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Effect of Liposome Surface Charge and Peptide Side Chain Charge Density
on Antimicrobial Peptide-Membrane Binding as Determined by Circular
Dichroism and Nuclear Magnetic Resonance Spectroscopy

Takafumi Urushibara and Rickey Hicks*

Department of Chemistry, East Carolina University, Science and Technology Building, Greenville, North Carolina, USA

Abstract

In this investigation the effect of varying the surface charge and hydrophobicity of liposomes of mixed phospholipid
compositions on the binding of four of the AMPs was determined using Circular Dichroism Spectroscopy,’H NMR
and Diffusion Ordered Spectroscopy NMR methods. The following mixed anionic liposomes: 3:1 POPC/POPG, 4:1
POPC/POPG, 5:1 POPC/POPG, 3:1 POPC/POPS, 4:1 POPC/POPS, 5:1 POPC/POPS, and the following mixed
zwitter ionic liposomes: 3:1 POPC/POPE, 4:1 POPC/POPE and 5:1 POPC/POPE were used in this investigation.
The results obtained from the mixed anionic liposomes study indicated even when the net change on the liposome
are the same, local differences in charge density and hydrophobicity will result in different physicochemical
surface properties that will dramatically affect the mechanism of AMP binding. The results obtained from the mixed
zwitterionic liposomes study indicated that very small changes in the charged amine going from an ammonium salt
to a quaternary amine salt will result in different physicochemical surface properties that can inhibit or dramatically
reduce AMP binding. This observation is particularly important when designing physicochemical investigations of

model membrane of Gram Negative bacteria.

Abbreviations: AMP: Antimicrobial Peptide; CD : Circular Di-
chroism; Dab: Diaminobutionic Acid; DOSY: Diffusion Ordered
Spectroscopy; DPC: Dodecylphosphocholine; Dpr: Diaminopropi-
onic acid; ITC: isothermal titration calorimetry; LUV: Large Unila-
mellar Vesicles; MIC: Minimum Inhibitory Concentration; NMR:
Nuclear Magnetic Resonance; Oic: Octahydroindolecarboxylic Acid;
POPC: 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine; POPE:
L-a-phosphatidylethanolamine; POPG:  1-Palmitoyl-2-Oleoyl-sn-
Glycero-3-[Phospho-rac-(1-glycerol)] (Sodium Salt); POPS: L-a-
phosphatidylserine; QSAR: Quantitative Structure Activity Relation-
ship; Tic : Tetra hydro isoquinoline carboxylic acid; SDS: Sodium Do-
decyl Sulfate; SUV: Small Unilamellar Vesicles

Introduction

Antimicrobial peptides (AMP) generally exhibit antibiotic activity
by some type of membrane disruption and have shown promise in pre-
clinical and in clinical studies as potential therapeutic agents [1-6].
AMP’s are generally small highly positively charged [7] amphipathic
peptides [4,8,9]. They have evolved in almost every class of living
organism as a host defense mechanism against invading micro-
organisms including bacteria, fungi, protozoa and parasites [10-14].

Because of the effect of the amphipathic nature of AMPs on their
surface physicochemical properties, it has been proposed that the
inherent selectivity exhibited by AMPs for prokaryotic vs eukaryotic
cells is derived from the differences in the interactions that occur
between the AMP and the surface physicochemical properties that
result from the variations in the phospholipid compositions of their
respective membranes [13,15]. Eukaryotic membranes contain a
much higher concentration of zwitter ionic phospholipids, while the
membranes of prokaryotic organisms, such as bacteria, contain a
high percentage of negatively charged phospholipids [5,14,16-20].
The electrostatic interactions that occur between an AMP and the
surface of a phospholipid membrane are believed to be the dominant
physicochemical property associated with organism selectivity [21-
23]. Hancock and co-workers [24] have extended this hypothesis to
propose the differences in membrane composition between different

strains of bacteria are responsible for the diversity in the potency and
selectivity exhibited by a particular AMP against different strains
of bacteria. For Gram positive strains such as Staphylococcus aureus,
57% of the phospholipids composition of the membrane is the anionic
lipid  1-Palmitoyl-2-Oleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)]
(POPG), while for Staphylococcus epidermidis, the percentage of POPG
increases to 90%, and for Bacillus subtilus the percentage of POPG is
only 29% [25]. The membranes of the Gram negative strains Salmonella
typimurium, Pesudomonascepacia and Escherichia coli contain only
33, 18 and 6 percent POPG respectively [25], while the membranes
of Klebsiella pneumoniae and Pseudomonas aeruginosa contain 5 and
21 percent POPG respectively [26]. The membranes of many Gram-
negative bacteria contain high concentrations of the zwitterionic lipid
1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphoethanolamine ~ (POPE)
instead of POPC, for example Escherichia coli, Klebsiella pneumonia and
Pseudomonas aeruginosa are 80, 82 and 60 percent POPE respectively
[26].

