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ABSTRACT

Antimicrobial resistance (AMR) is on the rise, leading to 700 000 deaths worldwide in 2020.
Antimicrobial peptides (AMPs) are antibiotic agents that are active against multi-drug resistant
pathogens and also have a reduced risk of AMR development. Previous studies have shown that
dimerisation of the proline-rich antibacterial peptide (PrAMP) Chex,—Argyo can enhance its
antimicrobial activity while also reducing its toxicity. To determine if dimerisation via a simple
disulfide bond can similarly improve other classes of AMPs, the a-helical cationic peptide MSI-
78(4-20) was used as a model. The monomer alone, an S-carboxamidomethyl-capped N-terminal
Cys—MSI-78(4-20) analogue and the disulfide-linked dimer were successfully synthesised and
their antimicrobial activity and toxicity were determined. It was shown that dimerisation
enhanced antimicrobial activity against the Gram-positive opportunistic pathogen Staphylococcus
aureus ATCC 29213, the Gram-negative bacteria Escherichia coli ATCC 25922 and Pseudomonas
aeruginosa ATCC 47615. The peptides showed no significant haemolytic activity with red blood
cells and only induced 50% lactate dehydrogenase (LDH) release in mammalian cells at the highest
tested concentration, |15 pM. The MSI-78(4-20) dimer was less cytotoxic than the monomer and
S-alkyl monomer. Together, the data support the strategy of AMP chemically directed dimerisation
as a means of producing potentially more therapeutically useful antimicrobial agents.
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Introduction

Owing to uncontrolled widespread use of antibiotics, antimicrobial-resistant (AMR) patho-
gens are rapidly evolving."">*! They caused ~700 000 global deaths in 2020 alone.™ It is
estimated that by 2050, the annual death rate will exceed 10 million.”™ To prevent this,
there is an urgent need to develop new antibiotics to combat AMR pathogens. One class of
antibiotic molecule that has gained significant attention in recent years is antimicrobial
peptides (AMPs). AMPs are potent, specifically active molecules that, owing to their
multiple modes of action, are active against pathogens that are resistant to traditional
small-molecule antibiotics.'*"*) Many AMPs come from natural sources, where they act as
host defence peptides, produced by various organisms against microbial pathogens includ-
ing bacteria.'’*'*’Many AMPs have been identified to date and are summarised in several
reviews by their different antimicrobial activities.”"*'" As of January 2020, the US Food
and Drug Administration (FDA) had approved seven AMPs for clinical application. %!
There are several challenges that prevent widespread clinical use of AMPs: they are
often toxic to mammalian cells at high concentrations, are sensitive to high salt concen-
trations and have poor in vivo stability in the presence of intrinsic proteases.’®'*'* To
overcome these limitations, and simultaneously enhance AMP antimicrobial activity,
chemical modification strategies have been used such as: cyclisation to enhance chemical
stability and decrease protease vulnerability, polyethylene glycol polymer conjugation
(PEGylation) to reduce AMPs proteolytic degradation and enhance stability and solubility
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of AMPs, acetylation to improve resistance to proteolysis,
and p-amino acid substitutions to improve stability and
membrane incorporation potential. /14171

Bioconjugation, the chemical conjugation of one bio-
molecule to another molecule, is an appealing strategy to
increase AMP potency while limiting unwanted effects.!*®!
Various bioconjugates of AMPs are possible including:
AMP-polymer,'®?  AMP-AMP,*”)  AMP-nanoparticle,'*!
AMP-photosensitiser'®” and AMP-antibiotics,'**! each
having specialised applications such as drug delivery or as
antimicrobial agents.'**2%! AMP multimerisation (a specific
application of bio-conjugation) is an emerging and effective
strategy to enhance the antimicrobial activity of AMPs by
improving the target binding affinity and capacity to gener-
ate pores in bacterial membranes.?>2”-?] Multimeric AMPs
can also act as ‘prodrugs’ that degrade into monomeric
AMPs after administration, resulting in a rapid increase in
local peptide concentration, which can surpass the bacteri-
cidal minimum concentration, 22!

