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Abstract

In this study, we report on the first chemical $asis of ultra-short pyrazole-arginine based
antimicrobial peptidomimetics derived from the ngwynthesizedN-alkyl/aryl pyrazole amino
acids. Through the systematic tuning of hydrophiogicharge, and peptide length, we identified
the shortest peptide Pyll with the most potentraatobial activity. Pyll displayed greater
antimicrobial activity against antibiotic-resistd#cteria, including MRSA, MDRPA, and VREF,
which was approximately 2-4 times higher than thiamelittin. Besides its higher selectivity
(therapeutic index) toward bacterial cells than31,-Py11 showed highly increased proteolytic
stability against trypsin digestion and maintainesdantimicrobial activity in the presence of
physiological salts. Interestingly, Pyl1l exhibiteidgher anti-biofilm activity against MDRPA
compared to LL-37. The results from fluorescencecspscopy and transmission electron
microscopy (TEM) suggested that Pyl1l kills bactecells possibly by integrity disruption
damaging the cell membrane, leading to the cytiesddage and eventual cell lysis. Furthermore,
Pyl1l displayed significant anti-inflammatory (ermah-neutralizing) activity by inhibiting
LPS-induced production of nitric oxide (NO) and TRFCollectively, our results suggest that

Py11 may serve as a model compound for the designtionicrobial and antisepsis agents.

Keywords: Ultra-short Peptidomimetics, Pyrazole-derived amawnals, Antimicrobial activity,

Anti-biofilm activity, Bacterial killing mechanism



1. Introduction

In the past few decades, the discovery of new mmidls has gained significant importance due
to their prominent roles in treating diseasesHdwever, frequent, excessive and the widespread
use of antibiotics results in the remarkable dgwelent of drug-resistant bacteria called as
“superbugs” or “nightmare bacteria,” which are ttellenging and severe threats to modern
health care [2-5]. Thus, the emergence of multidagystant (MDR) microbials and the dearth
of new antibiotics led us to meet an urgent requéet for developing alternative and effective
antimicrobial agents. Antimicrobial peptides (AMPsjve gained significant importance as host
defense system in various creatures such as inggatds, amphibians, and mammals [6-8]. In
general, AMPs are oligopeptides containing excesstipely charged and hydrophobic amino
acids, which can adopt the amphipathic conformatigpon contact with microbial membranes
[9-13]. Usually, AMP kiling mechanism of pathogemns/olves either (i) disruption of the
membrane integrity by interacting with negativelhapged membrane components, (ii)
association with specific intracellular targets (of) inhibition of proteins, DNA and RNA
synthesis [14]. Besides, AMPs have attracted saanf interest as a new generation of
antibiotics because of their broad-spectrum ofnaictiobial activity against fungi, bacteria, and
enveloped viruses at the physiological concentnatiche distinctive mode of action and rapid
killing rate of the AMPs result in the low propetysior developing resistance and enhance the

efficacy for combating multi-drug resistance baet¢t5,16].

Although several AMPs possess promising merits asv&l tool to combat antibiotic-resistant
pathogens, their pharmaceutical advancement iet@pleutic agents is restricted by the intrinsic

drawbacks such as large size, expensive productist) susceptibility to protease degradation,



poor activity in the presence of salts and cytatibxito the host cells [17]. Moreover, the clinical
use of AMPs sequences that are similar to the aldbwman AMPs may cause the inevitable loss
of potential in the natural human defense [18]. dicumvent the hurdles limiting their
applications, a few approaches have emerged ingutlie de novo synthesis of peptides or
modification in sequences of peptides, and the ldpueent of new peptidomimetics resembling
the properties of AMPs. To develop new peptidomiosetso far, several strategies have been
adapted to synthesize the antimicrobial peptidorigeencluding peptoids [122], f-peptides
[23], aryl amide oligomers [24], oligourea [25};turn mimetics [26], and lipopeptides [27].
However, these moieties suffer from major disadwgebus such as poor water solubility,
complex synthetic routes, and difficulty in intragiug various functional groups to achieve

activity and unique selectivity.

To overcome the above limitations and to perforne #ffective structure-activity
relationship (SAR), it is important to design theor and structurally simple peptidomimetics
possessing unnatural amino acids with positive ggnand hydrophobicity. Taking the above
facts into the considerations, we have focused ereldping the short and structurally simple
peptidomimetics having unnatural amino acids. Titesgnt study stems as a part of our research
program recently embarked on discovering the nedvsdnort peptidomimetics for antimicrobial
studies [2831].

In this work, we have designed and synthesizedoidomimetics consisting of only
two components, arginine (R) ard-alkyl/aryl pyrazoles (Py). The peptidomimetics wer
designed in the pattern of -(RRyjepeating units, where R is responsible for tlagntenance of

positive charge [32], and the medicinally importpgtazole skeleton anchoring various alkyl or
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aryls at the nitrogen(-NH) maintains the hydroplapi[33]. To synthesize ultra-short AMPSs,
we have synthesized Fmoc-protectédsubstituted pyrazole amino acids for the firstejm
which have been used for straight forward solidsehgeptide synthesis (SPPS) method to save
the time and to maintain the structural diversithese ultra-short peptidomimetics were
examined for their antimicrobial activities againstth Gram-positive and Gram-negative
bacterial strains. The unnatural amino acid derifredh pyrazole was expected to be more
resistant to protease in vivo as well asn vitro compare to the His modified AMPs that was
reported by our group [231].

Among the designed peptidomimetics, Pyll displaymdmost potent antimicrobial activity.
Furthermore, it was evaluated for their antimicablactivity against several antibiotic-resistant
strains including methicillin-resistan&aphylococcus aureus (MRSA), multidrug-resistant
Pseudomonas aeruginosa (MDRPA), and vancomycin-resistaBhterococcus faecium (VREF).

In addition, cytotoxicity of Pyll against sheep t@dod cells (SRBCs), RAW264.7 and NIH-
3T3 cells was also investigated. The outer memb(@hé) permeability, inner membrane (IM)
permeability, membrane depolarization, and transioms electron microscope (TEM) were
studied extensively for understanding the bactéilahg mechanism. The antimicrobial activity
in the presence of physiological salts and proteobtability to trypsin digestion of Pyl1l were
also examined. Next, the ability of Pyll to inhithe formation of bacterial biofilm against
MDRPA was evaluated. Additionally, the anti-inflaratary (endotoxin-neutralizing) activity of

Py11 by inhibiting LPS-induced production of nitexide (NO) and tumor necrosis factwr-

(TNF-0) was investigated.