In our laboratory we developed a series of novel AMPs by
incorporating various unnatural amino acids into the primary amino
acid sequence with the intent to introduce specific physicochemical
properties to control membrane binding [27]. These AMPs exhibited
in vitro minimum inhibitory concentrations (MIC) in the low uM
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to high nM range against a variety of bacteria [27,28], including
drug resistant strains of Enterococcus faecium, Staphylococcus
aureus, Klebsiellapnemoniae, Acinetobacterbaumannii, Pseudomonas
aeruginosa, and Enterobacter species [ 29].

Theintent of thisinvestigation is to determine the effect of varying the
surface charge and hydrophobicity of liposomes of mixed phospholipid
compositions on the binding of four of the AMPs developed in our
laboratory in order to shed light on the physicochemical requirements
for membrane selectivity. The peptide structure of the AMPs in this study
incorporated three dipeptide units consisting of the conformationally
restrained unnaturalaminoacids Tic (Tetrahydroisoquinolinecarboxylic
acid)-Oic (Octahydroindolecarboxylic acid) into the peptide’s primary
sequence, Ac-GF-Tic-Oic-GX-Tic-Oic-GF-Tic-Oic-GX-Tic-XXXX-
CONH,, where X may be one of the following basic amino acids, Lys,
Orn, Dab, Dpr or Arg [27]. The Tic-Oic dipeptide units induce local
regions of reduced molecular flexibility onto the peptide backbone and
thus result in a reduction of the total conformational flexibility of the
peptide during lipid binding. The length of the side chains of the basic
residues varies from one to four carbons atoms and defines the distance
between the polypeptide backbone and the positively charged side chain
nitrogen. This distance is involved in determining the overall surface
charge density as well as defining the distance between the membrane
surface and the polypeptide backbone. The amino acid sequences of the
AMPs used in this investigation are given in Table 1 [27,28].

Methods

Monobasic and dibasic sodium phosphate was purchased
from  Fischer  Scientific. =~ L-a-phosphatidyl  choline, L-a-
phosphatidylethanolamine, L-a-phosphatidylcholine —sodium salt and
L-a-phosphatidylserine were purchased from Avanti Polar Lipids. All
chemicals were used without further purification.

Peptide synthesis

The AMPs used in these investigation were synthesized either
manually using tBOC chemistry or with an automated peptide
synthesizer using FMOC chemistry [30,31] as previously reported
[27,28,32].

Preparation of mixed POPC/POPE, POPC/POPS and POPC/
POPG SUVs

The appropriate amount of dry 3:1 POPC/POPG, 4:1 POPC/POPG,
5:1 POPC/POPG, 3:1 POPC/POPS, 4:1 POPC/POPS, 5:1 POPC/
POPS, 3:1 POPC/POPE, 4:1 POPC/POPE and 5:1 POPC/POPE(mol to
mol) was weighed to yield a final lipid concentration of 35 mM. The
lipid was hydrated with 2 mL of buffer (40 mM sodium phosphate,
pH=6.8) and vortexed extensively. SUVs were prepared by sonication
of the milky lipid suspension using a titanium tip ultra-sonicator
(QsonicaSonicators model Q55) for approximately 40 minutes in an ice
bath until the solution became transparent. The titanium debris were
removed by centrifugation at 8,800 rev/min for 10 minutes using an
Eppendorf table top centrifuge [33]. Final lipid concentration used for
CD studies was 3.4 mM.

Comp # Amino Acid Sequence
23 | Ac-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-KKKK-CONH,
Ac-GF-Tic-Oic-G-Orn-Tic-Oic-GF-Tic-Oic-G-Orn-Tic-Orn-Orn-Orn-Orn-

43 Conm,
53 Ac-GF-Tic-Oic-G-Dab-Tic-Oic-GF-Tic-Oic-G-Dab-Tic-Dab-Dab-Dab-
Dab-CONH,

56 | Ac-GF-Tic-Oic-GR-Tic-Oic-GF-Tic-Oic-GR-Tic-RRRR-CONH,

Table 1: Amino Acid Sequences of the Peptides used in this Investigation.