In previous structure-activity studies on native insect
proline-rich AMPs (PrAMPs) (pyrrhocoricin, drosocin and
apidaecin), Otvos et al. designed a hybrid PrAMP, A3-APO,
consisting of a covalent discontinuous dimer of two mono-
meric copies of the peptide Chex;—Arg,o."**>* Chex;-Argso
consists of 20 amino acids with the sequence Chex—Arg-Pro—
Asp-Lys-Pro-Arg-Pro-Tyr-Leu-Pro-Arg-Pro—-Arg-Pro-Pro—
Arg-Pro-Val-Arg, where Chex represents cyclohexane-
carboxylic acid.®>**! To improve the pharmacological
characteristics and understand the mechanism of action of
Chex;—-Argso, we previously examined multimerisation of
Chex;—Argsg, including A3-APO (dimeric Chex;-Argso) and
a disulfide-linked dimeric A3-APO (tetrameric Chex;—
Arg).12%?71 By increasing the valency from monomer to
tetramer, the action on Escherichia coli changed from non-
lytic to lytic, indicating that the tetramer acts against the
membrane of E. coli.'?*?® Furthermore, the tetramer also
showed lower cytotoxicity than the monomer and dimer
against the mammalian cell lines H-4-II-E and HEK.[2%-28]
To further explore these findings based on the PrAMP
Chex;—Argso, we undertook to examine the effect of dimer-
isation on another class of AMPs using the cationic AMP
MSI-78(4-20),'*1 which was derived from MSI-78, an
improved version of its parental peptide, magainin I.1*7-3%]

Magainin II is an amphipathic and cationic AMP, one of
two peptides (magainin-1 and magainin-2) isolated from the
skin of the African clawed frog, Xenopus laevis.[>”-*%]
Magainin II is known to disrupt the bacterial membrane via
toroidal pore formation.®**?! In 1988, Zasloff et al. deter-
mined that the N-terminal and C-terminal amino acids are
important for the activity of magainin II through generating
several analogues of magainin IL.1*°! In the same year, Chen
et al. determined that the helical structure enhances the anti-
microbial activity of magainin II by substituting Gly for Ala at
the eighth, thirteenth or eighteenth position.”* Magainin II
was further developed to generate MSI-78, through poly-lysine

B

and poly-arginine substitution.*'~**) MSI-78 underwent a clin-
ical trial in 1999 under the brand name Pexiganan to treat
diabetic foot ulcers caused by Gram-positive organisms such as
Staphylococcus aureus, and Gram-negative bacteria, such as
Pseudomonas aeruginosa and E. coli.t***"!

MSI-78 was recently developed into an improved ana-
logue, MSI-78(4-20).1%4¢! Compared with the original MSI-
78 and other MSI-78 analogues, MSI-78(4-20) shows similar
antimicrobial potency against Gram-positive Staphylococci
strains and Gram-negative P. aeruginosa, and reduced toxic-
ity to eukaryotic cells.[*®! MSI-78(4-20) has a lower net
charge of +8, higher hydrophobicity and a higher hydro-
phobic moment than its parent MSI-78, suggesting it has a
greater capacity for membrane binding and disruption, ulti-
mately killing the bacteria.!*®! The higher hydrophobicity
and hydrophobic moment of MSI-78(4-20) do not result in
increased haemolytic activity.[*®! MSI-78(4-20) was cova-
lently bound to chitosan (a sugar found in crustaceans) and
has been applied in bone implants and wound dressings to
reduce associated infection risk.'*”! This peptide was an
interesting target for our dimerisation investigation.

In this study, to confirm a correlation between PrAMP and
other classes of AMPs for their capacity for peptide multi-
merisation to enhance their antimicrobial potency and phar-
maceutical characteristics, we prepared a disulfide dimeric
analogue of MSI-78(4-20), assessed its antimicrobial and
cytotoxicity potency and compared it against both MSI-
78(4-20) and an N-terminal Cys analogue in which the thiol
group was capped by a carboxamidomethyl (alkyl) group
(Fig. 1) to prevent its dimerisation.

Materials and methods

Materials

O-(1H-6-Chlorobenzotriazole-1-y1)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HCTU) and 9-fluorenylmethoxycarbonyl
(Fmoc)-i.-amino acids were purchased from GL Biochem
(China). 2,2’-Dithiodipyridine (DPDS), triisopropylsilane
(TIPS), iodoacetamide and 3,6-dioxa-1,8-octanedithiol
(DODT) were purchased from Sigma-Aldrich (Australia).
Piperidine, acetonitrile (ACN), methanol (MeOH), N,N-
diisopropylethylamine (DIPEA), dimethylformamide (DMF),
diethyl ether and Rink amide resins (0.35mmol/g) were
purchased from Merck Millipore (Australia). Trifluoroacetic
acid (TFA) was purchased from AusPep (Australia).

