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Staphylococcus aureus is one of the most pathogenic bacteria; infections with it are associated with significant
morbidity and mortality in health care facilities. Antimicrobial peptides are a promising next generation anti-
biotic with great potential against bacterial infections. In this study, evidence is presented of the biological and
biophysical properties of the novel synthetic peptide AM3. Its antimicrobial activity against the ATCC 25923 and
methicillin-resistant S. aureus strains was evaluated. The results showed that AM3 has activity in the same pM
range as vancomycin. Biophysical studies were performed with palmitoyloleoylphosphatidylglycerol and car-
diolipin liposomes loaded with calcein and used to follow the lytic activity of the peptide by fluorescence
spectroscopy. On the other hand, AM3 was induced to interact with molecular models of the erythrocyte
membrane buil-up of dimiristoylphosphatidylcholine and dimyristoylphosphatidylethanolamine, representative
lipids of the outer and inner monolayers of the human erythrocyte membrane, respectively. The capacity of AM3
to interact with the bacteria and erythrocyte model membranes was also evaluated by X-ray diffraction and
differential scanning calorimetry. The morphological changes induced by the peptide to human erythrocytes
were observed by scanning electron microscopy. Results with these techniques indicated that AM3 interacted
with the inner monolayer of the erythrocyte membrane, which is rich in anionic lipids. Additionally, the cyto-
toxic effects of AM3 on red blood cells were evaluated by monitoring the hemoglobin release from erythrocytes.
The results obtained from these different approaches showed AM3 to be a non-cytotoxic peptide with antibac-
terial activity.

specific mechanism, mainly targeting bacterial cell membranes, which
makes it less likely that bacteria will develop resistance [3]. This

1. Introduction

a-cationic antimicrobial peptides (a-cAMPs) participate in the first
line of defense against the attack of pathogens [1,2]. Most of these
peptides are formed by about 50 residues, have a net positive charge,
and are amphipathic. The initial binding of a-cAMPs to bacterial
membranes is mediated through electrostatic interactions between the
cationic residues on the peptide and anionic lipids of the membrane
target. A promising feature of a-cAMPs in comparison with conventional
antibiotics is that a-cAMPs execute their biological activity via a non-

promising property is important due to the growing number of Staphy-
lococcus aureus (S. aureus) infections that have been reported worldwide,
increasing morbidity and putting a strain on health services. S. aureus is
widely recognized as being one of the leading pathogenic bacteria
involved in healthcare-associated infections [4]. It is normally found in a
harmless form in the nose and the skin of approximately 30% of healthy
adults [5]. However, when the bacteria invades the body, it causes
several diseases such as bacteremia, pneumonia, joint infections, and

Abbreviations: MLV, multilamellar vesicles; DSC, differential scanning calorimetry; RBC, red blood cells; RBCS, red blood cell suspension; MIC, minimum
inhibitory concentration; SEM, scanning electron microscopy; LUV, large unilamellar vesicles; POPG, palmitoyloleoylphosphatidylglycerol; DMPC, dimyr-
istoylphosphatidylcholine; DMPE, dimyristoylphosphatidylethanolamine; CL, cardiolipin; MRSA, methicillin-resistant Staphylococcus aureus.
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osteomyelitis [4]. Nosocomial infections due to methicillin-resistant
Staphylococcus aureus (MRSA) have become a major cause of
morbidity and mortality in many care units [6,7]. Several mechanisms
of multidrug resistance have been described for S. aureus, including
membrane phospholipid modifications that are triggered in response to
the growth phase [8-10], or medium stressors such as changes in pH,
osmotic stress, the presence of organic solvents and high saline con-
centrations. These adaptive responses are related to the induction of
resistance to membrane-active antibiotics [11]. Therefore, efforts to
design and evaluate potential antibiotics against S. aureus are necessary.

In previous studies we focused on designing and evaluating synthetic
peptides derived from cecropin D-like, a 39-residue peptide neutral at
pH 7.4, active against Gram-negative and Gram-positive bacteria, as
well as filamentous fungus A. niger [12]. After some modifications to
defined residues it became AM2, a peptide of the same size, with a
charge of +9 at physiological pH. The increase in charge in the polar
face of the structure caused a substantial increase in antimicrobial ac-
tivity, reaching a minimum inhibitory concentration (MIC) of 5 pM in
S. aureus [13]. After further modifications of AM2, the peptide AM3 was
obtained. This is a 20-residue a-cAMP, corresponding to the N-terminal
fragment of AM2, which at physiological pH has a charge of +8.

Understanding the molecular basis of the antimicrobial and cytotoxic
properties of peptides is an important step in designing new molecules as
potential therapeutic agents. Biophysical studies on model membranes
give valuable insights into the peptide mechanism of action; for this
reason, this work presents the biophysical evaluation of the interaction of
AM3 with representative phospholipids of the bacterial membrane. In
order to understand the activity of the peptide, palmitoyloleoylphos-
phatidylglycerol (POPG) and cardiolipin (CL) were selected as represen-
tative lipids of S. aureus membrane. These two lipids were loaded with
calcein and used to follow the lytic activity of the peptide by fluorescence
spectroscopy [14]. On the other hand, AM3 was induced to interact with
molecular models of the human erythrocyte membrane. Human eryth-
rocytes were chosen since they have only one membrane and no internal
organelles, making them an ideal cell system for studying basic peptide-
membrane interactions. Dimiristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE) were used as the repre-
sentative lipids of the outer and inner monolayers of the human eryth-
rocyte membrane, respectively. The capacity of AM3 to interact with the
bacteria and erythrocyte model membranes was also evaluated by X-ray
diffraction and differential scanning calorimetry (DSC). The morpholog-
ical changes induced by the interaction of the peptide with the human
erythrocyte membrane were observed by scanning electron microscopy
(SEM). Additionally, the cytotoxic effects of the peptide on red blood cells
were evaluated by monitoring the hemoglobin release from erythrocyte
cell suspensions, and quantified by spectrophotometry. The results ob-
tained from these different approaches showed AM3 to be a non-cytotoxic
peptide with antibacterial activity.