2. Results and Discussion



2.1 Synthesis of pyrazole-derived amino acids and peptidomimetics

In search of discovering unique scaffold for depeig ultra-short antimicrobial
peptidomimetics, we have identified tiNalkyl/aryl pyrazole derivatives as a key skeleton
backbone for structural and biological propertidsAdIPs (Scheme 1). The commercially
available 4-nitro-3-pyrazolecarboxylic acid was dises a starting material for the synthesis of
Fmoc-protected pyrazole amino acid derivatives.tidity, the esterification of nitro-3-
pyrazolecarboxylic acid was carried out using thloohloride and methanol under reflux
condition to yieldl. Then, theN-alkylation of1 was achieved using various alkyl or aryl halides
in the presence of potassium carbonate in DMF ¢tdy. The Pd/C reduction of nitro group
resulted in the formation of amine, and subseqé@noc protection using Fmoc-Osu in the
presence of sodium bicarbonate yielded the Fmotegied amined). Finally, lithium iodide
mediated methyl ester hydrolysis resulted in themédgion of desired Fmoc-protectedl-
alkyl/aryl pyrazole amino acid derivative$,in good yields. The synthesized Fmoc-protected
pyrazole amino acids were successfully adoptedhimgeneration of peptide library using Rink
amide resin by the conventional solid-phase peyt¢hesis (Figure 1). To initiate the sequence
extension, firstly Fmoc-Arg (pbf)-OH was added ke tfree amine on the resin to enable the
amide coupling in the presence of HBTU, HOBt, an&M®in DMF. After stirring for 1 h, the
Fmoc deprotection was achieved by treating with Zperidine in DMF, and the next amino
acid was coupled. This procedure has been rep&atedher amino acids coupling until we get
the desired peptidomimetics. Finally, the peptiteaeage from the resin was achieved by a
mixture of trifluoroacetic acid, water, and triisopylsilane (90:5:5, v/v/v, 2 mL). The peptides

were purified using preparative RP-HPLC. The mdecweight of peptidomimetics was
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determined by matrix-assisted laser-desorption zation time-of-flight mass spectrometry
(MALDI-TOF MS). The cyclic peptide was synthesiz&dm the linear side-chain protected
peptides. The Fmoc group in the linear peptides degsotected using piperidine in DMF, and
the N-terminal amine was bromoacetylated using of BfCBIOH in the presence of DIC. Then
the peptide was cleaved from the resin and treatédtriethylamine until the solution turns into
basic condition (pH 8-9). Under this condition, sfameous intramolecular cyclization was taken
place through the cysteine thiol addition oiebromoacetyl group. Further purification through

preparative RP- HPLC and MALDI-TOF-MS analysis donkd the cyclization process.

2.2 Sructure-antimicrobial activity study

The antimicrobial activities of newly synthesizegppidomimetics were screened against
two Gram-negative bacterigEgcherichia coli [KCTC 1682] andPseudomonas aeruginosa
[KCTC 1637]) and two Gram-positive bacteriaaphylococcus epidermidis [KCTC 1917]and
Staphylococcus aureus [KCTC 1621]) Human cathelicidin LL-37 and bee venom melittie ar
used as positive control peptides for comparing #rgimicrobial and hemolytic activities.
Initially, we started our antimicrobial screenirtgdies for the newly synthesized dipeptide-Py1,
which attached witiN-2-ethylbutyl group at pyrazole. Unfortunately, ttipeptide did not show
any considerable antimicrobial activity even at maxm concentration (64tig/mL) (Table 1).
To increase the charge, we introduced the Arg etNtiterminal position of the dipeptide-Py1,
which resulted in the formation of Py2. This in@eain charge also did not show any
considerable effect on antimicrobial activity. Imew of increasing the hydrophobicity, we
synthesized the dipeptide, Py3 using propylphemgdharing pyrazole residue and further

increment of charge was achieved by My&eerminal Arg addition to result in the formatioh o
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Py4. However, Py3 and Py4 did not display any aotiobial activity. The dipeptide Py5 was a
modification of Py3 by introducing biphenyl resida¢ alkyl side chain for improving the
hydrophobicity. Surprisingly, Py5 showed the apfaele antimicrobial activity towards Gram-
negative bacterial. aeruginosa. Even though Py5 was made up of only two residtlesy
antimicrobial activity was comparable to LL-37.dtpertinent to note that the balance between
charge density and hydrophobicity is one of thecialufactors to determine the antimicrobial
activity [34].To evaluate the effect of charge in Py5, an Arddteswas further added to the
terminal position to yield Py6, which exhibited agtg antimicrobial activity against botp.
aeruginosa andS. aureus. Surprisingly, the activity of Py6 againStaureus andP. aeruginosa
was about 4-8 times higher than the LL-Similarly, while comparing mellitin, Py6 displayed
2-4 folds of enhanced activity agairStaureus and P. aeruginosa. From the above results, it
was observed that the increase in hydrophobiceyated the antimicrobial activity. Hence, to
further modify the structure, the dipeptide Py7 vegsthesized using the naphthyl attached
pyarazole residues and the subsequedterminal addition of Arg to Py7 resulted in the
tripeptide, Py8. In contrast, Py7 did not show argasurable antimicrobial activity against both
the strains. However, the Py8 displayed the agtisiinilar to LL-37 in the case & aureus.
Structural diversity is a key factor for studyirtietbroad spectrum of antimicrobial activities.
Hence, to attain the structural diversity, we pkohrio synthesize the tetramer, hexamer, and
cyclo-peptidomimetics. Initially, tetra-peptide, Pywith biphenyl pyrazole residue was
synthesized, which showed moderate activity agailhshe bacterial strains, in particular, in the
case ofS aureus, it displayed better activity than LL-37 and mellitifhis encouraging result
motivated us for the further extension of tetratipnimetics to hexamer Py10. However, it

displayed the reduced activity compared to theesponding tetramer, Py9. Afterward, tetramer,
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Pyll was derived from the alternative arrangemdniArg and N-ethylnaphthyl pyrazole
residues. Interestingly, this tetramer showed thedaactivity against all strains range from 4~32
pg/mL. Concerning LL-37, Pyll displayed eight fold&evated activity against both. P
aeruginosa andS. aureus. Similarly, Pyl11 exhibited four folds of increasactivity against both

P. aeruginosa andS. aureus compared to melittinPy12 was derived from Pyl11 by the addition
Arg residue to increase the charge. Surprisinggrehwere no changes in the antimicrobial
activities compared to Pyl1, and it displayed timeilar activity as Pyl11l. However, a further
increment of tetramer Pyll to hexamer Pyl13 losadtsvity completely against all the strains
exceptS. aureus. It was reported that the cyclization of the linpaptides enhances the activity
and protease stability [35,36jlence, the cyclic peptide Pyl4 was synthesized ftoenPy9
through the thioether bridging. However, Pyl4 digptd a poor spectrum of antimicrobial
activity compare to the linear peptide Py9. Collesly, the structure activity study infers that,
firstly, the hydrophobic units and charge find tbeicial role in determining antimicrobial
activity. Secondly, the peptide length was esskimiadiscovering efficient peptidomimetics
possessing good antimicrobial activity. For ins@gneven though the dipeptide Py7 and the
tripeptide Py8 did not show any antimicrobial aityivthe tetrapeptides (Py9 and Pyll) were
impressive in displaying antimicrobial activity agst all the strains. Thus, among the all
synthesized peptidomimetics, tetrapeptide Pylllayed the most potent antimicrobial activity

against all the tested strains. Hence, Pyl1l wasteel as a lead compound for further studies.