Circular dichroism

CD spectroscopy is very sensitive and its use to monitor
conformational changes in peptides and proteins has been well
documented [34-36]. Traditionally, SUVs have been employed
almost exclusively to investigate the binding of peptides and proteins
with lipids in CD studies in order to minimize the contribution of
light scattering on the spectra observed with LUVs [34,37]. Peptide
concentrations used in this investigation ranged between 150-200 ptM.
All CD spectra were obtained by acquiring 8 scans on a JASCO J-815
CD Spectrometer using a 0.1 mm cylindrical quartz cell (Starna Cells,
Atascadero, CA) from 260 to 195 nm at 20 nm/min, 1 nm bandwidth,
data pitch 0.2 nm, response time 2.0 sec and 5 mdeg sensitivity at
room temperature (~25°C). Contributions due to the mixed SUVs
were eliminated by subtracting the lipid spectra of the corresponding
peptide-free solutions. All analysis of CD spectra will be conducted
after smoothing (with a means-movement function) using the JASCO
Spectra Analysis program [32,38,39]. CD spectra that exhibited HT
values of greater than 400 were not used due to excessive light scattering
and / or absorption.

NMR experiments

Samples were prepared by dissolving the peptides (0.7 to 1.7 mM) in
80mMperdeuterated sodium acetate buffer at a pH of 6.80 in D,0, with
the appropriate mixed liposome (4:1 POPC/POPE, 4:1 POPC/POPG,
and 4:1 POPC/POPS) in the same buffer. All 'H spectra were collected
on a Bruker Avance III 400 MHz NMR spectrometer equipped with a 5
mm direct observe broad-band probe with a Z-gradient. All spectra were
collected at a temperature of 298K. Data was collected with a spectral
width of 4,000 Hz, using 64K data points, and 64 fids were collected
per experiment. Data was processed using exponential multiplication
with a line-broadening function of 1.0 Hz. AIl DOSY experiments were
conducted using the bipolar phase longitudinal encode decode (BPP-
LED) pulse sequence developed by Johnson and coworkers [40]. The
bipolar pulse pair consists of two gradient pulses of equal strength
and duration in opposite phase to each other. A 180 degree rf pulse
is located at midpoint between the two bipolar pulse pairs [40]. The
advantage of the bipolar phase pulse (3 ps) is that it is self-compensating
which removes any imperfections in the pulse sequence [40]. Al DOSY
experiments were conducted on a Bruker Avance IIT 400 MHz NMR
spectrometer equipped with a 5 mm direct observe broad-band probe
with a Z-gradient. All spectra were collected at a temperature of 298 K.
Data was collected with a spectral width of 4,000 Hz, using 64K data
points, and 32 fids were collected per experiment. The NMR signal
obtained from the BPP-LED sequence is attenuated by increasing the
strength of the applied gradient pulses in 16 steps from 2% to 95%. The
gradient strength for the probe used was 42 gauss/cm. The diffusion
delay period of 150 ms was used. Data was processed using exponential
multiplication with a line-broadening function of 5 Hz. The intensity
of the observed NMR in the DOSY signal is related to the apparent
diffusion coefficient by equation 1 [40-42].

I =1 exp[-Dy8*y(A-8/3)] eq. 1

Where I is the intensity of the i signal in the presence of the
gradient pulse, I, is the intensity of the ith signal in the absence of the
gradient pulse, y is the magneto gyric ratio of the observed nucleus (in
this case proton) § and g are the gradient pulse duration and strength
respectively, A is the time between the bipolar pulse pairs (often referred
to as the diffusion time) and D, is the diffusion coefficient of the ith
species [40-42]. The program “dosy2d” provided by Bruker Instruments
in Topspin version 3.0 was used to fit the NMR data and to obtain the
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Figure 1: Structure of the phospholipids used in this study. A) POPS, B)
POPG, C) POPC, D) POPE.

Amino Acid Residue Distance® Hydrophobicity value®
Dab 3.9A -9.5
Orn 5.0A 9.0
Lys 6.4A -9.9
Arg 7.0A -10.0

a. distance in angstroms from C¢ carbon of the peptide backbone to the positively
charged nitrogen atom(s)
b. combined consensus scale hydrophobicity for each charge residue

Table 2: Physical Data for the basic amino acid residues used in this study.

diffusion coeflicients. The diffusion coefficients were reported to two
decimal places with error bars of + 0.075 or an error range of 0.15 m?/s.