Solid-phase peptide synthesis

All peptides were synthesised using Fmoc solid-phase peptide
synthesis'*®**?! on a Biotage Initiator + Alstra microwave-
assisted synthesiser using Rink amide resins (0.35 mmol/g
loading). Peptides were coupled throughout with a 4-fold
molar excess of the Fmoc-protected amino acids in the
presence of 3.9-fold HCTU and 8-fold DIPEA. Resin-bond
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S prosphate Z Fig. 1. The disulfide bond formation
‘ strategy for MSI-78(4-20) dimer. 1,
H,N /Peptide N\ Cys—MSI-78(4-20), with Cys at the
N ~NH, N-terminus of the peptide; 2, DPDS-
H o activated peptide  (Cys(S-pyridyl)-MSI-
© @) 78(4-20); the MSI-78(4-20) dimer 3
Mr 4192 was prepared by combining | and 2 at
H,N _ Peptide pH 65 in the presence of tris-(2-
” NH, carboxyethyl)phosphine (TCEP) (Fmoc,
S 9-fluorenylmethoxycarbonyl; SPPS, solid-
@ phase peptide synthesis; DPDS, 2,2'-
Mr 2206

peptides were cleaved from the solid phase with a 5mL
cleavage cocktail (125 pL. DODT:250 pL. TIPS:4625 pL. TFA)
for 1.5 h. After cleavage, filtration was used to separate the
resin solid and peptide in TFA. The peptide in TFA was
concentrated under nitrogen gas. Ice-cold diethyl ether
then was added to the concentrated solution and the peptide
precipitated. The peptide was collected by centrifugation
(1000g, 5min) and washed twice using ice-cold diethyl
ether. The precipitate was dried in a fume hood for 1 h.
The crude peptides were purified by reverse-phase high
performance liquid chromatography (RP-HPLC) on a
Waters (USA) 600 semi-preparative RP-HPLC that incorpo-
rated a Waters 996 UV detector on a Phenomenex Gemini®
C-18 column (particle size 5 um, 150 X 21.2 mm, pore size
110 A), with a gradient of 10-70% of 0.1% TFA in ACN and
0.1% TFA in H,O for 70 min, and then freeze-dried and
stored at —20°C. The final peptides were analysed for purity
and molecular weight by Shimadzu Nexera analytical HPLC
incorporating an SPD-M40 UV detector using a C18 column
(particle size 5 pm, 4.6 X 250 mm) and a Shimadzu MALDI-
8020 matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometer (MALDI-TOF MS)
using sinapinic acid as the matrix, independently.

Preparation of MSI-78(4-20) dimer via disulfide
chemistry

Cys—-MSI-78(4-20) (Fig. 2; 1) was mixed with 10-fold molar
excess of DPDS in 1 mL TFA (Fig. 1; Step 1). The reaction
mixture was stirred for 60 min and then concentrated under
nitrogen gas to 0.2 mL. Ice-cold diethyl ether was added to

dipyridyl disulfide).

the concentrated solution and the peptide (Fig. 1; 2) was
precipitated. The precipitate was dried in a fume hood for
1 h. Peptide 2 was analysed and purified by RP-HPLC with a
gradient of 10-70% of 0.1% TFA in ACN and 0.1% TFA in
H,O0 for 70 min, and then freeze-dried and stored at —20°C.
The final purity (>95%) and molecular weight were con-
firmed by Nexera analytical HPLC (Supplementary Fig. S1)
and MALDI-TOF MS (Supplementary Fig. S2).

Peptides 1 and 2 were separately dissolved in 100 mM
sodium phosphate at pH 6.5. Basic 6 M Guanidine hydro-
chloride (GnHCI) was added dropwise into the solution until
the solution became clear. Peptides 1 and 2 were then mixed
for 30 min at room temperature. The final product, MSI-
78(4-20) dimer (Fig. 1; 3), was analysed and purified by
RP-HPLC and then freeze-dried and stored at —20°C.

Preparation of Cys(S-carboxamidomethyl)-MSI-
78(4-20)

Cys—-MSI-78(4-20) (1) was mixed with a 1.3-fold molar
excess of TCEP solution in MilliQ-water for 10 min. A
10-fold mole excess (20mg/mL) iodoacetamide solution
(Fig. 1, 4) was then added to the solution of (1) at 37°C
for the overnight reaction. The product (Fig. 2; 5) was
purified and analysed (Supplementary Figs S1, S2) by
RP-HPLC and then freeze-dried and stored at —20°C.