2. Material and methods
2.1. Reagents

1-,2-dimyristoyl-sn-glycero-3-phosphoglycerol sodium salt (DMPG,
Lot 140PG-167), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC,
Lot 140PC-268), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
(DMPE, Lot 140PE-67) and 1-palmitoyl-2-oleoyl-sn-glycerol-3-phos-
phoglycerol sodium salt (POPG, Lot 160-181PG-135) were from Avanti
Polar Lipids (Alabaster, AL, USA) Fig. S1. Tetraoleoylcardiolipin from
heart bovine (CL, Lot SLBL8560V), 3,3-bis[N,N-bis(carboxymethyl)-
aminomethyl]fluorescein (Calcein), N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) and Sephadex G50-fine were from Sigma-
Aldrich (St. Louis, MO, USA). Vancomycin was from Amresco (Solon,
OH, USA), AM2 (RNFFKRIRRAGKRIRKAIISAAPAVETLAQAQKIIKGGD,
Lot 88771380003/PE2076) and AM3 (NFFKRIRRAGKRIRKAIISA, Lot
7215960005/PE6969) were synthesized according to the sequence by

BBA - Biomembranes 1863 (2021) 183498

the solid-phase method and purchased from GenScript (Piscataway-
Township, NJ, USA). The purity of the peptide (higher than 95%) was
determined by analytical HPLC, and the molecular weight was
confirmed with MALDI-TOF mass spectrometry. All other reagents of
analytical grade were from Sigma-Aldrich.

2.2. Prediction of the peptide structure

A prediction of the 3D structure of AM3 peptide was generated using
two types of software: I-TASSER generated the atomic model through
the identification of structural templates from the PDB using LOMETS;
the structure was predicted by multiple threading alignments and iter-
ative structural assembly simulation (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/). The atomic model was refined using ModRe-
finer to obtain a peptide structure closer to its native form (https://zh
anglab.ccmb.med.umich.edu/ModRefiner/) [15].

2.3. Culture conditions and antimicrobial activity

Strains used in the experiments were S. aureus ATCC 22923 and
MRSA; the latter a donation from the Basic and Applied Microbiology
Group (MICROBA) of the University of Antioquia. MRSA was pheno-
typically and genotypically characterized as resistant to p-lactamic an-
tibiotics and susceptible to fifth-generation cephalosporins (ceftaroline
and ceftobiprole). Strains were kept at —70 °C in 10% glycerol and
grown in Miiller Hinton (MH). The determination of the minimum
inhibitory concentration (MIC) was performed according to Wiegand
et al. [16], and to the Clinical & Laboratory Standard Institute (CLSI).
Strains were grown at 37 °C, shaked at 200 rpm for 12-14 h, and the
culture of each strain was set at 0.5 in McFarland scale (108 CFU ml1™1).
Next, 50 pl aliquots of these cell suspensions were mixed with 50 pl AM3
solution at different concentrations (0.625 to 60 pM) in a 96-well
microplate, and incubated at 37 °C in an orbital shaker (200 rpm for
8 h). The growth kinetics of each microorganism were determined by
triplicate in an Elisa lector (Bio-Rad, CA, USA), measuring the absor-
bance at 595 nm. Vancomycin (6 pg/ml or 4 pM) and PBS were used as
positive and negative controls, respectively.

2.4. Hemolytic activity

Hemolytic activity was performed according to Spaller et al. [17].
Erythrocytes were isolated from fresh human peripheral blood; washed
three times with PBS (10 mM, pH 7.4 and 150 mM NaCl) by centrifu-
gation for 5 min at 400 g and resuspended in PBS to obtain an approx-
imately constant 5 x 10° cells for each test. AM3 at different
concentrations (0.625 to 60 pM) was added to human erythrocytes in
PBS and incubated at 37 °C for 1 h. The mixtures were then centrifuged
at 400 g for 5 min. Aliquots of the supernatant were transferred to 96-
well plates. Hemolysis was measured by absorbance at 540 nm in a
Multiskan Go (Thermo, Waltham, USA). PBS and melittin (5 pM) were
used as negative and positive controls, respectively according to Oddo
and Hansen [18]. The percentage of hemolysis was calculated according
to Eq. (1):

(Abs in the peptide solution—Abs in PBS)

(Abs in Melittin — Abs in PBS) x 100 )

Hemolysis (%) =

2.5. Calcein permeability assay

Two lipid systems were prepared for the calcein leakage experi-
ments, one of pure POPG and another of POPG:CL (80:20). Experiments
were performed following the basic steps described by Maherani et al.
[19]. Lipid films were prepared by dissolving 4 mg per ml of lipid (POPG
or POPG:CL) in chloroform. The solvent was evaporated under a stream
of nitrogen and the samples were kept under a vacuum for at least 1 h to
ensure complete solvent removal. The lipid films were rehydrated in a
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buffer (20 mM HEPES, 145 mM NacCl at pH 7.4) containing 50 mM
calcein, and multilamellar vesicles (MLV) were formed after vortexing
these for 7 min. The calcein buffer was prepared as follows: 1.09 g of
calcein was dissolved in 5 ml of 1 M NaOH. After the calcein was fully
dissolved, 2.5 ml of buffer (20 mM HEPES, pH 7.4) was added, together
with 5 ml of MilliQ water (Millipore, Bedford, MA). The solution was
then pH-adjusted to 7.4 with 1 M HCl dropwise while being stirred
constantly to avoid precipitation. MilliQ water was then added to bring
the calcein buffer to a final volume of 25 ml and calcein concentration of
50 mM. The MLV were subjected to 5 cycles of freezing and thawing in
liquid nitrogen to increase the yield of calcein encapsulation.