Results and Discussion

The intent of this investigation as previously stated is to determine
the effect of varying the surface charge and hydrophobicity of liposomes
of mixed phospholipid compositions on the binding of four of the
AMPs in order to shed light on the physicochemical requirements for
membrane selectivity. We have previously reported that these AMPs
exhibited different CD spectra in the presence of zwitter ionic DPC and
anionic SDS micelles as well as very different spectra in the presence of
zwitter ionic POPC and anionic 4:1 POPC/POPG SUVs indicating that
they adopt different conformations on interaction with the zwitterionic
and anionic membrane models. Adopting different conformations on
binding to zwiterionic and anionic membrane models is a requirement
for organism selectivity. This is because changing the conformation
of an AMP changes its amphipathic nature which in turn changes
its physicochemical surface properties [27,43]. The changes in the
conformation/physicochemical properties of the AMP will lead to
different mechanisms of interaction with zwitter ionic and anionic
liposomes and thus to organism selectivity [32,44-46]. This observation
was supported by ITC and calcein leakage data that indicated that
these AMPs interact via very different mechanisms with anionic and
zwitterionic LUV [32,44-46]. The enthalpy for the binding of these
AMPs to pure POPC LUVs directly correlates to the length of side chain
of the basic amino acid residues. The enthalpy of binding of these AMPs
to 4:1 POPC/POPG, however did not [46]. The AMP containing the
Dpr residues (the shortest length spacer) interacts very differently with
both POPC and 4:1 POPC/POPG LUVs compared to the other four
compounds [46]. At this time we are unable to provide an explanation
for this; so for this reason the AMP containing the Dpr residues was not
included in this study.

Four different phospholipids, two zwitterionic lipids; L-a-
phosphatidylcholine (POPC) (one negatively charged and
one positively charged functional groups-net charge=0), L-a-
phosphatidylethanolamine (POPE) (one negatively charged and one
positively charged functional group-net charge=0) and two anionic
lipids; L-a-phosphatidylcholine -sodium salt (POPG) (one negatively
charged functional group-net charge=-1), L-a-phosphatidylserine
(POPS) (two negatively charged and one positively charged functional
groups-net charge=-1) were selected for this study due to their differing
physicochemical surface properties. For example even though the net
charge for both POPG and POPS is -1, the local electrostatic surface
charges are different. POPG contains one negatively charged group,
while POPS contains a negatively charged group as well as a zwitter
ionic serine amino acid residue. The surface charge of a membrane
is the result of the cumulative effect of all of the charges on the polar
head groups contained in the membrane [47]. Mixed SUV liposomes
containing either; POPC/POPE, POPC/POPG or POPC/POPS in
molar ratios of 3:1, 4:1 and 5:1 were prepared using standard methods
[33]. The structures of these four phospholipids are given in Figure 1.

Analysis of in vitro biological data indicates that both the
hydrophobicity and the charge distribution of side chain of the basic
amino acid residues; contribute to defining antibacterial activity [48].

Compound 23 incorporates Lys residues which contain a side
chain of four carbon atoms; compound 43 incorporates Orn residues
which contain a side chain of three carbon atoms, while compound
53 incorporates Dab (diamino butanic acid) residues which contain
a side chain of two carbon atoms. Changing the number of carbon
atoms in the side chain of the basic amino acids changes the overall
hydrophobicity of the residue. The combined Consensus Scale (CCS)
(hydrophobicity) developed by Tossi and co-workers [49], for each
residue used is given in Table 2. Compound 56, contains a side chain
guanidinium group where the positive charge is delocalized over two
nitrogen atoms instead of only one nitrogen atom as is the case with the
other three amine analogs. The shortening of the length of the charged
side chains will result in less side chain flexibility and bring the side
chain positive charge closer to the electronegative oxygen of carbonyl

23in 3:1 POPC/POPS
43 in 3:1 POPC/POPS
@53 in 3:1 POPC/POPS

=56 in 3:1 POPC/POPS

= 23 in 4:1 POPC/POPS

CD (mdeg)

=143 in 4:1 POPC/POPS
53 in 4:1 POPC/POPS
56 in 4:1 POPC/POPS
23 in 5:1 POPC/POPS
=143 in 5:1 POPC/POPS

=53 in 5:1 POPC/POPS

-9

=56 in 5:1 POPC/POPS
-10
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Figure 2: CD spectra of compounds 23 (green shades) 43 (red shades) 53
(black/gray shades) and compound 56 (blue shades) in the presence of 3:1
POPC/POPS SUVs, 4:1 POPC/POPS SUVs, and 5:1 POPC/POPS SUVs.
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Figure 3: The aromatic region of the 400 MHz 1H spectra of compounds 23,
43, 53, and 56 in the presence of 4:1 POPC/POPS SUVs.

of the amide functionality. This proximity has the net effect of shielding
the lipid surface from the full positive charge of the nitrogen atom.