Antimicrobial assays

Minimal inhibitory concentrations (MICs) and minimal bac-
tericidal concentrations (MBCs) of gentamicin, MSI-78(4-20)

C
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monomer, MSI-78(4-20) dimer and Cys(S-alkyl)-MSI-

78(4-20) were determined. All peptide content was deter-
mined using an amino acid analyser, dissolved in 5% DMSO
in Dulbecco’s phosphate buffered saline (DPBS) buffer to a
final concentration of 1mg/mL. E. coli ATCC 25922,
S. aureus ATCC 29213 and P. aeruginosa ATCC 47615 were
grown and maintained at 37°C on lysogeny broth (LB) agar
plates.'?>°%) Single colonies taken from the agar plates were
used to inoculate Mueller Hinton Broth (MHB), which was
incubated at 37°C overnight.The overnight culture (1 mL)
was diluted into 20 mL of fresh MHB and placed for 1.5h at
37°C in a shaking incubator until optical density at 600 nm
(ODggp) = 0.4-0.8, determined with a UV-visible spectro-
photometer (Model EL05113296, Varian, Australia) with
MHB as control.

Cells were then diluted to 2.5 x 10° cells/mL in MHB at
37°C immediately before the determination of MIC. Peptides
and gentamicin were serially diluted in MHB to generate
concentrations 2X final concentration in 96-well flat-
bottom microtitre plates (Interpath Service, Melbourne, Vic).
Peptides and gentamicin were diluted 1:1 (100 pL of peptide
or gentamicin:100 uL of bacteria in MHB) and incubated at
37°C for 24 h. Bacterial growth was monitored for the deter-
mination of MIC at an optical density of 620 nm (ODsg2() using
a Victor microplate reader, where no growth was where the
ODg»o Was similar to the media control samples.

After E. coli and S. aureus MIC were incubated for 90 min,
they were ready for MBC assays. A sample (20 pL) from each
well was added to a fresh 96-well plate containing 180 uL
DPBS and serially diluted 4 times. A sample (10 pL) of each
serial dilution was dropped onto an LB agar plate that was
divided into four segments, one for each of the dilutions,
three times and dried in a laminar flow hood. After drying,
E. coli plates were incubated at room temperature for 18 h
and S. aureus plates were incubated at 37°C for 18 h. The
MBC value was determined by counting the number of colo-
nies in each dilution to observe the minimum concentration
of peptide or gentamicin where no colonies are observed.

D

N
H

(5)

Peptide
7S,
Fig. 2. Synthesis of Cys(S-carboxamidomethyl)-MSI-
78(4-20): Cys—MSI-78(4-20) I; iodoacetamide 4; Cys
(S-carboxamidomethyl)-MSI-78(4-20) 5 was obtained
by combining I and 4 in MilliQ water.

Cell proliferation assay

The lactate dehydrogenase (LDH) cytotoxicity assay was
used to determine the cytotoxicity of peptides MSI-
78(4-20) monomer, MSI-78(4-20) dimer and Cys(S-
alkyl)-MSI-78(4-20) to mammalian HEK-293 cell lines.
Gentamicin was used as control antibiotic. Briefly, 200 pL
HEK-293 cells was added into flat-bottomed 96-well plates
and incubated and cultured at 37°C, 5% CO,, for 28 h. After
incubation, 100 uL of media was removed from each well of
the plate containing HEK-293 cells. 50 uL of prepared tested
peptides concentration were added into a new flat-bottomed
96-well plate that contained 100 puL of seeded cells, and then
0.5 x dilutions of the peptides and control to a final volume
of 100 uL. After that, 50 uL. of each well in the plate that
contained peptides and control was pipetted into the corre-
sponding well of the plate that contained HEK-293 cells. The
plate was incubated for 90 min at 37°C. After incubation,
50 uL. from each well of the plate that was just incubated
was transferred into a new 96-well flat-bottom plate.

LDH solution (50 uL.) was added to each sample of the
incubated plate. Then, the plate was covered with foil and
was incubated for 30 min at room temperature. After incu-
bation, 50 uL stop solution was added to each sample and
any bubbles popped with a needle. Finally, the absorbance
was recorded at 490 nm using a plate reader and percentage
cytotoxicity was calculated with the following equation,
where LDH release maximum = Absorbance of the wells
with lysis solution.

LDH release experimental
LDH release maximum
X 100%

Percentage cytotoxicity % =

Haemolysis assay

Sheep red blood cells (RBCs) were diluted at 1:20 ratio in
PBS buffer at pH 7.4, after washing with 10 mL PBS 2 times
(1000 g, 10 min). The number of RBCs was counted using a
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cell counter (Coulter particle counter Z series, Beckman
Coulter), and they were then diluted to 2 x 107 cells/mL.
A stock solution of peptides (100 pL) were serially diluted in
a V-bottomed 96-well plate from 16 to 0.031 uM. Diluted
RBCs (100 pL, 2 X 107 cells/mL in PBS) then were added to
the V-bottomed 96-well plate. The cells were incubated at
37°C, 5% CO, for 2h before centrifugation at 1000 g for
10min. Aliquots (100 uL) of the supernatant were trans-
ferred into a new flat-bottomed 96-well plate. The amount
of haemoglobin released from RBCs was determined from
absorbance values, which were measured at 405 nm with a
PerkinElmer1420 Multilabel Counter VICTOR plate reader
and Wallac software. Percentage haemolysis was determined
with the following equation as previously described.!®!
Wells with only RBCs in PBS buffer were used as negative
control, while cells that contained 0.5% v/v Triton-X 100
were used as positive control.

