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A B S T R A C T

Though antibiotics have been used for decades to treat bacterial infections, there is a great need for new
treatment methods. Bacteria are becoming resistant to conventional antibiotics, as is the case with Methicillin
resistant Staphylococcus aureus (MRSA). Herein we report the design of a series of lipidated α/Sulfono-α-AA
heterogeneous peptides as mimics for Host Defense Peptides (HDPs). Utilizing fluorescence microscopy and
depolarization techniques, our compounds demonstrate the ability to kill Gram-positive bacteria through cell
membrane disruption. This mechanism of action makes it difficult for bacteria to develop resistance. Further
time kill studies and hemolytic assays have also proven these compounds to be efficient in their ability to
eradicate bacteria cells while remaining non-toxic to human red blood cells. This new class of peptidomimetics
shows promise for the future antibiotic treatment of MRSA.

1. Introduction

For many years it has been the convention to use antibiotics in the
treatment of bacterial infections. However, the overuse and misuse of
these drugs has led to bacteria resistant to treatment.1,2 This occurrence
has caused concern about the ability to tackle infections and is con-
sidered by the Center of Disease Control (CDC) to be a matter of global
priority.3 The World Health Organization (WHO) also considers bac-
terial resistance to be a world-wide challenge, suggesting that negli-
gence of this issue will lead to efforts like major surgery or che-
motherapy becoming ineffective due to further illness or even death
caused by these microbes.4

MRSA is a Gram-positive bacterium, while contagious in person to
person contact it is also nosocomial.5–9 It leaves at risk patients who are
in a hospital setting that are elderly, immunocompromised, have
wounds from surgery or are using medically invasive devices.10

Throughout the years the rate of deaths caused by MRSA in the In-
tensive Care Unit has grown from 20% to 60%11; it is because of this
threat that scientists continue to work on novel methods for the treat-
ment.

When observing the study of bacterial eradiation, much attention
has been drawn to Host Defense Peptides (HDPs).12,13 These are natural

short and cationic peptides that are first responders to infection.14 They
kill bacteria by means of immunomodulation and by disruption of the
cell membrane.15,16 Their ability to disrupt the cell membrane is what
leaves them less susceptible to bacterial resistance.17 HDPs can vary in
their structure but they all share an amphiphilic nature, which consists
of an overall positive charge and hydrophobic groups that allow for
selectivity and penetration of the anionic, lipid based bacterial cell
membrane.18–20 These compounds have become of much interest as
they are believed to be the alternative strategy to combat antibiotic
resistance.21,22

While peptidomimetics or peptide derivatives of HDPs allow for
therapeutics that have a low propensity to develop resistance, there are
some drawbacks in terms of selectivity for bacterial cells, stability, cost
and efficiency of synthesis.23 Compound with small molecular weight
but similar mechanism of action could be more preferred.24,25 Recently
our group has designed a class of peptidomimetics – α-AApeptides
based on the backbone of the α-chiral peptide nucleic acid (PNA)26–28

(Fig. 1). Our previous findings have shown that α-AApeptides are a new
class of antimicrobial peptidomimetics by mimicking host-defense
peptides.29,30 Among them, a subclass of low-molecular-weight peptide
hybrids, containing a lipid tail, a canonical amino acid, and α-AApep-
tide building block, show enhanced broad spectrum antibacterial
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activity, the ability to eradicate bacterial cells efficiently, low toxicity
and the ability to clear bacterial biofilm.31 Based on our previous stu-
dies, we speculated that a related class of antimicrobial peptidomi-
metics, lipidated α/sulfono-α-AA heterogeneous peptides could also
possess the potential for the treatment of bacterial resistance.

2. Results and discussion

As such, we synthesized a series of sequences that contain a cano-
nical lysine amino acid to introduce a positive charge for selective
electrostatic interaction with bacterial cells which generally bear ne-
gatively charged membranes,31 a α-sulfono-AApeptide building block
for hydrophobicity, and a lipid tail for added lipophilicity; which allows
for binding and penetration of the bacterial cell membranes.32

All sequences were synthesized by the utilization of Solid Phase
Peptide Synthesis (SPPS, Scheme 1; please also see supporting in-
formation for details), and their structures are shown in Fig. 2.