POPC/POPS liposomes

The length of the side chain of the basic amino acids (23,43,53)
doesn’t seem to effect the binding to 3:1 POPC/POPS mixed liposomes
since the CD spectra are very similar in periodicity and shape (Figure
2). However, delocalization of the positive charge of the guanidinium
group of compound 56, seems to affect the binding to 3:1 POPC/
POPS mixed liposomes as indicated by the reduced intensity of the
observed CD spectrum. Modifying the lipid composition to either 4:1
or 5:1 POPC/POPS resulted in the observation of different CD spectra
for compounds, 23, 43 and 53. The shape of the spectra are similar
suggesting a similar binding conformation, however the intensity is
different suggesting a different binding affinity, with the CD spectrum
of compound 43 being the most intense, followed by compounds 23
and 53. Once again the CD spectrum for compound 56 was the least
intense. Compounds 23 and 43 exhibited very different CD spectra in
the presence of 3:1, 4:1 and 5:1 POPC/POPS liposomes. This observation
suggests that decreasing the percentage of anionic phospholipid allows
the hydrophobicity of the side chain of the basic amino acid residues
to induce different binding conformations of the AMPs backbone. A
possible explanation for this is at a high negative charge (3:1 POPC/
POPS) the electronic character of the liposomes dominates the AMP
liposome binding interaction. As the negative charge on the liposome
surface is reduced (4:1 POPC/POPS, and 5:1 POPC/POPS), the varying
charge density and hydrophobic properties on the basic amino acids
play a large role in defining the binding interaction of the AMP with
the liposomes. Compound 56 exhibited very similar CD spectra in the
presence of both 3:1 and 4:1 POPC/POPS liposomes, while compound
53 exhibited almost identical spectra in the presence of all the liposomes
(Figure 2). It is interesting to point out that compound 56 with the
greatest delocalization of the positive charge density exhibited the least
intense CD spectra. While compound 53, with the shortest side chain
of (Dab residue) exhibited the next least intense CD spectra. These two
observations taken together suggest that charge delocalization plays a
defining role in the binding of these AMPs to POPC/POPG SUVs.

The differences between the CD spectra of these compounds were
most pronounced at POPC/POPS ratio of 4:1. The aromatic regions
of the 'H spectra of these four compounds were also all different,
indicating different binding conformations, or mechanisms of binding
for each AMP. As seen in Figure 3 the aromatic protons of compound
23appear as a narrow sharp resonance centered at approximately 7.2
ppm. The aromatic protons of compound 43appeared as a broadened
resonance again centered at approximately 7.2 ppm, a second resonance
centered at approximately 6.8 ppm was also observed. The aromatic
protons of compound 53 appeared as a much broader resonance again
centered at approximately 7.2 ppm, the second resonance centered
at approximately 6.8 ppm appeared broader and more intense. The
aromatic protons of compound 56 appeared as a single broadened
resonance from approximately 7.4 to 6.6 ppm. It is well documented
in the literature that changes in the values of the chemical shifts,
broadening of the resonances, or both of the aromatic protons of
a Phe residue indicate the insertion of the aromatic rings into the
hydrophobic region of a micelle or liposome [50,51]. Tsujii and Takagi
attributed these changes to increases in the ring current effect [52]. The
NMR data for the aromatic protons suggests the binding of compound
23 to the 4:1 POPC/POPS liposomes doesn't involve insertion of the
aromatic rings into the liposome. However, the other three compounds
show an increasing degree of insertion on the aromatic rings into the
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Figure 4: CD spectra of compounds 23 (green shades) 43 (red shades) 53
(black/gray shades) and compound 56 (blue shades) in the presence of 3:1
POPC/POPG SUVs, 4:1 POPC/POPG SUVs, and 5:1 POPC/POPG SUVs.
The CD spectrum of 23 in 4:1 POPC/POPG SUVs is superimposed on the CD
spectrum of 56 in 3:1 POPC/POPG.

hydrophobic core of the liposome in the following order 56>53>43.
This is opposite to the observed binding affinity by CD spectroscopy
that indicated increasing binding in the order 43>53.56. This suggests
an alternative mechanism to the degree of insertion into the liposome is
responsible for the observed broadening of the aromatic resonances. It
is possible that the mechanism of binding of these AMP to this liposome
is different and induces a different binding conformation onto these
AMPs that results in reduced binding affinity as well as line broadening
of the aromatic resonances. This hypothesis is yet to be proven.

POPC/POPG liposomes

Compounds 23, 43 and 530n binding to 3:1 POPC/POPG exhibited
CD spectra (Figure 4) similar in shape, indicating similar binding
conformations, however the intensities were different indicating
different binding affinities. The intensity of the spectra increased in
the order 56<53<23<43. Binding of these compounds to 5:1 POPC/
POPG has a minimal effect on the CD spectra of compounds 23 and 43;
however the intensities of compounds 53 and 56 increased significantly.

