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Highlights:
e Selectivity of the peptides for zwitterionic or negatively charged lipids

determine its bioactivity

o Affinity toward negatively lipid instead zwitterionics drives from hemolytic to
antimicrobial results

e «a-helix structure of p6.2 increases its ability to interact with negatively charged
membranes

ABSTRACT

Antimicrobial peptides (AMPs) are small cationic molecules that display antimicrobial
activity against a wide range of bacteria, fungi and viruses. For an AMP to be
considered as a therapeutic option, it must have not only potent antibacterial properties
but also low hemolytic and cytotoxic activities [1]. Even though many studies have
been conducted in order to correlate the antimicrobial activity with affinity toward
model lipid membranes, the use of these membranes to explain cytotoxic effects
(especially hemolysis) has been less explored. In this context, we studied lipid
selectivity in two related novel AMPs, peptide 6 (P6) and peptide 6.2 (P6.2). Each

peptide was designed from a previously reported AMP, and specific amino acid



replacements were performed in an attempt to shift their hydrophobic moment or net
charge. P6 showed no antimicrobial activity and high hemolytic activity, and P6.2
exhibited good antibacterial and low hemolytic activity. Using both peptides as a model
we correlated the affinity toward membranes of different lipid composition and the
antimicrobial and hemolytic activities. Our results from surface pressure and zeta
potential assays showed that P6.2 exhibited a higher affinity and faster binding kinetic
toward PG-containing membranes, while P6 showed this behavior for pure PC
membranes. The final position and structure of P6.2 into the membrane showed an
alpha-helix conversion, resulting in a parallel alignment with the Trp inserted into the
membrane. On the other hand, the inability of P6 to adopt an amphipathic structure, plus
its lower affinity toward PG-containing membranes seem to explain its poor
antimicrobial activity. Regarding erythrocyte interactions, P6 showed the highest
affinity toward erythrocyte membranes, resulting in an increased hemolytic activity.
Overall, our data led us to conclude that affinity toward negatively charged lipids
instead of zwitterionic ones seems to be a key factor that drives from hemolytic to

antimicrobial activity.
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INTRODUCTION

Antimicrobial peptides (AMPs) are a key factor in the innate immunity, which serves as
the first line of defense against bacterial and fungal infections in a wide range of hosts,
from plants to humans [2]. The efficiency of AMPs is attributed to their ability to
disrupt the cellular membranes of microorganisms, in some cases causing pore

generation, thus leading to microbial death [3]. Binding of cationic AMPs to a bacterial



membrane is driven by electrostatic contacts between the positively charged amino
acids and the negatively charged cell surface, followed by hydrophobic interactions
between the amphipathic domains of the peptide and the membrane phospholipids. The
mechanism of action of these peptides leaves the target organism less able to adapt or
develop resistance toward AMPs [4]. As a result, these molecules typically have a wide
spectrum of antimicrobial activity, which makes AMPs very important resources for
human therapeutics as lead compounds to counteract the current drug resistance
development [5]. Despite their variations, the key features that render them to exhibit
microbicidal activity are i) their cationicity, ii) their binding to bacterial membranes and
iii) the adoption of secondary structure in membrane environments [6]. These
characteristics allow them to attach to and insert into the bacterial membrane rather than
host membranes. Most AMPs are thought to target the bacterial plasma membrane
directly rather than through specific protein receptors [7]. Therefore the phospholipid
composition, in particular the net charge of the membranes plays a key role in
determining the antimicrobial activity of the AMPs [8]. Despite their microbial
membrane affinity, amphipathic cationic antimicrobial peptides (CAMPs) can also
interact and disassemble the membrane of eukaryotic cells, particularly erythrocytes.
The eukaryotic cell selectivity is a possible undesirable feature of CAMPSs, which
represent a challenge to be addressed when designing new CAMPs sequences. In this
context, AMP’s selectivity is often measured by the so-called therapeutic index, defined
as the ratio between their minimum hemolytic concentration (MHC) and minimum
inhibitory concentrations (MIC): MHC/MIC [9, 10]. The higher the therapeutic index
(MHC/MIC), the more effective the AMP would be as an antibiotic. Accordingly, there
have been many attempts to clarify the parameters that control the selectivity of

AMPs.[10-12].