2.3 Cell selectivity and cytotoxicity against mammalian cells of short AMP Pyl11

In terms of analyzing the cell selectivity of Pyfidwards bacterial cells, the hemolytic



activity against sRBCs of Pyll was measured inrtmge of 0.5~512ug/mL (Figure 2).
Interestingly, like LL-37, Pyll produced less th&f hemolysis even at the highest
concentration of 51g/mL, whereas melittin found to be relatively toxiat produced 20.9%,
52.4%, and 74.5% hemolysis at 16, 32, andqug4nL, respectively. In general, the therapeutic
potential of antimicrobial agents is mainly basedlwe selective killing of bacterial cells without
displaying significant cytotoxicity towards the mamalian cells. Cell selectivity of the peptides
is expressed as therapeutic index (Tl) = MHC/GMerehMHC is peptide concentration needed
to reach 10% lysis of human red blood cells, wkiM is expressed as the geometric mean of
MICs against four bacterial cells. The therapeurtdex (TI) indicates the relative safety of the
drug and the capability of a drug candidate toedéhtiate any pathogen from the host cells.
Thus, larger Tl values indicate greater cell selggt To compare the cell selectivity, we chose
LL-37 and melittin as the references. Interestinglyl1 displayed significant cell selectivity (TI
value: 53.9) compared to melittin (T value: 0.9pble 2). Besides, Pyll was about 2-folds
more selective towards bacteria cells than LL-33 .fdrther look into the cytotoxicity of Pyll
against other mammalian cells, the viability againsouse macrophage RAW264.7 and
fibroblast NIH-3T3 cells was determined using MT3say. Pyl1 was found to be nontoxic to
RAW264.7 and NIH-3T3 cells up to 3&/mL, and 64.1g/mL, respectively (Figure 3).

2.4 Antimicrobial activity against antibiotic-resistant bacteria of Py11l

In the recent years, severe infections caused bfidmg-resistant bacteria such as
MRSA, MDRPA, andVREF are being a major challenge for conventional aotibitreatments.
Hence, there is an urgent necessity for the ewslutif new antibiotics, which can act on drug-

resistant bacteria. To probe the efficacy of sAdP Pyl1l against multidrug-resistant bacteria,
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we screened antimicrobial activity against three3ARstrains (CCARM 3089, CCARM 3090,
and CCARM 3095), two MDRPA strains (CCARM 2109, a@@ARM 2095) and a&/REF
strain (ATCC 51559). Interestingly, Pyl1 exhibitexcellent antimicrobial activity against all
the strains compare to melittin (Table 3). Foranse, Pyl1 displayed 2 to 4-folds of better anti-
MRSA activity than melittin. In the case of MDRP#&ans, Pyll showed 4-folds of efficient
activity than melittin. Similarly, Py11 was found dlisclose 2-folds of potent anti-VREF activity
than melittin. This result indicates that Pyll ns&yve as a new class of antimicrobial agent

against drug-resistant bacteria.

2.5 Protease stability

The poor proteolytic stability of AMPs is one oktimajor obstacles for their therapeutic
advancement. In particular, trypsin-like proteates present in the body are more selective
towards the hydrolysis dE-terminal amide bonds of lysine and arginine. SiRg&1l consists a
couple of arginine residues, its proteolytic si&pihas been investigated by tryptic degradation.
As shown in Figure 4, after the trypsin incubation24 h, our lead compound Py11 retained its
antimicrobial activity againsE. coli and S aureus, while melittin completely lost their

antimicrobial activity due to the proteolytic dedation by trypsin.

2.6 Salt resistance
To examine whether the antimicrobial activity ofIRywas compromised in the presence
of salts, we treateH. coli andS aureus with different peptide concentrations under vasicalt

conditions (physiological concentrations of 150 m\dCI, 1 mM MgC}, and 2.5 mM CagG).
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As indicated in Table 4, Pyll maintained its straogvity againsE. coli andS aureus in the
presence of different salts. This result suggédsts the activity of Pyl1l might be particularly
critical under physiological conditions or in thredtment of infections that disturb the normal

salt homeostasis in certain human tissues.

2.7. Antibiofilm activity

The biophysical properties of the biofilm extendtreme antibiotic resistance to
microorganisms [37]. The ability of the peptidesrtbibit the formation of bacterial biofilm was
evaluated against MDRPA (CCARM 2095). The potehikitory activity of LL-37 on biofilm
formation of Staphylococcus epidermidis and Pseudomonas aeruginosa has been reported
[38,39]. Therefore, we used LL-37 as a referencePAtlol compare the antibiofilm activity with
Pyl1l. The IG (the concentration of the compounds that inhiB@86 biofilm development)
values of Pylland LL-37 against MDRPA biofilm fotma was 16pg/mL, and 64ug/mL,
respectively (Figure 5). This result demonstratest Pyll was potent enough to inhibit the
MDRPA biofilm formation. Thus, the efficient antddilm activity of Pyl11 makes it promising

anti-biofilm agents.

2.8 Outer membrane per meability

The ability of Pyll to permeate the outer membrahé&ram-negative bacteria was
assessed by the fluorescent dye NPN uptake intootiter membrane oE. coli. The
hydrophobic fluorescent probe NPN has a tendenayuench in an aqueous environment, in
contrast, it exhibits strong fluorescence in therbphobic environment. Hence, there will be a

substantial increase in fluorescence, when theesyers the damaged membrane through the
12



destabilization of the bacterial outer membranes.é¥aluated the NPN uptake assay using Pyl11
in a dose-dependent manner, and the results révaalPyll showed enhanced fluorescence
intensity than the standards (Figure 6(A). Howetteopeys the fluorescence pattern as similar
as melittin in a concentration-dependent manneichwvimplies that Pyl1l may follow the cell

permeability mechanism similar to melittin.

2.9 Inner membrane per meability

The inner membrane permeability of short AMP Pyllaswevaluated by
spectrophotometrically at 415 nm using ONPG hydiislymethod. The inner membrane
permeability is measured by the bulk entry of neontogenic substrate ONPG, which
undergoes subsequent cleavage to the yellow prddiNét by the cytoplasmig-galactosidase.
To evaluate the inner membrane permeability, asvsha Figure 6(B), our lead peptide Pyl11
was experimented in a concentration-dependent matirie evident from the figure that Pyl11
demonstrated a significant ability to permeate ittreer membrane as indicated by the greater
slope of ONPG hydrolysis. Here, buforin-2 was uasda negative control due to the weak or
poor inner membrane permeation even at higher ctrat®ns, whereas melittin showed
enhanced permeability compare to LL-37 as illustfain Figure 6(B). It is evident from the
above results that peptide Pyll displayed sigmfidganer membrane permeability, and it

followed an inner membrane permeable pattern likéttim.