Large unilamellar vesicles (LUV) were obtained using a mini-
extruder from Avanti Polar Lipids (Alabaster, AL, USA) with a poly-
carbonate filter of 200 nm. The dye-containing vesicles were separated
from non-entrapped calcein using a size exclusion chromatographic
column Sephadex G50 Fine (10 x 150 mm), eluted with HEPES buffer
that did not contain calcein. Kinetic experiments were carried out as
follows: 50 pl of the liposome suspension of each lipid system was added
to 1950 pl of buffer (10 mM HEPES, 143.2 mM NaCl, pH 7.4) and
incubated at 37 °C for 5 min while being stirred. Fluorescence intensity
was measured with a Fluomax-3 stirring cell spectrofluorometer from
HORIBA JobinYvon (Edison, NJ) at excitation and emission wavelengths
of 480 and 520 nm, respectively. The stability of the liposomes was
monitored for 3 min before the peptide was added. The kinetics of cal-
cein release after the addition of the peptide was recorded for 10 min; a
complete release (100%) was achieved by the addition of TritonX-100 to
a final concentration of 0.05%. The apparent percentage of calcein
release (normalized membrane leakage) was calculated according to Eq.
2):

F—F,

L= — 10
" Fio — Fo

x 100 2

in which F and Fjqp represent the fluorescence intensity prior to and
after the addition of the detergent, respectively and F( represents the
fluorescence of the intact vesicles. The experiments were performed in
triplicate on independent samples of calcein-loaded liposomes. The re-
sults are presented as the average with their standard deviations.

2.6. X-Ray diffraction of DMPC and DMPE multilayers

Multilayers were prepared using the lipid hydration technique.
About 2 mg of each phospholipid was mixed in Eppendorf tubes with
200 pl of (a) distilled water and (b) appropriate amounts of AM3 in a
range of concentrations (1 to 300 pM). The specimens were incubated
for 30 min at 37 °C and 60 °C with DMPC and DMPE, respectively. The
samples were then transferred to 1.5 mm diameter special glass capil-
laries (Glas-Technik&Konstruktion, Berlin, Germany), centrifuged for
45 min at 1462 g and X-ray diffracted. Specimen-to-film distances were 8
and 14 cm, standardized by sprinkling calcite powder on the capillary
surface. Ni-filtered CuKo radiation was obtained from a Bruker Kris-
talloflex 760 (Karlsruhe, Germany) X-ray generator. The relative
reflection intensities were collected in an MBraun PSD-50 M linear
position-sensitive detector system (Garching, Germany); no correction
factors were applied. The experiments were performed at 18 + 1 °C,
which is below the main phase transition temperature of both DMPC and
DMPE. Higher temperatures would have induced transitions to more
fluid phases making the detection of structural changes harder. Each
experiment was performed three independent times.

2.7. Differential scanning calorimetry (DSC) of DMPC and DMPG MLV

Appropriate amounts of DMPG or DMPC were weighed in order to
obtain a 1 mM final phospholipid concentration. Lipids were dissolved
in pure chloroform in a glass test tube, the solvent was dried under a
stream of nitrogen and the traces were removed by keeping the samples
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under reduced pressure (about 13.3 Pa) for 30 min. Dried lipids were
hydrated in water for DMPC and buffer (10 mM HEPES, 500 mM NacCl, 1
mM EDTA, pH 7.4) for DMPG. MLV were formed by vortexing the
samples above the main phase transition temperature of the lipids for at
least 15 min. AM3 stock solution was prepared in buffer (10 mM HEPES,
pH 7.4) and added in different volumes to the liposome suspensions
depending on the molar ratio of the mixture. DSC measurements were
performed in a Nano DSC device (TA Instruments, New Castle, USA).
The sample cell was filled with 400 pl of MLV suspension; a reference of
an equal volume of buffer was used. The cells were sealed and equili-
brated for about 10 min at the starting temperature. Heating/cooling
rates were 1 °C per minute and the scans were recorded within a range of
5 °C to 40 °C. Heating scans were carried out first. The reference scan
was subtracted from the sample scan. Each data set was analyzed and the
values of transition temperatures were calculated using a software
package supplied by TA Instruments. At least three independently pre-
pared samples were measured to check the reproducibility of the DSC
experiments. The accuracy was +0.1 °C for the main phase transition
temperature and +1 kJ mol~! for the main phase transition enthalpy.

