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ABSTRACT

Aurein 2.1, aurein 2.6 and aurein 3.1 are amphibian host defence peptides that kill bacteria
via the use of lytic amphiphilic a-helical structures. The C-terminal PEGylation of these peptides
led to decreased antibacterial activity (Minimum Lethal Concentration (MLCs) | circa one and a
half to threefold), reduced levels of amphiphilic a-helical structure in solvents (a-helicity | circa
15.0%) and lower surface activity (An | > 1.5 mN m™). This PEGylation of aureins also led to
decreased levels of amphiphilic a-helical structure in the presence of anionic membranes and
zwitterionic membranes (a-helicity| > 10.0 %) as well as reduced levels of penetration (Ax | >
3.0 mN m?) and lysis (lysis | > 10.0%) of these membranes. Based on these data, it was proposed
that the antibacterial action of PEGylated aureins involved the adoption of a-helical structures that
promote the lysis of bacterial membranes, but with lower efficacy than their native counterparts.
However, PEGylation also reduced the haemolytic activity of native aureins to negligible levels
(haemolysis | from circa 10% to 3% or less) and improved their relative therapeutic indices (RTIs
1 circa three to sixfold). Based on these data, it is proposed that PEGylated aureins possess the
potential for therapeutic development; for example, to combat infections due to multi-drug
resistant strains of S. aureus, designated as high priority by the World Health Organization.
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1.0 INTRODUCTION

Currently, one of the biggest causes of death, worldwide, is bacterial infections [1], which has
been exacerbated by the emergence of pathogenic strains with multiple drug resistance (MDR),
rendering many treatment options ineffective [2]. A potential solution to this problem is host
defence peptides (HDPs), which are multifunctional molecules of the innate immune system that
serve a variety of biological functions [3, 4], including the exertion of potent action against bacteria
[5]. Some HDPs are anionic [6], but in general, these peptides are cationic, allowing them to
selectively target bacterial cells, which carry a net negative surface charge, in contrast to healthy
eukaryotic cells, which carry no net surface charge [7]. HDPs are also amphiphilic, which
promotes the ability of these peptides to kill target bacterial cells via mechanisms involving
translocation of the plasma membrane to attack a variety of internal targets and / or
permeabilization of the plasma membrane itself [8, 9]. The relatively non-specific modes of action
used by these mechanisms and their targeting of multiple sites appears to underpin the broad
selectivity shown by HDPs against diverse MDR forms of bacterial pathogens [10]. The non-
specific nature and multiplicity of the targets used by these mechanisms has also led to the general
view that these peptides are much less likely to induce resistance in target cells, as compared to
conventional antibiotics, which generally exert their activity at a single site of action [11]. Based
on these observations, a number of HDPs have been developed for medical use and are in various
stages of clinical trials as antibacterial compounds [12-14].

Despite their clear therapeutic relevance, a number of factors have prevented HDPs from
achieving their full potential, and in particular, undesirable pharmacokinetic properties of these
peptides, such as systemic toxicity, proteolytic susceptibility and rapid clearance, have generally
restricted their application to local delivery [9, 12]. A major example is omiganan which is derived
from the bovine HDP, indolicidin, [15] and is currently being evaluated for use in topical gels as
a long-term treatment for rosacea, after successfully completing phase I11 clinical trials [16]. Most
recently, the designed HDPs, horine and verine, have been reported to display systemic efficacy
in murine models that was comparable to conventional antibiotics, indicating that they may have

the potential to provide novel treatments for systemic bacterial infections in the future [17].
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A variety of strategies to circumvent the undesirable pharmacokinetic properties of HDPs have
been investigated [3, 12, 18-20], including the addition of a polyethylene glycol (PEG) chain to
these peptides, which was shown to have the general effect of enhancing their metabolic stability
[18, 21]. PEGylation of HDPs has also been found to enhance their overall pharmacodynamic
properties by reducing their cytotoxicity and improving their selectivity for microbial and cancer
cells. Currently, the general consensus of opinion is that essentially, PEGylated HDPs retain the
mechanisms of action used by the native peptides but with a decreased potency towards target cells
[18, 20, 21]. For example, the bovine HDP, Bac7(1-35), and its PEGylated counterpart appeared
to be internalized into Escherichia coli by the transporter protein SbmA, although the transport of
PEGylated Bac7(1-35) was less efficient due to its size, leading to a loss of antibacterial efficacy
[22]. In the case of the cruatacean HDP, tachyplesin 1, and analogues of the amphibian HDP,
magainin 2, the peptidoglycan layers of target bacteria appeared to act as permeability barriers to
their larger PEGylated counterparts, leading to a decreased ability to kill bacteria via membrane

permeabilization [23, 24].

There has clearly been some progress in understanding the effects of PEGylation on the
membrane interactive mechanisms used by HDPs in their antimicrobial action, although this is
limited, in part, due to the relatively small number of PEGylated HDPs that have been subject to
major investigations (Table 1). In response, the present study has used a variety of biophysical
techniques to investigate the effect of C-terminal PEGylation on the antibacterial activity and
mechanisms used by aurein 2.1, aurein 2.6 and aurein 3.1 [25]. These peptides belong to the aurein
family of HDPs, which were first reported in 2000, when they were isolated from the skin
secretions of the closely related Australian Bell Frogs, Litoria aurea and Litoria raniformis [25].
Sequencing showed members of the aurein family to be close homologues, whilst biological assays
showed them to possess activity against a variety of clinically relevant Gram-positive bacteria and
Gram-negative bacteria [25, 26]. In general, these peptides have been extensively studied, but there
appear to have been only a few investigations focusing on aurein 2.6 and aurein 3.1, and the present
work would appear to be the first characterization of aurein 2.1 [27, 28]. This work showed that
C-terminally PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 exhibited a preference for Gram-
positive bacteria and a membranolytic mode of action that was similar to their native counterparts

but with reduced antibacterial efficacy. However, PEGylation also reduced the haemolytic activity
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of aurein 2.1, aurein 2.6 and aurein 3.1 to negligible levels and greatly enhanced their relative

therapeutic indices, and based on these data, it is proposed that PEGylated aureins possess the

potential for therapeutic development as medically relevant, antibacterial agents.

Table 1. Representative, major PEGylated HDPs

PEGylated HDPs

Major biological activity studied

Key references

P18 Anticancer [29]
(cecropin A / magainin 2 hybrid)

Bac7(1-35) Antibacterial [22]
(derivative of Bac7)

KYE28 and variants Antibacterial [30, 31]
(derived from human heparin cofactor I1)

LL-37 derivatives Antibacterial [32]
Tachyplesin | Antibacterial [24, 33]
Magainin 2 analogues Antibacterial [23, 33]
Nisin A Antibacterial [34]
CalLL Antibacterial [35, 36]
(cecropin A / LL-37 hybrid)

SET-M33L (synthetic) Antibacterial [37, 38]
MA Antibacterial [39]
(melittin derivative)

Granulysin derivatives Antibacterial [40]
MKSE Antibacterial [41]
(Magainin 2 derivative) KLAL (synthetic)

Nano-BA12k Antibacterial [42]
(bacitracin A derivative)

Human a-defensin 1 Inactive [43]
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2.0 MATERIALS AND METHODS
2.1 Materials

Dimyristoyl phosphatidylglycerol (DMPG) and dimyristoyl phosphatidyethanolamine (DMPE)
were obtained from Avanti Polar Lipids, Inc (Alabaster, AL) and 2, 2, 2-trifluoroethanol (TFE)
(HPLC grade), along with all other solvents, were acquired from VWR (Leicestershire, UK).
Ethylenediaminetetraacetic acid (EDTA), phosphate buffered saline (PBS) and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from SIGMA-
ALDRICH (UK). Calcein was supplied by Alfa Aesar and all other reagents were acquired from

Fisher Scientific (UK). All buffers were prepared using ultra-pure water (resistivity 18 MQcm).

