 lL portion was injected in a C18 analytical column ran at 65%
50 mM KH2PO4 at pH 7.00 and 35% methanol for 10 min. The
TBA–MDA product was observed as small peak at around
4.6 min. The activity of the CuII-ATCUN-Anoplin complexes was
normalized against that of free Cu2+, which was assigned 100%
activity.

2.4. Circular dichroism studies

The CD spectra were recorded on a Jasco J-710 Spectrometer
using purified samples resuspended in 25 mM sodium phosphate
buffer (NaPB) pH 7.40, or 50% trifluoroethanol in NaPB. Peptide
concentration used was 50 lM, and spectra were recorded from
250 nm to 190 nm in a 1 mm quartz cuvette. Each spectrum was
the average of 5 accumulations, and the spectra were recorded
twice to ensure consistency (both spectra did not deviate by more
than 5%). The mean residue ellipticity, [H] was calculated using Eq.
(1), where H is the measured ellipticity, l is path length in cm, c is
concentration in mM, and n is the number of residues in the pep-
tide [36]:

½H� ¼ 100 �H=l � c � n ð1Þ

The percent alpha helix was calculated using Eq. (2) where
[H]222 is the mean residue ellipticity calculated at 222 nm [37]:

% ahelix ¼ ½H�222 � 3000=33000 ð2Þ

2.5. b-Galactosidase leakage assay

Overnight cultures of E. coli transformed with the plasmid
pUC19 were subcultured 1:20 into fresh MHB and was grown until
OD600 � 0.6. Overexpression of b-galactosidase was induced by
addition of 1 mM isopropyl-b-D-thiogalactoside (IPTG) and incuba-
tion for 1 h. The cells were washed with sterile PBS twice and
resuspended in 1� PBS. Peptides at concentration 2� their MIC
were mixed with an equal volume of bacterial suspension. The
mixture was incubated for 1 h at a shaking incubator, after which,
the cells were pelleted and 100 lL of the supernatant was trans-
ferred to a clean 96-well microtitre plate. A 50 lL solution of
2.4 mg/mL 2-nitrophenyl-b-D-galactoside (ONPG) in PBS was
added (final concentration 0.8 mg/mL) and the color development
was allowed to proceed for 1 h at 37 �C in the dark. The absorbance
of each well at 405 nm was measured using a standard plate
reader.

2.6. Hemolytic assay

Packed human red blood cells (hRBCs) with anticoagulant cit-
rate dextrose (ZenBio Inc.) were washed to exhaustively to remove
ghost cells and the anticoagulant. Then a 0.8% (v/v) solution of
hRBCs were mixed with an equal volume of the test peptide at
2� their MIC. This mixture was incubated for 1 h at 37 �C, after
which the RBCs were pelleted and 100 lL of the supernatant was
transferred to a 96-well microtitre plate. The absorbance of leaked
hemoglobin was measured at 414 nm using a standard plate
reader. PBS and 0.1% Triton X-100 was used negative and positive
controls, respectively. The percent Hemolysis was calculated using
Eq. (3).

% Hemolysis ¼ Apeptide � APBS

ATriptonX100 � APBS
� 100 ð3Þ
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