The aromatic regions of the 'H spectra of these compounds 23, 43
and 53bound to 4:1 POPC/POPG SUVs are shown in Figure 5 and are all
very similar indicating they adopt very similar binding conformations
on interacting with 4:1 POPC/POPG liposomes. The resonances in the
aromatic region are very broad indicating that the aromatic rings of
both the Tic and Phe residues are inserted into the hydrophobic region
of the liposome [50,51]. In addition, the aromatic protons appear as two
distinct broad singlets one centered at approximately 7.75 ppm and the
second at approximately 7.15 ppm. These two resonances integrate to
approximately 8 protons and 18 protons respectively. The most likely
explanation for this is the resonance shifted downfield to approximately
7.5 ppm corresponds to the 4 protons on each of the aromatic rings of
Tic residues 2 and 4. Tic residues 1 and 3 are adjacent to Phe residues
which will be anchored into the hydrophobic core of the liposome;
these Phe residues will also most likely cause the adjacent Tic residues
to insert into the liposomes. This will result in the Tic and Phe aromatic

proton exhibiting a similar chemical shifts. Tic residues number 2
and 4 are adjacent to positively charged Lys residues and thus may
interact with the liposome differently than the Tic residues adjacent
to Phe residues. This hypothesis has yet to be proven. The appearance
of the aromatic resonances bound to 4:1 POPC/POPG liposomes are
very different from those observed (Figure 3) on interaction with 4:1
POPC/POPS liposomes suggesting different binding conformations
and a higher degree of the insertion of the aromatic rings into the
hydrophobic core of the 4:1 POPC/POPG liposomes as compared to the
4:1 POPC/POPS liposomes. The CD spectra shown in Figure 6 confirm
these assumptions with the CD spectra of compounds 23, 43 and 56
observed in the presence of 4:1 POPC/POPG being very different
from those observed in the presence of 4:1 POPC/POPS. However for
compound 53, the two CD spectra, are very similar. These observations
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Figure 5: The aromatic region of the 400 MHz 1H spectra of compounds 23,
43, and 53 in the presence of 4:1 POPC/POPG SUVs.
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Figure 6: CD spectra of compounds 23 (green shades) 43 (red shades) 53
(black/gray shades) and compound 56 (blue shades) in the presence of 4:1
POPC/POPG SUVs, and 4:1 POPC/POPS SUVs. The CD spectrum of 23
in 4:1 POPC/POPG SUVs is superimposed on the CD spectrum of 56 in 3:1
POPC/POPS SUVs.

23 3:1 POPC/POPE
——433:1 POPC/POPE

=53 3:1 POPC/POPE
56 3:1 POPC/POPE

2 23 4:1 POPC/POPE
——43 4:1 POPC/POPE
, —ssad POPC/POPE

’go ——564:1 POPC/POPE

'g 23 5:1 POPC/POPE

= | .5 =43 POPC/POPE

a 6 /

o =53 POPC/POPE
——56 POPC/POPE

-10

192.8

196
199.2
202.4
205.6
208.8

212
215.2
218.4
221.6
224.8

228
231.2
234.4
237.6
240.8

244
247.2
250.4
253.6
256.8

260

Wavelength (nm)

Figure 7: CD spectra of compounds 23 (green shades) 43 (red shades) 53
(black/gray shades) and compound 56 (blue shades) in the presence of 3:1
POPC/POPE SUVs, 4:1 POPC/POPE SUVs and 4:1 POPC/POPS SUVs.

suggest that even though the percentage of anionic lipids are the same
for the 4:1 POPC/POPS and 4:1 POPC/POPG liposomes and the
net charge is the same, the number of individual negative charges is
different. Each POPS molecule contains one positive and two negative
charges, each POPG molecule contain one negative charge. Thus the
local physicochemical properties presented to the binding AMP are
very different in terms of charge density and hydrophobicity.

POPC/POPE liposomes

The CD spectra of compounds 23, 43, 53 and 56 in the presence
of the mixed zwitterionic liposomes of 3:1, 4:1 and 5:1 POPC/POPE
are different in shape and intensity indicating different binding
conformations and affinities. Varying the ratios of POPC to POPE has
very little effect on the CD spectra of the individual compounds (Figure
7) except for compound 23. This data indicates that only the Lys residues