After the completion of synthesis, the sequences were tested Gram-
positive bacteria Methicillin resistant Staphylococcus aureus (MRSA).

As anticipated, C8-K-hBB1 and C10-K-bBB1 did not show any anti-
bacterial activity, consistent to our previous findings that short lipid
tails could not aid in penetrating bacterial membranes.33 However, to
our delight, C12-K-cBB1, C14-K-cBB1, and C16-K-cBB1 all exhibited ex-
cellent activity against MRSA. In particular, C16-K-cBB1 is highly po-
tent, with a MIC of 1 µg/mL. Meanwhile, this compound also has very
good selectivity, as it has weak hemolytic activity. Interestingly, as the
number of building blocks were increased, antimicrobial activity
against MRSA decreased in the order of C16-K-bBB2, and C16-K-cBB3.
Indeed, C16-K-hBB3, C16-K-bBB3, and C16-K-cBB3 showed little to no
activity against MRSA. This phenomenon suggest the proper balance of
hydrophobicity and hydrophilicity is desirable for antimicrobial ac-
tivity.34 Furthermore, the substitution of different halogens on the side
chain influences the hydrophobicity of the compound, hence changing
the way the compounds interact with bacterial cells, as seen for C16-K-
cBB1, C16-K-bBB1 and C16-K-hBB1. Interestingly, both Cl and Br sub-
stitution on the aromatic ring lead to better activity (Table 1.).

As the peptidomimetics for HDPs, they are expected to exert anti-
microbial activity based on cell membrane disruption. As such, depo-
larization was carried out to probe the mechanism of action. The de-
polarization (Fig. 3) of MRSA cells was tested after the cells were
treated with C16-K-cBB1. The results show an increase in fluorescence
intensity with time, suggesting that the active compound was able to
disrupt the cell membrane of the bacterial cells.

The action on the membrane was further investigated by fluores-
cence microscopy (Fig. 4). Cells were treated with active compound and
analyzed to determine the presence of 4′,6-diamidino-2-phenylindole
(DAPI) which stains both live and dead cells and Pyridium iodide (PI)
which can only enter the cells through disrupted cells membrane.
Fig. 4c shows the presence of PI in cells that were treated with C16-K-
cBB1 after 2 h which is representative of dead MRSA cells.

Apart from the mechanism of cell eradication by C16-K-cBB1 we also
wanted to determine its efficiency of clearing MRSA infection through
time-kill assay (Fig. 5).

Time kill assay indicated that C16-K-cBB1 was able to kill bacterial
cells in a matter of 120 min at a concentration of 12.5 μg/mL suggesting
that our compound is kinetically favorable as it relates to the clearing of
bacteria.

3. Experimental procedure

3.1. General overview

All compounds were synthesized using solid phase peptide synth-
esis. To achieve this a peptide reaction vessel clamped on a Burrell
Wrist-Action Shaker containing Rink amide with MBHA resin (100–200
mesh, 0.64 mmol/g) from Chem-Impex International, Inc was used. The
compounds were then purified by High performance liquid chromato-
graphy (HPLC) utilizing a preparative C18 column (5 μm, 9 × 250 mm)
and their molecular weight was confirmed using quadrupole time of
flight mass spectrometer. The final products were then dried on a lab-
cono lyophilizer. All other chemicals were purchased for either Sigma
Aldrich or Fischer unless otherwise stated.