Model membrane systems, such as lipid vesicles, have been used for three decades to
explore the structure, function, and mechanism of AMPs [13, 14]. Despite the huge
contribution from the scientific community in this field, the focus has generally been set
in predicting and unravels their antimicrobial effects, while a proper insight on the
cytotoxic or the hemolytic activity of AMPs has been less studied. In this work we have
designed and characterize two cationic peptides: P6 and P6.2. Both peptides were
designed from a previously reported antimicrobial peptide (Seq2) [15], whose backbone
was used as a scaffold to design the two new sequences. Specific amino acid
substitutions were made in order to shift the hydrophobicity and hydrophobic moment
of the parent peptide Seq2. The first round of substitutions introduced rendered a
sequence with high hemolytic values and poor antimicrobial activity (P6), while
subsequent substitutions produced a peptide (P6.2) with lower hemolytic activity and a
dramatic increase in antimicrobial activity.

With these two related sequences, we studied in detail the interaction of the peptides in
simple membrane mimetic models in order to establish the lipid selectivity of each
peptide, in other words, the preferential interaction for a zwiterionic membrane or a
negatively charged one. For this approach we used large unilamellar vesicles (LUVS)
and lipid monolayers, using the phospholipid dimyristoyl phosphatidylcholine (DMPC)
with zwitterionic head groups (i.e. without a net charge) and dimyristoyl
phosphatidylglycerol (DMPG) with anionic head groups. Finally, to correlate these

findings, we evaluated the affinity of both peptides with erythrocyte membranes.



MATERIAL AND METHODS

Peptide synthesis

Each peptide was synthesized with C terminus amidation. Peptides were synthesized
and obtained at a purity grade of >95% by HPLC (GenScript Co., Piscataway, NJ
08854, USA). The peptide sequences were: peptide 6: GLLWKWGWKWKEFLRIVGY

and peptide 6.2: GLLRKWGKKWKEFLRRVWK.

Analysis of physicochemical properties

For the analysis of net charge, hydrophobic moment, hydrophobicity, isoelectric point
and molecular weight, we wused the online programs Heliquest [16]
(http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py), and Agadir
(http://agadir.crg.es/) [17]. The mean hydrophobicity (H) and the mean hydrophobic
moment (uH) were calculated from the amino acid sequences, using the Eisenberg scale
for hydrophobicity by the HydroMCalc applet [10] and Heliquest. The helical wheel

projections diagrams were obtained from Heliquest.

Antimicrobial activity

Minimal inhibitory concentration (MIC) was determined by standard microdilution
assay according to CLSI recommendations [13], using Mueller Hinton Broth (DIFCO)
supplemented with Ca?* (20-25mg/L) and Mg?* (10-12.5mg/L). The bacterial strains
used were Pseudomonas aeruginosa ATCC® 47085 and Staphylococcus aureus

ATCC® 25923

Hemolytic assay

The hemolytic activity of the peptides was evaluated according to the method described



previously [18]. Briefly, a volume of heparinized human whole blood was diluted 1:3 in
phosphate-buffered saline and then centrifuged 10 min. at 1500 rpm. This procedure
was repeated three more times. The cell pellet was resuspended in phosphate-buffered
saline to a final dilution of 0.5% (v/v). Peptides were then added at different
concentrations and incubated at 37 °C for 30 min. Afterwards, tubes were centrifuged
and the absorbance of the supernatant at 550 nm was measured. The percentage lysis
was then calculated relative to 0% lysis with buffer and 100% lysis with water. The

absorbance measurement was repeated three times, and the averaged values were used.

Aggregation assay

A solution containing 25.6 uM of 8-Anilino-1-naphthalenesulfonic acid ammonium salt
(1-8-ANS, Sigma Aldrich, GmbH, Germany) in HEPES buffer was titrated with a stock
solution of each peptide to achieve a final concentration within the range of 0-24 uM.
ANS fluorescence emission measurements were recorded from 400 nm to 650 nm with

a Aexc = 369 nm. Incubation temperature was set at 20 °C.