2.2 The synthesis of aureins and their PEGylated isoforms

Aurein 2.1, aurein 2.6 and aurein 3.1, along with their PEGylated isoforms, were synthesized
using Fmoc solid phase peptide synthesis strategies. Essentially, the sequences of aurein 2.1, aurein
2.6 and aurein 3.1 were obtained from Rozek et al.,[25] and all peptides were synthesized on a
Symphony X peptide synthesizer at 120-pumol scale using a fivefold excess of Fmoc-amino acids
relative to the solid support Fmoc-Rink amide resin (TentaGel® R RAM resin). Deprotection was
achieved using piperidine / N,N-dimethylformamide (DMF) (20%, v/v) and couplings were
performed using 1:1:2 amino acid / 1H-Benzotriazolium 1-[bis(dimethyl-amino)methylene]-5-
chloro-hexafluorophosphate (1-),3-oxide (HCTU) / N,N-Diisopropylethylamine (DIPEA) in
DMF. The PEGylated isoforms (Figure 1) were synthesized by coupling Fmoc-(PEG),-COOH (13
atoms) (Novabiochem®. CAS 867062-95-1, molar mass 443.5 g/mol) to the rink amide resin
directly, employing the same coupling strategy as for the non-PEGylated material. The TentaGel®
R RAM resin is functionalized with a modified Rink Amide linker and was used directly during
the solid phase construction of peptide amides. The resin particle size found to be most suitable
for these peptide syntheses was 90 um. Standard Fmoc-deprotection and coupling steps with
incoming activated amino acids were performed to synthesize the overall desired peptides. The
peptide resin was cleaved under acid cleavage conditions to furnish crude peptides, which were
isolated and purified by reverse phase HPLC using a C-18 reverse phase column. Cleavage of the
desired peptides from the solid support was performed by the addition of a cleavage cocktail
containing: Trifluoroacetic acid (TFA) / H.O / Triisopropylsilane (T1S) (95:3:2, v/v). The isolated
crude peptides were individually purified by semi-preparative HPLC using a Phenomenex C-18
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reverse semi-preparative column to furnish the desired peptides. All peptides were characterised
for purity by analytical reverse phase HPLC on a Phenomenex C-18 analytical column and
MALDI-TOF mass spectrometry to determine the mass integrity. The molecular masses of aurein
2.1, aurein 2.6 and aurein 3.1 were 1.61 kDa, 1.63 kDa and 1.74 kDa, respectively, as previously
reported [25]. The molecular masses of PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 were were
1.81 kDa, 1.83 kDa and 1.94 kDa, respectively, confirming the addition of a 0.2 kDa ‘-NH-(PEG).-

CONH2’ moiety in each case.

(o]
0.
A. GLLDIVKKWGAFGSL-m/\/ {\/\OM NH,
2

Aurein 2.1-PEG

o
AN O /
B.  GLFDIAKKVIGVIGSL-N T/\o NH,
H
2

Aurein 2.6-PEG

0
. o
C. GLFDIVKKIAGHIAGSI-N~ " %\OM N
H 2
2

Aurein 3.1-PEG

Figure 1. PEGylated aureins. The aureins and their PEGylated isoforms used in this study were
supplied and synthesized by Pepceuticals (UK), as described above, and their structures are
depicted in Figure 1. The molecular masses of aurein 2.1, aurein 2.6 and aurein 3.1 were 1.61 kDa,
1.63 kDa and 1.74 kDa whilst those of their PEGylated isoforms were 1.81 kDa, 1.83 kDa and
1.94 kDa, respectively, confirming the addition of a 0.2 kDa ‘-NH-(PEG)>-CONH2’ moiety.

2.3 The antibacterial activity of aureins and their PEGylated isoforms

The antibacterial activity of aurein 2.1, aurein 2.6, aurein 3.1 and their PEGylated isoforms
(Figure 1) was determined using a panel of organisms that included the Gram-positive
bacteria Micrococcus luteus (strain  NCIMB 196), Staphylococcus aureus (strain  NCIMB
6571), Staphylococcus epidermis (strain NCIMB 8558), Streptococcus mutans (strain NCIMB
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11723) and Bacillus  subtilis (strain  NCIMB  8054); and the Gram-negative
organisms, Pseudomonas  aeruginosa (strain ~ NCIMB  10848), Escherichia  coli (strain
W3110), Enterobacter aerogenes (strain NCIMB 10102) and Proteus vulgaris (strain NCIMB
4175). Each of these bacterial strains was taken from a frozen stock (-80 °C), inoculated into 10
ml aliquots of sterile Nutrient broth and incubated in an orbital shaker (100 rpm and 37°C) until
the exponential phase was reached (OD = 0.6; A = 600 nm). These bacterial cultures were then
centrifuged at 15000 x g and 4 °C for 10 mins using a bench top centrifuge and the resultant cell
pellet washed 3 times in 1 ml aliquots of 25% strength Ringers solution (RS), before being
resuspended in 1 ml of 25 % strength RS. For antibacterial assay, these samples were further
diluted with 25 % strength RS to achieve a bacterial density of 106 CFU ml. Then, 10 ul aliquots
of these cell suspensions were taken and inoculated individually with 1 ml of each aurein and
PEGylated aurein studied here in RS to give final peptide concentrations of 3.90 uM to 1.0 M.
These samples were incubated overnight at 37 °C and as a control, each bacterial culture was
similarly treated but in the absence of peptide. After incubation, 10 ul aliquots of the control
samples and bacterial cultures that had been treated with aureins and their PEGylated isoforms
were spread onto the surface of Nutrient agar plates and incubated at 37 °C for 12 hours. The plates
were then viewed and the lowest peptide concentration yielding no bacterial growth was identified
as the minimal lethal concentration (MLC) of each aurein and their PEGylated isoforms. These

experiments were repeated four times and the average MLCs determined [44].

2.4 Hydrophobic moment plot and helical wheel analysis of aureins

The sequences of aurein 2.1, aurein 2.6 and aurein 3.1 (Figure 1, Figure 3, [25]) were analysed
according to hydrophobic moment methodology, which essentially treats the hydrophobicity of
successive amino acids in a sequence, as vectors and then sums these vectors in two dimensions,
assuming an amino acid side chain periodicity of 100° [45]. The methodology then uses the mean
hydrophobic moment, < u+ >, to quantify the amphiphilicity of an a-helical sequence, and the
mean hydrophobicity, < H >, of the sequence to measure its affinity for the membrane interior
[46]. For this analysis, < u+ > and < H > were computed using the normalized consensus

hydrophobicity scale of Eisenberg et al., (1982) and a moving window of 11 residues [45], and



Dennison et al. 2021. PEGylation enhances the antibacterial and therapeutic potential of amphibian host
defence peptides, Biochimica et Biophysica Acta (BBA) - Biomembranes,
doi.org/10.1016/j.bbamem.2021.183806.

then plotted as data points [<u+ >, <H >] on the hydrophobic moment plot diagram of Eisenberg
et al. [47]. The sequences of aurein 2.1, aurein 2.6 and aurein 3.1 were modelled as a two-
dimensional axial projection taken perpendicular to the a-helical long axis and assuming an
amino acid periodicity of 100° according to the helical wheel analysis of Schiffer and
Edmundson  [48] and wusing  Heliquest  software  (available  online  at
http://heliquest.ipmc.cnrs.fr/)[49].