Haemolysis % =
Absorbance of sample — absorbance of negative control

Absorbance of positive control
— absorbance of negative control
X 100%

Results

Synthesis of MSI-78(4-20) analogues

The MSI-78(4-20) monomer was synthesised via SPPS with
a good overall yield of 18.5% (Table 1). An MSI-78(4-20)
analogue was also generated with an additional cysteine at
the N-terminus (Fig. 1; 1). Cys(S-alkyl)-MSI-78(4-20) was
prepared by S-carboxyamidomethylating Cys—MSI-78(4-20)
with iodoacetamide (Fig. 1; 4) in the presence of TCEP in a
final yield of 43.8%.

Disulfide bonds can be formed through air oxidation
(disulfide direct dimerisation). However, despite much
effort, conditions were not found where complete dimerisa-
tion of Cys-MSI-78(4-20) was obtained within 48h (data

not shown). Instead, a chemically directed disulfide-mediated
dimerisation strategy with DPDS was used.l®*! After thiol
activation by DPDS in TFA to yield Cys(S-pyridinyl)-MSI-
78(4-20) (Supplementary Fig. S3; B and Fig. 1, step 1), this
peptide was then combined with starting Cys-MSI-78(4-20)
in sodium phosphate buffer (pH 6.5) in the presence of TCEP
to yield the dimer (Supplementary Fig. S3; C) in 38.4% yield
(Supplementary Fig. S3, Table 1). Comprehensive chemical
characterisation of MSI-78(4-20) monomer, MSI-78(4-20)
dimer and Cys(S-alkyl)-MSI-78(4-20) with Nexera analytical
HPLC and MALDI-TOF MS confirmed their high purity and
molecular identity (Supplementary Figs S1, S2).

Antimicrobial assays

Gentamicin and all MSI-78(4-20) analogues (MSI-78(4-20)
monomer, dimer and Cys(S-alkyl)-MSI-78(4-20) were tested
for antibacterial activity against Gram-positive bacteria
S. aureus ATCC 29213, Gram-negative bacteria E. coli ATCC
25922 and P. aeruginosa ATCC 47615. Gentamicin was used
as a control to compare with MSI-78(4-20) analogues. The
MIC and MBC results are described in Supplementary Fig. S4
and summarised in Table 2.

With the Gram-negative bacteria P. aeruginosa ATCC
47615, the MSI-78(4-20) analogues have similar antimicro-
bial activity, with MIC values of 1.96, 1.90 and 1.76 uyM
(Table 2). In comparison with the MIC results against E. coli
ATCC 25922, MSI-78(4-20) dimer showed higher antimi-
crobial activity than the other two peptides, with a MIC
value of 1.95uM, whereas Cys(S-alkyl)-MSI-78(4-20) and
MSI-78(4-20) monomer had MIC values of 3.91 and
3.55uM (Table 2). Similarly, the Gram-positive bacterium
S. aureus ATCC 29213 was more susceptible to MSI-
78(4-20) dimer than the other two peptides, with MIC
values of 3.81 uM while both of MSI-78(4-20) monomer
and Cys(S-alkyl)-MSI-78(4-20) monomer were ~15puM
(Table 2). Also, in comparison with gentamicin, the MSI-
78(4-20) analogues in Table 2 all showed higher antimicro-
bial activity (MIC 5uM for P. aeruginosa ATCC 47615;
MIC2.5uM for E. coli ATCC 25922) against the Gram-
negative bacteria P. aeruginosa ATCC 47615 and E. coli
ATCC 25922, while all MSI-78(4-20) analogues showed

Table I. Primary structure, yield, purity and molecular weight (M,,) for MSI-78(4-20) multimer analogues.