Lipids

The zwitterionic lipid DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and
negatively charged lipid DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-1'-rac-glycerol)
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). 5NS (5-DOXYL-
stearic acid) and 16NS (16-DOXIL-stearic acid) were purchased from Sigma. DMPC
was chosen to mimic surface membrane of mammalian cells, as PC is the major
component of mammalian cytoplasmic membranes, and because the lipid is stable to
oxidation and readily hydrates in water forming lamellar phases at physiological pH and

temperatures [19]. DMPG was chosen since phosphatidylglycerol is absent in



eukaryotic plasma membranes, but is ubiquitous and abundant in bacterial membranes
[19].

The working buffer was HEPES 10 mM pH 7.4 in NaCl 150 mM.

Surface pressure

Changes in the surface pressure of lipid monolayers induced by peptides 6 and 6.2 were
measured in a Kibron Langmuir-Blodgett trough, at constant temperature (25 + 0.5 °C).
The surface of the buffer solution contained in a Teflon trough of fixed area was
exhaustively cleaned by surface aspiration. Then, a chloroform solution of lipids was
spread on this surface to reach surface pressures of 20.5 £ 1 mN/m. Peptide solutions
were injected in the subphase and the changes of surface pressure were recorded until a
constant value was reached.

Pressure data obtained were fitted with the follow equation:

g AT _ [ peptide]’ 1)
AT, ..k, +[peptide]’

Where 6 corresponds to the degree of coverage, AIT is the surface pressure shift,
[peptide] is the peptide concentration, n is the heterogeneity parameter describing the
width of energy distribution and kg is the dissociation constant.

The adsorption rate constant (k) was calculated from the equation [20]:
—kt
AlTl=—-e "AIl__ +AIl__, )
The kinetics of peptides penetration was followed using:

ATT =K' (3)

from where the constants k and r [21] were determined.



Regression analyses of the AIT vs. \time curves were performed to determine the values
of r, with Graphpad Prism, by minimizing the root mean square error between the

experimental data rate and the model equation.

Zeta potential

Zeta potential of liposomes was determined in a Z-meter 3.0 (Zeta Meter Inc, Staunton,
VA, USA) by applying a continuous electric field of 50 V to a liposome suspension in
buffer. The movement of the particle in the electrical field was followed by microscopic
visualization in a reticulated objective. Values of the electrophoretic mobility () were
automatically given by the instrument. The zeta potential in volts (&) was calculated by

the Smoluchowski equation:

g=an' (4)

where 7 is the viscosity of the suspension at 20 °C, D is the dielectric constant of the solution at

20 °C and w is the electrophoretic mobility of particles (micrometer/sec per volt/cm )

Fluorescence spectroscopy measurements

Since peptides 6 and 6.2 contain tryptophan residues, fluorescence techniques are
suitable tools for the analyses of these molecules. Fluorescence quenching studies were
carried out in a Varian Cary Eclipse fluorescence spectrophotometer (Mulgrave,
Australia). The fluorescence spectral characterization of peptides was performed at 290
nm to minimize the relative quencher/fluorophore light-absorption ratios. Fluorescence
emission was collected at 350 nm (fixed wavelength). Excitation and emission spectra

were corrected for wavelength-dependent instrumental factors [22, 23].



Acrylamide quenching
The fluorescence quenching of peptides (5 pM) by acrylamide was measured in buffer
and in the presence of DMPC:DMPG (5:1) LUV (3 mM), by successive additions of
small volumes of the quencher stock solution, ranging from 0 to 60 mM [24]. Each
spectrum was recorded after 10 min incubation. Quenching data were analyzed using
the Stern—Volmer equation [25]:

I
T =1+K,, -[Q]

(5)
Where | and lo are the fluorescence intensities of the sample in the presence and absence

of quencher respectively, Ksy is the Stern—Volmer constant and [Q] is the quencher

concentration.

