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Abstract Taking a minimalistic approach in efforts to
lower the cost for the development of new synthetic anti-
microbial peptides, ultrashort cationic lipopeptides were
designed to mimic the amphiphilic nature crucial for their
activity but with only a very short peptide sequence ligated
to a lipidic acid. Nine ultrashort cationic lipopeptides were
prepared to study the effects of ring constraint in the amino
acid side chain of the peptide component. USCL-P,1,
consisting of only four L-4R-aminoproline residues and
acylated with palmitic acid at the N-terminus, was found
to populate a polyproline II helical secondary conforma-
tion that is stable to different pHs and temperatures using
circular dichroism. The synthesized lipopeptides were found
to have a micellar structure in water using negative stain-
ing transmission electron microscopy. We found that con-
straining the side chain of the amino acid component is not
beneficial to the antimicrobial activity. USCL-Dabl, USCL-
Dab3 and USCL-K1 showed promising activity against a
panel of laboratory reference and clinically isolated Gram-
positive and Gram-negative bacterial strains, some of which
are multidrug resistant. No appreciable cytotoxicity against
human monocytic THP-1 cells was observed up to con-
centrations of 2040 uM for all synthesized compounds.
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Moreover, all USCLs did not induce the production of either
pro-inflammatory cytokines or chemokines up to 40 uM.
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Introduction

Drug-resistant bacteria have tremendously increased in the
past decade, resulting from selective pressure induced by
inappropriate antibiotic use, rendering most of our con-
ventional antimicrobial agents ineffective (Yoneyama and
Katsumata 2006; Choe 2012; Stanton 2013). Unfortu-
nately, the pharmaceutical industry has been slow in pro-
ducing novel antimicrobial agents, partly due to unfavora-
ble economic and regulatory environments (Eisenstein and
Hermsen 2012; Jabes 2011), leading to a shortage in our
drug arsenal.

Antimicrobial peptides (AMPs), consisting of 12-50
amino acids which usually are cationic, are a promising
class of naturally occurring biological molecules to com-
bat drug-resistant microbes due to their multiple modes
of action (Findlay et al. 2010). It is widely accepted that
lysis or increased permeability of the overall anionic bac-
terial membrane is the principal mode of action for most
AMPs, initially starting from electrostatic interaction with
lipopolysaccharide (in Gram-negative) or lipoteichoic acid
(in Gram-positive) (Kang et al. 2012) leading to mem-
brane perforation and cell death. In addition, many AMPs
can traverse through the cell membrane via self-promoted
uptake and interact with cytoplasmic or intracellular ani-
onic molecules such as DNA and autolysins (Hancock
and Scott 2000). These multiple modes of action result in
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difficulty for microbes to acquire resistance against AMPs.
Recently, some AMPs (Steinstraesser et al. 2011; Mookher-
jee et al. 2007; Choi et al. 2012) and their synthetic mimics
(Thaker et al. 2012) are also found to exhibit host-benefi-
cial immunomodulatory effects (induce anti-inflammatory
and/or inhibit pro-inflammatory chemokine production in
immune cells). Furthermore, not only Gram-positive and
Gram-negative microbes, but also viruses, fungi, proto-
zoa and tumor cells are susceptible to AMPs (Yeung et al.
2011).

Lipopeptides represent an amphiphilic class of AMPs
where a polar peptide-based head group, typically cyclic, is
conjugated to a hydrophobic lipid tail. FDA-approved lipo-
peptide-based AMPs such as daptomycin, polymyxin B,
colistin and ramoplanin are used in clinical settings to treat
complicated bacterial infections (Schneider et al. 2013),
and other than daptomycin are primarily utilized as topical
antimicrobial agents due to their systemic toxicity. Taking
a minimalistic approach to AMPs, in efforts to decrease
the cost of production and toxicity, ultrashort cationic lipo-
peptides (USCLs) were designed to have a very short lin-
ear peptide-based head of less than five amino acids long.
Recent work has shown that USCLs, along with their pep-
tidomimetic analogs (lipo-p-peptides and lipopeptoids), are
potent mimics of AMPs as they exhibit similar antimicro-
bial, antifungal and immunomodulatory properties com-
pared to their longer AMP counterparts (Makovitzki et al.
2006; Laverty et al. 2010; Ahn et al. 2013; Serrano et al.
2009; Findlay et al. 2012b, 2013). In fact, USCLs can dis-
play comparable antimicrobial activity against multi-resist-
ant microbes such as methicillin-resistant Staphylococcus
aureus (MRSA) and methicillin-resistant Staphylococcus
epidermidis (MRSE) when compared to widely used anti-
septics like benzalkonium chloride (Findlay et al. 2012a).

To the best of our knowledge, all USCLs previously
reported possess a flexible peptide backbone, prompting
our research group to seek conformationally constrained
analogs to diversify the USCL design. We decided to use
L-proline as an amino acid template due to its ring-con-
strained side chain. It is known that oligoproline sequences
in polar solvents and physiological environments (pH and
temperature) adopt a stable left-handed polyproline II
(PPII) helical secondary structure, having three residues per
turn with a helical pitch of approximately 10 Angstroms
(Adzhubei and Sternberg 1993; Adzhubei et al. 2013;
Owens et al. 2010). Therefore, we expect our proline-based
USCLs to populate an extended PPII helical conformation.
Herein, we report the effects of ring-constrained amino
acids to the antimicrobial and immunomodulatory proper-
ties of USCL. Furthermore, we examined the secondary
structure and solution morphology of these USCLs, having
a peptide head of only four amino acids long fused to a six-
teen carbon-length lipid tail.
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Experimental
Materials

Fmoc MBHA Rink amide resin was obtained from Nova-
biochem (USA). Fmoc-Dab(Boc)-OH, Fmoc-Hyp(tBu)-
OH and Fmoc-Lys(Boc)-OH were purchased from Bachem
(Switzerland).  Fmoc-HoSer(Trt)-OH  was  obtained
from Chem-Impex (USA) while the coupling reagent,
O-(benzotriazol-1-y1)-N,N,N’,N'-tetramethyluronium tetra-
fluoroborate (TBTU), was purchased from AK Scientific
(USA). All other reagents and solvents, unless specified,
were purchased from commercially available sources and
used without further purification.

Peptide synthesis

All lipopeptides were synthesized on solid-phase support
employing fluorenylmethyloxycarbonyl (Fmoc) chemistry
(Chan and White 2000). Synthesis was carried out on a GL-
25 50 mL peptide vessel from Chemglass (USA). Amino
acid building blocks with reactive functional group at its
side chain were protected with carefully chosen protecting
group that is stable to conditions during deprotection and
coupling steps but is labile to conditions during the cleav-
age step. Hence, protecting groups that are stable to basic
conditions and labile to acidic conditions were used. Each
lipopeptide sequence was purified via reverse-phase flash
chromatography, using C18 (40-63 pm) silica gel from
Silicyle (USA). Purity was assessed by HPLC to be >98 %.
'H and 1C nuclear magnetic resonance (NMR) on a Bruker
AMX-500 or AMX 300 (Germany) and electrospray ioni-
zation mass spectrometry (ESI-MS) on a Varian 500-MS
IT mass spectrometer (USA) were used to characterize and
confirm the purity of each USCL.

USCL structural studies

Far-ultraviolet circular dichroism (CD) was performed on
a JASCO Model J-810 spectropolarimeter (USA). Purified
USCL-K1, USCL-Dabl and USCL-P.,1 were dried in
vacuo for at least 24 h prior to weighing. They were dis-
solved in 5.0 mL of 10 mM phosphate buffer pH 7.3 to
yield either a 500 uM or 50 uM USCL solution. They were
then equilibrated for at least 24 h. The pH of the prepared
solutions was determined to be neutral (pH ~ 7) at 25 °C.
Aliquots were placed in a 0.05 or 0.1 cm path length quartz
cell obtained from Hellma Analytics (Germany). Measure-
ments were obtained from 180 to 250 nm with data pitch
of 0.1 nm in continuous scanning mode with a speed of
5 nm/min and a response time of 8 s. pH adjustments were
carried out by adding a minimum amount of diluted for-
mic acid (25 %) or diluted sodium hydroxide (25 %) to
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the prepared solution. Thermal denaturation studies were
performed using the 500 uM USCL solution and similar
data acquisition method. The temperature was raised step-
wise from 5 to 85 °C, in 10 °C interval, and spectra were
acquired from 185 to 250 nm. Mean residue ellipticity
(MRE) was obtained for the three lipopeptide solutions by
employing the formula

MRE = (0)(M,)/(10 cln)

where 6 is the CD signal (millidegrees), c is the lipopeptide
concentration (g/L), [ is the path length of the cuvette (cm),
M, is the relative atomic mass of the lipopeptide and n is
the number of amino acid residues in the peptide sequence.