2.10 Cytoplasmic membrane depolarization
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To evaluate the action of Py11 on the bacteriabggismic membrane depolarization, we
investigated the ability of our short peptide Pythl depolarize the bacterial cytoplasmic
membrane using a diS®, which is a membrane potential-dependent prébe. dye diS5
was dispersed between the cells and medium, bastteaytoplasmic membrane potential, and
it gets self-quenched when concentrated inside ebatt cells. During the membrane
depolarization, there will be an increase in flgmence intensity due to the dispersion of probe
into the medium. Here, we used melittin and LL-87/@embrane-targeting AMP, and buforin-2
was used as intracellular-target AMP. Like melitumd LL-37, the addition of Pyl11 triggered a
significant increase in fluorescence intensity @ating the rapid membrane depolarization
(Figure 7). This result demonstrated that Pyllcéffely induced a loss of membrane potential.

In contrast, buforin-2 did not induce membrane dization.

2.11 Transmission e ectron microscopy (TEM)

To envision the morphological changes in Ehecoli andS. aureus caused by the action
of Pyll, transmission electron microscofffEM) images were recorded for the incubated
mixtures of Pyll witlE. coli andS. aureus. It was evident from Figure 8-A and 8-C that the
untreated positive control&. coli, andS. aureus, possessed well-defined cell morphology. In
contrast, the synthetic peptide Pyl1 treated ¢edlm Figure 8-B and 8-D, showed the massive
changes in the cellular structure with disruptiorthe bacterial cell membrane. These damages
in cell membrane led to the formation of lysed £&lith the release of cell content. Hence, it is
evident from the above images that Pyl1l followesl ¢bll membrane targeting mechanism of

action against the bacterial cells.
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2.12 Anti-inflammatory (endotoxin-neutralizing) activity

The outer membrane of Gram-negative bacteria awhtdipopolysaccharide(LPS,
endotoxin) as one of the main constituents. Theasd of LPS from bacteria into the
bloodstream during infection may cause serious umteeastimulation of host’'s immune system,
leading to sepsis and septic shock of the paté&hd[L]. In addition to their antimicrobial activjty
some AMPs have been known to show potent antismflatory (endotoxin-neutralizing) ability
to suppress harmful inflammatory/septic respond@s47]. These anti-inflammatory properties
make AMPs attractive drug candidates for Gram-negahduced endotoxic shock and sepsis
treatments. NO and TNé&-are the two important inflammatory products tha¢ anainly
associated in promoting the inflammatory responskerefore, we examined the anti-
inflammatory effect of Pyll using NO production aftNF-a release in LPS-stimulated
RAW?264.7 cells. NO release was determined by thiesSrmethod to detect nitrite (NP
accumulation in a cultured medium. The énfelease was determined by the commercial mouse
ELISA kit. As shown in Figure 9, Pyl1 inhibited sifjcantly NO and TNFs release by LPS-
stimulated macrophages in a concentration-depemdanter. Py11 inhibited more than 85% of
the nitrite production at the peptide concentratbdéri6 ug/mL. Similarly, it blocked more than
50% of TNF« release at 3ag/mL. LPS induces the mRNA expression of iINOS ahtF+ in
RAW264.7 cells, which correlates with NO and TiFelease. Therefore, the effects of the
peptides on LPS-induced the mRNA expression of ditdl@ nitric oxide synthase (iNOS) and
TNF-o0 were examined by RT-PCRy11 efficiently suppressed the mRNA expressioiNGIS
and TNFe at 16ug/mL (Figure 10). This result is in agreement wtik observed inhibition of
NO and TNFe release in Figure 9, confirming that Py11 has madati-inflammatory activity.
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3. Conclusion

In conclusion, this article demonstrates that thest ftime synthesis of short
peptidomimetics comprising of Arg anbl-alkyl/aryl pyrazoles (Py) residues with good
antimicrobial and anti-inflammatory activities watlt hemolytic activity and cytotoxicity
against mammalian cells. The easily derivable peptimetics led to performing the effective
SAR studies by the systematic tuning of hydrophibhicharge, and peptide length. Also, our
peptidomimetic Pyll proved to be a very promisiegdl compound having anti-MRSA, anti-
VREF and anti-MDRPA activities, anti-biofilm acttyi and salt resistance. In addition to
antimicrobial nature, enhanced proteolytic stapiitso adds the additional merits for Pyl1l to
develop as a new class of antimicrobial agent. Mlkeehanism of action against the pathogens
was elucidated using fluorescence spectroscopy,Tah study. Our results revealed that our
peptidomimetic Pyl1 kills bacterial cells possildy integrity disruption damaging the cell
membrane, leading to the cytosol leakage and eskmil lysis. Collectively, our results
suggest that Py11 has tremendous potential to exasha model compound for antimicrobial and

antisepsis agent design.

4. Experimental section

4.1. Chemistry

All materials were obtained from commercial cherhisappliers and used as obtained.
Anhydrous organic solvents were purchased fromiéthdpackaged underNn sure/seal bottles

and used directly. Thin layer chromatography (Tk@) performed on Merck TLC plates, silica
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gel 60 F254. Column chromatography was carriedooulMerck silica gel 60 (70-230 mesh or
230-400 mesh)*H and**C NMR spectra were recorded on a Bruker DRX-40@spmeter at
400 and 100 MHz, respectively. Chemical shifiy dre reported in parts per million (ppm)
measured relative to an internal standard and saypbnstantsJ) are expressed in hertz (Hz).
Mass spectra were recorded using Shimadzu (MALDFIOmass spectrometer.
Lipopolysaccharide (LPS, fromEscherichia coli O111:B4), Triton X-100, N-phenyl-1-
napthylamine (NPN), colorimetric 3-(4,5-dimethyl idhol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) dye, gramicidin D (GD)D-nitrophenyl#-D-galactopyranoside (ONPG), and
sheep red blood cells (s-RBCs) were purchased 8mgma—Aldrich Co. (St. Louis, MO, USA).
3,3-Dipropylthiadicarbocyanine iodide (di9G) was obtained from Molecular Probes (Eugene,
OR, USA). Dulbecco’s modified eagle medium (DMEM)dafetal bovine serum (FBS) were
supplied by HyClone (Seoul, Bioscience, Republidkofea) and Lonza (Lonza Walkersville
Inc., MD, USA), respectively.E. coli ML-35, a lactose, permease-deficient strain with
constitutive cytoplasmic 3-galactosidase activiac lacZ lacY), utilized for inner membrane
permeability assays, was kindly provided by Profl. Kim (Gwangju Institute of Science and
Technology, Korea). The ELISA kit for TN&+was obtained from R&D Systems (Minneapolis,
MN, USA). All other reagents were of analytical dea Buffers were prepared using Milli-Q

ultrapure water. All other reagents were of anelltgrade.