5NS and 16NS quenching

Fluorescence quenching assays with the lipophilic probes 5SNS and 16NS were carried
out at the same peptide and lipid concentrations used for the acrylamide quenching
study. Briefly, by successive additions of small amounts of these quenchers in ethanol
solution to the peptide samples in DMPC:DMPG (5:1), keeping the ethanol
concentration below 2% (v/v) [26]. The effective lipophilic quencher concentration in
the membrane was calculated from the partition coefficient of both quenchers to the
lipid bilayers [27]. After each guencher addition, samples were incubated for 10 min
before measurement. Quenching data were analyzed by using the Stern—Volmer
equation (eq. 5), or the Lehrer equation (eq. 6) when a negative deviation from the

Stern—\Volmer relationship is observed. [27, 28]

l, 1+ K, [Q]
1 (1"' Ksv [Q])(l_ fb)+ f,

(6)

where f, corresponds to the fraction of light arising from the accessible fluorophores to



the quencher.

Circular dichroism in the far UV

We studied the secondary structure content by circular dichroism spectroscopy in the far
UV, using a JASCO J-810 (Jasco Corp., Tokyo, Japan) spectropolarimeter, calibrated
with (+)-10-camphorsulfonic acid. The measurements were performed under nitrogen
gas flow of 8 I/h at a temperature of 20 °C, controlled by a Peltier system (JASCO).
Spectra were recorded between 185 and 320 nm, using a 0.1 cm path-length cell. The
peptide concentrations were 20 pM, dissolved in 10 mM sodium phosphate buffer pH
7.0, or the same buffer with sodium 10 mM dodecyl sulfate (SDS). The sensitivity was
100 millidegrees. We used a scan speed of 50 nm/min, a response time of 1 s and a
bandwidth of 1 nm. We performed an average of five assays for each sample spectra.
The average absorption was corrected by buffer and then baselined to zero using the
average of readings between 290 and 320 nm. Finally, the data were smoothed using a
Savizky-Golay fourth-degree polynomial, with a window of ten points. The spectra

were converted to mean molar ellipticity residue using the relationship:

bl-——2 @

:leanxd

where [4)] is the molar ellipticity (in degrees x cm? x dmol?), @ the ellipticity in
millidegrees, n is the number of residues of the peptide and c its molar concentration, d
is the length of the cell in centimeters.

The %AH (or alpha helical content) was calculated by following equation described in
[29].

(6,5, + 2000) x100
—30000

%AH =

(8)



Membrane dipole potential assessed by di-8-ANEPPS

Human blood samples were obtained from healthy volunteers, with their previous
written informed consent, at the Instituto Portugués do Sangue (Lisbon, Portugal). This
study was approved by the ethics committee of the Faculdade de Medicina da
Universidade de Lisboa. Isolation of erythrocytes and labeling of these cells with di-8-
ANEPPS (Invitrogen, Carlsbad, CA, USA) were performed as described before [30] For
erythrocytes isolation, blood samples were centrifuged at 1200 x g during 10 min,
plasma and buffy-coat were removed, and remaining erythrocytes were washed twice in
working buffer. They were incubated at 1% hematocrit in buffer supplemented with
0.05% (m/v) Pluronic F-127 (Sigma) and di-8-ANEPPS 10 puM. Cells were incubated
with the fluorescent probe during 1 h, with gentle agitation, and the unbound probe was
washed with Pluronic-free buffer on two centrifugation cycles. Peptide 6 and peptide
6.2 were incubated with erythrocytes at 0.02% hematocrit for 1 h, with gentle agitation,
before the fluorescence measurements. Excitation spectra and the ratio of intensities at
the excitation wavelengths of 455 and 525 nm (R = lsss/ls2s) were obtained with
emission set at 670 nm to avoid membrane fluidity-related artifacts. [31, 32] Excitation
and emission slits for these measurements were set to 5 and 10 nm, respectively. The
variation of R with the peptide concentration was analyzed by a single binding site

model [33] :

RF;““ [ peptide |

R
—=1 0 9
R, ’ K, + [peptide] ®)

with the R values normalized for Ro, the value in the absence of peptide. Rmin defines the

asymptotic minimum value of R and Kg is the dissociation constant.