Visualization of USCLs via transmission electron
microscopy (TEM) was performed on a Hitachi scanning/
transmission electron microscope (STEM) model H-7000
equipped with a Tungsten filament (Japan). Micrographs
were obtained using advanced microscopy techniques
(AMT) CCD Camera Model 1600M (USA). Each of the
USCLs, at 200 uM concentration in water, was vortexed for
5 s and sonicated for 3 s prior to visualization to prevent
agglomeration. They were immobilized on a carbon-coated
copper grid obtained from Cedarlane (Canada) and were
stained using 1 % phosphotungstic acid to visualize their
morphology at 60,000X magnification.

Antimicrobial activity measurements

Each purified USCL was tested to obtain minimum inhibi-
tory concentration (MIC in pg/mL) against a panel of stand-
ard laboratory reference and clinically isolated bacterial
strains using Clinical and Laboratory Standards Institute
(CLSI) macrobroth methods (Wayne:CLSI 2006). Stock
solutions of 512 ug/mL were prepared using water and test-
ing was performed in glass test tubes using Mueller—Hinton
Broth (MHB), with or without the presence of 4 % Bovine
Serum Albumin (BSA), containing an inoculum of 5 x 10°
colony-forming units (CFU)/mL. The MIC solution con-
tained 90 % MHB with 10 % USCL in water. BSA was
used to assess the extent of protein binding of each puri-
fied USCL. An MIC increase of 0—4 fold in the presence
of BSA (compared to non-BSA control) was considered
to demonstrate little to no protein binding while an MIC
increase of >eightfold was considered to possess signifi-
cant protein binding. Test organisms were incubated with
USCL for 24 h at 37 °C prior to reading. Reference strains
including Staphylococcus aureus ATCC 29213, methicillin-
resistant S. aureus (MRSA) ATCC 33592, Enterococcus
faecalis ATCC 29212, Enterococcus faecium ATCC 27270,
Streptococcus pneumoniae ATCC 49619, Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853
and Klebsiella pneumoniae ATCC 13883 were acquired
from the American Type Culture Collection (ATCC) and

were used as a quality control strains. The clinical strains
methicillin-resistant Staphylococcus epidermidis (MRSE-
cefazolin MIC >32 pg/mL) CAN-ICU 61589, gentamicin-
resistant E. coli CAN-ICU 61714, Amikacin-resistant
(MIC = 32 pg/mL) E. coli CAN-ICU 63074, gentamicin-
resistant P. aeruginosa CAN-ICU 62584, Strenotropho-
monas maltophilia CAN-ICU 62584 and Acinetobacter
baumannii CAN-ICU 63169 were obtained from hospitals
across Canada as a part of the Canadian National Intensive
Care Unit (CAN-ICU) study (Zhanel et al. 2008). Methicil-
lin-susceptible S. epidermidis (MSSE) CANWARD-2008
81388 was obtained from the 2008 Canadian Ward Surveil-
lance (CANWARD) study (Zhanel et al. 2010), while gen-
tamicin-resistant tobramycin-resistant ciprofloxacin-resist-
ant [aminoglycoside modifying enzyme aac(3’)-Ila present]
E. coli CANWARD-2011 97615 and gentamicin-resistant
tobramycin-resistant P. aeruginosa CANWARD-2011
96846 were obtained from the 2011 CANWARD study
(Zhanel et al. 2013).

Cytotoxicity and cytokine measurements

Human monocytic THP-1 cells (ATCC TIB-202) were
cultured in RPMI 1640 medium supplemented with 1 mM
sodium pyruvate and 10 % (v/v) fetal bovine serum. The
cells were maintained at 37 °C in a 5 % CO, humidified
incubator and differentiated into plastic-adherent mac-
rophage-like cells with phorbol-12-myristate-13-acetate
(PMA) obtained from Sigma-Aldrich (Canada) as previ-
ously described (Mookherjee et al. 2006). The plastic-
adherent cells were rested for 24 h prior to stimulation
with the peptides. The peptides were re-suspended in
sterile endotoxin-free water before use. Tissue culture
(TC) supernatants were collected after 24 h and cen-
trifuged at 250xg for 5 min to obtain cell-free samples.
Cellular cytotoxicity was determined by monitoring the
release of the enzyme lactate dehydrogenase in the TC
supernatants using a colorimetric detection assay from
Roche Diagnostic (Canada) as previously described by
us (Mookherjee et al. 2006; Turner-Brannen et al. 2011).
Production of chemokines, TNF-a and IL-1f, was moni-
tored in the TC supernatants using specific antibody pairs
from eBiosciences (USA), and chemokines Gro-a and IL-8
were monitored using antibody pairs from R&D Systems
(USA), by enzyme-linked immunosorbent assay (ELISA)
as per the manufacturers’ instructions. Serial dilutions of
the recombinant human cytokines and chemokines were
used to establish a standard curves for the evaluation
of the cytokine concentrations in the TC supernatants.
Results shown are an average of three independent experi-
ments =+ standard error. The p values were calculated
using a Student’s paired ¢ test, and results with p < 0.05
were considered to be statistically significant.
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Synthesis of proline-modified amino acids
(28,4R)-N*-Cbz-4-hexyloxyproline (2)

20 mL of N,N-dimethylformamide (DMF) was added to a
flask (preflushed) containing L-N®-Cbz-4-hydroxyproline
(1) (1.076 g, 4.0 mmol) and 60 % sodium hydride (0.824 g,
21.5 mmol) in an ice bath under N, atmosphere. The mix-
ture was stirred for 5 min, then followed by the addition
of 1-bromohexane (1.8 mL, 12.8 mmol). The solution was
gradually warmed to room temperature while stirring for
19 h. In an ice bath under N, atmosphere, saturated ammo-
nium chloride followed by 1 M HCI was slowly added to
acidify the solution to pH 4-5. Extraction was performed
using dichloromethane (DCM). The organic layer was
washed with water and dried using anhydrous sodium sul-
fate. The solvent was removed in vacuo followed by puri-
fication using flash chromatography (eluent, chloroform/
methanol = 20:1) to afford a yellow oil (2). Yield: 1.050 g
(74 %). '"H NMR (300 MHz, CDCl;, rotamers present)
8 = 7.44-7.25 (m, 5H, benzyl aromatic), 5.28-5.05 (m,
2H, benzyl -O-CH,-), 4.58-4.43 (m, 1H, Pro,), 4.16-4.06
(m, 1H, Pro,), 3.78-3.56 (m, 2H, Proy), 3.49-3.34 (m, 2H,
hexyl ~-O-CH,-), 2.50-2.11 (m, 2H, Prog), 1.64-1.47 (m,
2H, hexyl-CH,-), 1.35-1.26 (m, 6H, hexyl-CH,-), 0.91 (t,
J =7.2, 3H, hexyl-CH;). *C NMR (75 MHz, CDCl;, rota-
mers present) § = 177.92, 176.91, 156.44, 154.68, 136.30,
128.75, 128.69, 128.61, 128.41, 128.14, 128.10, 127.99,
127.83, 76.90, 76.46, 69.74, 67.97, 67.48, 58.41, 57.79,
52.18, 52.02, 36.95, 35.12, 31.80, 29.90, 25.96, 22.78,
14.23. MS (ESI) m/z caled for C;gHy;NOsNa (M+Na)*:
372.18, found: 372.3. R; = 0.42 (DCM/MeOH = 9:1).