4.2. Synthesis of 4-Nitro-1H-pyrazole-3-carboxylic acid methyl ester (1)
To a solution of 4-nitro-3-pyrazolecarboxylic a¢gl14 g, 20.0 mmol) in MeOH (50 mL)

was slowly added thionyl chloride (7.3 mL, 0.1 mat)0°C. After the completion of the addition,
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the temperature of the reaction mixture increaged@°C and stirred for 5 h. Methanol was
removed in vacuo, and the resulting residue wasgabmto ice water and extracted with EtOAc.
The organic layer was washed with 10 % NaHG®@Iution, brine and dried over p&0,. The
resulting reaction mixture concentrated in vacuafford 1 as a white solid (3.37 g, 99%H
NMR (400 MHz, DMSOds) & 8.93 (s, 1H), 3.89 (s, 3H}*C NMR (100 MHz, DMSOdg) 5

161.4, 138.0, 133.7, 132.0, 53.3.

4.3. General Procedure A for the synthesis of compound 2a-2d
4.3.1. 1-(2-Ethylbutyl)-4-nitro-1H-pyrazol e-3-car boxylic acid methyl ester (2a)

To a solution ofL (1.0 g, 5.84 mmol) in DMF (20 mL) were addeddO; (4.04 g, 29.2
mmol) and 1-bromo-2-ethylbutane (8AL, 6.42 mmol). The reaction mixture was heated@o 6
°C and stirred for 15 h. The reaction mixture wdstdd with water and extracted with EtOAc.
The organic layer was washed with water and brilied over MgS@, and concentrated in
vacuo. The crude product was purified by silica ggumn chromatography (hexane-EtOAc,
3:1) to afford2a as a colorless oil (730 mg, 49% ) NMR (400 MHz, CDCJ) 5 8.12 (s, 1H),
4.10 (d,J = 7.2 Hz, 2H), 4.00 (s, 3H), 1.93 (m, 1H), 1.4@8L(m, 4H), 0.93 (tJ = 7.5 Hz, 6H);
¥C NMR (100 MHz, CDGJ) 5 160.5, 138.2, 134.0, 130.5, 57.1, 53.1, 41.1,,208; HRMS

m/z calcd for GiH1gN304 (M+H)" 256.1297, found 256.1298.

4.3.2. 4-Nitro-1-(3-phenyl propyl)-1H-pyrazole-3-carboxylic acid methyl ester (2b)
Compound2b was prepared from compourddand 3-phenylpropyl bromide following
the general procedure A (white solid, 66%). NMR (400 MHz, CDC}) § 8.10 (s, 1H), 7.33-

7.28 (m, 2H), 7.24-7.16 (m, 3H), 4.19dt= 7.2 Hz, 2H), 3.99 (s, 3H), 2.69 {t= 7.4 Hz, 2H),
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2.29 (m, 2H);**C NMR (100 MHz, CDGJ) 5 160.5, 139.7, 138.3, 134.1, 130.2, 128.7, 128.3,
126.5, 53.2, 53.1, 32.4, 30.8; HRM®&?z calcd for G4H1eN3Os (M+H)" 290.1141, found

290.1141.

4.3.3. 1-(3,3-Diphenyl)-4-nitro-1H-pyrazol e-3-carboxylic acid methyl ester (2c)

Compound2c was prepared from compouticaind3,3-diphenylpropyl bromide following
the general procedure A (white solid, 67%). NMR (400 MHz, CDC}) § 7.94 (s, 1H), 7.35-
7.22 (m, 10H), 4.16 (f = 7.1 Hz, 2H), 4.01 (s, 3H), 3.90 {t= 7.6 Hz, 1H), 2.73 (m, 2H}*C
NMR (100 MHz, CDC}) § 160.5, 142.8, 138.5, 130.4, 128.9, 127.6, 1263%2,552.5, 48.4,

35.0; HRMSmz calcd for GoH2oN304 (M+H)* 366.1454, found 366.1454.

4.3.4. 1-[ 1-(2-Naphthalene-1-yl)ethyl] -4-nitro- 1H-pyrazol e-3-car boxylic acid methyl ester (2d)
Compound 2d was prepared from compountl and 1-(2-bromoethyl)naphthalene
following the general procedure A (white solid289*H NMR (400 MHz, CDC}) 5 7.92-7.88
(m, 2H), 7.79 (dJ = 8.2 Hz, 1H), 7.64 (s, 1H), 7.57-7.50 (m, 2HB&7(m, 1H), 7.14 (d) = 6.9
H, 1H), 4.52 (tJ = 7.0 Hz, 2H), 4.01 (s, 3H), 3.67 (= 7.0 Hz, 2H):**C NMR (100 MHz,
CDCl) & 160.5, 138.6, 134.0, 133.9, 132.2, 131.3, 13029.2, 128.3, 127.2, 126.7, 126.0,
125.5, 122.6, 54.5, 53.2, 33.3; HRM8z calcd for G/HigNsO4 (M+H)" 326.1141, found

326.1141.

4.4 General Procedure B for the synthesis of compound 3a-3d
44.1.  4-[(9-Fluoren-9-ylmethoxy)car bonylamino] -1-(2-ethylbutyl)- 1H-pyrazol e-3-carboxylic

acid methyl ester (3a)
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To a solution oRa (1.05 g, 4.11 mmol) in MeOH-CJEIl, (60 mL, 5:1) was added 5%
palladium on carbon (200 mg), and the resultingtanexwas stirred under an atmosphere pf H
at room temperature for 3 h. The reaction mixtuas Wtered through Celite and the filtrate was
concentrated. The crude product was used in the reaxtion without further purification. To
the crude amine and NaHG@L.03 g, 12.3 mmol) in THF4D (50 mL, 1:1) was added Fmoc-
OSu (2.08 g, 6.17 mmol) at @C. The resulting mixture was allowed to come tomoo
temperature and stirred for 3 h. The reaction métuas diluted with EtOAc and washed water
and brine, dried over N&0Q,, and concentrated in vacuo. The residue was pdrby silica gel
column chromatography (hexane-EtOAc, 3:1) to affdadas a semisolid (1.33 g, 72%H
NMR (400 MHz, CDC}) & 8.46(s, 1H), 7.98 (s, 1H), 7.80 (d,= 7.4 Hz, 2H), 7.65 (d] = 7.4
Hz, 2H), 7.44 (tJ = 7.4 Hz, 2H), 7.36 (t) = 7.4 Hz, 2H), 4.48 (d] = 7.2 Hz, 2H), 4.31 () =
7.2 Hz, 1H), 4.06 (d) = 7.4 Hz, 2H), 4.01 (s, 3H), 1.93 (m, 1H), 1.388L(m, 4H), 0.90 (t) =
7.4 Hz, 6H);"*C NMR (100 MHz, CDGJ) 5 164.2, 153.3, 143.7, 141.3, 129.1, 127.8, 127.2,
125.9, 125.1, 120.9, 120.1, 67.7, 57.0, 52.1, 44105, 23.1, 10.5; HRMSwz calcd for

Co6H30N304 (M"'H)+ 448.2236, found 448.2236.