are affected by the charge in the electrostatic surface potential caused by
varying the percentage of POPE incorporated into the liposome. The
aromatic region of the '"H NMR spectra of compounds 23, 43 and 53 in
the presence of 4:1 POPC/POPE are shown in Figure 8. These spectra
are very similar to those observed for these compounds in the presence
of sodium acetate buffer, which suggest that the aromatic rings of these
peptides are not inserted into the hydrophobic core of the 4:1 POPC/
POPE liposomes. The spectra of compound 23 in the presence of 4:1
POPC/POPE liposomes is very different from that observed in pure
POPC liposomes (also shown in Figure 8). The aromatic resonances
of the aromatic protons of compound 23 in the presence of pure POPC
liposomes are significantly broadened compared to the same resonance
in the presence of 4:1 POPC/POPE liposomes. This implies that the
aromatic rings of compound 23 are inserted into the hydrophobic core
of the pure POPC liposomes to a much greater degree than they are
in 4:1 POPC/POPE liposomes. The observed difference of the binding
of this peptide to 4:1 POPC/POPE and pure POPC liposomes was
unexpected. The chemical structures of POPC and POPE as shown in
Figure 1 are very similar. POPC contains a quaternary ammonium salt
and POPE contains a protonated primary amine. POPE therefore has
a higher propensity to form intermolecular hydrogen bonds than does
POPC which results in closer packing of the adjacent lipid molecules
[53]. This closer packing of the lipid molecules may make it more
difficult for the hydrophobic side chains of the AMP to “pass through”
the hydrophilic polar head groups of the liposomes making it more
difficult for the aromatic rings to insert into the hydrophobic core of
the liposome. A second possible explanation for the reduced binding
to 4:1 POPC/POPE liposomes compared to pure POPC liposomes is
the difference in the positive charge character of the two amines. The
nitrogen atom of POPC is bonded to three methyl groups, while the
nitrogen atom of POPE is bonded to three hydrogen atoms. The methyl
groups are of course larger than the hydrogen atoms and due to steric
bulk prevent the AMP from approaching the nitrogen atom as closely
as is the case with the three hydrogen atoms of POPE. Thus there may
be less electrostatic repulsion between the positively charged nitrogen
atom of POPC and the positively charged side chain functional groups
on the AMP than that observed with POPE.

The hypothesis that these AMPs don't strongly bind to 4:1 POPC/
POPE liposomes is supported by the DOSY (Diffusion Ordered
Spectroscopy) NMR data obtained for these four AMPs in the presence
of 4:1 POPC/POPE liposomes. Pulse field gradient NMR methods
such as the DOSY [41,54] experiment can be used to evaluate the
binding affinity of peptides to small unilamellar vesicles (SUVs) [42,55-
57]. Since the binding of a peptide to a SUVs effectively changes the
molecular size of the peptide, binding interactions can be monitored
by observing changes in the peptide’s diffusion coefficient [40-42,55,58-
65]. When interpreting diffusion data it must be remembered that the
binding of a peptide to the surface of a SUVs is a steady state equilibrium
process between the SUV-bound peptide and the monomeric species in
solution and the observed diffusion coeflicient is the weight average of
the two species [42,50,55-57,59,60,65,66]. This equilibrium process is
fast on the NMR time scale [59,60]. One major advantage of the DOSY
experiment is that it determines simultaneously the diffusion coefficient
of both the SUV and the peptide. This facilitates the detection of any
peptide induced changes in the diffusion coefficient of the SUV [65].

The diffusion coefficient of compound 23 in 80 mMdeuterated
sodium acetate buffer pH=6.80 was determined using the DOSY
experiment to be 1.37x10'° m*/s. The diffusion coefficient of 23 in the
presence of 28.3 mM 4:1 POPC/POPE liposomes increased to 1.74x10°
" m?*s while the diffusion coefficient of the 28.3 mM 4:1 POPC/

J Membra Sci Technol
ISSN:2155-9589 JMST an open access journal

Volume 3 ¢ Issue 3 « 1000124



Citation: Urushibara T, Hicks R (2013) Effect of Liposome Surface Charge and Peptide Side Chain Charge Density on Antimicrobial Peptide-
Membrane Binding as Determined by Circular Dichroism and Nuclear Magnetic Resonance Spectroscopy. J Membra Sci Technol 3: 124.

doi:10.4172/2155-9589.1000124

Page 7 of 9

/

iy

i
Y/
W"‘MMWMFW“'WW”W# ' Wﬁ$‘ﬁw|'~\jai~m%\hqﬂﬁﬂ&?ﬁm NM“NM

70 65 60 [ppm)

s
b N ,wW‘
w*mwﬁ,ww’wm“fﬂ“‘mw M’“W“M‘WMWW
M A A o S n‘wm:
- . P A AR A e I e
s = - - . —

Figure 8: The aromatic region of the 400 MHz 1H spectra of compound 23, in
the presence of TOP) 3:1 POPC/POPE SUVs, SECOND) 4:1 POPC/POPE,
THIRD) 5:1 POPC/POPE SUVs, BOTTOM) pure POPC SUVs.