2.5 The conformational behaviour of aureins and their PEGylated isoforms

Secondary structure analysis of aurein 2.1, aurein 2.6 and aurein 3.1 and their PEGylated
isoforms (Figure 1) was performed using a J-815 spectropolarimeter (Jasco, UK) at 20 °C, as
previously described [50]. These peptides (0.1 mg mI™t) were dissolved in a TFE and PBS (10 mM,
pH 7.5) mixture (50.0% v/v) or suspensions of small unilamellar vesicles (SUVs) to maintain a
peptide to lipid ratio of 1:100. To prepare SUVs, DMPG and DMPE were separately dissolved in
chloroform and dried under N gas before being vacuum-dried for 4 hours, after which the resulting
lipid films were rehydrated for an hour using PBS (10 mM, pH 7.5). These suspensions were
vortexed for 5 minutes, sonicated for 30 mins and then subjected to 3 cycles of freeze-thawing.
SUVs were then extruded 11 times through a 0.1 pm polycarbonate filter using an Avanti polar
lipids min-extruder apparatus. Far UV (180 nm to 260 nm) CD spectra were recorded at 20 °C
using 0.5 nm intervals, a bandwidth of 1 nm, a scan speed of 50 nm min~! and a 10 mm path-length
cell. Ten scans per sample were performed and averaged. The % a-helical content of HDPs was
estimated using the method previously described by Forood et al., [51]. These experiments were

repeated four times and the % a-helicity averaged.

2.6 The surface activity and monolayer interactions of aureins and their PEGylated isoforms

The surface activity of aurein 2.1, aurein 2.6 and aurein 3.1 and their PEGylated isoforms was
investigated at 20 °C using a 15 cm? Teflon Langmuir trough, which was equipped with a
Wilhelmy plate. A Hamilton microsyringe was used to inject peptide via an injection port into the
PBS (10 mM, pH 7.5) subphase to give final peptide concentrations ranging between 1.0 uM to 7
uM. The adsorption of peptides at the air / water interface was monitored by increases in surface
pressure for 60 min and were plotted as a function of peptide concentration. These experiments

were repeated four times and the maximal surface pressure changes averaged.
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The ability of aurein 2.1, aurein 2.6 and aurein 3.1 and their PEGylated isoforms to insert into
monolayers formed from either DMPG or DMPE at constant area was determined using a 601M
Langmuir Teflon trough (Biolin Scientific\KSV NIMA, Coventry, UK). Surface pressure (1) was
measured using a Wilhelmy wire attached to a microbalance. Monolayers of either DMPG or
DMPE were formed by spreading solutions of these lipids in chloroform (1 mg ml) dropwise
onto an air / PBS (10 mM, pH 7.5) interface using a Hamilton microsyringe. The solvent was
allowed to evaporate off and then these monolayers were compressed by two moveable Derlin
barriers with a velocity of 10 cm? min™ to a starting surface pressure of 30 mN m™ which
corresponds to the packing density of naturally occurring membranes [52, 53]. Once
monolayers were stable at this starting pressure, the barrier position was kept constant and
peptides were injected into the subphase to give a final peptide concentration of 4 uM. Surface
pressure increases were recorded as a function of time and all experiments were carried out at
20 °C. These experiments were repeated four times and the maximal surface pressure changes

averaged.

Pressure-area isotherms of aurein 2.1, aurein 2.6 and aurein 3.1 (Figure 1) were performed on a
Langmuir film balance (Biolin Scientific\KSV NIMA, Coventry, UK) equipped with Derlin
moveable barriers and a Wilhelmy method using a Whatman’s CH1 filter paper plate and
microbalance. For these experiments, 1.79 x 10'® molecules of each peptide were separately spread
from methanolic solution onto a PBS (10 mM, pH 7.5) subphase. To generate pressure-area
isotherms for these HDPs, these monolayers were allowed to stabilize for 30 min. and were then
compressed at a rate of 0.27 nm? min“! until collapse pressure was observed. Isotherms were then
analysed to determine the extrapolated areas of aurein 2.1, aurein 2.6 and aurein 3.1 at a surface
pressure of r =0 mN m, which provides a measure of the mean monolayer surface area per aurein
molecule. The molecular areas of these peptides were computed using the sequences shown in
Figure 1 and previously published methodologies [53]. All experiments were conducted at 20.0
°C, repeated four times and the data averaged.

10
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2.7 The membranolytic and haemolytic ability of aureins and their PEGylated isoforms

The membranolytic ability of aurein 2.1, aurein 2.6 and aurein 3.1 and their PEGylated isoforms
(Figure 1) was determined using a dye release assay as previously described [54]. Essentially,
chloroformic solutions of either DMPG or DMPE (7.5 mg ml™!) were dried under N2 gas and kept
under vacuum for at least 12 hours to ensure complete removal of the solvent. The resulting lipid
films were then hydrated with 1 ml of HEPES (5.0 M, pH 7.5) containing calcein (70.0 mM) and
the suspension vortexed for 5 min before being sonicated for 30 min, which was followed by 3
cycles of freeze-thawing to maximize calcein encapsulation. Calcein encapsulated in SUVs was
then separated from the free dye by elution with HEPES (5.0 mM, pH 7.5) down a Sephadex G75
column (SIGMA, UK) that had been rehydrated overnight in HEPES (20.0 mM, pH 7.5), NaCl
(150 mM) and EDTA, (1.0 mM). The calcein release assay was performed by combining 25 pl of
calcein encapsulated in SUVs with 50 ul of peptide (10 pM), which was then made up to a final
volume of 1 ml with 20.0 mM HEPES, 150.0 mM NaCl and 1.0 mM EDTA (pH 7.4). The
fluorescence intensities of calcein were monitored at 20 °C using an FP-6500 spectrofluorometer
(JASCO, UK), with an excitation wavelength of 490 nm and emission wavelength of 520 nm. The
fluorescence intensity induced by the addition of 10 ul of Triton X-100 (10.0 %, v/v) to calcein
encapsulated in SUVs was taken to represent 100 % dye release and was used to calculate the
relative % release of calcein from vesicles by aurein 2.1, aurein 2.6, aurein 3.1 and their PEGylated

isoforms. These experiments were repeated four times and the % lysis averaged.

The haemolytic activity of aurein 2.1, aurein 2.6, aurein 3.1 and their PEGylated isoforms was
measured using Columbia Blood agar base (Oxoid) plates that were supplemented with 5.0%
sheep’s red blood cells (Fisher, UK). Essentially, holes were created in the blood agar plates using
a punch of size 3 mm, and into each of these holes, 50 ul of each peptide in PBS (10 mM, pH 7.5)
was added to give concentrations ranging from 3.12 uM to 1000 uM. The diffusion zones achieved
by PBS (10 mM, pH 7.5) were taken to represent zero haemolysis and that of 0.1% Triton X-100
was taken to indicate 100 % haemolysis. The diameter of the haemolysis produced by each peptide
after incubation at 37 °C for 24 hours was measured using a precision ruler and these data used to
determine the % haemolysis relative to that of 0.1% Triton X-100, all as previously described [55,

56]. These experiments were repeated four times and the % haemolysis averaged.

11
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To compare and gain insight into the efficacy of aurein 2.1, aurein 2.6, aurein 3.1 and their
PEGylated isoforms, a relative therapeutic index (RTI) was defined for these peptides. According
to this definition, the therapeutic effect of these peptides was taken to be their high lytic activity
towards SUVs formed from DMPG, thereby providing a measure of their antibacterial activity.
The toxic effect of these peptides was then taken to their maximal levels of haemolysis and their

RTI defined as the ratio of their antibacterial activity to their haemolytic activity.

3.0 RESULTS
3.1 The antibacterial activity of aureins and their PEGylated isoforms

The activity of aurein 2.1, aurein 2.6, aurein 3.1 and their PEGylated isoforms against a
panel of bacteria was determined using a Nutrient agar plate assay. Aurein 2.1, aurein 2.6 and
aurein 3.1 showed potent activity against Gram-positive bacteria that ranged between 25 uM and
50 uM, and weaker action against Gram-negative organisms that varied between 40 uM and 100
MM (Table 2), which is consistent with previous studies [57]. The PEGylated isoforms of aurein
2.1, aurein 2.6 and aurein 3.1 also showed a preference for activity against Gram-positive bacteria,
but for all organisms studied, the activity of these PEGylated peptides was lower than in the case
of the corresponding, native aureins. The activity of PEGylated aurein 2.1, aurein 2.6 and aurein
3.1 against Gram-positive ranged between 40 uM and 80 uM and that against Gram-negative
organisms varied between 80 uM and 200 uM (Table 2).