Results

Peptide design and determination of MIC, hemolytic activity and aggregation

Both peptides were designed from the previously reported antimicrobial peptide 2
(Seg2) [15]. Seq2 backbone was used as a scaffold to synthesize two new sequences
suitable to study lipid selectivity in alpha-helical, amphipathic cationic peptides.

For peptide 6 (P6) we introduced the following substitutions to parental Seg2: we
replaced K4 for W, L7 for G, K8 for W and K14 for L.

For peptide 6.2 (P6.2) we modified peptide 6 with the following substitutions: we
replaced W4 for R, W8 for R, 116 for R and Y19 for K.

These specific substitutions made P6 to diminish its net charge (from 6 in Seqg2 to 3) but
retaining the isoelectric point (around 10 for both peptides). P6 also had an increased
hydrophobicity but a diminished hydrophobic moment compared to Seqz2.

Peptide 6.2 had an increased net charge and also an increased hydrophobic moment, but
a diminished hydrophobicity compared to P6 (see table 1)

All these changes rendered two closely related peptides but with completely different
activity toward biological membranes. Peptide 6 exhibited a high hemolytic activity and
did not show significant antimicrobial activity against P. aeuroginosas or S. aureus. On
the other hand, P6.2 showed a significant reduction of the hemolytic activity
concomitant with a strong antimicrobial activity against both P. aeuroginosas and S.

aureus (Table 1).



Finally, aggregation of the peptides in solution was evaluated by using the fluorescent
probe 1-8-ANS that binds to hydrophobic portions of peptides and proteins and can be
used to detect aggregation or changes in surface hydrophobicity [34]. As we can see in
figure S1, peptide 6 had shown a slight blue shift of the emission maximum indicating
some peptide aggregation #a at the higher concentration tested. On the other hand, in the
case of peptide 6.2 no significant changes were observed, in this case aggregation was
probably prevented by the intercalation of charged residues among hydrophobic ones.
This different behavior between the peptides was probably due to the higher number of

charged residues that peptide 6.2 had, compared to peptide 6.

Membrane affinity

As was pointed above, the main objective of this work was to establish a correlation
between membrane affinity and antimicrobial or hemolytic activity, in this regard, we
chose two lipid formulations, pure DMPC as PC is mainly contained in mammalian
membranes, and DMPC:DMPG 1:5 as a simplified model of bacterial membranes. In
order to avoid misinterpretations, the concentration of peptides for these studies was
kept below 5 pM, where no significant effects of aggregation were observed.

First, we evaluated the affinity of both peptides toward the model membranes described
above by surface pressure assays.

As we can see in Figure 1, both peptides were able to induce changes in the surface
pressure of pure DMPC membranes; however, P6 exhibited greater changes than P6.2.
When interactions were quantified (assuming a Langmuir behavior by obtaining a
dissociation constant (Kg)) we confirmed the higher affinity of P6 toward this
membrane. This difference was reflected by the Kq value of P6, which was almost twice

that of P6.2 (Table 2). On the other hand, when PG containing membranes were tested,


http://www.sciencedirect.com/science/article/pii/S093964111630323X#f0035

P6.2 exhibited a Kq four times lower than P6, indicating a higher affinity towards-this

kind of membranes (Figure 1b and Table 1).

In order to a better understanding of peptide-lipid interactions, a kinetic analysis was
also performed. As we can see in Figure 1 and table 2, P6.2 exhibited a faster kinetics in
PG containing monolayer, whereas P6 exhibited the fastest kinetics in pure PC
monolayers. Finally, a relaxation coefficient (r) (defined according to Eq. 5) was
obtained to characterize the peptide adsorption Kinetics. In the case of P6.2, for all the
conditions assayed, the r coefficient remained close to 0.5 (Table 2). On the other hand,
the r coefficient obtained for P6 in PG containing membranes departs from 0.5, but on
pure PC monolayers the behavior changed and the r coefficient remained close to 0.5

(Table 2).

It is well known that electrostatic forces play a key role in the interaction between
peptides and the lipid membrane; in this context, in order to complement pressure
information, we performed zeta potential experiments. Zeta potential is a surface
property that represents an electrokinetic charge which occurs at the solid-liquid

interface of particles.