3.2. Solid phase peptide synthesis27:

This method was conducted by using Rink amide MBHA resin
(100 mg) in a peptide reaction vessel on a shaker. 20% piperidine in
dimethylformamide (DMF) was first added to the resin for 15 min to
remove Fmoc group. This process was done twice and after each time
the beads were washed with both 3 mL DMF and methylene chloride
(DCM). Afterward, the building block (2 equiv.), hydroxybenzotriazole
(HOBT) (6 equiv.) and N, N′-Diisopropylcarbodiimide (DIC) (6 equiv.)
were shaken for 10 min in DMF, and then added to the vessel and left to
shake overnight. The beads were washed with DMF and DCM. Fmoc
group was removed, and either one more building block, or the lysine
amino acid, or a lipid tail, was added to the beads, depending on the
compound to be synthesized. The sequence of synthesis was continued
until the desired compound was completed. A 1:1 ratio of tri-
fluoroacetic acid (TFA): DCM was added for 2 h to cleave the final
compound from the resin. The mixture was collected, dried using an air
source, and the residue was dissolved in water. This was then purified
by HPLC.

3.3. Minimum Inhibition Concentration (MIC) – antimicrobial
assay35:

This assay is used to determine the smallest concentration of com-
pound required to inhibit bacteria. This experiment utilized Gram-po-
sitive specimen Methicillin Resistant Staphylococcus aureus (MRSA,
ATCC 33591). To initiate this protocol one colony of bacteria was taken
from an agar plate and grown overnight at 37 °C in tryptic soy broth
(TSB) media. Afterward, one more colony was taken from this batch

Fig. 1. Structure of α-peptide, α-AA peptide, Sulfono-α-AA peptide, α /Sulfono-
α-AA peptide, and lipidated α/sulfono-α-AA peptide.
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and grown to mid-logarithm phase. 50 μL of 106 CFU/mL of bacteria
was then obtained and added every well in 96 well plate followed by
50 μL of diluted lipidated α/Sulfono-α-AA peptides (100 to 0.5 μg/mL).
These plated were incubated at 37 °C for 18 h and the MIC was de-
termined at an optical density of 600 nm by using a Biotek microplate
reader. All experiments were done in triplicates, each time being du-
plicates and the control was the bacteria not treated with any peptides.
MIC was determined as the lowest concentration needed to inhibit
bacterial growth.

3.4. Hemolytic assay34:

The percent hemolysis was determined by using the formula: %
Hemolysis = (Abssample − AbsPBS)/(AbsTriton − AbsPBS) × 100.
Controls were used to determine 0% hemolysis by incubation in

phosphate buffered saline (PBS) and 100% hemolysis by treatment with
0.1% Triton-X-100 in PBS. To obtain these results human red blood cells
were obtained and washed with PBS. After a few washed with PBS the
cells were centrifuged at 1000g for 10 min. The red blood cells were
then resuspended in PBS after the supernatant was removed. The re-
suspension of red blood cells was further diluted to obtain a 5% volume
by volume concentration. C16-K-cBB1 was the further diluted two-fold
into a 96 well plate to contain a total of 50 μL in each well and 50 μL of
5% volume by volume red blood cells were added to each well. The
plate was then centrifuged for 10 min at 3500 rpm after being stored at
37 °C for 1 h. 100 μL of PBS was then used to dilute the supernatant and
a Biotek microtiter plate reader (Synergy HT) was used to detect he-
moglobin at 540 nm.

Scheme 1. Synthetic scheme for the preparation of Lipidated α/Sulfono-α-AA heterogeneous peptides by SPPS.

Fig. 2. Final sequences synthesized by SPPS, indicating their varying number of building blocks and length of lipid tails.
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3.5. Fluorescence microscopy31:

This method utilized two dyes: 4′,6 diamidino-2-phenylindole di-
hydrochloride (DAPI, Sigma,> 98%) and propidium iodide (PI,
Sigma). A combination of both these dyes were used to analyze the
eradication of bacteria based on our active compound C16-K-cBB1. This
is so because DAPI has a great ability to enter live cells and bind to the
A-T abundant portions of double stranded DNA allowing for very in-
tense fluorescence. PI on the other hand only breaches the wall of dead
cells. To determine the viability of MRSA, bacterial cells were cultured
to the mid-logarithmic phase, at 37 °C with C16-K-cBB1 (5 μg/mL) for
4 h. These cells were then centrifuged for 15 min at 3000g and the

supernatant was discarded to obtain the pellets which were washed
with PBS and incubated with DAPI (10 μg/mL) at 0 °C for 15 min in the
dark. Afterwards DAPI was washed with 1 × PBS to remove any excess
dye. This process was then repeated with PI (5 μg/mL) and the controls,
however, for the controls the cells were not incubated with C16-K-cBB1.
A Zeiss Axio Imager Z1 optical microscope (100×) was then used to
analyze the cells.