12
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Table 2. The activity of aureins and their PEGylated isoforms against bacteria

Aurein Aurein Aurein Aurein Aurein Aurein
2.1 2.1-PEG 2.6 2.6-PEG 3.1 3.1-PEG
MLC (uM)
Gram-positive
bacteria
M. luteus 25 50 25 60 80 80
S. aureus 30 30 25 50 50 50
S. epidermis 20 30 30 50 50 80
S. mutans 25 30 25 40 50 50
B. subtilis 30 20 30 50 50 80
Gram-negative
bacteria
P. aeruginosa 40 50 50 80 80 100
E. coli 50 60 60 100 80 100
E. aerogene 50 50 50 100 80 100
P. vulgaris 100 100 100 150 150 200

3.2 Properties of aureins and their PEGylated isoforms at an air / aqueous interface

CD conformational analysis showed that in PBS (10.0 mM, pH 7.5), aurein 2.1, aurein 2.6 and
aurein 3.1 displayed spectra that revealed only low levels of a-helical structure (< 15.0%) and the
presence of predominantly random coil conformations, indicative of poor folding in aqueous
solution (Figure 2A). However, hydrophobic moment analysis predicted that these HDPs

possessed the potential to form strongly amphiphilic a-helical structure at an interface with < un
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>=0.57 for aurein 2.1, < u+ >=0.56 for aurein 2.6 and < xn >= 0.60 for aurein 3.1 (Figure 3).
These predictions were confirmed by conformational analysis of these HDPs in the presence of a
TFE and PBS (10 mM, pH 7.5) mixture (50.0% v/v), which is a solvent mixture well known for
its ability to mimick the ansiotropic environment of interfaces [58]. Spectra derived from this
analysis revealed that aurein 2.1, aurein 2.6 and aurein 3.1 formed high levels of a-helical structure
in this solvent mixture with levels that ranged between 75.6% and 77.9% (Table 3, Figure 2B).
These data are consistent with previous studies on both these peptides [27] and other aureins [59-
61], and reflect the generally high capacity of peptides in the aurein family to form a-helical
secondary structure [4, 62]. Theoretical analysis also predicted that these peptides would be highly
surface active (Figure 4), which was confirmed by Langmuir-Blodgett trough experiments
showing that aurein 2.1, aurein 2.6 and aurein 3.1 exhibited maximal surface activities at an air /
PBS (10.0 mM, pH 7.5) interface that varied between = = 29.0 mN m™ and = = 37.5 mN m*
(Table 3, Figure 4). Compression isotherms were derived for monolayers of these peptides at an
air / PBS (10.0 mM, pH 7.5) interface and at the lift off surface pressure, © = 0 mN m™, which
corresponds to maximal surface activity [53]. Their molecular areas were determined, as described
above, and were found to be 3.5 nm? for both aurein 2.1 and aurein 2.6, and 3.7 nm? for aurein 3.1
(Table 3, Figure 5). Based on these molecular areas, surface active aureins would be predicted to
possess a-helical structure that is orientated approximately parallel to the plane of the interface,
such that its hydrophilic face resides in the aqueous phase and its hydrophobic face projects into

the surrounding air, as reported for other aureins [53, 59, 63, 64].
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Figure 2. Conformational behaviour of aureins and their PEGylated isoforms in solvents. CD
conformational analysis showed that aurein 2.1, aurein 2.6, aurein 3.1 and their PEGylated
isoforms displayed similar spectra in PBS (10 mM, pH 7.5), exhibiting a strong negative band at
around 200 nm, indicating high levels of random coil conformations and poor folding in agueous
solution. These spectra also exhibited a weak negative band between 210 nm and 220 nm,
indicating very low levels of a-helical structure that were less than 15.0 % (Figure 2A). In a TFE
and PBS (10 mM, pH 7.5) mixture (50.0% v/v), aurein 2.1, aurein 2.6, aurein 3.1 and their
PEGylated isoforms also displayed similar spectra with two minima at 210 nm and 222 nm,
indicating high levels of a-helical structure. The levels of this a-helical structure varied between
75.6% and 77.9% in the case of native aureins and between 59.2 % and 63.7 % in the case of their
PEGylated counterparts (Figure 2B). The individual levels of a-helical structure indicated for

peptides by these charts were determined, as described above, and are shown in table 3 along with

their standard deviations.
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Figure 3. Hydrophobic moment plot analysis of aureins. In Figure 3A, hydrophobic moment plot
methodology was used to analyse aurein 2.1, aurein 2.6 and aurein 3.1, which yielded values for
the hydrophobic moment, <+ >, of 0.57, 0.56 and 0.60 for these peptides respectively, which in
turn predicted that, in an a-helical conformation, these peptides would be strongly amphiphilic.
The corresponding values for the hydrophobicity, <H >, of aurein 2.1, aurein 2.6 and aurein 3.1
were 0.37, 0.43 and 0.29, respectively. These values of <+ >and <H >were used as coordinates
to plot data points on the hydrophobic moment plot diagram and each of these data points lay in
the area demarking surface activity, predicting that these aureins would be active at an interface
[65]. In Figure 3B, helical wheel analysis was used to model the sequences of aurein 2.1, aurein
2.6 and aurein 3.1 as two-dimensional axial projections, which revealed a clear segregation
of hydrophilic and hydrophobic amino acid residues, consistent with their predicted
amphiphilicity. In each case, these HDPs have a well-defined hydrophilic face (residues in

circles), which includes multiple lysine, glycine and polar residues, and a hydrophobic face
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(residues in squares), which is rich in leucine, isoleucine, phenylaniline and valine residues
[48].

CD analysis of PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 in PBS (10.0 mM, pH 7.5),
showed that these peptides were also not well folded in water and exhibited spectra that were
similar to those of native aureins, characterized by predominantly random coil conformations and
only low levels of a-helical structure that were less than 15.0 % (Figure 2A). In the case of a TFE
and PBS (10 mM, pH 7.5) mixture (50.0% v/v), these PEGylated HDPs also exhibited similar
spectra to those of native aureins but with levels of a-helical structure that varied between 59.2 %
and 63.7 % (Table 3, Figure 2B). These data indicated that the PEGylation of aurein 2.1, aurein
2.6 and aurein 3.1 had induced a general decrease in their a-helicity of circa 15.0% in this solvent
mixture (Table 3, Figure 2B), and similar results have been demonstrated for other HDPs [41].
Langmuir-Blodgett trough experiments showed that the PEGylation of aurein 2.1, aurein 2.6 and
aurein 3.1 had also led to reductions in the activity of these peptides at an air / buffer (PBS, 10.0
mM, pH 7.5) interface with maximal surface activities that varied between 1 =27.4 mN m™ and n
=29.1 mN m (Table 3, Figure 4). These results showed that PEGylation had generally decreased
the capacity of the aureins studied here for activity at an air / aqueous interface by greater than 1.5
mN m* (Table 3, Figure 4), and comparable data has been previously reported [42]. Taken in
combination, these results suggest that the PEGylation of aurein 2.1, aurein 2.6 and aurein 3.1
induced a loss of a-helical structure in these peptides that led to changes in their packing
characteristics at an air / water interface, thereby promoting reduced surface activity.
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Figure 4. Activity of aureins and their PEGylated isoforms at an air /aqueous interface. Langmuir-
Blodgett trough experiments showed that aurein 2.1, aurein 2.6 and aurein 3.1 displayed activity
at an air / buffer (PBS, 10 mM, pH 7.5) interface with maximal surface activities that varied
between = 29.0 MmN m™ and = = 37.5 mN m™ (Figure 4A). In contrast, the PEGylated isoforms
of these peptides displayed maximal surface activities that varied between 1 =27.4 mN m?tand =
=29.1 mN m, representing a decrease of greater than 1.5 mN m ! (Figure 4B). The individual
maximal increases in surface pressure indicated for peptides by these charts were determined, as
described above, and are shown in Table 3 along with their standard deviations.
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Figure 5. Compression isotherm analysis of aureins. Langmuir-Blodgett trough experiments were
used to generate compressions isotherm for aurein 2.1, aurein 2.6 and aurein 3.1, which showed
that these peptides formed stable monolayers. Under compression, the isotherms of these
monolayers showed collapse surface pressures of 7 =32.0 MmN m?, 1 =37.0 MmN m* and = = 36.9
mN m?, respectively. Analysis of these isotherms showed that the extrapolated areas of these
peptides at a surface pressure of = = 0 mN m™, which provides a measure of the mean monolayer
surface area per aurein molecule, was 3.5 nm?for aurein 2.1 and aurein 2.6, and 3.7 nm? for aurein
3.1. The values of these molecular areas are close to those computed for the molecular cross-
sectional areas of these peptides about the a-helical long axis, which were 3.6 nm? for aurein 2.1
and aurein 2.6, and 3.8 nm? for aurein 3.1.
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Table 3. Properties of aureins and their PEGylated isoforms at an air / water interface