As we can seen in Figure 2, zeta potential value for both types of liposomes becames
more positive with the addition of peptides, as # expected due to the net positive charge
of both peptides. These results confirmed an interaction between peptides and lipid

membranes, in a good agreement with pressure data. Interestingly, when we compared



the behavior of both peptides with each lipid composition, we found a trend similar to
that obtained earlier with monolayer experiments.
P6 exhibited a higher affinity with pure PC liposomes, while P6.2 showed a higher

affinity with PG containing liposomes (Figure 2 and Table 1).

Finally, quenching experiments were conducted, Figure S2 (supplementary data)
depicts Stern-Volmer curves obtained with three different quenchers used, Acrylamide,
SNS and 16NS. The fluorescence quenching for both peptides by acrylamide (a
hydrophilic molecule) revealed that no hydrophobic pockets were present (linear Stern—
Volmer plots; Fig. S2A). When the average position of Trp residues into the membrane
was obtained, we found that Trp residues were buried 8.2 A and 5.4 A into the
membrane, for P6.2 and P6 respectively. It should be pointed that, for each peptide, data
represented the average position of all its Trps. The narrow half-width at half-height
distributions obtained for P6.2 (1.32 A) could be explained considering that the three
Trps residues of the peptide are accommodated in a similar position into the membrane,
indicating an arrangement parallel to the membrane, in good agreement with other
CAMPs [35, 36]. In the case of P6 a widespread distribution (3.8 A) was found, and that
phenomenon could be related to a different distribution of Trps in the final secondary

structure.

In order to validate our hypothesis, we obtain the helical wheel projection diagrams by
for both peptides using Heliquest software (Figure S2). The wheel projections strongly
suggested for P6.2 an alpha helix secondary structure leading a typical amphipathic
structure found in many cationic antimicrobial peptides, with the three Trps residues in

a similar plane. However, for P6 the amino acid constellation did not show a complete



amphipathic structure and the Trps seem to be in different planes, confirming our
quenching data.

To experimentally determine the alpha-helix structure predicted for peptide 6.2, CD
experiments in buffer and in the presence of SDS micelles were conducted (Figure S4).
The spectra obtained confirmed an alpha-helix conversion in the presence of negatively
charged micelles. Furthermore, if we plot the possible location of the alpha-helix
structured peptide, as demonstrated by CD data, with the average location of Trp

residues obtained by quenching assays, both results match perfectly (Figure 4).

Finally, after the characterization of the peptide interactions with the model membrane
systems, we studied the interactions with red blood cells in order to complement the
hemolytic data. For this purpose, we used isolated human erythrocytes labeled with the
fluorescent probe di-8-ANEPPS, because in previous studies it proved to be a good
reporter for the interaction of peptides with the plasma membranes of these cells [30,
37]. In these experiments, a suspension of probe-labeled erythrocytes was incubated 1 h
with different peptide concentrations. The AMP-erythrocyte membrane interaction is
followed by fluorescence, measuring the perturbations of the basal values of the dipole

potential (i.e. value without peptide) that works as a reporter of the interaction.

The membrane dipole potential significantly decreased in the presence of P6, in contrast
to P6.2, indicating a stronger interaction with the erythrocyte membrane. The latter also

showed decreases in the dipole potential, but these changes were significantly lower



than the one obtained for P6 (Figure 5, Figure S4). These results are in good agreement

with the hemolytic data listed in Table 1.

Discussion

The common subject in the mechanism for peptide antimicrobial activity is the
interaction with membranes; and a general characteristic observed for AMPs is their
ability to disturb bilayer integrity, concomitant with the collapse of the transmembrane
electrochemical gradients [38, 39]. Several bilayer interactions and disruption models
have been proposed for those AMPs that depend on membrane interference for their
antimicrobial activity [40].