(28,4R)-N*-Fmoc-4-hexyloxyproline (Fmoc-Py, -OH)

Compound 2 (1.702 g, 4.9 mmol) was dissolved in metha-
nol (25 mL). 10 % Pd on carbon (125 mg) was added and
the reaction flask was subjected to catalytic hydrogenation
via H, balloon for 6.5 h. The solution was filtered through
Celite and washed with methanol. Solvent was evapo-
rated in vacuo to afford the crude-free amine product, used
in the next step without further purification. A portion of
the crude (0.252 g, 1.1 mmol) and sodium bicarbonate
(0.230 g, 2.7 mmol) was suspended in water (5 mL) and
immersed in an ice bath. Fmoc-Cl (0.421 g, 1.6 mmol)
dissolved in dioxane (2.5 mL) was added to the reac-
tion flask. The solution was warmed to room temperature
while stirring for 2.5 h. Water (10 mL) was added to dilute
the solution followed by acidification using acetic acid to
pH 4. Extraction was done using ethyl acetate (EtOAc).
The organic layer was washed with brine and dried using
anhydrous sulfate. The solvent was removed in vacuo fol-
lowed by purification using flash chromatography (eluent,
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chloroform/methanol = 20:1) to afford a pale yellow vis-
cous oil (3). Yield: 0.398 g (82.3 %). '"H NMR (300 MHz,
CDCl,, rotamers present) § = 7.76 (dd, J = 15.7, 7.6, 2H,
Fmoc aromatic), 7.64-7.49 (m, J = 13.8, 6.8, 2H, Fmoc
aromatic), 7.47-7.29 (m, 4H, Fmoc aromatic), 4.54-4.02
(m, 5H, Pro, + Proy + Fmoc -O-CH,—CH-), 3.80-3.51
(m, 2H, Proy), 3.51-3.29 (m, 2H, hexyl —-O-CH,-), 2.50-
2.08 (m, 2H, Prog), 1.62-1.46 (m, 2H, hexyl-CH,-), 1.39-
1.28 (m, 6H, hexyl-CH,-), 0.95-0.86 (m, 3H, hexyl-CH;).
13C NMR (75 MHz, CDCl,, rotamers present) § = 177.49,
175.59, 156.13, 154.60, 144.04, 143.76, 143.71, 141.31,
127.78, 127.64, 127.10, 125.07, 124.95, 120.02, 119.90,
69.55, 69.51, 68.07, 67.71, 58.25, 57.51, 52.01, 51.81,
47.21, 47.12, 36.90, 34.92, 31.64, 29.76, 25.82, 22.61,
14.05. MS (ESI) m/z caled for CogHy;NOsNa (M+Na)*:
460.21, found: 460.5. R; = 0.46 (DCM/MeOH = 9:1).

(2S,4R)-N*-Cbz-4-hydroxyproline benzyl ester (3)

DMF (20 mL) was added to a flask containing L-N*-Cbz-
4-hydroxyproline (1) (3.065 g, 11.5 mmol) and cesium car-
bonate (7.588 g, 23.3 mmol) in an ice bath. Benzyl bromide
(1.8 mL, 15.2 mmol) was then slowly added while stirring.
The solution was further stirred for 2 h. It was then warmed
to room temperature and filtered through Celite, followed by
successive washings with EtOAc. The solvent was evaporated
in vacuo followed by purification using flash chromatography
(eluent, hexanes/EtOAc = 3:2) to give a pale yellow oil (4).
Yield: 3.201 g (78 %). "H NMR (300 MHz, CDCl;, rotamers
present) § 7.66—-6.95 (m, 10H, benzyl aromatic), 5.32-4.91
(m, 4H, benzyl -O-CH,-), 4.63—4.49 (m, 1H, Pro,), 4.48-
4.36 (m, 1H, Pro,), 3.72-3.50 (m, 2H, Proy), 2.38-2.20 (m,
1H, Prog)), 2.13-1.97 (m, 1H, Prog,). °C NMR (75 MHz,
CDCl;, rotamers present) 6 = 172.76, 172.56, 155.25,
154.79, 136.47, 136.25, 135.64, 135.42, 128.64, 128.56,
128.50, 128.45, 128.36, 128.21, 128.16, 128.12, 128.08,
12791, 127.85, 69.93, 69.20, 67.37, 67.04, 66.92, 58.21,
57.97, 55.28, 54.70, 39.16, 38.37. MS (ESI) m/z calcd for
C,oH,;NOsNa (M+Na)*: 378.13, found: 378.5. R; = 0.21
(hexanes/EtOAc = 1:1).

(28,45)-N*-Cbz-4-bromoproline benzyl ester (4)

Compound 3 (3.200 g, 9.0 mmol) was dissolved in DCM
(35 mL) and cooled in an ice bath. Carbon tetrabromide
(11.814 g, 35.6 mmol) and triphenylphosphine (8.956 g,
34.2 mmol) were added to the solution and stirred for
30 min. It was then warmed to room temperature gradu-
ally while stirring. After 6 h, ethanol (8 mL) was added
and the solution was further stirred for another 18 h. Die-
thyl ether was added, which resulted in precipitate forma-
tion. The reaction mixture was filtered through Buchner
filtration to give a clear pale yellow solution. The solvent
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was removed in vacuo followed by purification using
flash chromatography (eluent, hexanes/EtOAc = 2:1) to
give a white solid product (5). Yield: 3.648 g (97 %). 'H
NMR (300 MHz, CDCl;, rotamers present) é6 = 7.48-7.20
(m, 10H, benzyl aromatic), 5.36-4.98 (m, 4H, benzyl
—O-CH,-), 4.62-4.43 (m, 1H, Pro,), 4.33 (p, J = 6.0, 1H,
Pro,), 4.23-4.05 (m, 1H, Proy;), 3.94-3.75 (m, 1H, Proy,),
2.93-2.75 (m, 1H, Prog;), 2.59-2.42 (m, 1H, Prog,). Bc
NMR (75 MHz, CDCl;, rotamers present) 6 = 171.21,
170.95, 154.39, 153.92, 136.33, 136.26, 135.53, 135.36,
128.66, 128.57, 128.51, 128.43, 128.37, 128.28, 128.19,
128.13, 128.02, 67.56, 67.49, 67.35, 67.29, 58.53, 58.30,
56.04, 55.67, 42.26, 41.55, 41.02, 39.99. MS (ESI) m/z
caled for C, H,BrNO,Na (M+Na)™: 440.05, found:
440.2. R; = 0.68 (hexanes/EtOAc = 1:1).

(2S,4R)-N*-Cbz-4-azidoproline benzyl ester (5)

Compound 4 (6.260 g, 15.0 mmol) was dissolved in DMF
(32 mL). Sodium azide (3.076 g, 47.3 mmol) was added to
the solution, followed by heating to 75-78 °C for 6 h. Water
(120 mL) was added and the resulting mixture was extracted
with EtOAc. The organic layer was washed with ample
amount of water and dried using anhydrous sodium sulfate.
The solvent was removed in vacuo followed by purification
using flash chromatography (eluent, hexanes/EtOAc = 3:1)
to give a white oil which solidified while standing (6). Yield:
4.656 g (82 %). '"H NMR (300 MHz, CDCl,, rotamers pre-
sent) § = 7.45-7.21 (m, 10H, benzyl aromatic), 5.27-5.00
(m, 4H, benzyl —-O-CH,-), 4.62-4.46 (m, 1H, Pro,), 4.27-
4.16 (m, 1H, Pro,), 3.87-3.52 (m, 2H, Proy), 2.44-2.28 (m,
1H, Prog,), 2.28-2.14 (m, 1H, Prog,). 13C NMR (75 MHz,
CDCl;, rotamers present) § = 171.98, 171.80, 154.67,
154.11, 136.36, 136.24, 135.50, 135.29, 128.72, 128.63,
128.59, 128.56, 128.50, 128.32, 128.25, 128.18, 128.04,
127.98, 67.55, 67.48, 67.27, 67.16, 59.32, 58.75, 58.05,
57.76, 51.92, 51.43, 36.39, 35.34. MS (ESI) m/z calcd for
CyoH,oN,O,Na (M+Na)™: 403.14, found: 403.3. R; = 0.72
(hexanes/EtOAc = 4:3).