Peptides a-Helicity Surface Peptides a-Helicity Surface
(%) activity (%) activity
() ()
(mN m-1) (mN m-1)
PBS? | TFE/ PBS? | TFE/
PBS®? PBS

Aurein2.1 | 123+ | 779% 290+ | Aurein2.1- | 7.2+ | 63.7% 27.4 +
1.2 1.6 0.6 PEG 1.4 0.8 0.7

Aurein2.6 | 104+ | 756+ 375+ Aurein 2.6- | 5.1+ 59.2 + 29.1 +

1.0 1.2 1.3 PEG 1.2 11 0.2
Aurein3.1 | 108+ | 765+ 33.7+ | Aurein3.1- | 133+ | 595+ 259 +
1.4 1.6 0.5 PEG 11 1.2 0.35

4n Table 3, PBS refers to phosphate buffered saline (10.0 mM, pH 7.5) and TFE / PBS refers to a
50.0% (v/v) mixture of 2, 2, 2-trifluoroethanol and PBS. All experimentally determined data are

shown with their standard deviation.

3.3 Properties of aureins and their PEGylated isoforms at a membrane interface

The activity of aurein 2.1, aurein 2.6, aurein 3.1 and their PEGylated isoforms at an air / aqueous
interface suggested the potential for lipid interaction, and to investigate this possibility, the
associations of these peptides with lipid membranes were studied [46, 53]. It is well established
that PG and PE species are the major anionic and zwitterionic lipids, respectively, found in
bacterial membranes [7, 66] and it is common practice to use these lipids to represent these
membranes [52, 53]. CD analysis showed that aurein 2.1, aurein 2.6 and aurein 3.1 underwent
structural changes from predominantly random coil conformations (Figure 2A) to display spectra
indicating the adoption of a-helical structure in the presence of both DMPG and DMPE SUVs
(Figure 6), which is consistent with theoretical predictions (Figure 2). Analysis of these spectra

showed that the a-helicity of these peptides was lower than in the case of a TFE and PBS (10 mM,
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pH 7.5) mixture (50.0% v/v) (Table 3) and ranged between 48.9 % and 66.6% for SUVs formed
from DMPG (Table 4, Figure 6A), and between 34.3 % and 47.9 % for those formed from DMPE
(Table 4, Figure 6B). These levels of a-helical structure are consistent with previous reports [27]
and generally comparable to those adopted by other aureins [63, 67, 68]. Aurein 2.1, aurein 2.6
and aurein 3.1 induced maximal surface pressures in monolayers formed from DMPG that varied
between 7= 9.8 mMN m™ and 7= 12.0 MmN m?, and between 7 =7.7 MmN m™ and = = 8.5 mN m™*
in those formed from DMPE (Table 4, Figure 7). These peptides also induced levels of lysis that
varied between 59.6% and 71.3% in the case of SUVs formed from DMPG and between 31.7%
and 40.6% in the case of those formed from DMPE (Table 4). Comparable levels of membrane
interaction have been shown for other aureins and HDPs [68-70] and in combination, these data
show that the aureins studied here adopted high levels of lipid interactive, a-helical structure (Table
4, Figure 6) and have a strong propensity to penetrate and lyse both anionic and zwitterionic lipid
membranes (Table 4, Figure 7). These observations clearly suggested that this propensity is driven
by the strongly amphiphilic nature of the a-helical structure formed by these peptides and similar
structure / function relationships underpin the membranolytic mechanisms of most a-helical HDPs
[7, 20, 66]. Based on this structure / function relationship, the high amphiphilicity of aurein 2.1,
aurein 2.6 and aurein 3.1 (< un > values > 0.5, Figure 3A), would drive the interactions of these
peptides with anionic lipid membranes. Essentially, the non-polar face of these a-helical peptides
would promote hydrophobic interactions with the acyl chain region of these membranes that are
concomitantly stabilized by electrostatic associations between the polar face of these aureins and
the membrane lipid head-group region (Figure 3B) [7, 20, 66]. In contrast, the ability of aurein 2.1,
aurein 2.6 and aurein 3.1 to interact with zwitterionic lipid membranes would be primarily driven
by the high hydrophobicity of these peptides (< H > values > 0.25, Figure 3) promoting

interactions with the acyl chain region of these membranes [7, 20, 66].
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Figure 6. Conformational behaviour of aureins and their PEGylated isoforms in the presence of
membranes. CD conformational analysis showed that in the presence of membranes formed from
DMPG, aurein 2.1, aurein 2.6 and aurein 3.1 and their PEGylated isoforms displayed spectra with
a double minimum between 208 nm and 222 nm and a positive band at 193 nm, indicating a-
helical structure (Figure 6A). Analysis of these spectra revealed that for native aureins, the levels
of this structure varied between 48.9 % and 66.6%, and in the case of their PEGylated isoforms,
between 37.9% and 44.2% (Figure 6A). For membranes formed from DMPE, aurein 2.1, aurein
2.6 and aurein 3.1 and their PEGylated isoforms displayed spectra with similar characteristics to
those for DMPG, which again indicated a-helical structure (Figure 6B). However, the levels of
this a-helical structure were lower than that in the case of DMPG, varying between 34.3% and
47.9% for native aureins, and between 24.7% and 33.1% in the case of their PEGylated isoforms
(Figure 6B). The individual levels of a-helical structure indicated for peptides by these charts were
determined, as described above, and are shown in Table 4 along with their standard deviations.
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Figure 7. Lipid monolayer interactions of aureins and their PEGylated isoforms. Langmuir-
Blodgett trough experiments showed that native aureins induced maximal surface pressures in
monolayers formed from DMPG that varied between 1 =9.8 MmN m™ and © = 12.0 mN m™, and in
the case of their PEGylated isoforms, between = = 6.3 mN m™ and = = 7.9 mN m™ (Figure 7A).
For monolayers formed from DMPE, native aureins induced maximal surface pressures that ranged
between 1="7.7 mN m™ and = = 8.5 mN m™, and in the case of their PEGylated isoforms, between
n=28mN m!and =53 mN m? (Figure 7B). The individual maximal increases in surface
pressure indicated for peptides by these charts were determined, as described above, and are shown

in Table 4 along with their standard deviations.

23



Dennison et al. 2021. PEGylation enhances the antibacterial and therapeutic potential of amphibian host
defence peptides, Biochimica et Biophysica Acta (BBA) - Biomembranes,
doi.org/10.1016/j.bbamem.2021.183806.

Table 4. The properties of aureins and their PEGylated isoforms in the presence of membranes.