POPE liposomes is 1.45x10"" m?s. This observation is surprising, if
compound 23 was binding to and residing for any period of time on
the surface of the 4:1 POPC/POPE liposomes one would expect the
diffusion coefficient to of 23 to approach that of the liposome [67].
Certainly, the diffusion coefficient of compound 23 in the presence of
4:1 POPC/POPE liposomes should be slower and not faster than the
diffusion coefficient in buffer [57]. As previous stated, 'H NMR data
clearly indicates that aromatic rings of compound 23 are not inserted
into the hydrophobic core of the liposome which is consistent with the
observed DOSY data. How can the increase in the diffusion coefficient
be explained? The common assumption is that the diffusion coefficient
of a molecule is directly related to its’ molecular weight. The diffusion
coeflicient is related to the hydrodynamic volume of the molecule
not its molecular weight [66,67]. The interpretation of changes in
the diffusion coefficient of a molecule must take into consideration
changes in molecular volume that result from major conformational
changes (changes from a globular to helical structure for example) in
the molecule. Therefore, the most likely explanation for the increase in
the diffusion coefficient of compound 23 in the presence of 4:1 POPC/
POPE liposomes is that the electrostatic interactions that occur between
the AMP and the liposome induces a conformational change onto the
AMP which results in the reduction of the hydrodynamic volume of the
AMP. This reduced hydrodynamic volume could manifest itself as an
increase in the observed diffusion coefficient.

Attempts to determine the diffusion coefficients of 1 mg samples
of compound 23, 43, 53 and 56 in the presence of 28.3 mM 4:1 POPC/
POPG or POPC/POPS liposomes failed due to severe broadening of the
aromatic proton resonances and the resulting low signal to noise ratios
of those signals. Increasing the AMP concentration was not possible
because even at this concentration the structure of the liposomes (as
indicated by a clouding of the solution) was being changed by the binding
and insertion of the AMPs into the liposomes. The two-dimensional
representation of the DOSY data for a pure 4:1 POPC/POPG liposome
is shown in Figure 9. All of the individual resonances are sharp and
well aligned along a straight line, indicating a homogeneous liposome.
In Figure 10, the two-dimensional representation of compound 53 in
the presence of 4:1 POPC/POPG the resonances are broadened along
the straight line. The diffusion coefficient of the liposome is increased

Figure 9: 2D-DOSY spectrum of 4:1 POPC/POPG SUVs. The single peak on
the y-axis and the very sharp cross peaks also on the x-axis indicate that the
exchange rate between the SUV bound phospholipids and the monomeric
form of the phospholipids is very low.
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Figure 10: 2D-DOSY spectrum of 4:1 POPC/POPG SUVs and 1 mg of
compound 53. The broad peak on the y-axis and the broad cross peaks
also on the x-axis indicate that the exchange rate between the SUV bound
phospholipids and the monomeric form of the phospholipids is high. This
indicates that the binding of the AMP to the SUV is disrupting the structure
of the liposome.

to 1.51x10™"" m?/s from 1.45x10™"" m?/s indicating in this case a release
of individual POPC or POPG molecules. As can be seen in Figure 10
cross peaks are broader than those observed in Figure 9 for the pure
4:1 POPC/POPG SUVs. This indicates that the exchange rate between
the SUV bound phospholipids and the monomeric form of the
phospholipids is increased. This indicates that the binding of the AMP
to the SUV is disrupting the structure of the liposome.

Conclusions

This investigation demonstrates that the physicochemical properties,
in this case the electrostatic surface potential and hydrophobic character
of the liposome are critical in defining the binding interactions that
occur between a liposome and an AMP. The previous assumption
that two liposomes consisting of different phospholipids, as long as
the overall charge on the liposome surface is the same, will interact in
a very similar fashion with an AMP is not valid. The observation of
the much weaker binding of compound 23 and 43 to mixed POPC/
POPE liposomes as compared to pure POPC liposomes is consistent
with the observed antibacterial activity of these compounds, These
compounds exhibited reduced activity against Gram negative bacteria
which contain a high percentage of POPE such as Klebsiellapnemoniae
and Pseudomonas aeruginosa [29]. This investigation has demonstrated
in order to obtain biologically meaningful data concerning AMP
membrane interactions using physical chemical techniques it is critical
to use a liposome with a phospholipid composition as close to the
target bacteria as possible. This is particularly true in the case of Gram
negative bacteria containing a high percentage of POPE.
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