(25,4R)-N*-Cbz-4-N-Boc-aminoproline benzyl ester (6)

Compound 5 (2.330 g, 6.1 mmol) was dissolved in 20 mL
tetrahydrofuran (THF). Triphenylphosphine (4.030 g,
15.4 mmol) and water (0.2 mL, 11.1 mmol) were added to
the solution while stirring. The resulting mixture was heated
to 73-76 °C for 6 h. The solution was cooled to room tem-
perature, followed by evaporation in vacuo to remove the sol-
vent. The residue was re-dissolved using 25 mL 1 M HCl and
30 mL diethyl ether, and then extracted with diethyl ether.
The aqueous layer was neutralized with 10 % sodium carbon-
ate, and then extracted with DCM. The resulting DCM layer
was dried using anhydrous sodium sulfate and concentrated

to obtain 2.398 g of crude oil. It was then dissolved in THF
(8 mL) and stirred. Triethylamine (2.8 mL, 18.6 mmol) and
di-tert-butyl dicarbonate (2.670 g, 12.2 mmol) were then
added. The resulting solution was stirred for 5.5 h. The sol-
vent was removed in vacuo followed by purification using
flash chromatography (eluent, hexanes/EtOAc = 7:3) to
afford a white solid (7). Yield: 2.306 g (83 %). '"H NMR
(300 MHz, CDCl,, rotamers present) 6 = 7.42-7.23 (m,
10H, benzyl aromatic), 5.31-5.01 (m, 4H, benzyl -O—-CH,-),
4.57-4.39 (m, 1H, Pro,), 4.38-4.21 (m, 1H, Pro,), 3.92-3.78
(m, 1H, Proy,), 3.52-3.32 (m, 1H, Proy,), 2.31-2.15 (m, 2H,
Prog), 1.45 (s, 9H, Boc ~CH,). *C NMR (75 MHz, CDCl,,
rotamers present) § = 172.15, 171.90, 155.27, 155.24,
154.95, 154.30, 136.50, 136.34, 135.60, 135.42, 128.74,
128.65, 128.59, 128.56, 128.47, 128.34, 128.26, 128.23,
128.20, 128.05, 128.03, 80.14, 67.44, 67.40, 67.23, 67.12,
58.08, 57.83, 52.40, 52.13, 49.75, 49.18, 37.11, 35.98, 28.48.
MS (ESI) m/z caled for CpsHyN,OgNa (M+Na)t: 477.20,
found: 477.4. R; = 0.47 (hexanes/EtOAc = 3:3).

(28,4R)-N*-Fmoc-4-N-Boc-aminoproline (Fmoc-P ,-OH)
(8)

Compound 6 (1.826 g, 4.020 mmol) was dissolved in 1:3
THF/methanol (40 mL). 10 % Pd on carbon (320 mg) was
added and the reaction flask was subjected to catalytic
hydrogenation via H, balloon for 21.5 h. The solution was
filtered through Celite and washed with methanol. Solvent
was evaporated in vacuo to afford the crude-free amine
product, used in the next step without further purifica-
tion. The crude was dissolved in 10:3 water/THF (65 mL).
Triethylamine (1.2 mL, 8.6 mmol) was added to the solu-
tion while stirring in an ice bath. Fmoc-OSu (1.977 g,
5.9 mmol) dissolved in dioxane (9 mL) was added to the
reaction flask. The solution was warmed to room temper-
ature while stirring for 5 h. The solution was acidified to
pH 4 using acetic acid. Solvent was evaporated in vacuo
to remove any presence of THFE. Extraction was performed
using EtOAc. The organic layer was washed with brine and
dried using anhydrous sulfate. The solvent was removed
in vacuo followed by purification using flash chromatog-
raphy (eluent, chloroform/methanol = 20:1) to afford a
white foam (8). Yield: 1.450 g (80 %). "H NMR (300 MHz,
CDCl;, rotamers present) 6 = 7.74 (dd, J = 13.2, 7.6, 2H,
Fmoc aromatic), 7.57 (dd, J = 17.2, 5.7, 2H, Fmoc aro-
matic), 7.46-7.25 (m, 4H, Fmoc aromatic), 4.53-4.05
(m, 5H, Pro, + Proy + Fmoc -O-CH,—-CH-), 3.88-3.77
(m, 1H, Proy;), 3.43-3.25 (m, 1H, Proy,), 2.50-2.06 (m,
2H, Prog), 1.57-1.36 (m, 9H, Boc ~O-CH;). °C NMR
(75 MHz, CDCl,, rotamers present) 6 = 175.88, 175.00,
155.67, 154.67, 144.18, 144.07, 143.84, 143.80, 141.50,
141.45, 127.94, 127.86, 127.32, 127.24, 125.28, 125.23,
125.17, 120.15, 80.44, 68.10, 67.93, 58.11, 57.61, 52.20,
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49.85, 48.87, 47.38, 47.33, 37.12, 35.62, 28.55. MS (ESI)
mlz caled for CysHgN,O(Na (M+Na)™: 475.18, found:
475.4. R; = 0.53 (DCM/methanol = 9:1).

Synthesized USCLs
C16-KKKK

'H NMR (500 MHz, methanol-d) § 4.35-4.18 (m, 4H, K),
2.98-2.84 (m, 8H, K,), 2.28-2.19 (m, 2H, C16 -CO-CH,-),
1.88-1.25 (m, 50H, K; + K, + K; + C16 aliphatic -CH,-),
0.88 (t, J = 6.9 Hz, 3H, C16 -CH;). '*C NMR (126 MHz,
methanol-d) § 176.76, 176.57, 174.84, 174.37, 173.99,
55.10, 54.79, 54.67, 54.24, 40.58, 40.53, 40.49, 40.44, 36.74,
33.06, 32.57, 32.54, 32.18, 32.12, 32.04, 30.79, 30.77, 30.76,
30.75, 30.67, 30.48, 30.46, 30.41, 28.09, 28.00, 27.92, 27.91,
26.92, 23.89, 23.75, 23.72, 23.66, 21.36, 14.43. MS (ESD)
m/z caled for C4oHg,NgOs (M+H)*: 769.14 found: 768.9.

C16-Dab-Dab-Dab-Dab

'H NMR (300 MHz, methanol-d) § 4.51-4.31 (m, 4H,
Dab,), 3.19-2.86 (m, 8H, Dab,), 2.32-1.99 (m, 10H,
Dabj, + C16 ~CO-CH,-), 1.68-1.53 (m, 2H, C16 aliphatic
~CH,-), 1.37-1.22 (m, 24H, C16 aliphatic <CH,-), 0.90 (t,
J = 6.8 Hz, 3H, C16 —CH,). *C NMR (75 MHz, methanol-
d) 8 177.08, 174.92, 173.74, 173.15, 172.93, 52.73, 52.66,
52.62, 52.03, 37.69, 36.72, 33.05, 31.18, 30.77, 30.75, 30.63,
30.44, 28.80, 26.79, 23.70, 20.42, 14.41. MS (ESI) m/z caled
for C3,HgsNgOsNa (M+Na)™: 678.91 found: 678.8.

C]6'PCal'PCat'PCal'PCat

'"H NMR (500 MHz, methanol-d, rotamers present) &
5.01-4.88 (m, 3H, P, ), 4.66-4.53 (m, 1H, P, ), 4.25—
3.37 (m, 12H, Pgy , + Pey ), 2.67-2.13 (m, 10H, P,
g + C16 -CO-CH,-), 1.64-1.53 (m, 2H, C16 aliphatic
—CH,-), 1.36-1.25 (m, 24H, C16 aliphatic -CH,—), 0.90 (t,
J = 6.9 Hz, 3H, C16 —CH;). >*C NMR (126 MHz, metha-
nol-d, rotamers present) § 175.14, 174.53, 174.50, 172.09,
172.06, 171.30, 171.28, 171.13, 171.11, 59.87, 59.48,
58.07, 57.86, 57.50, 51.96, 51.91, 51.74, 51.56, 51.50,
51.39, 51.34, 51.25, 35.18, 34.36, 33.50, 33.19, 33.15,
33.05, 30.77, 30.74, 30.70, 30.62, 30.59, 30.45, 30.40,
30.36, 30.33, 26.93, 25.57, 23.72, 14.42. MS (ESI) m/z
caled for C36HgsNyOsNa (M+Na)*t: 726.95 found: 726.7.

C16-Dab-HSe-HSe-Dab
'"H NMR (300 MHz, methanol-d) § 4.53-4.34 (m, 4H,
Dab, + HSe,), 3.76-3.58 (m, 4H, HSey), 3.13-2.93 (m,

4H, Dab, ), 2.31-1.90 (m, 10H, Dab,, + HSe; + C16 -CO-
CH,-), 1.67-1.55 (m, 2H, C16 aliphatic -CH,-), 1.35-1.25
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(m, 23H, C16 aliphatic -CH,-), 0.90 (t, J = 6.6 Hz, 3H,
C16 —CH;). 3C NMR (75 MHz, methanol-d) § 177.02,
175.12, 174.56, 174.54, 173.35, 59.54, 59.35, 53.51,
53.11, 52.58, 51.81, 49.00, 37.84, 37.68, 36.68, 34.91,
34.84, 33.05, 30.91, 30.77, 30.74, 30.64, 30.53, 30.48,
30.45, 30.42, 26.73, 23.71, 14.41. MS (ESI) m/z calcd for
C1,HguN,0, (M+H)™: 658.89 found: 658.9.