AMP Sequence Yield (%) Purity (%) M,, (g/mol)
MSI-78(4-20) monomer H-K-F-L-K-K-A-K-K-F-G-K-A-F-V-K-I-L-NH, 18.5 >95 1994.6
MSI-78(4-20) dimer / C-K-F-L-K-K-A-K-K-F-G-K-A-F-V-K-I-L-NH, 384 >95 41934

I

S

\C-K-F-L-K-K-A-K-K-F-G-K-A-F-V—K-I-L—NH2

Cys(S-alkyl)-MSI-78(4-20) 438 >95 21537

(0]
)J\/ S\
H,N C-K-F-L-K-K-A-K-K-F-G-K-A-F-V-K-I-L-NH,
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Table 2. Determination of MIC and MBC of MSI-78(4-20) analogues and gentamicin against selected Gram-positive and Gram-negative

microorganisms.

AMP E. coli 25922 S. aureus 29213 P. aeruginosa
47615
MBC (uM) MIC (uM) MBC (uM) MIC (uM) MIC (uM)
Gentamicin 1.26 5.0 0.62 0.62 25
MSI-78(4-20) monomer 7.82 391 15.63 15.63 1.96
MSI-78(4-20) dimer 3.8l 1.95 3.8l 3.8l 1.90)
Cys(S-alkyl)-MSI-78(4-20) 3.55 3.55 2841 14.20 1.76

lower antimicrobial activity than gentamicin (MIC 0.62 uM
for S. aureus ATCC 29213) against Gram-positive bacteria
S. aureus ATCC 29213 (Table 2).

The MBC results followed a similar trend to the MIC
results. According to Table 2, MSI-78(4-20) dimer was the
most effective analogue against S. aureus ATCC 29213, with
an MBC value of 3.81 uM, while Cys(S-alkyl)-MSI-78(4-20)
and MSI-78(4-20) monomer had higher MBC values of
15.63 and 28.41 uM (Table 2). The MSI-78(4-20) dimer
(MIC 3.81 uM) showed higher antimicrobial activity against
E. coli ATCC 25922 than the MSI-78(4-20) monomer
(MIC 7.82uM), whereas the Cys(S-alkyl)-capped analogue
maintained a similar potency with an MBC of 3.55uM,
similar to the MIC (Table 2). A comparison of MBC results
and MIC results in general showed the MBC results were 2 X
higher than the MIC results.

Overall, based on the results of MBC and MIC values for
the tested bacteria, several conclusions can be made: dimer-
isation of MSI-78(4-20) enhanced the antimicrobial activity
against S. aureus ATCC 29213 and E. coli ATCC 25922, but
maintained the antimicrobial activity against P. aeruginosa
ATCC 47615. The MSI-78(4-20) monomer maintained simi-
lar antimicrobial potency against all three bacteria to Cys(S-
alkyl)-MSI-78(4-20); MSI-78(4-20) analogues showed
higher antimicrobial potency against Gram-negative bacteria
than gentamicin, but lower antimicrobial potency against
Gram-positive bacteria than gentamicin. Furthermore, the
MBC values of all MSI-78(4-20) analogues and gentamicin
were 2 X higher than their MIC results.

Haemolysis assays

Following the antimicrobial assays, the MSI-78(4-20) ana-
logues were tested to assay their haemolytic properties
against sheep blood cells (Fig. 3) to evaluate their toxicity
in mammalian cells at the range of their MIC. Both MSI-
78(4-20) and the S-alkyl analogue presented no measurable
haemolytic activity, whereas the MSI-78(4-20) dimer
showed very low toxicity at 16 pM (only 3% haemolysis).

Cell proliferation assays

The MSI-78(4-20) analogues were examined for toxicity
in the LDH cell proliferation assay using HEK293 cells

F
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Fig. 3. Haemolytic activity of MSI-78(4-20) analogues on sheep red
blood cells. Peptide concentrations were tested up to 16 uM. Cells
treated with DPBS buffer only were used as negative control while
cells treated with 0.5% v/v Triton X-100 were used as positive
control. All data are expressed as meanz*s.d. indicated by the
error bars. Assays were performed three times in duplicate.

LDH cell proliferation assay
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Fig. 4. Summary of LDH cell proliferation assay to HEK293 cell
lines. All peptides were analysed up to 32 puM for MSI-78(4-20)
monomer and Cys(S-alkyl)-MSI-78(4-20) and 16 yM for MSI-
78(4-20) dimer. All data are expressed as mean % s.d. indicated by
the error bars. Assays were performed three times in duplicate.

(Fig. 4, Table 3). LDH release into the media is measured
as an indicator of plasma membrane damage in cells.”®! As
shown in Fig. 4, from 0 to 1 uM, the three peptides showed
no cytotoxicity to HEK293 cell lines. However, from 1 to
16 uM, LDH release activity immediately started to grow for
the three analogues, with the MSI-78(4-20) dimer increasing
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Table 3. Toxicity of MSI-78(4-20) analogues against HEK293 cell
lines. HCsq represents the concentration at which 50% of the red
blood cells were lysed.