Peptides a-Helicity Monolayer Vesicle lysis
(%) penetration () (%)
(mN m?)
DMPG | DMPE | DMPG | DMPE | DMPG | DMPE
Aurein 2.1 666+ | 479+ | 120+ | 7.7+ | 59.6 % 317+
1.7 0.9 0.5 0.5 11 11
Aurein 2.6 489+ | 375+ | 98+ 85+ | 626+ 355+
15 1.4 0.5 0.6 1.2 1.3
Aurein 3.1 56.1+ | 343+ | 99+ 80+ | 713+ | 406
0.7 1.2 0.6 0.5 0.9 1.1
Aurein 2.1-PEG 442+ | 331+ | 79+ 28+ | 445+ 216+
1.2 1.6 0.4 0.4 0.6 1.4
Aurein 2.6-PEG 379+ | 256+ | 65 53+ | 453+ 251+
1.2 1.0 14 04 0.8 1.3
Aurein 3.1-PEG 419+ | 247+ | 63+ 52+ | 420+ 205+
1.2 0.8 1.2 0.3 1.1 0.9
Peptide Haemolysis RTI? Peptide Haemolysis | RTI?
(%) (%)
Aurein 2.1 11.0+ 54 Aurein 2.1-PEG 3.0+ 14.8
0.1 0.3
Aurein 2.6 9.2+ 6.8 Aurein 2.6-PEG 1.0+ 45.3
0.1 0.2
Aurein 3.1 8.2+ 8.7 Aurein 3.1-PEG 1.0+ 42.0
1.1 0.1

2In Table 4, RTI refers to the relative therapeutic index of aureins and their PEGylated isoforms,

which was defined as the ratio of their lytic activity towards SUVs formed from DMPG to their

haemolytic activity, as described above. All experimentally determined data are shown with their

standard deviation.
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Data presented for the membrane interactions of aurein 2.1, aurein 2.6 and aurein 3.1 also
revealed that these peptides adopted levels of a-helical structure in the case of SUVs formed from
DMPE that were lower by over 10.0% as compared to those formed from DMPG (Table 4, Figure
6). These results indicated a stronger interaction with anionic lipid than with zwitterionic lipid,
which was consistent with previous work [27] and was reflected in the ability of aurein 2.1, aurein
2.6 and aurein 3.1 to interact with membranes (Table 4, Figure 6). Compared to DMPG, the
penetration of DMPE monolayers by aurein 2.1, aurein 2.6 and aurein 3.1 was decreased by over
1.0 mN m (Table 4, Figure 7) and their lysis of DMPE SUVs was diminished by greater than
25.0% (Table 4). In combination, these data clearly suggest that the greater ability of aurein 2.1,
aurein 2.6 and aurein 3 to interact with anionic membranes over zwitterionic membranes is
primarily driven by the greater ability of these former membranes to induce amphiphilic a-helical
structure in these peptides (Table 4, Figure 6).

To assess the impact of PEGylation on the membrane interactions of aureins, a series of
experiments corresponding to those described above were conducted using PEGylated aurein 2.1,
aurein 2.6 and aurein 3.1. These PEGylated peptides underwent conformational changes to adopt
a-helical structure that ranged between 37.9% and 44.2.1% in the case of SUVs formed from
DMPG (Table 4, Figure 6A), and between 24.7% and 33.1% in the case of those formed from
DMPE (Table 4, Figure 6B), and comparable levels of a-helical structure have been reported for
other PEGylated HDPs in the presence of membranes [23, 24]. PEGylated aurein 2.1, aurein 2.6
and aurein 3.1 also showed the capacity to penetrate monolayers and induce the lysis of SUVs
formed from these lipids. These peptides exhibited maximal surface pressures in monolayers
formed from DMPG that varied between 7 =6.3 mMN m™ and == 7.9 mN m™%, and between = = 2.8
mN m? and = = 5.3 mN m? in the those formed from DMPE (Table 4, Figure 7). PEGylated
aureins also induced levels of lysis that varied between 42.0 % and 45.3% in the case of SUVs
formed from DMPG, and between 20.5% and 25.1% in the case of those formed from DMPE
(Table 4): comparable membrane lysis has been reported for other PEGylated HDPs [23, 41].

In combination, these data clearly suggested that, similarly to native aureins, PEGylated aurein

2.1, aurein 2.6 and aurein 3.1 have a strong propensity to penetrate and lyse both anionic and

zwitterionic lipid membranes (Table 4, Figure 7) and that this propensity is driven by the
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possession of an amphiphilic, a-helical structure (Table 4, Figure 6). However, compared to native
aureins, these data also indicated a general decrease of over 10.0% in the levels of a-helical
structure adopted by PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 in the presence of SUVs
formed from either DMPG or DMPE (Table 4, Figure 6). These data mirror the effects of
PEGylation on the conformational behaviour of native aureins in aqueous TFE (Table 3, Figure
2B) and similar reductions in a-helicity at a membrane interface have been reported for other HDPs
upon PEGylation [23, 24, 33]. Compared to native aureins, PEGylated aurein 2.1, aurein 2.6 and
aurein 3.1 showed a general reduction in their levels of penetration into monolayers formed from
either DMPG or DMPE, which was over 3.0 mN m™ (Table 4, Figure 7). Relative to native aureins,
these PEGylated peptides also showed a general reduction in their levels of lysis with SUVs
formed with either DMPG or DMPE, which was greater than 10.0% (Table 4) and comparable
reductions in membrane lysis have also been reported for other HDPs upon PEGylation [41]. These
data clearly showed that the PEGylation of aureins has decreased their general ability to interact
with both anionic and zwitterionic membranes, which in the case of these latter membranes
paralleled data for the lytic action of these peptides against erythrocytes (Table 4). The membranes
of erythrocytes are zwitterionic [7, 66] and native aureins induced levels of haemolysis that ranged
between 8.2% and 11.0% whilst PEGylated aureins induced lower levels of haemolysis that ranged
between 1.0% and 3% (Table 4). These results clearly indicate that the aureins studied here have
a very low affinity for erythrocytes that is further reduced when these peptides are PEGylated and
similar results have been reported for other HDPs [31, 39-41]. Taken together, these data clearly
showed that the PEGylation of these aureins had reduced their ability to adopt amphiphilic, a-
helical structure. These data also strongly suggested the loss of this secondary structure was a

major driver in reducing the ability of these peptides to interact with membranes.

Nonetheless, PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 appeared to have maintained the
ability shown by their native counterparts to interact more strongly with anionic membranes than
zwitterionic membranes. In comparison with SUVs formed from DMPG, the levels of a-helical
structure adopted by PEGylated aureins in the presence of SUVs formed from DMPE membranes
were decreased by greater than 10.0% (Table 4). These PEGylated peptides also showed
corresponding reductions in their penetration of monolayers formed from DMPE, which were

lower by over 1.0 mN m, and in their lysis of SUVs formed from this lipid, which were decreased
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by greater than 20.0% (Table 4). In combination, these data indicate that, similarly to native
aureins, a major driver in the preference of their PEGylated isoforms for anionic membranes is the
greater ability of these membranes to induce amphiphilic a-helical structure in these latter peptides
(Table 3, Figure 6). Taken overall, the results presented in this study clearly show that similarly to
their native isoforms, PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 use a mode of membranolytic
mode of action, but with lower efficiency, which is consistent with reports from studies on other
PEGylated HDPs [18, 20, 21]. To gain insight into the overall efficacy of the peptides studied here,
RTIs were defined for PEGylated aureins and their native counterparts, which showed that for
native aureins, these indices varied between 5.4 and 8.7 (Table 4). However, the PEGylated
isoforms of these peptides showed RTIs that varied between 14.8 and 45.3, indicating that, based
on this measure, these peptides possessed a circa three to sixfold higher therapeutic efficacy than
their native counterparts (Table 4).