Cle6-pP Caz'P Hyp'P Hyp'P Cat

'"H NMR (300 MHz, methanol-d, rotamers present) 6 4.84—
4.45 (m, 6H, Py, , + Peyymyp o)» 4.20-3.56 (m, 10H, Pc,
y T Pcaynyp 5)» 2.66-1.98 (m, 10H, Py, + C16 ~CO-
CH,-), 1.69-1.53 (m, 2H, C16 aliphatic -CH,-), 1.40-1.25
(m, 24H, C16 aliphatic —-CH,-), 0.92 (t, / = 6.8 Hz, 3H,
C16 —CHj). 13C NMR (75 MHz, methanol-d, rotamers
present) § 175.31, 175.28, 175.15, 174.37, 172.44, 172.28,
172.25, 171.97, 71.07, 71.04, 59.40, 58.89, 58.72, 58.56,
58.35, 57.63, 56.51, 56.45, 56.22, 51.90, 51.50, 51.35,
51.28, 51.19, 37.54, 37.48, 35.26, 34.67, 34.29, 33.47,
33.05, 30.77, 30.74, 30.67, 30.63, 30.59, 30.56, 30.44,
30.36, 26.93, 25.71, 25.61, 23.71, 14.42. MS (ESI) m/z
caled for CyHg,N,0,Na (M+Na)™: 706.94 found: 706.9.

C16_PCaz‘_PHex_PHex_PCat

'H NMR (300 MHz, methanol-d, rotamers present) &
4.81-4.55 (m, 4H, Peupex o) 4-31-3.35 (m, 18H, Peuypex
y T Pcayniex s T Prex ~O-CHy-), 2.50-1.93 (m, 10H, Pc,,
ex p T €16 -CO-CH,-), 1.70-0.76 (m, 51H, C16 aliphatic
-CH,— +C16 —CH,). 3C NMR (75 MHz, methanol-d,
rotamers present) § 175.32, 175.30, 174.27, 174.23, 172.53,
172.26, 172.23, 172.06, 79.06, 78.91, 78.83, 78.74, 70.49,
70.46, 70.37, 70.22, 59.40, 58.77, 58.64, 58.26, 58.20,
53.38, 53.27, 51.69, 51.61, 51.46, 51.34, 35.37, 35.33,
35.26, 35.14, 35.08, 34.66, 34.30, 33.06, 32.93, 32.87,
32.83, 32.79, 32.59, 31.06, 30.88, 30.78, 30.75, 30.62,
30.56, 30.46, 30.34, 30.09, 30.04, 27.05, 26.96, 26.94,
26.67, 25.75, 25.61, 23.71, 23.69, 23.61, 14.43, 14.33.
MS (ESI) m/z calcd for C 4gHg,N;O,Na (M+Na)™: 897.24
found: 897.3.

CI160H-KKKK

'H NMR (300 MHz, methanol-d) § 4.38—4.21 (m, 4H, K ),
3.53 (t, J = 6.6 Hz, 2H, C160H alkyl -CH,—OH), 3.09—
2.79 (m, 8H, K,), 2.24 (t, J = 7.3 Hz, 2H, C160H —-CO-
CH,-), 1.89-1.27 (m, 50H, K;; + K, + K; + CI160H ali-
phatic -CH,-). '*C NMR (75 MHz, methanol-d) § 176.73,
176.51, 174.79, 174.32, 173.95, 63.01, 55.07, 54.74,
54.65, 54.22, 40.48, 40.44, 36.74, 33.66, 32.56, 32.21,
32.16, 32.04, 30.74, 30.71, 30.65, 30.58, 30.52, 30.47,
30.40, 30.13, 29.17, 28.09, 28.02, 27.94, 27.92, 26.94,
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26.92, 26.61, 23.90, 23.75, 23.65. MS (ESI) m/z calcd for
C4oHgNyOgNa (M+Na)*: 807.12 found: 806.9.

CI160H-Dab-Dab-Dab-Dab

'H NMR (300 MHz, methanol-d) § 4.50-4.36 (m, 4H,
Dab,), 3.54 (t, J = 6.6 Hz, 2H, C160H alkyl —CH,—
OH), 3.14-2.96 (m, 8H, Dab,), 2.32-2.00 (m, 10H,
Dabg + C160H —CO-CH,-), 1.64-1.47 (m, 4H, C160H
aliphatic -CH,-), 1.34-1.24 (m, 22H, C160H aliphatic
—CH,-). *C NMR (75 MHz, methanol-d) § 177.06, 174.90,
173.72, 173.11, 172.89, 63.01, 52.73, 52.65, 52.63, 52.04,
49.00, 40.06, 37.71, 37.63, 37.49, 36.73, 33.66, 31.20,
31.03, 30.98, 30.75, 30.71, 30.63, 30.59, 30.47, 30.44,
30.25, 28.89, 26.94, 26.80, 25.34, 22.02. MS (ESI) m/z
caled for C3,HgsNgOgNa (M+Na)*: 694.90 found: 694.9.

C]60H'PCat'PCat'PCat'PCat

'H NMR (300 MHz, methanol-d, rotamers present) § 4.99—
4.89 (m, 3H, P¢,,), 4.71-4.58 (m, 1H, P¢,,), 4.29-3.66
(m, 12H, Py, + Peys)s 3.56 (t, J = 6.6 Hz, 2H, C160H
alkyl -CH,~OH), 2.70-2.28 (m, 10H, P,z + C16 -CO-
CH,-), 1.69-1.49 (m, 4H, C160H aliphatic —CH,-),
1.39-1.26 (m, 22H, C160H aliphatic -CH,-). *C NMR
(75 MHz, methanol-d, rotamers present) § 175.12, 174.53,
172.10, 171.30, 171.12, 63.01, 59.52, 59.49, 58.10, 58.03,
57.88, 57.83, 57.60, 57.50, 51.95, 51.91, 51.74, 51.55,
51.49, 51.36, 51.34, 51.25, 49.00, 35.19, 34.37, 33.65,
33.50, 33.16, 33.02, 30.74, 30.70, 30.59, 30.52, 30.33,
30.13, 29.17, 26.94, 26.61, 25.57. MS (ESI) m/z calcd for
Ci6HgNoOg (M+H)™: 720.97 found: 720.9.

Results and Discussion
Chemistry
Proline-derivative design

To study how rigidity of the amino acid side chain in
L-diaminobutyric acid (Dab) and vr-homoserine (HSe)
affects the structural and antimicrobial properties of
USCLs, we decided to use L-4R-aminoproline (Pc,) and
L-4R-hydroxyproline (Py,,). Both P, and Py, are con-
formationally constrained analogs of Dab and HSe in
which the acyclic side chain has been constrained in the
form of a five-membered pyrrolidine ring (Fig. 1). To add
structural diversity and to explore the effect of increased
hydrophobicity, we also prepared L-4R-hexyloxy-based
proline analog (Py.,). Both Py, and P, were synthesized
as shown in Schemes 1 and 2. The synthesized proline-
based amino acids Py, and P, were chosen to be Fmoc

H,N
HoN COOH / COOH
_____ - { P
NH, b
Dab Pcat
HO
HO COOH /
_____ 5 / COOH
” L
NH, H
HSe Phyp
0]
/
‘4 COOH
N/
H
PHex

Fig. 1 Replacement of L-diaminobutyric acid (Dab) by L-4R-amino-
proline (P,) or L-homoserine (HSe) by L-4R-hydroxyproline (PHyp)
constrains the amino acid side chain in USCL resulting in increased
rigidity. Py, is a lipophilic proline building block used to explore
hydrophobic effects in the peptide head portion of the USCL design

MOHT WOHC—> MOH

Cbz Cbz
Q) 2

Fmoc
(Fmoc-Ppex-OH)