In order to get an insight into the possible factors involved in the type of lipid
membrane selection by cationic AMPs, we designed two model peptides from a
previously reported AMP (Seg2). These new sequences named P6 and P6.2 displayed
very different activities on biological membranes. P6 was obtained after substituting 4
amino acids in the 19 residues sequence, we replace the two K at position 4 and 8 for
two W at the same position (this shift from hydrophilic to hydrophobic residues
produced a disruption in the hydrophilic face of the alpha helical structured peptide); we
replaced the L at position 7 for G (a neutral small residue) and finally the K at position
14 was replaced for L. The result, as seen in figure S2, is a peptide (P6) with a
continuous hydrophobic face, but with a disrupted hydrophilic face, this feature
prevented the peptide from having antibacterial activity, but prompted it to have high
hemolytic activity. For peptide 6.2 we simply turned it amphipathic by substituting the
two hydrophobic W at positions 4 and 8 for two R respectively, the | at position 16 for

R and Y19 for K. These changes rendered an amphipathic cationic AMP which in turn



became active against bacterial membranes and considerably diminished its hemolytic
activity.

With these two model peptides, we decided to correlate the physicochemical features
and the affinity toward different lipid composition membranes with antimicrobial and
hemolytic activities. We chose two simple membrane models, one composed by pure
DMPC (model of the mammalian member, as PC is the major component of the
mammalian outer membrane) [41, 42], and a mix of DMPC:DMPG as a bacterial model

membrane [19, 35, 36].

Our results from pressure data showed that P6.2 exhibited a higher affinity toward PG
containing membranes, whereas P6 showed a higher affinity for pure PC membranes
(Figure 1 and 2). Furthermore, the kinetics analysis also confirmed a faster kinetic of
P6.2 toward PG containing membranes, whereas P6 exhibited a faster kinetic with pure
PC monolayers. When the nature of the interaction was dissected, interestingly, we
found that the higher and faster affinity of each peptide corresponds to a relaxation
coefficient close to 0.5. When the r value is close to 0.5 the interactions could be
described as Fickeans [43]. A physical interpretation of the relaxation coefficient (r)
value can be discussed in terms of normal and anomalous diffusion of the peptides
through the membrane. The linearity of the amount of substance adsorbed by a material
with the square root of time assumes that the system responds to a linear gradient of
concentration across the material in a steady state [44, 45]. In our context these results
could be explained by the high and faster affinity of the peptides for each kind of
membrane, the ligand (in our case the membrane) it is not able to respond to the
perturbation, resulting finally in the disruptive effect that leads to bacterial death (in the

case of P6.2) or the hemolysis (for P6).



Considering that DMPG and DMPC bilayers share the same basic features (cylindrical
shape, chain tilt and thermodynamic behavior) and that the only marked difference is
the charge of the head group of the phospholipids [42], zeta potential measures were
conducted. Interestingly, besides the change in the model system from a lipid air/water
monolayer to a bilayer (by using liposomes) the same behavior was observed. Peptide
6.2 exhibited a 3.5 fold lower Kq value than peptide 6 on PG containing membranes, but
when pure PC membranes were tested, Kq value of this peptide was 3 fold higher.

Up to this point, we were able to correlate the high hydrophobicity of P6 with an
increased affinity towards zwitterionic membranes which could explain its hemolytic
activity. In order to get a deeper insight in the relation between membrane affinity and
hemolysis, we conducted di-8-ANNEPs experiments that allowed us to specifically
evaluate the affinity of each peptide for erythrocyte membrane. The results showed in
Figure 5 indicate a strong correlation between membrane affinity and hemolytic activity,
confirming that the main reason of hemolytic activity in P6 is related to the ability of
this molecule to bind the erythrocyte membrane. Furthermore, at least for this set of
peptides, we are able to conclude that the main factor that drives the hemolysis is related
to the affinity of the peptides toward the erythrocyte membrane. These data are in good
agreement with our previous publication with related peptides [35], where peptide 8 that
displayed a higher affinity towards pure PC membranes also correlated with increased
erythrocytes membrane affinity, leading to higher hemolytic activity.

Finally, in order to confirm if the high affinity of P6.2 toward PG containing membranes
could be associated with its high hydrophobic moment, fluorescent quenching and CD
studies were conducted. This phenomenon, that allows the peptide to adopt an a-helix
structure in contact with the membrane, would also increases its ability to interact with

negatively charged membranes.