4.0 Discussion

The family of aureins have been extensively studied [25, 26]; however, the use of polymer
conjugation to enhance the pharmacokinetic and pharmacodynamic properties of these peptides
has been the focus of only a few major investigations [71, 72]. This work showed that the
attachment of hyperbranched polyglycerol to aurein 2.2 and its derivatives produced
membranolytic peptides with the potential for in vivo antibacterial application [71, 72]. In
response, the present study has shown that C-terminally PEGylated aurein 2.1, aurein 2.6 and
aurein 3.1 possess strong antibacterial activity, although the level of this activity was reduced as
compared to that in the corresponding cases of the native peptides (Table 2). However, PEGylated
aurein 2.1, aurein 2.6 and aurein 3.1 were also found to have much lower levels of haemolytic
activity than their native counterparts. which resulted in RTIs that were greatly increased (Table
4). These observations are indicative of enhanced therapeutic efficacy and clearly suggested that
PEGylated aureins possessed the potential for development to serve medically relevant purposes.
Indeed, these peptides showed a strong preference for Gram-positive bacteria (Table 2) and these
organisms are listed as high priority by the World Health Organization (WHO) in the search for
novel antimicrobial strategies to combat infections due to MDR pathogens [73]. In particular,

PEGylated aureins showed efficacy against S. aureus (Table 2) and various pathogenic strains of
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this organism have been designated as high priority by the WHO [73], primarily due to the ability
of these organisms to resist almost all common antibiotics, necessitating an urgent need for new

drugs to treat their infections [74, 75].

The potential medical relevance of PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 clearly
suggested that these peptides should be further characterized, and they were found to adopt a-
helical structure and to exhibit activity at an air / aqueous interface (Table 3, Figure 4). It is well
established that the ability to adopt this secondary structure facilitates the partitioning of HDPs
into the hydrophobic and hydrophilic compartments of biological interfaces [7, 20, 66]. However,
the levels of this a-helical structure and surface activity were reduced in comparison to the
corresponding cases with native aureins (Table 3, Figure 4), which appeared to be promoted by
conformational changes induced by their attached PEG chains (Table 3, Figure 2). This structural
modification led to a loss of a-helical structure and similar results have been reported for other
HDPs at an aqueous interface, such as the maiganin 2 derivative, MK5E, and the synthetic HDP,
KLAL (Table 1). For these latter peptides, loss of a-helical structure appeared to result from steric
effects induced in their conformational behaviour by their bulky C-terminal PEG chains [41]. Such
effects are believed to result from the large hydrodynamic radius of solvated PEG molecules,
which is up to tenfold higher than that of globular proteins with similar molecular masses [18, 76,
77]. 1t seems likely that similar mechanisms of steric hindrance promote the loss of a-helicity
observed for aurein 2.1, aurein 2.6 and aurein 3.1 (Table 3, Figure 2); for example, the PEG chains
attached to these peptides could potentially disrupt intramolecular hydrogen bonding involving
their C-terminal amide moiety. Studies on aurein 2.6 and aurein 3.1 have shown that these
hydrogen bonds play a key role in stabilizing a-helix formation by these peptides and that loss or
disruption of this hydrogen bonding leads to reduced a-helicity [27]. The ability of PEG chains to
influence the conformational behaviour of aurein 2.1, aurein 2.6 and aurein 3.1 also suggested that
PEGylation may induce changes to their packing characteristics at an air / water interface, thereby
promoting reduced surface activity. Indeed, it seems likely that the bulky nature of PEG chains
could contribute directly to the disruption of interfacial packing by these peptides and reductions

in their surface activity.
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Activity at an air / aqueous interface is generally indicative that HDPs have the potential to
interact with the interface of lipid membranes [46], which has been demonstrated for other
PEGylated HDPs [42]. Consistent with these observations, PEGylated aurein 2.1, aurein 2.6 and
aurein 3.1 were found able to adopt amphiphilic a-helical structure and to interact with both
anionic and zwitterionic lipid membranes formed from bacterial lipids (Table 4, Figure 6).
However, no clear pattern of differences in these abilities was discernible between these
PEGylated peptides; for example, PEGylated aurein 2.1 showed the highest levels of a-helical
structure observed for both DMPG and DMPE membranes, yet PEGylated aurein 2.6 demonstrated
the highest ability to induce the lysis of these membranes (Table 4, Figure 6). In general,
PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 showed comparable efficacy in both their ability
to form a-helical structure and to interact with lipid membranes (Table 4), which, in part, most
likely reflects the close homology and structural similarities between these peptides (Figure 1,
Figure 3) [25].

A clear result from the present work was that the C-terminal PEGylation of aurein 2.1, aurein
2.6 and aurein 3.1 induced a loss of a-helical structure by these peptides that led to decreases in
their ability to interact with membranes. Essentially, this loss of secondary structure would be
expected to reduce the ability of these peptides to engage in the electrostatic associations necessary
to interact with the lipid head-group region of membranes and the hydrophobic interactions
required to promote penetration of its apolar core [7, 20, 66]. A number of factors based on the
physiochemical properties of PEG molecules would seem to have the potential to contribute to this
disruption of membrane association. For example, the bulky PEG chains possessed by aurein 2.1,
aurein 2.6 and aurein 3.1 could block interactions between their positively charged residues and
the lipid head-groups of membranes, thereby decreasing their ability to target and bind to anionic
membranes. The PEG chains of these HDPs are directly attached to their C-terminal amide moiety,
which is positively charged (Figure 1), whilst their polar face includes a number of positively
charged residues (Figure 3A), and in the case of HDPs, these structural features facilitate the
targeting and binding of anionic components in bacterial membranes [7, 66]. Blocking
mechanisms of this nature have been reported to have similar effects on the membrane targeting
and binding of the N-terminally PEGylated HDP, human a-defensin 1 (HNP1) [43], and C-
terminally PEGylated magainin 2 analogues [23, 33, 78]. A major possibility is that the PEG chains
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attached to aurein 2.1, aurein 2.6 and aurein 3.1 could disrupt not only the intramolecular hydrogen
bonding mediated by the C-terminal amide moiety of these HDPs but also hydrogen bonds
between this moiety and membrane lipid headgroups. Studies on aurein 2.6 and aurein 3.1 have
shown that, in conjunction, these intramolecular and intermolecular hydrogen bonds form a
network that plays a key role in stabilizing a-helical structure formed by these peptides in the
presence of membranes [27]. The loss of a-helical structure induced by loss or disruption of this
hydrogen bonding network could promote a decrease in the amphiphilic characteristics of these
peptides and a reduced capacity to penetrate and lyse membranes (Table 3). PEG-mediated losses
of amphiphilic a-helical structure have been reported to have similar effects on the ability of
magainin 2 analogues to engage in membrane insertion and lysis [23, 33, 78]. Steric blocking of
amphiphilic characteristics by PEG chains also appears to impede membrane binding, penetration
and lysis by non a-helical HDPs, including HNP1 [43], and tachyplesin I [24, 33], which possess
B type structures that are stabilized by intramolecular disulphide bonds [79, 80]. In these cases,
PEGylation did not alter the secondary structure of these peptides but appeared to directly mask
the electrostatic associations and hydrophobic interactions required for efficient membrane
interaction by these peptides [24, 33, 43]. However, the PEGylation of HDPs can also lead to
other outcomes; for example, when incorporated into microgels, levels of a-helical structure were
increased by the addition of various N-terminal PEG chains to KYE28 (Table 1), which is an HDP
derived from human heparin cofactor 1l [30]. Increases in levels of a-helical structure were also
induced by the attachment of N-terminal PEG chains to CaLL, which is a hybrid of the insect HDP,
cecropin A, and the human HDP, LL-37 hybrid (Table 1), and it was suggested that these PEG
chains may have stabilized the a-helicity and ordered conformations of the peptide [35]. In these
latter studies, the major effect induced by these PEG chains appeared to be the direct steric
blocking of membrane binding and insertion by the peptide [35] and it seems possible that similar
effects could contribute to the decreased lipid affinity shown by PEGylated aurein 2.1, aurein 2.6

and aurein 3.1.