AMP HCso (M)
MSI-78(4—20) monomer >16.00
MSI-78(4-20) dimer >7.8
Cys(S-alkyl)-MSI-78(4-20) >14.54

more rapidly than the other two monomers. Up to the high-
est concentration of 16 puM, they stayed at a similar 50% LDH
cell release. Thus, we showed that in the LDH cell prolifera-
tion assay, the MSI-78(4-20) dimer maintained the same
cytotoxicity level as MSI-78(4-20) monomer and Cys(S-
alky])-MSI-78(4-20).

Discussion

The recognition that AMPs represent an exciting opportunity
to potentially address the major issue of AMR has led to a
substantial level of academic research over the past decade,
mainly focused on identifying new peptides, their modes of
action and development of analogues with greater potency
and bacterial selectivity. This is highlighted by the fact that
nearly 2000 vertebrate peptides have thus far been reported
to possess antimicrobial activity.®*! AMPs generally are
short sequences (10-20 amino acids), which makes their
chemical synthesis convenient, enabling structure-function
study and site-selective modifications. SPPS is predominant
as it is straightforward and enables the production of large
and complex peptides such as insulin-like peptides, as well as
of modified analogues that would not generally be possible
through recombinant DNA techniques.'® Example peptide
modifications include O-phosphorylation, glycosylation, lipi-
dation and multimerisation. !3%7->6->7]

MSI-78(4-20) monomer, MSI-78(4-20) disulfide dimer
and Cys(S-alkyl)-MSI-78(4-20) were each successfully
chemically synthesised and purified with a >95% purity
for bioassay (Supplementary Figs S1, S2). The free thiol of
Cys—-MSI-78(4-20) was capped by S-akylation on reaction
with iodoacetamide to prevent its oxidation to a dimer.
Although disulfide dimerisation can be achieved in several
ways, in this case, air oxidation was shown to be inefficient,
requiring a very long reaction time (>48 h) and producing a
poor yield."®®**% In contrast, the DPPS-directed disulfide-
mediated dimerisation strategy was straightforward for pre-
paring the dimer by nucleophilic substitution.

Antimicrobial assays

As gentamicin is a widely used oxygen-dependent bacteri-
cidal antibiotic, which belongs to the aminoglycoside family
and has high antimicrobial activity against common aerobic
Gram-negative bacteria, it was used as control to compare

with the MSI-78(4-20) analogue antimicrobial activity.!*"!

Control gentamicin and each MSI-78(4-20) analogue were
tested in MIC and MBC antibacterial assays against Gram-
positive S. aureus strain ATCC 29213, Gram-negative straind
E. coli ATCC 25922 and P. aeruginosa ATCC 47615. The MIC
is calculated by the lowest concentration of the antimicrobial
agent that inhibits bacterial growth completely,’®® while
MBC is the lowest concentration level of antimicrobial
agent that leads to bacterial death, determined from the
number of colony-forming unit plotted versus peptide con-
centration.!®"! The MBC results of all MSI-78(4-20) analo-
gues and gentamicin were 2 times higher than the MIC
results. This was due to the MIC only inhibiting the growth
bacteria, but not completely kill the bacteria at the same MIC
concentration. Thus, MBC results of MSI-78(4-20) analogues
and gentamicin were shown 1 or 2 times higher than their
MIC values.

Regarding the comparative antimicrobial activity between
Cys(S-alkyl)-MSI-78(4-20) and MSI-78(4-20) monomer
against the three bacteria (Gram-negative P. aeruginosa
ATCC 47615 strain and E. coli ATCC 25922, Gram-positive
S. aureus ATCC 29213), the consistency between their MIC
and MBC values confirmed that the addition of cysteine on
MSI-78(4-20) at the N-terminus did not significantly alter
antimicrobial activity (Table 2). This was because the same
total charge is maintained between the MSI-78(4-20) mono-
mer, Cys-MSI-78(4-20), and Cys(S-alkyl)-MSI-78(4-20).
Thus, Cys-MSI-78(4-20) and Cys(S-alkyl)-MSI-78(4-20)
both had similar antimicrobial activity against different bac-
teria. By comparing MIC and MBC results of the MSI-
78(4-20) analogues, dimerisation of MSI-78(4-20) did not
improve antimicrobial activity against P. aeruginosa ATCC
47615, but it significantly enhanced the activity against
S. aureus ATCC 29213 and E. coli ATCC 25922.