The Trp position data together with helical wheel projection and CD results confirmed
us that peptide 6.2 binds to the membrane through a process governed by electrostatic
forces, followed by an alpha-helix conversion. This characteristic allows the insertion of
all Trp residues in a similar plane, in the carbon-chain region, stabilizing the interaction
by an initial parallel alignment of the peptide in the membrane, in good agreement with
previous reports for related AMPs [35]; and finally when accumulation of peptides
becomes critical, the antimicrobial activity it is triggered. The lower affinity of P6
towards PG containing membranes in addition to its inability to adopt an amphipathic
structure seems to be the main reason that explains the absence of antimicrobial activity
in the conditions tested.

Overall, our data allow us to conclude that the selectivity of the peptides for zwitterionic
or negatively charged lipids determine its bioactivity; in other words, affinity towards
negatively charged lipids instead of zwitterionic ones, seems to be a key factor that

drives from hemolytic to antimicrobial results.
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Figure 1. Interaction of peptides with lipid monolayers. Changes in the surface pressure

expressed as AIT as a function of the peptide concentration on pure DMPC monolayers (A) or

DMPC:DMPG (5:1) monolayers (B). Changes in the surface pressure expressed as AIl as a

function of time after addition of each peptide to reach a final concentration of 0.2 uM on pure
DMPC monolayers (C) or DMPC:DMPG (5:1) monolayers (D). The initial pressure was 21 + 1

mN/m for all assays. Values are presented as mean * standard deviation (SD); n=3.
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Figure 2. Zeta potential values of liposomes composed of pure DMPC (A) or DMPC:DMPG

(5:1) (B) incubated with different amounts of peptides. Each point represents the averages of

twenty independent measurements in at least three different batches. Error bars indicate

standard deviations of the means.
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Figure 3. Localization of the peptides in the bilayer. In-depth localization of Trps residues of both

peptides inside the membrane using the SIMEXDA method.
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Figure 4. Cartoon representation of peptides 6.2 with the Trp residues represented as sticks
using Jmol software (Jmol v. 14.2.9 2014.11.17) with the lipid monolayer as background (left
graphic). In-depth localization of Trp residues of peptide 6.2 (right plot).
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Figure 5. Antimicrobial peptide interactions with red blood cells. Binding profiles of peptides to

erythrocyte cell membranes is depicted by plotting the di-8-ANEPPS excitation ratio, R

(lsss/1s25, normalized to the initial value), as a function of the peptide concentration (C).



Table 1. Physicochemical parameters and biological activity of the two peptides and the

parental peptide 2 (Seq2). MW: molecular weight; IP: isoelectric point; NC: net charge; pH:

hydrophobic moment; H: hydrophobicity. MIC: minimal inhibitory concentration. The %

hemolysis was obtained at 128 pg/ml for each peptide.

Physicochemical parameters

Peptide
MW* IP*

Peptide 2 2421.02 10.39

Pepéido 246597 10

Pegt;do 251509  11.75

NC**

6

7

“H**

0.622

0.363

0.793

* Data obtained from http://web.expasy.org/compute_pi/
** Data obtained from http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParamsV2.py

MIC (pg/ml)
H** P: S. aureus
aeruginosa
0.409 64 32
0.803 >1024 >1024
0.328 32 32

Table 2. Apparent dissociation constants, Kg pressure) OF K (p. zetay , Allmax, k and r determined from

surface pressure experiments or zeta potential obtained by fitting data using Eq. 1, 2 y 3

respectively. Values are presented as mean + standard deviation (SD).

Lipid Peptide
P6
DMPC
P6.2
P6
DM°PC.DMPG
P6.2

Ky

(Pressure)

0,11 +0.03

0,18 +0.04

0.24 +0.04

0.06 +0.02

AITmax

179+1.2

129+0.8

17.3+1.0

15.0+0.6

kx10°

1.036 +
0.011

0.204 +
0.001

0.146 +
0.001

0.443
0.003

0.463
0.003

0417 +
0.001

0.737
0.002

0.566 *
0.002

%
Hemolysis

30.47

51.36

34.46

Kq

(P. zeta)
0.012 £ 0.004
0.032 £ 0.002

0.080 + 0.030

0.021 + 0.005