4.4.2. 4-[(9-Fluoren-9-ylmethoxy)carbonylamino] - 1-(3-phenyl propyl)-1H-pyrazol-3-carboxylic
acid methyl ester (3b)

Compound3b was prepared from compourith following the general procedure B
(white solid, 67%)™H NMR (400 MHz, CDC}) 5 8.45 6, 1H, 8.00 6, 1H, 7.80 (d,J = 7.4 Hz,
2H), 7.66 (dJ = 7.4 Hz, 2H), 7.44 (t) = 7.4 Hz, 2H), 7.36 (t) = 7.4 Hz, 2H), 7.33-7.18 (m,
5H), 4.50 (dJ = 7.2 Hz, 2H), 4.31 () = 7.2 Hz, 1H), 4.18 () = 7.2 Hz, 2H), 4.02 (s, 3H), 2.66

(t, J = 7.4 Hz, 2H), 2.26 (m, 2H)°C NMR (100 MHz, CDG)) 5 164.2, 153.3, 143.7, 141.3,
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140.4, 129.3, 128.6, 128.4, 127.9, 127.2, 126.8,00225.1, 120.5, 120.1, 67.7, 53.0, 52.1, 47.0,

32.7, 31.7; HRMSWz calcd for GgH2sN3O4 (M+H)* 482.2080, found 482.2081.

4.4.3.4-[ (9-Fluoren-9-yl methoxy)car bonylamino] - 1-(3,3-phenyl propyl)-1H-pyrazol -3-carboxylic
acid methyl ester (3c)

Compound3c was prepared from compou@d following the general procedure B (white
solid, 70%).H NMR (400 MHz, CDC}) § 8.40 (s, 1H), 7.89 (s, 1H), 7.78 (= 7.4 Hz, 2H),
7.63 (d,J = 7.4 Hz, 2H), 7.42 (t) = 7.4 Hz, 2H), 7.35-7.17 (m, 12H), 4.47 (d= 7.2 Hz, 2H),
4.28 (t,J = 7.2 Hz, 1H), 4.09 () = 7.3 Hz, 2H), 3.98 (s, 3H), 3.90 {= 7.9 Hz, 1H), 2.66 (m,
2H); ¥*C NMR (100 MHz, CDGJ) § 164.1, 153.3, 143.7, 143.3, 141.3, 129.4, 12829.9,
127.7, 127.2, 126.7, 125.9, 125.1, 120.7, 120.17,62.2, 52.1, 48.4, 47.0, 35.9; HRM%z

calcd for GsH3oN3O,4 (M+H)* 558.2393, found 558.2394.

4.4.4. 4-[(9-Fluoren-9-ylmethoxy)car bonylamino] -1-[ 2-(naphthal en-1-yl)ethyl] - 1H-pyrazole-3-
carboxylic acid methyl ester (3d)

Compound3d was prepared from compourfitl following the general procedure B
(white solid, 76%)*H NMR (400 MHz, CDC)) 5 8.45 (s, 1H), 8.06 (d} = 8.2 Hz, 1H), 7.93 (s,
1H), 7.90 (d,J = 8.2 Hz, 1H), 7.82-7.79 (m, 3H), 7.66 (M= 7.2 Hz, 2H), 7.60-7.51 (m, 2H),
7.47-7.35 (m, 5H), 7.30 (d, = 7.2 Hz, 1H), 4.52 (t) = 7.6 Hz, 2H), 4.49 (d] = 7.1 Hz, 2H),
4.31 (t,J = 7.1 Hz, 1H), 4.05 (s, 3H), 3.69 &= 7.6 Hz, 2H)"*C NMR (100 MHz, CDG)) 5
164.2, 153.2, 143.6, 141.3, 133.9, 133.2, 131.8,112427.9, 127.87, 127.2, 127.0, 126.5, 126.0,
125.8, 125.6, 125.1, 123.1, 120.7, 120.1, 67.71,582.2, 47.0, 34.1; HRM®&Vz calcd for

Ca2H2eN304 (M+H)" 518.2080, found 518.2080.
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4.5. General Procedure C for the synthesis of compound 4a-4d
45.1.  4-[(9-Fluoren-9-ylmethoxy)car bonylamino] -1-(2-ethylbutyl)- 1H-pyr azol e-3-car boxylic
acid (4a)

To a solution of3a (1.0 g, 2.23 mmol) in toluene-EtOAc (5:1, 40 mLasvadded lithium
iodide (1.50 g, 11.2 mmol). The resulting mixturaswefluxed for 4 h. The reaction mixture was
guenched with 10% aqueous HCI and extracted widAEt The organic layer was washed with
10% aqueous N&,O3, brine and dried over N8Oy, and concentrated in vacuo to aff&aas a
white solid (950 mg, 98%}H NMR (400 MHz, CDCJ) § 8.22 (s, 1H), 7.91 (s, 1H), 7.70 (M=
7.4 Hz, 2H), 7.55 (d) = 7.4 Hz, 2H), 7.34 (] = 7.4 Hz, 2H), 7.26 (§ = 7.4 Hz, 2H), 4.39 (d]
= 7.2 Hz, 2H), 4.22 (t) = 7.0 Hz, 1H), 3.99 (d] = 7.2 Hz, 2H), 1.83 (m, 1H), 1.29-1.21 (m, 4H),
0.82 (t,J = 7.4 Hz, 6H);*C NMR (100 MHz, CDGJ) 5 166.7, 153.3, 143.6, 141.3, 128.6, 127.9,
127.2, 126.1, 125.1, 121.4, 120.1, 67.9, 57.0, ,44106, 23.1, 10.5; HRMS$nwz calcd for

CasH2eN30s (M+H)* 434.2080, found 434.2080.

45.2. 4-[(9-Fluoren-9-ylmethoxy)carbonylamino] - 1-(3-phenyl propyl)-1H-pyrazol-3-carboxylic
acid (4b).

Compound4b was prepared from compour8b following the general procedure C
(white solid, 99%)*H NMR (400 MHz, CDCJ) 5 8.31 (s, 1H), 7.98 (s, 1H), 7.76 (H= 7.4 Hz,
2H), 7.61 (dJ = 7.4 Hz, 2H), 7.40 (t) = 7.4 Hz, 2H), 7.34-7.11 (m, 7H), 4.45 {®z= 7.1 Hz,
2H), 4.28 (tJ = 7.1 Hz, 1H), 4.15 () = 7.2 Hz, 2H), 2.62 (t] = 7.2 Hz, 2H), 2.22 (m, 2H}*C

NMR (100 MHz, CDCJ) 6 166.7, 153.3, 143.6, 141.3, 140.3, 128.9, 12&8,41, 127.9, 127.2,
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126.3, 126.2, 125.1, 121.0, 120.1, 67.9, 53.0,,432@, 31.7; HRMS3nz calcd for GgH26N304
(M+H)* 468.1923, found 468.1924.