Based on our previous results for multimeric PrAMPs, it
was hypothesised that the dimerisation of MSI-78(4-20)
would decrease antimicrobial potency against Gram-positive
bacteria, but either increase or maintain antimicrobial potency
against Gram-negative bacteria.’**?®! As MSI-78(4-20) mono-
mer has high hydrophobicity and amphipathicity character-
istics and an alpha-helical structure, MSI-78(4-20) can
readily bind to the bacterial membrane via toroidal pore
formation on disrupting the membrane.*®*?! Owing to the
MSI-78(4-20) monomer’s mechanism of action, toroidal pore
formation in bacterial membranes and its characteristics —
high hydrophobicity, high amphipathicity and alpha helical
structure — the dimerisation of MSI-78(4-20) was expected to
increase membrane permeabilising activity like Chex;—Argsg
tetramer compared with its respective monomer, resulting in
increasing or maintaining antimicrobial activity against
Gram-negative bacteria.’*! However, it was found that
MSI-78(4-20) dimerisation increased antimicrobial potency
against both Gram-positive bacteria S. aureus strain ATCC
29213 and Gram-negative strain E. coli ATCC 25922 but not
against P. aeruginosa ATCC 47615. This may be due to
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several reasons. First, as the disulfide bond for dimerising
MSI-78(4-20) at the N-terminus is an S-reducible linkage,
this could readily easily release the two monomers of
Cys-MSI-78(4-20) from the prodrug.'®* Both MSI-78(4-20)
and Cys-MSI-78(4-20) have the same charge of +8, which
suggests they may share characteristics, such as a-helix sec-
ondary structure, high hydrophobicity and amphipathic activ-
ity. As the hydrophobicity and charge of peptides are key
contributors to the ability of AMPs to insert into lipid bilayers,
the high hydrophobicity and high charge of MSI-78(4-20)
may enable disruption of both Gram-positive and Gram-
negative bacteria membranes, contributing to bacterial cell
death.'® Second, based on the fact that the thick peptido-
glycan in Gram-positive bacteria has a higher negative charge
than Gram-negative bacteria at pH 8.0, a peptide with higher
hydrophobicity and higher positive charge would more likely
attach to the more negatively charged bacteria.'®>! Thus,
after MSI-78(4-20) dimer releases two monomers in the
cell, both may more easily attach to the Gram-positive
bacterial membrane, resulting in a disruption of the membrane
and an increase in antimicrobial activity against Gram-positive
bacteria.

LDH cell proliferation assays and haemolysis
assays

From the results of the haemolytic assay against sheep RBCs
(Table 3, Fig. 3), it was found that up to 16 uM, no haemo-
lysis was caused by the MSI-78(4-20) monomer and Cys(S-
alkyl)-MSI-78(4-20) and no toxicity for all MSI-78(4-20)
analogues up to highest tested concentration. We deter-
mined dimerisation of MSI-78(4-20) maintained a toxicity
similar to the MSI-78(4-20) monomer up to 16 UM peptide
concentration, which was equal to or higher than their MIC
results. The further LDH assay showed indicated that dimer-
isation of MSI-78(4-20) maintained pharmacologic activity.
The dose response data shown in Supplementary Fig. S4 for
MSI-78(4-20) dimer, MSI-78(4-20) monomer and acetamide-
Cys-MSI-78(4-20) showed only a minor differences in cell
toxicity. At their highest concentration of 32 UM, each peptide
showed nearly 50% LDH released in HEK293 cells.

Overall, MSI-78(4-20) dimer maintained the LDH cyto-
toxicity to the HEK293 cell line and also had similar haemo-
lytic activity against sheep blood cells to the MSI-78(4-20)
monomer, which is a significant achievement and step
towards a potential therapeutic application.

Conclusions

A disulfide dimer of MSI-78(4-20) was successfully synthe-
sised and its antibacterial activity against Gram-positive and
Gram-negative bacteria was determined. Dimerisation of
MSI-78(4-20) enhanced the antibacterial activity against
Gram-positive bacteria S. aureus and Gram-negative E. coli

H

but not against the Gram-negative bacteria P. aeruginosa.
MSI-78(4-20) dimerisation maintained the pharmacological
characteristics of MSI-78(4-20), showing consistency in tox-
icity assays with HEK293 cells and showing no toxicity. This
preliminary finding confirms our hypothesis that, like the
proline-rich peptide A3APO, dimerisation of the cationic
peptide MSI-78(4-20) improves its antimicrobial activity
against both Gram-negative and Gram-positive bacteria
and also retains low cytotoxicity. Chemically directed
dimerisation via a disulfide bond thus represents a generally
useful means of producing antimicrobial agents with poten-
tially improved bacterial selectivity.

Supplementary material

Supplementary material is available online.
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