2.8. Scanning electron microscopy (SEM) observations of human
erythrocytes

Blood was obtained from a healthy human male donor not receiving
any pharmacological treatment. Blood samples (0.1 ml) were obtained
by puncture of the ear lobule and drawn into an Eppendorf tube con-
taining 10 pl of heparin (5000 UI/ml) in 0.9 ml of saline solution (NaCl
0.9%, pH 7.4). The sample was centrifuged (1000 rpm for 10 min); the
supernatant was discarded and replaced by the same volume of saline
solution; the whole process was repeated three times. The red blood cells
were suspended in 0.9 ml of saline solution, and fractions of this stock of
red blood cell suspension (RBCS) and saline solution were placed in
Eppendorf tubes to prepare: (a) the control, by mixing 100 pl of saline
solution plus 100 pl RBCS, and (b) a range of concentrations of AM3 by
mixing 100 pl of RBCS with a known volume of AM3 stock solution. All
samples were then incubated for one h at 37 °C. After the incubation,
samples were centrifuged (1000 rpm for 10 min) and the supernatant
was discarded. They were fixed overnight at 4 °C by adding 500 pl of
2.5% glutaraldehyde to each sample. The fixed samples were washed
with distilled water, placed over Al glass cover stubs, air-dried at 37 °C
for 30 min to 1 h, and gold-coated for 3 min at 13.3 Pa in a sputtering
device (Edwards S150, Sussex, England). The resulting specimens were
scanned in a Jeol SEM (JSM 6380 LB, Japan).

3. Results
3.1. Prediction of the 3D structure of AM3

AMS is a synthetic a-cAMP of 20 residues with a + 8 charge at
physiological conditions. This fragment contains almost all amino acids
related to the global charge of the parent peptide AM2, a 39 residue
peptide with a + 9 charge at pH 7.4. AM2 was previously designed and
synthesized by us, and showed high selectivity toward anionic bacterial
membranes [13]. Fig. 1A presents the helical wheel projection of the
AMS3 peptide; it shows an amphipathic structure with two faces, one
conserving the hydrophobic residues and the other forming a polar
surface. a-cAMPs are usually unfolded in aqueous environments, but
generally fold during their interaction with membranes [20]. According
to the [-TASSER results, the prediction of the secondary structure of AM3
shows a single o-helix (Fig. 1B).

3.2. Antimicrobial and hemolytic activities of AM3
Using the broth microdilution assay, the antimicrobial activity of

AM3 against S. aureus ATCC 25923 and MRSA strains was determined.
The results showed that AM3 was active, with an MIC of 5 and 7.5 pM



M. Manrique-Moreno et al.

BBA - Biomembranes 1863 (2021) 183498

Fig. 1. Prediction of AM3 helical structure. (A) helical-wheel projection of AM3 peptide. Basic residues are presented as red circles, non-polar residues as yellow
hexagons, and polar uncharged residues as green squares. (B) Predicted a-helical structure of the AM3 peptide; positive charged residues are highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

against S. aureus ATCC 25923 and MRSA, respectively. Vancomycin was
used as a positive control, with an MIC of 4 uM, equivalent to 6 pg/ml
according to the Clinical & Laboratory Standards Institute guidelines
[21]. Previously we had performed the same procedure in order to
evaluate the antimicrobial activity of AM2 against S. aureus reaching a
MIC of 5 pM [13]. The hemolytic experiments were performed by
incubating suspensions of human red blood cells with serial dilutions of
the AM2 and AMS3 peptides, the results are presented in Fig. 2. At low
concentrations, equivalent to the MIC (5 pM) the hemolytic activity
reached a maximum of approximately 0.4% for both peptides. Even at a
concentration two times that of MIC there was no significant differences
in the hemolytic activity of the peptides. At concentrations three or four
times higher, AM2 induced 0.6% and AMS3 induced just 5% of RBC
hemolysis. As a comparison, the peptide melittin that binds spontane-
ously to biological membranes and causes a significant membrane
disruption, at 5 pM induced a 98% of hemolysis [22].
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Fig. 2. AM3 (@) and AM2 (o) hemolytic activity on human erythrocytes. The

values represent the average mean + S.D. (n = 3). Melittin and PBS were used
as positive and negative controls, respectively.

3.3. Calcein leakage experiments

The ability of AM3 to induce leakage on synthetic model membranes
was studied on POPG and POPG:CL (80:20). These lipids were selected
due to be the predominant constituents of the S. aureus membrane [23].
The results of the kinetic experiment of AM3 added to the calcein-loaded
LUV at 37 °C are presented in Fig. 3A. They showed that the liposomes
were stable during the incubation period, and after 3 min with stirring
there was no leakage caused by the experimental conditions. After the
incubation, AM3 was added and calcein release was immediately
observed (black arrow). Kinetics of the calcein release were recorded for
10 min; during this period, the effect of the peptide on the liposomes
reached its highest activity, after which the disrupting effect was stable
and did not increase with time. The red arrow in Fig. 3A represents the
moment when Triton X-100 was added to the liposome suspension and
inducing the total leakage of the calcein-entrapped vesicles. Fig. 3B
shows the results obtained after AM3 was added in different concen-
trations to the POPG and POPG:CL (80:20) lipid systems. The addition of
AMS3 in increasing concentrations to the dye-containing LUV induced
calcein release in both systems in a concentration-dependent manner.
However, the disrupting effect of AM3 was higher in POPG vesicles; at
the lowest 1% assayed AM3 molar percentage the leakage was 7.2%,
compared to the 3.4% in POPG:CL liposomes. At 3% AM3 concentration
the leakage was 38.5% for POPG and 10.6% for POPG:CL liposomes.