82% after
two steps

Scheme 1 Synthesis of Fmoc-Py,,-OH. Reagents and conditions; a
60 % NaH, 1-bromohexane; b 10 % Pd on carbon, H,; ¢ Fmoc-Cl,
NaHCO,

HO, o] HO, o} Br o)

(Mo 2 (Vo2 1

OH OBn 0Bn
N 78% N 97% N
Cbz Cbz Cbz
(1) (3) (4)

c)

82%

BocHN, O BocHN, O N;, O
w 9 N ©
Fmoc 80% after Cbz 83% after Cbz

(Fmoc-Pc-OH)  two steps 6) two steps (5)

Scheme 2 Synthesis of Fmoc-P,-OH. Reagents and conditions; a
BnBr, Cs,COj; b CBry, triphenylphosphine; ¢ NaNj; d triphenylphos-
phine, water; e di-tert-butyl dicarbonate, triethylamine; f 10 % Pd on
carbon, H,; ¢ Fmoc-OSu, triethylamine

protected on their N* since an Fmoc-based strategy will be

employed for the solid-phase peptide synthesis of USCLs.
The attachment of a hexyl group to L-N*-Cbz-4R-

hydroxyproline (1) was achieved by O-alkylation of
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1-bromohexane under basic conditions (Scheme 1). Di- and
mono-alkylation was observed, as both the hydroxyl and
carboxylic acid moiety could serve as nucleophilic centres.
The mono-alkylated ether (2) was found to be the major
product in this condition. Catalytic hydrogenation using
10 % Pd on carbon was performed to remove the Cbz pro-
tecting group. The resulting crude material was filtered and
used in the next step without further purification. Fmoc-Cl
was used to protect the N°, affording the Fmoc-protected
Pyex (Fmoc-Py..-OH) in high yields (82 %).

P, was synthesized as shown in Scheme 2. The carbox-
ylic acid functionality of L-N*-Cbz-4R-hydroxyproline (1)
was protected in the form of a benzyl ester by alkylation
with benzyl bromide to avoid possible side reactions later
in the synthesis, using cesium carbonate as a base. To retain
the original chirality at the y-carbon, the hydroxyl group
was converted into epimeric bromide (4) followed by dis-
placement with sodium azide to afford 4R-azidoproline (5),
effectively achieving a double inversion. The reduction of
the azide was achieved using triphenylphosphine in THF
and water followed by Boc protection to produce com-
pound (6) in 83 % yield. Other methods for the selective
azide reduction such as catalytic hydrogenation and sodium
borohydride reduction were deemed unsuitable since the
molecule contains other functionalities unstable to such
conditions. Both Cbz and benzyl ester protecting groups of
the Boc-protected aminoproline were cleaved by hydrogen-
olysis. The crude product was used in the next step without
any purification. The Fmoc protecting group was installed
at N using Fmoc-OSu to yield the building block Fmoc-
Pc,-OH in 80 % yield.

USCL design

Table 1 shows all synthesized tetrapeptide-based lipopep-
tides. USCL-K1 is used as a reference lipopeptide as this
sequence’s antibacterial activity has been explored previ-
ously (Serrano et al. 2009). Three analogous sequences
were made to study the effects of ring constraint within the
USCL design: USCL-Dabl versus USCL-P, 1, USCL-
Dab2 versus USCL-P,2 and USCL-Dab3 versus USCL-
P¢,3. To study how the nature of the lipid tail affects the
properties of the lipopeptides USCL-K2, USCL-Dab2 and
USCL-P(,2 bearing 16-hydroxypalmitic acid (C160H)
instead of palmitic acid were prepared. It was expected for
the hydroxyl group at the end of the lipid tail to disturb the
amphiphilic nature of the USCL design, resulting in sig-
nificant changes to structural and biological properties. For
further variation, we incorporated L-homoserine (HSe) and
L-4R-hydroxyproline (Pyy,) in the design resulting in the
analogous lipopeptide sequence USCL-Dab3 and USCL-
P,3. We also incorporated Py, in the design of USCL-
P 4 to study the hydrophobic effects in the peptide head.
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Table 1 Synthesized USCLs (TFA salts)

Code Compound Molecular mass
(g/mol)
USCL-K1 C16-KKKK-NH, 1,224.22
USCL-Dabl C16-DabDabDabDab-NH, 1,112.01
USCL-P,1 C16-PyPeaPeaPea-NH, 1,160.05
USCL-K2 C160H-KKKK-NH, 1,240.20
USCL-Dab2 C160H-DabDabDabDab-NH, 1,128.01
USCL-P_,2 C160H-P, P, PP -NH, 1,176.05
USCL-Dab3 C16-DabHSeHSeDab-NH, 933.97
USCL-P_,3 C16-Py Py PriypPea-NH, 885.93
USCL-P_, 4 C16-Py PrexPrexPca-NH, 1,102.29
15.00
10.00
5.00 L
0.00
L 00
£ ——USCL-K1
t -10.00
% ——USCL-Dab1
3 B0 ——USCL-PCat1
o
g -20.00 3
E -25.00 3
-30.00 L
-35.00
-40.00 L
180 190 200 210 220 230 240 250

Wavelength (nm)

Fig. 2 Molar ellipticity per mean residue for USCL-K1, USCL-Dabl
and USCL-P,1 in 10 mM phosphate buffer at 25 °C and neutral pH

Structural studies

An interesting notion that we explored is the ability of
these USCLs, which contain a very minimal amount
of amino acid, to form secondary structures in water.
Moreover, the peptides are acylated with a long aliphatic
hydrocarbon chain (C16 or C160H) that may affect the
solution structure via hydrophobic interactions with
another lipid tail. Longer AMPs often exhibit a-helical,
B-sheet-like or extended secondary structures (Nguyen
et al. 2011). For example, the AMP magainin, first iso-
lated from the skin of the African clawed frog Xenopus
laevis (Zasloff 1987), forms an a-helical structure in
trifluoroethanol-water mixture (Haney et al. 2009). Pre-
vious studies have shown that separation or segregation
of hydrophobic and polar-cationic domains is critical for
their antibacterial mode of action (Kang et al. 2012; Han-
cock and Scott 2000).
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Far-ultraviolet circular dichroism spectra were meas-
ured for USCL-KI1, USCL-Dabl and USCL-P.,l as
representative examples among the synthesized USCLs
(Fig. 2). As expected, USCL-P,1 was found to populate
a PPII helical structure even though it only has four pro-
line residues. It was found to have a strong negative CD
signal at 202 nm and positive CD signal at 225 nm which
are characteristic features of a PPII secondary structure
(Tiffany and Krimm 1968b; Ronish and Krimm 1974).
The addition of an amino group in proline at the y-carbon
position and the acylation of the peptide N-terminus with
palmitic acid do not seem to affect the conformation that
USCL-P,1 adopts in water at neutral pH as the CD spec-
trum, at 500 uM concentration, shows the expected PPII
CD spectrum. On the other hand, its flexible counterpart,
USCL-Dabl1, was found to be in a disordered conforma-
tion, previously referred as a random coil, as we observed
a negative CD bands at 197 nm. Interestingly, USCL-K1
is found to have significant PPII content as shown by its
positive CD signal at 219 nm. It was first observed by Tif-
fany and Krimm (1968a) that long poly-L-lysine peptides
in aqueous solution possess a left-handed helical structure.
In addition, short tri-L-lysine peptides have been reported
to form similar structure as their longer counterpart (Eker
et al. 2004). Recently, it has been elucidated that poly-
L-lysine forms a mixture of PPII and a novel left-handed
2.5,-helical conformation, which is an extended p-strand-
like conformation, in water using UV resonance Raman
(UVR) spectroscopy (Mikhonin et al. 2005). Our data are
in agreement with these observations and confirm that
acylation of the N-terminus with palmitic acid does not
affect the secondary structure of the USCLs. The repre-
sentative USCLs were also ran at a lower concentration
of 50 uM and found no difference in their CD profile (in
comparison to 500 uM).