Another clear result from the present work was that, similarly to their native isoforms,
PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 used a membranolytic mode of action and
exhibited a preference for anionic lipid membranes over zwitterionic lipid membranes (Table 3),

which is a general characteristic of HDPs [9, 20, 66]. Typically, the plasma membranes of bacteria
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are anionic, primarily due to the presence of negatively charged lipids, which endows aureins and
other cationic HDPs with a high affinity for these membranes that promotes their targeting and
binding [7, 66]. Indeed, it is well established that the levels of anionic lipid found in Gram-positive
bacteria are generally much higher than those found in Gram-negative organisms, which are
predominantly formed from zwitterionic lipid [7, 66]. In combination, these observations clearly
suggest that the higher affinity shown by PEGylated aureins for anionic lipid membranes over
zwitterionic lipid membranes will make a major contribution to the preference of these peptides
for action against Gram-positive bacteria as compared to Gram-negative organisms (Table 2).
However, regardless of bacterial type, in most cases, the binding of HDPs to bacterial membranes
leads to permeabilization or lysis, and a number of models to describe these processes have been
proposed, primarily the, barrel stave pore, toroidal pore and carpet mechanisms [7, 20, 66]. The
specific mechanisms of membrane interaction used by the PEGylated aureins studied here appear
not to have been investigated, but as described above, it is generally believed that PEGylated HDPs
essentially retain the mode of action used by their native isoforms [18, 20, 21, 81]. It seems
unlikely that the aureins studied here would utilize the barrel stave pore mechanism, given their
length of sixteen residues (Figure 1, Figure 3). It is well established a minimum of circa 22
residues are required to span a bilayer, as would be the case with barrel stave pores [66, 82]. There
is growing evidence that aurein 2.6, aurein 3.1 may utilise a toroidal pore type mechanism [27, 83-
86] and studies on other HDPs that use this mechanism have shown that it is basically retained by
their PEGylated isoforms, typically, tachyplesin 1 [24, 33] and magainin 2 analogues [23, 24]. In
the case of these magainin analogues, it appeared that their PEG chains can extrude into the
aqueous phase and clog pores, contributing to reduced membrane lysis by these peptides, and it is
conceivable that similar effects could play a role in the membrane interactions of the PEGylated
aureins studied here [23, 33]. It has also been suggested that aurein 2.6 and aurein 3.1 may use a
tilted mechanism of membrane interaction. According to this mechanism, the C-terminal amide of
these peptides associates with the lipid headgroup region and they destabilize membrane structure
by penetrating the bilayer at a shallow angle between 30° and 60°. There is evidence to suggest
that isolated PEG chains show no great propensity to penetrate biological membranes and tend to
associate with the membrane headgroup region [87]. In this scenario, the PEG chains of aurein 2.6
and aurein 3.1 could effectively help localize their C-terminus to the membrane surface regions,

which would fit with the tilted mechanism proposed for these peptides. However, it would seem
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that this C-terminal localization would also have the effect of limiting the access of aurein 2.6 and
aurein 3.1 to deeper regions of the membrane, which could also fit with use of the carpet
mechanism [7, 66]. According to this mechanism, HDPs increasingly carpet the bilayer surface,
which leads to transient lesions in the membrane, the formation of micelles and ultimately, the
lysis of target bacterial cells [7, 66]. However, as described above, the effects of PEGylation on
the membrane interactions of HDPs are not always predictable and it may be that PEGylated
aureins achieve their membranolytic action using mechanisms that differ to their native isoforms
[30, 35].

Underpinning the selectivity of HDPs, these peptides generally have a low affinity for the
membranes of erythrocytes and other mammalian cells, which are electrically neutral due to the
presence of high levels of zwitterionic lipids and cholesterol [7, 66]. In general, PEGylation further
reduces the toxicity of HDPs to mammalian cells, although the opposite outcome has been reported
[18, 20, 21, 81, 88]. For example, PEGylated derivatives of the human HDP, granulysin, were
toxic to human peripheral blood mononuclear cells, showing increased lysis of these cells, as
compared to that of their native isoforms [40]. Aurein 2.1, aurein 2.6 and aurein 3.1 possessed a
very low ability to lyse erythrocytes that was reduced to negligible levels when these peptides were
PEGylated (Table 3). Clearly, a major contribution to this decreased haemolytic activity is likely
to be made by the reduced ability of aurein 2.1, aurein 2.6 and aurein 3.1 to interact with
zwitterionic membranes upon PEGylation (Table 3, Figure 7); indeed, it is well established that
species of PE are components of erythrocyte membranes [7, 66]. However, a number of other
factors have the potential to contribute to the PEG-mediated decreases in affinity for erythrocyte
membranes observed for aurein 2.1, aurein 2.6 and aurein 3.1. These factors include the presence
of cholesterol in these membranes [7, 66] and the extracellular matrix possessed by red blood cells
[89, 90]. Haemolysis by HDPs appears to be inhibited by cholesterol through the modulation of
membrane fluidity [91], as demonstrated for aurein 1.2 [92], and similar mechanisms could
contribute to the low levels of haemolytic activity observed here for both native and PEGylated
aureins. However, it seems likely that the bulky nature of PEG chains would render these
PEGylated peptides more susceptible to this cholesterol mediated action than their native
counterparts. The extracellular matrix of erythrocytes appears to inhibit haemolysis by HDPs by a

process of entrapment involving high affinity interactions between its anionic components and the
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cationic residues of these peptides [93]. Again, it seems possible that similar mechanisms could
contribute to the low levels of haemolytic activity observed here for both native and PEGylated
aureins; however, the bulky nature of PEG chains could also enhance the entrapment of these
PEGylated peptides by sterically hindering their passage through the glycocalyx and other layers
of erythrocytes.

5.0 Conclusions

PEGylated aurein 2.1, aurein 2.6 and aurein 3.1 have strong antibacterial activity, particularly
against Gram-positive bacteria, and low toxicity to mammalian, which gives them enhanced
efficacy compared to their native isoforms (Table 4). Their selectivity for bacterial cells and the
relatively non-specific mode of membranolytic action used by PEGylated aurein 2.1, aurein 2.6
and aurein 3.1 endows these peptides with characteristics that are highly desirable for development
as medically relevant, antibacterial agents [7, 66]. Indeed, there have been relatively few major
studies on PEGylated HDPs as potential antibacterial agents, (Table 1) and there is clearly scope
for the development of PEGylated aureins to serve in this capacity, which is particularly relevant
given the current, rapid emergence of bacteria with MDR [2]. As discussed above, there are a
number of mechanisms by which their attached PEG chains may influence the selective
membranolytic action of aurein 2.1, aurein 2.6 and aurein 3.1, and it has previously been suggested
that optimization of PEGylation parameters can improve the efficacy of HDPs [94]. It is well
established that varying the parameters of attached PEG chains, such as length and site of
conjugation, can modulate the pharmacodynamic properties and pharmacokinetic profiles of HDPs
[31, 34, 39]. For example, increasing the length of PEG chains attached to KYE28 (Table 1) led
to a minor decrease in antibacterial activity, but also to a strong decrease in haemolysis and
improved selectivity for bacteria in infected blood [31]. The PEG chains attached to aurein 2.1,
aurein 2.6 and aurein 3.1 possess only 3 repeating units and are relatively short in length (Figure
1). It would seem therefore that there is high potential for the use of a similar length optimization
process to improve the performance of these peptides in a variety of therapeutically and
biotechnically relevant scenarios. For example, using this approach has led to the development of
PEGylated HDPs as constituents of inhaled therapeutic agents to treat pulmonary infections [35,
37] and as components of prodrugs to deliver these peptides in anticancer therapy [29, 88]. Further

uses of PEGylated HDPs are incorporation into surface bound microgels and direct immobilization
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onto surfaces via PEG chains for local delivery and purposes ranging from treating wounds to
combating biofilm infections [30, 95-99]. Clearly, the PEGylation of HDPs is a process that offers
flexibility in both the functionalization of these peptides and their potential applications. Based on
these observations, it is proposed that aurein 2.1, aurein 2.6 and aurein 3.1 merit further
investigation into the effects of PEGylation on their mode of membranolytic action and their

biological activities, particularly in relation to their antimicrobial function.
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