3.4. X-Ray diffraction experiments on DMPC and DMPE multibilayers

In order to understand the molecular interactions of AM3 with cell
membranes, different biophysical experiments were carried out with
model membranes and human red blood cells. The interaction of AM3
with DMPC and DMPE multibilayers was determined by X-ray diffrac-
tion. These lipids represent phospholipid classes that are present in the
outer and inner monolayers of eukaryotic and red cell membranes,
respectively. It can be observed in Fig. 4A that water altered the DMPC
structure. Its bilayer repeat (bilayer width plus the width of the water
layer between bilayers) increased from about 55 A in its dry crystalline
form to 64.5 A when it was immersed in an excess of water [24], and its
low-angle reflections (indicated as (a) in the figure), which correspond
to DMPC polar terminal group distance were reduced to only the first
two orders of the bilayer repeat. On the other hand, only one strong



M. Manrique-Moreno et al.

BBA - Biomembranes 1863 (2021) 183498

12e+7
A 100 1 B
1.0e+7
- 80
o 8066 S
& <
< 5" 60 1
£ 6006 - <
] =2
ko
S « 'E 40 1
= 40646 =
-}
6]
20
2.0e+6 4 -
0 .
0.0 T T T : . T : - T : T
0 200 400 600 800 1 15 2 3 5 75 10

Time (seconds)

Molar percentage AM3 (%)

Fig. 3. A) Time-course of calcein release from liposomes after the addition of 2.5% of the AM3 peptide. LUV were incubated for approximately 4 min at pH 7.4 and
37 °C with stirring; after that period the peptide was added (black arrow). The complete release of the dye (100%), due to the total leakage of the vesicles was
achieved by the addition of Triton X-100 at 0.1% (red arrow). B) Membrane permeabilization effect induced by AM3 on calcein-containing POPG (@) and POPG:CL
80:20 vesicles (®@). After the peptide addition, liposomes were incubated approximately for 10 min. 100% calcein release was obtained using Triton X-100. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

| | | T T
@ ® A @ ® B
DMPC +
DMPE +
_,_/\_ Hlo
A3 L - B0
& e , Z e
a ‘/M L 7| N 1M
2 2
K= . =
- J\& oo o N Jhv
= B
§ = N foui é jL AL 10 M
M T 50uM ., N 50 M
S 1somM jj& A 150 uM
| e 300 uM A 300 M
65 33 9 6.4 )
Observed Spacing (A) Observed Spacing (A)

Fig. 4. X-ray diffraction patterns of A) dimyristoylphosphatidylcholine (DMPC) and B) dimyristoylphosphatidylethanolamine (DMPE) in water and with different

concentrations of AM3; (a) small-angle and (b) wide-angle reflections.

reflection of 4.2 A appeared in the wide-angle region (b), which corre-
sponds to the average distance between fully extended acyl chains
organized with rotational disorder in hexagonal packing. Fig. 4A also
shows the diffraction patterns of DMPC multilayers incubated with
different concentrations of AM3. After exposure to 5 pM and higher AM3
concentrations DMPC bilayers underwent a regular and monotonic
reduction of their small and wide-angle reflection intensities, indicated
as (a) and (b) in the figure, respectively. With 10 pM, the reduction in
the intensities was 3%, with a concentration that was equivalent to twice
the MIC value obtained in the previous results. With higher AM3 con-
centrations, the reduction in the reflection intensities was more evident;
in fact, 300 pM AM3 induced a 70% intensity decrease, reflecting a
marked disturbance of DMPC bilayer structure. The results of the X-ray

diffraction patterns of DMPE bilayers incubated in water and AM3 so-
lutions are shown in Fig. 4B. As reported elsewhere, water did not
significantly affect the bilayer structure of DMPE [24]. However, after
heating to 60 °C and cooling to room temperature (ca. 18 °C) DMPE was
properly hydrated reaching a fluid state as its X-ray reflections were
reduced to one of 56.4 A and another of 4.2 A in the low- and wide-angle
regions, respectively. The diffraction patterns also showed that
increasing concentrations of AM3 caused a weakening in DMPE reflec-
tion intensities, albeit less marked compared with that observed in
DMPC. In fact, after incubation with 50 pM AM3, only a 15% reduction
of the reflection intensities was attained, while with 300 pM the
reduction reached 35%, half the percentage observed in DMPC.
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3.5. Differential scanning calorimetry (DSC) of DMPC and DMPG MLV

Calorimetric experiments were performed in order to determine the
effect of the AM3 peptide on the thermotropic properties of DMPC and
DMPG MLV. DMPC is the most abundant lipid in the outer monolayer of
the human erythrocyte membrane, and phosphatidylglycerol (PG) is the
predominant phospholipid constituent of the S. aureus membrane, pre-
sent in an 80% [23,25,26]. The single DMPC thermogram (Fig. 5A)
shows two endothermic peaks; the small one at a lower temperature
(15.18 °C) corresponds to the transition from gel phase (Ly) into the
ripple phase (Py), the so-called pretransition, and the large peak at a
higher temperature (24.01 °C) corresponds to the main phase transition
with a AH = 23 kJ mol'. The Py is one of the gel phases that occurs due
to structural constraints between the packing characteristics of the two
acyl chains and the headgroups [27]. Fig. 5A shows that the addition of
the peptide had almost no effect on DMPC phase transition. Interest-
ingly, the metastable ripple phase was still observed even at the highest
assayed peptide concentration (5%). Fig. 5B presents the thermograms
during heating of pure DMPG and DMPG in the presence of AM3. Fully
hydrated DMPG liposomes in buffer showed a pretransition at 15 °C,
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Fig. 5. Representative thermograms obtained for multilamellar A) DMPC and