4.5.3 4-[ (9-Fluoren-9-yl methoxy)carbonylamino] - 1-(3,3-phenyl propyl)- 1H-pyrazol-3-carboxylic
acid (4c)

Compounddc was prepared from compouBid following the general procedure C (white
solid, 98%).H NMR (400 MHz, CDC}) § 8.29 (s, 1H), 7.91 (s, 1H), 7.76 @= 7.4 Hz, 2H),
7.62 (d,J = 7.4 Hz, 2H), 7.40 (t) = 7.4 Hz, 2H), 7.34-7.16 (m, 12H), 4.46 (d= 7.2 Hz, 2H),
4.28 (t,J = 7.2 Hz, 1H), 4.09 (t) = 7.2 Hz, 2H), 3.88 (t) = 7.8 Hz, 1H), 2.65 (m, 2H)C
NMR (100 MHz, CDCJ) 6 166.4, 153.2, 143.6, 143.2, 141.3, 129.0, 12&8,9, 127.7, 127.2,
126.7, 126.1, 125.1, 121.2, 120.1, 67.9, 52.2,, 484, 35.9; HRM3wz calcd for GsH3oN304

(M+H)" 544.2236, found 544.2236.

454  4-[(9-Fluoren-9-ylmethoxy)carbonylamino] -1-[ 2-(naphthal en-1-yl)ethyl] -1H-pyrazole-3-
carboxylic acid (4d)

Compound4d was prepared from compourtl following the general procedure C
(white solid, 98%)*H NMR (400 MHz, CDC)) 5 8.20 (s, 1H), 7.95 (dl = 8.2 Hz, 1H), 7.85 (s,
1H), 7.80 (d,J = 7.9 Hz, 1H), 7.71-7.69 (m, 3H), 7.54 Mz 7.4 Hz, 2H), 7.50-7.41 (m, 2H),
7.36-7.25 (m, 5H), 7.20 (d, = 6.8 Hz, 1H), 4.45 (t) = 7.7 Hz, 2H), 4.38 (d] = 7.1 Hz, 2H),
4.21 (t,J = 7.1 Hz, 1H), 3.60 (t) = 7.7 Hz, 2H)*C NMR (100 MHz, CDG) 5 166.7, 153.2,
143.6, 141.3, 133.9, 133.1, 131.6, 129.1, 127.9%,91 127.2, 127.1, 126.5, 126.2, 125.9, 125.6,
125.1, 123.0, 121.3, 120.1, 67.9, 54.2, 47.0, 34RMS nvz calcd for GiHo6N3O4 (M+H)*

504.1923, found 504.1923.
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4.6. Peptidomimetic synthesis

Rink amide 4-methylbenzhydrylamine (MBHA) resin ai@nhoc-amino acids were
obtained from Calbiochem-Novabiochem (La Jolla, CAl) peptides were prepared by Fmoc-
based solid-phase peptide synthesis using Rink emedin with an initial loading of 0.61
mmol/g. Resins were swollen in DMF for 45 min befsiynthesis. For sequence extension, the
Fmoc-Arg (pbf)-OH (5.0 eq.) along with HBTU (5.0.gcHOBt (5.0 eq.) was added to the free
amine on resin in the presence of DIEA (5.0 eqDMF (2 mL) and allowed to proceed for 1 h
with Vortex stirring. After washing with DMF, Fmodeprotection was achieved with 20%
piperidine in DMF (1 x 10 min, 2 x 3 min). The nesvas washed once again, and the process
was repeated for the next amino acid and finallg tlesin was washed with DMF,
dichloromethane, and ether, and then dried undeuwura. The peptide cleavage from the resin
and the deprotection was carried out using a nextof trifluoroacetic acid, water, and
triisopropylsilane (90:5:5, v/iviv, 2 mL) for 2 h.h& crude peptide was precipitated by the
addition of cold diethyl ether and filtered. Pwdtion of crude peptide was carried out on the
preparative Vydac g column using an appropriative 10-90% water/acétitenigradient in the
presence of 0.05% TFA (A: water buffer, B: acetaleitouffer). Purified peptides (> 95%) were
assessed by RP HPLC on an analytical Vydag d@lumn. Mass spectra of peptides were
obtained using MALDI-TOF-MS (Shimadzu). Cyclic pelgt was synthesized using Fmoc
protection strategy. The linear side-chain protgieptide was synthesized on the Rink amide
resin (0.61 mmol/g) coupled with the respectiveramacids. Subsequently, Fmoc group in the
N-terminal of the resin-bound protected peptide vemsoved using 20% piperidine/DMF. Then,

the N-terminal amine was bromoacetylated using of BfCBIOH (10.0 eq.) and DIC (5.0 eq.)
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stirring for 3 h at rt. The peptide was cleavednfrthe resin and dissolved in 10 mL of
water/CHCN (1:1). Further to attain the basic solutionettiylamine was repeatedly added to
adjust the pH 8-9. Under the basic condition, eyt thiol in the linear peptide undergoes the
nucleophilic displacement oN-bromoacetyl group to effect the spontaneous indtecular

cyclization. This cyclization process was monitotgdHPLC. After 1 h at room temperature,
30% ag. AcOH the solution was added and lyophiliZgte crude product was purified by RP-

HPLC.

MS (MALDI-TOF): m/z Pyl 367.2570 (M + H), Py2 523.8517 (M + H), Py3 401.2415 (M +
H)* Py4 557.3426 (M + H), Py5 477.2725 (M + H), Py6 633.8332 (M + H), Py7 437.2419 (M
+ H)*, Py8 593.4807 (M + H), Py9 936.9565 (M + H), Py10 1396.4418 (M + 2H) Py1l
856.9093 (M + Hj, Py12 1013.1276 (M + 2H) Py13 1276.2438 (M + 2H) Py14 1079.4870

(M + H)".