The stability of the USCL-P.,1 PPII structure was
assessed over a range of pH’s (Fig. 3) and temperatures
(Fig. 4). We found that the structure, having only four P
residues, is stable to wide pH and temperature changes. We
observed a bathochromic (red) shift and a slight reduction
of ellipticity at a basic pH of 11.3, in comparison to the
acidic pH of 3.6 and neutral pH of 6.4. One helical turn in
a PPII helix consists of three amino acid residues. There-
fore, in the USCL-P, 1 structure, the first and the fourth
P, residues would be in-line with one another. The amino
group at the y-carbon would be protonated at acidic and
neutral pHs. Hence, the USCL-P, 1 PPII helical structure
would experience an electrostatic repulsion from the first
and fourth residues, serving as an interlocking force, ren-
dering the structure more rigid. As the pH moves to basic,
the amino group would be deprotonated and would exist
in its neutral form, effectively removing the electrostatic
repulsion from the structure. Relieving the electrostatic

15.00 r

10.00 r

5.00

0.00

-5.00 —=pH 3.6

10.00 —pH 6.4

——pH11.3
-15.00

-20.00

[MRE] (103 deg cm2dmol?)

-25.00

-30.00

-35.00 r

-40.00 L
180 190 200 210 220 230 240 250
Wavelength (nm)

Fig. 3 Structural effects of pH on USCL-P,1 in 10 mM phosphate
buffer at 25 °C

15.00 r
10.00 r
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-25.00

-30.00 —85°C

-35.00 3

-40.00 L
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Fig. 4 CD spectrum for the thermal denaturation of USCL-P¢,1 in
10 mM phosphate buffer at neutral pH from 5 to 85 °C

repulsion allows the peptide to sample more conforma-
tions in solution, resulting in the bathochromic shift and
reduction of PPII CD signal at basic pH. The PPII heli-
cal structure is also stable over the temperature range of
5-85 °C with observed loss of molar ellipticity as tempera-
ture goes higher that is indicative of a reduction in PPII
character.

Recently, Makovitzki et al. (2008) reported that some
of their USCL adopt nanotubular structures while some
forms micelles in aqueous solution. In contrast, the mor-
phology of our synthesized USCLs (Fig. 5) was found to
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Fig. 5 Transmission electron microscopy images obtained for a
USCL-K1, b USCL-Dabl, ¢ USCL-P,1, d USCL-K2, e USCL-
Dab2 and f USCL-P_,2. Each of the USCLs at 200 uM concentra-

be micellar in solution. Interestingly, there are only a few
differences between our designs: the number of amino
acids (we have a tetramer while they have a trimer) and
the presence of a natural hydrophobic residue (they con-
tain L-glycine and r-leucine) in the peptide sequence.
In that context, we found no resolvable morphology for
USCL-P,4, containing the unnatural hydrophobic amino
acid Py, even at our highest resolution capacity (data not
shown in the paper). We observed changes in the micellar
diameter between USCLs containing C16 (Fig. Sa—c) and
C160H (Fig. 5d-f), the former having a uniform diam-
eter of 5-15 nm while the latter having a non-uniform
diameter: 5-15, 50-65 and 90-120 nm. We suspect that
the presence of a hydroxyl group at the end of the 16-car-
bon aliphatic carboxylic acid affects the micellar packing
in solution leading into two scenarios: (I) the USCL can
fold itself in order for the hydroxyl group to interact with
the polar peptide head group followed by micelle for-
mation with other similarly folded molecules or (II) the
USCL interacts with other molecules forming a pseudo
lipid bilayer, having both polar ends interacting with the
aqueous environment. It is most likely that both scenarios
take place in the solution resulting in the smaller diam-
eter micelles from scenario (I) while the larger diam-
eter micelles result from scenario (II). Nonetheless, the
amphipathicity of our synthesized USCLs renders them
to adopt micellar structures in aqueous solutions. We
observed no appreciable differences in the solution mor-
phology between flexible (Fig. 5b, e) and ring-constrained
(Fig. 5c, f) USCLs.
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tion, immobilized on a carbon-coated copper grid, was stained using
1 % phosphotungstic acid to visualize their morphology at 60,000X
magnification

Antimicrobial activity

The susceptibility of standard laboratory reference and
clinically isolated strains from CAN-ICU (Zhanel et al.
2008) and CANWARD studies (Zhanel et al. 2010, 2013)
was tested in vitro against the synthesized USCLs to assess
their minimum inhibitory concentration (MIC) values
(Table 2). Direct comparison between the flexible USCL-
Dabl and its ring-constrained analog USCL-P, 1 demon-
strated a fourfold greater MIC for the latter, suggesting that
constraining the amino acid component is not beneficial
for the USCL design. This observation was also observed
for USCL-Dab3 against USCL Pc,;3, while no direct con-
clusion could be obtained from the comparison of USCL-
Dab2 against USCL-P,2 since both of these agents were
not particularly active against tested strains. The addition
of C160H instead of C16, to impose disturbance within the
USCL hydrophobic domain, was observed to decrease (if
not abolish) the antibacterial activity of USCLs, as shown
by the comparison of USCL-K1 against USCL-K?2, USCL-
Dabl against USCL-Dab2 and USCL-P, 1 against USCL-
Pc,2. Interestingly, USCL-P,4, where Py, was added to
increase hydrophobicity in the peptide head portion of the
design, demonstrated antimicrobial activity only against
Gram-positive strains (S. aureus and MRSA). We suspect
that the overall hydrophobicity of USCL-P.,4, coming
from the C16 lipid tail and the hexyl side chain of Py, is
above the hydrophobic threshold needed for activity result-
ing in an impaired ability to penetrate or interact with the
outer and/or cell membrane of Gram-negative bacteria.
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Table 2 Antibacterial susceptibility of various microbes against synthesized USCL

Control organism MIC [MIC with 4 % BSA] (ug/mL)

USCL-K1 USCL-Dabl USCL-P.,1 USCL-K2 USCL-Dab2 USCL-P.,2 USCL-Dab3 USCL-P.3 USCL-P.4

S. aureus® 8 [512] 8 [256] 32[>512]  128[512] 64 [256] 256 [>512] 16 [> 128} 64[>512] 32[512]

MRSAP 165121 8[512] 32[>512]  128[512] 64 [512] 256 [>512] 16[>128] 64 [>512] 32[512]

MSSE® 4[256]  4[128] 16[(512] NT[NT] NT[NT] NT[NT] 8[>128] 32[>512] NT[NT]
MRSE¢ 41256]  4[128] 16[(512] NT[NT] NT[NT] NT[NT] 8[>128] 32[>512] NT[NT]
E. faecalis® 16[512] 8[512] 32[512]  NT[NT] NT[NT]  NT[NT] 16[>128] 32[>512] NT[NT]
E. faecium® 8 [512] 8 [256] 16[(512] NT[NT] NT[NT]  NT[NT] 16 [NT] 32[»512] NT[NT]
S. pneumoniac® 64 [32] 32[16] 64 [64] NT[NT] NT[NT]  NT[NT] 64 [256] 128[64]  NT[NT]
E. coli® 8 [512] 8 [256] 325121  256([512] 128([512] 512[>512] 8[>128] 3205121  512[512]
E. colit 8 [512] 16 [512] 32[>512] NT[NT] NT[NT]  NT[NT] 16 [NT] 64[>512] NT[NT]
E. coli 16[5121 16[512] 32[>512] NT[NT] NT[NT]  NT[NT] 16 [NT] 32[>512] NT[NT]
E. coli® 8[512] 16 [512] 32[>512] NT[NT] NT[NT] NTI[NT]  8[>128] 32[>512] NT[NT]
P aeruginosd' 16 [>512] 8 [256] 256 [>512] 512[>512] 256 [>512] >512[>512] 32[>128] 128 [>512] 512[512]
P aeruginosa™ 64 [512] 64 [256] 128512] NT[NT] NT[NT] NT[NT]  64[NT] 128 [>512] NT [NT]
P aeruginosa®  32[>512] 16 [512] 256 [>512] NT[NT] NT[NT]  NT[NT]  32[>128] 128[>512] NT[NT]
S. maltophilia® 256 [>512] 256 [>512] 256[>512] NT[NT] NT[NT]  NT[NT] 128 [NT] 128 [»512] NT [NT]
A. baumanni® 256 [>512] 256 [>512] 256 [>512] NT[NT] NT[NT]  NT[NT]  64[NT] 128 [>512] NT [NT]
K. pneumoniae® 32 [>512] 16 [512] 128 [>512] NT[NT] NT[NT]  NT[NT]  32[NT] 128 [>512] NT[NT]