B) DMPG liposomes containing different concentrations of AM3. The enthalpy
AH was obtained by peak integration.
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followed by the main transition at 23.7 °C with an enthalpy of 31.9 kJ
mol L. The effect of the peptide with the charged lipid was different
from the zwitterionic DMPC. At the lowest assayed concentrations (0.1
and 1%), there was a significant decrease in the height of the main
transition; however, the ripple phase did not vanish and the pre-
transition was still present in the thermograms. At the peptide concen-
tration of 5 mol%, the metastable ripple phase disappeared without a
significant change in the Tm, but the enthalpy of the main phase tran-
sition decreased by about 50% in comparison with the control. More-
over, at this concentration an additional very broad and high peak was
detected at 38.8 °C with a shoulder at 36 °C. At 10 mol% AMS3 the height
of DMPG main transition peak decreased with a parallel increase in the
high temperature signal. Such behavior can be interpreted in terms of
phase separation, presumably into peptide-rich and peptide-poor do-
mains. Thermodynamic parameters of the pretransition and main phase
transition of DMPC/AM3 and DMPG/AM3 mixtures determined from
heating and cooling scans are presented in Tables 1 and 2, respectively.

3.6. Scanning electron microscopy (SEM) observations of human
erythrocytes

The effects of the in vitro incubation of AM3 with human erythro-
cytes in a range of concentrations (5 to 20 pM) were monitored by SEM
and are represented in Fig. 6. Under physiological conditions, normal
human red blood cells assume a flattened biconcave disc shape (dis-
cocyte) of approximately 8 pm diameter (Fig. 6A). As it can be observed,
when the erythrocytes were incubated with 5 yM AM3, equivalent to the
MIC, the peptide induced a change in the normal shape in some of the
erythrocytes. In fact, cells showed invaginated or cupped forms known
as stomatocytes stage [. With increasing AM3 concentrations the effect
was more evident as in addition to stomatocytes stage I, a cup-shape
form with evagination of one surface and a deep invagination of the
opposite face (stomatocytes stage II), and elliptic shape alterations were
visible [28,29]; however, in these SEM experiments the peptide con-
centrations were four times higher than MIC.

4. Discussion

The incidence of S. aureus has significantly increased during the past
few decades and it has become a leading cause of infections; ranging
from minor skin and wound infections to life threatening sepsis [30-32].
One of the main clinical concerns has been the limitation of effective
antimicrobial therapies given the continued emergences of the antibiotic
resistant S. aureus strains. An attempt to develop alternative treatments
has led to the evaluation of a-cAMPs from both natural and synthetic
sources. In the present study, the biological activity of the synthetic
novel peptide AM3 against S. aureus was investigated. The experimental
results showed that AM3 is a potential antimicrobial agent against the
susceptible ATCC 25923 and MRSA, with an MIC in the same pM range
as vancomycin. Although there were no significant differences in the
activity of the peptide against the two strains, this should be related with
the mechanism by which AM3 exerts its biological activity. MRSA
carries a mobile genetic element called staphylococcal cassette chro-
mosome (SCC). This harbors the mecA gene which encodes PBP2a, a
protein with low affinity for f-lactam antibiotics conferring resistance to
methicillin, nafcillin, oxacillin, and cephalosporins [33,34]. Considering
that the a-cAMP’s mechanism of action is based on its interaction with
membrane lipids and not with a specific membrane protein target, the
resistant mechanism present in MRSA would not necessarily affect the
activity of AM3. It has been previously reported that the activity of
daptomycin is not affected by the resistant-mechanism present in
S. aureus [35,36]. Daptomycin, a 13-residue lipopeptide is a particularly
noteworthy antibiotic because its antibacterial activity results from
direct action on membranes inducing permeabilization and depolari-
zation [37,38]. Some of these studies demonstrated that the lipophilic
acyl tail of daptomycin inserts into the cytoplasmic membrane of the
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Table 1
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Thermodynamic parameters of the pretransition and main phase transition of pure, fully hydrated DMPC multilamellar liposomes and DMPC/AM3 mixtures deter-

mined from heating and cooling scans collected at a heating (cooling) rate of 1 °C min

-1

Compound Heating Cooling
Pretransition Main transition Pretransition Main transition
AH [kJ AS [kJ Tm AH [kJ AS [kJ AH [kJ AS [kJ Tm AH [kJ AS [kJ Tm
mol '] mol ' K] rcl mol '] mol ™! K] [°cl mol '] mol ' K] rcl mol '] mol ' K] rcl
DMPC
4.0 0.01 15.2 23.0 0.08 24.0 1.6 0.01 9.3 21.8 0.07 23.2
+ AM3
0.1 mol 3.8 0.01 14.9 26.2 0.09 24.0 2.5 0.01 9.2 25.1 0.09 23.2
%
1.0 mol 4.3 0.02 15.0 26.4 0.09 24.0 1.7 0.01 9.3 26.0 0.09 23.2
%
5.0 mol 3.4 0.01 14.9 22.2 0.08 24.0 1.6 0.01 9.2 20.5 0.07 23.2
%
Table 2

Thermodynamic parameters of the pretransition and main phase transition of pure, fully hydrated DMPG multilamellar liposomes and DMPG/AM3 mixtures deter-

mined from heating and cooling scans collected at a heating (cooling) rate of 1 °C min™".