3.6. Depolarization assay24:

After bacterial cells were grown to mid-log phase they were washed
with 5 mM HEPES followed by 5 mM glucose, and re-suspended in a
1:1:1 ratio (108 CFU/mL) of 5 mM HEPES, 5 mM glucose and 100 nM of
KCl. To a 96 well plate, 200 µM of suspension solution and 2 µM of 3,3′-
Dipropylthiadicarbocyanine iodide (DiSC3) was added and monitored
by fluorescence for 30 min at room temperature at the wavelengths of
622 nm for excitation and 670 nm for emission. Once the minimum
value of fluorescence was obtained the cells in the 96 well plate was
treated with the lead compound and a decrease in potential was ob-
served with the increase in fluorescence. Three trials of the experiment
were done with duplicates each time.

3.7. Time kill assay26:

This assay was done in to determine the efficiency of the peptide
C16-K-cBB1 for the eradication of bacteria. To achieve this, the bacteria
were incubated with different concentrations of the peptide at 0, 10, 20,
30, 60 and 120 min. From each time interval 100 μL of bacterial sus-
pension was taken and further diluted. The diluted suspensions were
incubated at for 20 h at 37 °C on agar plates and the colonies counted.
All experiments were done in triplicates.

4. Conclusion

It can be concluded that we have established α/Sulfono-α-AA het-
erogeneous peptides as a new class of lipidated peptides. They show
effective activity against clinically relevant Gram-positive bacterial
stains as they are mimics for HDPs and can eradicate bacteria efficiently
while expressing limited toxicity to mammalian cells. Our compound
design indicates that lipidation, hydrophobicity, and positive charge,
are crucial for the selectivity of specific bacterial cells and the disrup-
tion of bacterial cell membrane leaving them less susceptible to re-
sistance. Therefore, lipidated α/Sulfono-α-AA heterogeneous peptides
show potential as new generation of antibiotic agents with potential
therapeutic applications for MRSA.

Table 1
Antimicrobial activity of compounds shown in Fig. 2 against various bacterial
strains. — indicates that activity was not tested.

MIC (µg/mL) Hemolytic data HC50
(µg/mL)

Selectivity of MRSA: HC50/
MICMRSA (µg/mL)

Compound Gram +

C8-K-cBB1 >25 — —
C10-K-cBB1 >25 — —
C12-K-cBB1 5 — —
C14-K-cBB1 5 — —
C16-K-cBB1 1 62.5 62.5
C16-K-cBB2 10 — —
C16-K-cBB3 >25 — —
C16-K-bBB1 2 — —
C16-K-bBB2 5 — —
C16-K-bBB3 >25 — —
C16-K-hBB1 5 — —
C16-K-hBB2 2 — —
C16-K-hBB3 10 — —

Fig. 3. Bacterial cells treated with C16-K-cBB1 showed increased depolarization
with time.

Fig. 4. Fluorescence data of cells stained with DAPI and PI, untreated and
treated with C16-K-cBB1 for 2 h (Scale bar 10 μM).

0

0.5

1

1.5

2

2.5

3

3.5

0 10 30 60 120

L
og

 C
FU

/m
l

Time (Mins)

6ug/ml 12ug/ml 24ug/ml Negative Ctrl

Fig. 5. Time dependent killing efficiency assay as determined by the log of
colony forming units per mL against time in minutes for Gram-positive MRSA.
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