MIC minimum inhibitory concentration, BSA bovine serum albumin, MRSA methicillin-resistant S. aureus, MSSE methicillin-susceptible S. epi-

dermidis, MRSE methicillin-resistant S. epidermidis, NT not tested
& ATCC 29213

b ATCC 33592

¢ CANWARD-2008 81388

4 CAN-ICU 61589—Ceftibuten resistant (MIC >32 pg/mL)
¢ ATCC 29212

I ATCC 27270

& ATCC 49619

b ATCC 25922

! CAN-ICU 61714—Gentamicin resistant

# CAN-ICU 63074—Amikacin resistant (MIC = 32 pg/mL)

X CANWARD-2011 97615—gentamicin resistant, tobramycin resistant, ciprofloxacin resistant, aminoglycoside modifying enzyme aac(3/)iia

present

! ATCC27853

™ CAN-ICU 62308—gentamicin resistant

" CANWARD-2011 96846—gentamicin resistant, tobramycin resistant
° CAN-ICU 62584

P CAN-ICU 63169

4 ATCC 13883

The flexible USCL-Dabl and USCL-Dab3, as well as
the reference USCL-K1, demonstrated modest activity
(MICs of 4-16 ng/mL) against both Gram-positive and
Gram-negative strains, with the exception of the oppor-
tunistic pathogens S. maltophilia and A. baumannii. The
three USCLs demonstrated promising antibacterial activ-
ity against a clinically isolated strain of multidrug resist-
ant E. coli, resistant to gentamicin, tobramycin and cipro-
floxacin. They were also active against P. aeruginosa, an

opportunistic nosocomial Gram-negative pathogen charac-
terized by intrinsic resistance to a wide-array of structur-
ally different antibiotics via mechanisms including drug
efflux pumps and a variety of chromosomally and plas-
mid-encoded resistance genes. We tested the three flexible
USCLs against three different strains of P. aeruginosa, one
laboratory reference strain and two clinical strains (one of
which is resistant to both gentamicin and tobramycin), and
found that their antimicrobial activity remains unchanged.

@ Springer
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Fig. 6 Percent cytotoxicity

of synthesized USCLs against
human macrophage-like cells as
measured by lactate dehydroge-
nase (LDH) release after 24 h
incubation at 37 °C. Results are
an average of three independent
experiments = standard error.
Student’s paired 7 test was used
to evaluate significance com-
pared to control unstimulated
cells (*p < 0.05, **p < 0.01)

% Cytotoxicity

USCL-Dabl and USCL-K1 showed good activity (MIC of
4 ng/mL) against methicillin-susceptible S. epidermidis
(MSSE) and methicillin-resistant S. epidermidis (MRSE),
both clinically isolated strains.

The antimicrobial testing was repeated with 4 % BSA
to simulate protein binding in serum. As we previously
reported with lipopeptides (Findlay et al. 2012a) and lipo-
peptoids (Findlay et al. 2012b), the presence of serum dra-
matically reduces the activity of USCL. This is attributed to
the hydrophobic interactions of the protein with the hydro-
phobic domain of the lipopeptide, preventing the drugs
from reaching their target (Svenson et al. 2007).

Cytotoxicity

To address the cytotoxicity of the synthesized compounds
to mammalian immune cells, we stimulated macrophage-
like differentiated monocytic THP-1 cells with the USCLs.
Cytotoxicity was evaluated by monitoring lactate dehy-
drogenase release in tissue culture supernatants after 24 h
stimulation (Fig. 6). We tested several USCL concentra-
tions from 5 pM up to 80 WM and saw no appreciable
cytotoxicity (less than 20 % cytotoxicity after the control
is subtracted) until 2040 wM range, concentrations that
are typically used in preclinical murine models of infection
(Scott et al. 2007). USCL-K2 and USCL-P,2, both hav-
ing a C160H lipid tail, showed less than 20 % cytotoxicity
even at a very high concentration of 80 WM. On the other
end, USCL-P,4 exhibited more than 50 % toxicity (after
the control is subtracted) at 40-80 wM concentrations,
possibly due to its overall hydrophobicity. Interestingly,
USCL-P, 1 showed less toxicity in comparison to its flex-
ible counterpart USCL-Dabl. This trend is also observed
with USCL-P,2 against USCL-Dab2. On the other hand,
the comparison of USCL-Dab3 against USCL-P,3 con-
tradicted the trend where the flexible counterpart contain-
ing Dab and HSe was less toxic than the ring-constrained

@ Springer

USCL. With these data presented, we have shown that the
cytotoxicity of the USCLs is sequence-specific and ring
constraint might not be the only factor to take into account
in predicting its toxicity. It should be noted that 5 pM
human cathelicidin LL-37 (also shown on Fig.6) was also
tested for its cytotoxicity, and consequently for its cytokine
and chemokine induction, as a comparison of our synthe-
sized USCLs to a well-studied immunomodulatory host
defence peptide.

Cytokine induction

The possibility of USCLs to induce beneficial immune
responses, in particular chemokines that recruit leukocytes
to the site of infections required for bacterial clearance was
evaluated. Production of pro-inflammatory cytokines TNF-
o and IL-1PB, and chemokines IL-8 and Gro-o was moni-
tored in tissue culture supernatants following stimulation of
macrophage-like differentiated THP-1 cells with USCLs by
ELISA. Our research group previously reported that some
USCLs selectively induce the production of the chemokine
IL-8 and Gro-a in significantly high amount (Findlay et al.
2013). Our newly synthesized USCLs did not induce the
production of either pro-inflammatory cytokines TNF-a or
IL-1B, or chemokines IL-8 or Gro-a (data not shown). On
a positive note, our compounds did not induce the produc-
tion of the two pro-inflammatory cytokines, which at a sus-
tained elevated concentration could potentially escalate the
inflammatory immune response during an infection, pos-
sibly resulting in septic shock. However, the compounds
also did not induce significant production of chemokines
IL-8 and Gro-a. Immunomodulatory antimicrobial (host
defence) peptides such as the human cathelicidin LL-37 are
known to induce both neutrophil and monocytic chemokine
production, thus playing a critical role in leukocyte recruit-
ment to the site of infection required for enhanced bacterial
clearance (Mookherjee and Hancock 2007). Unfortunately,
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our data show that our synthesized USCL may not be able
to mediate immunomodulatory responses required for reso-
lution of infections.

Conclusion

In summary, 9 USCLs were synthesized to directly com-
pare the effects of having a flexible or a ring-constrained
amino acid in the USCL design. The secondary struc-
ture of the representative USCLs in water and at 27 °C
was elucidated using CD. USCL-P,1, having only four
L-4R-aminoproline residues, was found to populate a PPII
helix while its flexible counterpart, USCL-Dab1, was found
to be in a disordered conformation. Interestingly, USCL-
K1, containing four L-lysine residues, showed a signifi-
cant PPII helical content based on its CD spectra. The PPII
structure of USCL-P, 1 was found to be stable from pH
3.6-11.3 and from 5 to 85 °C. The solution morphology of
the USCLs was then observed using TEM. We found that
our synthesized USCLs exhibit micellar structure and that
a non-uniform micellar diameter was obtained by replacing
the C16 lipid tail by C160H.

The antimicrobial activities of our USCL’s were tested
against a panel of reference and clinically obtained bacte-
rial strains, ranging from susceptible to multidrug-resistant
organisms. As a direct comparison with the USCL’s MIC,
we observed that a flexible amino acid is beneficial to the
activity of the USCL in comparison to a ring-constrained
amino acid (as shown by the comparison of USCL-Dabl
against USCL-P,1 and USCL-Dab3 against USCL-P,3).
Furthermore, our study showed that disturbing the hydro-
phobic domain by replacing C16 with C160H decreases
(if not abolishes) the antimicrobial activity of the USCL,
regardless of its peptide sequence. The antibacterial activity
of all USCLs was significantly reduced in the presence of
4 9% BSA due to the non-specific hydrophobic interactions
between the lipid tail of USCL and the protein.

Cytotoxicity against mammalian immune cells was
addressed by measuring the LDH release from mac-
rophages after stimulation with the synthesized USCLs for
24 h. We found no appreciable cytotoxicity up to concen-
trations of 2040 wM. Our compounds did not induce the
production of the pro-inflammatory cytokines TNF-a and
IL-1B, thus indicating that these compounds will not medi-
ate an inflammatory response in blood-derived mononu-
clear cells. However, the synthesized compounds also did
not induce significant production of chemokines IL-8 and
Gro-a.
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