1

Compound Heating Cooling
Pretransition Main transition Pretransition Main transition
AH [kJ AS [kJ Tm AH [kJ AS [kJ m AH [kJ AS [kJ Tm AH [kJ AS [kJ Tm
mol~1] mol ' K 1] [°C] mol 1] mol ' K 1] [°C] mol '] mol ' K 1] [°C] mol~1] mol ' K 1] [°C]
DMPG
3.9 0.01 15.0 31.9 0.11 23.7 - - - 31.7 0.11 22.8
+ AM3
0.1 mol 3.5 0.01 15.0 28.8 0.10 23.7 - - - 28.3 0.10 22.8
%
1.0 mol 3.3 0.01 14.9 29.4 0.10 23.7 - - - 26.0 0.09 22.8
%
5.0 mol - - - 15.4 0.05 23.6 - - - 27.8 0.09 22.8
%
10 mol% - - - 4.5 0.02 23.5 - - - 45.0 0.20 24.5

bacterium leading to potassium efflux, membrane depolarization, and
therefore cell death [39-41]. Cui et al. [42] demonstrated that the
reduction of daptomycin and vancomycin susceptibility in S. aureus
resistant strains showed a strong correlation with the increment of cell
wall thickness, which act as an obstacle to their penetration. They
explained that it might be hard for daptomycin, with a molecular weight
over 1620 to penetrate the cell wall when it is as thick as the one
detected in MRSA, including VISA [42]. Based in their results, the au-
thors proposed that the development of new antibiotics with smaller
molecular size might be a potential new way to overcome resistant
S. aureus infections. The results of Cui et al. support our study; in fact,
the antimicrobial activity of AM3 was not affected, particularly
considering the 49% reduction in the size of the structure in comparison
with the parent peptide AM2 [43].

It is also important to consider that the synthesis of a shorter peptide
is less expensive than that of a double size structure. However, the size is
not the only physicochemical property of the peptide relevant to its
biological activity. Charge and hydrophobicity are also considered
crucial properties that play balanced roles in modifying the activity of a
peptide [44]. The net charge of a-cAMP is the sum of all ionizable
groups, this being the most relevant property in its initial electrostatic
interaction with the cell membranes. Most peptides with recognized
biological activity present a positive charge ranging from +2 to +9 [44].
Cationicity is favorable for initial electrostatic interactions between
peptides and negatively charged bacterial membrane components. In
our previous study, the increase in the charge of the polar face of AM2
(+9) showed a substantial increase in antimicrobial activity of the
peptide in comparison with the cecropin D-like peptide [13]. In the AM3
design most of the charged aminoacids of the N-terminal region were
preserved (+8); the analysis of the helical wheel projection of the

peptide shows a potential amphipathic structure with one face con-
taining the charged aminoacids. This region might be involved in the
strong initial electrostatic interactions between the peptide and the
negatively charged groups present in the predominant phospholipid
constituents of the S. aureus membrane such as PG and CL [45]. The
presence of both lipids introduces a negative charge into the membrane
surface and the lipid—protein interface providing a potential binding site
for peptides.

In addition, hydrophobicity also plays an important role. This is
defined as the percentage of hydrophobic aminoacids within a peptide,
and it is associated with the peptide insertion into a membrane hydro-
carbon core [46]. For this reason, the structural modifications per-
formed to obtain AM3 were focused on maintaining a hydrophobicity of
45%, the same of the parent peptide AM2. Peptides with high hydro-
phobic values present higher hemolytic activity [47]. Indeed, several
studies, including those of Kiyota et al. [48] and Mor et al. [49] have
found a positive correlation between the hydropathic index of peptides
and their hemolytic potential. Although electrostatic interactions
determine the initial attraction zwitterionic phospholipids such as those
present in the outer leaflet of the erythrocyte membrane favor hydro-
phobic interactions by allowing the insertion of the peptide and conse-
quently cell lysis [46].

A fundamental condition for AM3 as a potential systemic antibiotic is
to present a minimum toxicity against cells such as erythrocytes; thus,
hemolysis evaluation could be considered a measure of the peptide
toxicity toward higher eukaryotic cells [50]. The control used in our
experiments was melittin, a cationic (+5) at neutral pH, amphipathic,
26-amino acid with a hydrophobicity of 50%, which presents a recog-
nized cytolytic activity at 5 pM. The results observed for AM3, with a
charge of +8 and hydrophobicity of 45%, showed to be an active
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180m

Fig. 6. Morphological changes induced on human erythrocytes by incubation with AM3. Images were obtained by scanning electron microscopy (SEM) of A) control,
B) 5 puM, C) 10 uM and D) 20 uM AM3. The direction of the arrows indicate the stomatocytes stage I (to the right), stomatocytes stage II (to the left) and the circle the

elliptical shape alterations.

antimicrobial agent against susceptible and MRSA strains, with an MIC
in the same range as vancomycin. The hemolysis results showed that
AMS3 is slightly more hemolytic compared with the parent peptide AM2.
This could be explained by the hydrophobicity and size of the peptides.
Both are equally hydrophobic but the double size of AM2 could make it
more difficult its insertion into the membrane. Energetically, AM3 might
insert easily in the bilayer and therefore induce a higher hemolytic ef-
fect. However, the hemolytic effect was only evident at 4 or 5 times
higher concentrations than MIC; for this reason AM3 might not be
considered cytotoxic against human erythrocytes.

a-cAMPs with antibacterial activity are usually associated with a
membrane-permeabilizing mechanism. To confirm that the biological
activity of AM3 could be associated with this disrupting mechanism,
liposomes composed of POPG and POPG:CL with an 80:20 lipid ratio
were loaded with calcein; this ratio was selected in accordance to pre-
vious reports of the S. aureus membrane lipid composition [23,25,26].
This binary mixture reflects a more representative composition of bac-
terial membrane in comparison with pure POPG liposomes. If the pep-
tide induced a lytic effect on the liposomes, the dye would be released
into the external medium increasing the fluorescence. In fact, the
entrapped dye shows very low fluorescence due to the self-quenching
effect [19]. In a previous work, we demonstrated that the ability of
AM2 to induce leakage in liposomes was greatly altered by the presence
of CL [23]. Results of AM3 indicated that cardiolipin (CL) in the POPG:
CL system had the ability to counteract the disrupting effect of the
peptide, effect that can be explained by the structural characteristics of
CL. This molecule has a conical shape with a smaller polar head group
than that of POPG; the presence of cardiolipin changes the lipid packing
arrangement of the liposomes in comparison with that of pure POPG due
to the increase in the lateral density of fatty acids. The energetic cost of

deforming a membrane with structural restrictions caused by the pres-
ence of CL is higher than the non-restricted bilayer only composed by
POPG. The presence of CL induces a negative intrinsic curvature of the
membrane; this structural restriction increases the free-energy cost of
peptide insertion [51]. It has been suggested that this effect explains the
increased resistance of the bacteria to daptomycin, which is inhibited by
the increased CL content in S. aureus [52]. Mishra et al. [53] have per-
formed several analyses to establish how cell membrane characteristics,
including fluidity, phospholipid content and asymmetry as well as the
relative surface charge play an important role in clinical daptomycin-
resistant Staphylococcus aureus strains. The results obtained through
the calcein leakage effect proved the membrane-disrupting effect of
AM3 in POPG and also POPG:CL liposomes. These results can also be
related to the antimicrobial activity of the peptide when the MICs of 5
pM and 7.5 pM were reached for the S. aureus ATCC 25923 and MRSA,
respectively. Regarding the results obtained by Cui et al. [43], the
slightly high MIC of AM3 against MRSA could be related to a different
lipid composition in the resistant strain, making necessary more con-
centration of the peptide to reach the MIC. However, further studies
regarding the membrane composition are needed in order to probe this
hypothesis.

The X-ray results showed that AM3 affected the bilayer structures of
both DMPC and DMPE, although to a higher extent to DMPC. The
chemical difference between DMPC and DMPE is centered on their ter-
minal amino groups, these being -N(CHs)3 in DMPC and -NH3 in DMPE.
Under hydrated conditions, DMPC -N(CH3)4 group induces the forma-
tion of a clathrate-like hydration shell around the head groups; the
gradual hydration leads to water filling the highly polar inter bilayer
spaces increasing their separation. This condition promotes the incor-
poration of the peptide molecules and the resulting structural
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perturbation. On the other hand, DMPE molecules pack tighter than
DMPC due to their small head groups and resultant higher effective
charge [24]. Consequently, strong direct intermolecular hydrogen bonds
are formed in DMPE neighboring molecules between the opposite -NH3
and POy groups, and water molecules. Molecular details of PC and PE
fully hydrated gel phases have been reported elsewhere [27,54]. The X-
ray diffraction and DSC results showed that the preference for negatively
charged lipids is in accordance with our previous results obtained in the
calcein leakage experiments, where AM3 was active inducing a
disruptive effect on POPG and also POPG:CL liposomes. The affinity of
AM3 for the charged lipids explains the antimicrobial activity on
S. aureus and the low hemolytic activity against human erythrocytes.

A commonly used membrane for studying drug-membrane in-
teractions is that of human red blood cells. The reason for this is based on
the fact that exogenous molecules induce cell-shape transformations of
normal erythrocytes, which are caused by changes in the surface area of
the monolayers [55]. According to the bilayer-couple hypothesis of
Sheetz and Singer [56], the two halves of the erythrocyte membrane
bilayer respond differently to drug induced perturbations due to the
asymmetric distribution of proteins and phospholipids. Thus, any effect
that expands the outer leaflet relative to the inner one produces convex
structures on the cell surface (echinocytes); conversely, an expansion of
the inner leaflet relative to the outer one favors concavities (stomato-
cytes) [57]. The results obtained by our SEM experiments indicated that
AM3 is behaving as a mild cup-former and therefore interacts with the
inner monolayer of the erythrocyte membrane, which is rich in phos-
phatidylethanolamines (zwitterionic) and phosphatidylserines (nega-
tively charged).

There are several accepted models to explain the mechanism of ac-
tion of cAMPs, such as the barrel-stave or carpet models [58]. However,
most of them establish that the first step is based on a binding process
mediated by electrostatic interactions between the cationic residues of
the peptide and the anionic lipids of the membrane target. The X- ray
diffraction and DSC results evidence the different kind of interaction of
AM3 with charged than with zwitterionic phospholipids. These results
are important because the preference of AM3 for negatively charged
lipids may be associated with the selectivity to lyse bacterial membranes
rather than eukaryotic membranes. Low-affinity to zwitterionic lipids
compared with charged lipids constitute a key for the rationale design of
novel and more selective peptide-based antibiotics. The results obtained
with AM3, a substantially (49%) downsized analogue of AM2 demon-
strate its potential against resistant strains of S. aureus. Additionally, our
results constitute a useful approach to the identification of the minimal
active region of bioactive peptides, which may contribute to reducing
the production cost of a pharmaceutical agent.
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