4.7. Bacterial strains

Two types of Gram-positive bacteri&gphylococcus epidermidis [KCTC 1917], and
Staphylococcus aureus [KCTC 1621]) and two types of Gram-negative bdatgEscherichia
coli [KCTC 1682] andPseudomonas aeruginosa [KCTC 1637] were procured from the Korean
Collection for Type Cultures (KCTC) at the KoreasRarch Institute of Bioscience and
Biotechnology (KRIBB). Methicillin-resistan®aphylococcus aureus strains(MRSA; CCARM
3089, CCARM 3090, and CCARM 3095) and multidrugsesht Pseudomonas aeruginosa
strains(MDRPA; CCARM 2095, and CCARM 210%ere obtained from the Culture Collection

of Antibiotic-Resistant Microbes (CCARM) at Seoul owWlen’'s University in Korea.
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Vancomycin-resistanEnterococcus faecium (VREF; ATCC 51559) was supplied from the

American Type Culture Collection (Manassas, VA, JSA

4.8. Antimicrobial assay

The antimicrobial activity of the peptides agaibatteria was examined using the broth
microdilution method in sterile 96-well plates. guiots (10QuL) of a bacterial suspension a2
10° CFU/mL in 1% peptone were added to 3000f the peptide solution (serial 2-fold dilutions
in 1% peptone). After incubation for 18-20 h at 3Z, bacterial growth inhibition was
determined by measuring the absorbance at 600 timanmicroplate reader (EL 800, Bio-Tek
Instruments, VT, USA). The minimal inhibitory comteation (MIC) was defined as the lowest
peptide concentration that causes 100% inhibitiomicrobial growth. In addition, the MICs of
the peptides were determined in the presence & 2ak 106 CFU/ml of E. coli (KCTC 1682),
and S. aureus (KCTC 1621) were treated with peptigiile different conditions were added to
LB medium, and the concentrations of physiologaaiditions were as follows: 150 mM NaCl,
1 mM MgCh, and 2.5mM CaGl After these treatments, the procedures were sanmiC assay

described above.

4.8.1. Hemol ytic assay against sheep red blood cells (S RBC)

The hemolytic activity of the peptides was measuasdthe amount of hemoglobin

released by the lysis of S-RBC. Fresh S-RBC wenérifeged, washed three times with PBS (35
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mM phosphate buffer, 0.15 M NaCl, pH 7.2), dispensego 96-well plates as 100L of 4%
(w/v) RBC in PBS, and 10QL of peptide solution was added to each well. Repdilutions
were prepared in PBS, and the range of peptideerdrations tested went from 5u8/mL to 1
ug/mL. After 1 h of incubation at 37C under 5% Cg cells were centrifuged at 1000 x g for 10
min and the supernatant (1Q0) was transferred to other 96 well plates. Theodtsnce values
of the released hemoglobin were determined at #141sing a microplate reader (EL 800, Bio-
Tek Instruments, VT, USA). Zero hemolysis was dataed in PBS (Ag9 and 100% hemolysis

was determined in 0.1% (v/v) Triton X-100«#n). The hemolysis percentage was calculated as

100 X [(Asample_ APBS) / (Atriton_ APBS)]-
4.8.2. Mammalian cdll cultures

RAW264.7 and NIH-3T3 cells were purchased from thmerican Type Culture
Collection (Manassas, VA), and cultured in DMEM glgmented with 10% fetal bovine serum
and antibiotic-antimycotic solution (100 units/mierpcillin, 100 pg/mL streptomycin and 25
pg/mL amphotericin B) in 5% Cfat 37 °C. Cultures were passed every 3 to 5 dayd,cells

were detached by brief trypsin treatment and vigedlwith an inverted microscope.

4.8.3. Cytotoxicity against mammalian cells

Cytotoxicity of peptides against RAW264.7 and NIF33cells was determined using the
MTT proliferation assay as reported previously witinor modifications [48]. The cells were

seeded on 96-well microplates at a density of 20* cells/well in 150uL DMEM containing
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10% fetal bovine serum. Plates were incubated 4oh &t 37°C in 5% CQ. Peptide solutions
(20 pL) (serial 2-fold dilutions in DMEM) were added, cathe plates further incubated for 2
days. Wells containing cells without peptides séras controls. Subsequently, pQ@ MTT
solution (5 mg/mL) was added in each well, andplses were incubated for a further 4 h at
37 °C. Precipitated MTT formazan was dissolved in4d0of 20% (w/v) SDS containing 0.01 M
HCI for 2h. Absorbance at 570 nm was measured usingcroplate ELISA reader (Molecular
Devices, Sunnyvale, CA). Cell survival was exprdsae a percentage of the ratio of;Aof

cells treated with peptide to that of cells only.

4.8.4. Protease stability by radial diffusion assay

E. coli (KCTC 1682) ands. aureus (KCTC 1621) were grown overnight for 18 h at°&
in 10 mL of LB broth, and then 10 mL of this cukuwas inoculated into 10 mL of fresh LB and
incubated for an additional 3 h at 3Z to obtain mid-logarithmic-phase organisms. A baat
suspension (& 10° CFU/ml in LB) was mixed with 0.7% agarose. Thiscmie was poured into
a 10-cm petri dish, and it dispersed rapidly. Feroliters of an aqueous peptide stock solution
(10 mg/mL) were added to 25 mL of trypsin solutiorPBS (0.2ug/mL), and incubated at 37
°C for 4 h. The reaction was stopped by freezingp Wifuid nitrogen, after which 10L aliquots
were placed in each circle paper (< 6 mm in diamefat on the agarose plates, and then
incubated at 37C overnight. The diameters of the bacterial cleeganones surrounding the

circle paper were measured for the quantitationlubitory activities.
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4.8.5. Inhibition of biofilm formation

MDRPA 2095 strain (1 x focfu/mL) in MHB containing 0.2% glucose were inctdsh
at 37 °C, 24 h with or without peptides (serial #ietd dilutions ranging from Jug/mL to 64
ug/mL) in 96-well tissue culture microtiter plateSix wells were used for each peptide or
control. After the incubation, the waste media asgirated gently. The wells of the plates were
washed three times with 2%Q physiological buffered saline (PBS) solutions remove
unattached bacteria and air-dried. 2000f 99% methanol was added per well for 15 min for
fixation and aspirated, and plates were allowedryo Wells were stained with 1QQ of 0.1%
crystal violet for 5 min. Excess stain was genthsed off with tap water, and plates were air-
dried. The stain was resolubilized in 100 0f 95% ethanol, shaking in orbital shaker forr8

and measured the absorbance at 600 nm.

4.8.6. Membrane depolarization

The cytoplasmic membrane depolarization activitythed peptides was measured using
the membrane potential sensitive dye, diS@s previously described [49,50]. Brieffy,aureus
(KCTC 1621) grown at 37C, with agitation, to the mid-log phase (@p= 0.4) was harvested
by centrifugation. Cells were washed twice witlishing buffer (20 mM glucose, 5 mM HEPES,
pH 7.4) and resuspendedaio ODyo0 Of 0.05 in similar buffer. The cell suspension wasibated
with 20 nM diSG-5 until a stable fluorescence value was achievddch implied the full
incorporatiorof the dye into the bacterial membrane. Membrarmldeization was monitored

through the changes in the intensity of fluoreseesmmission of the membrapetential-sensitive
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dye, diSG-5 (excitationA = 622 nm, emissiorh = 670 nm) after peptide addition. The

membrane potential was fully abolished by addiragrgcidin D (final concentration of 0.2 nM).

4.8.7. Outer membrane permeability assay

The ability of peptides to increase outer membraeemeability of Gram-negative
bacteria was determined by measuring incorporatiotihe fluorescent dye NPN into the outer
membrane oE. coli (KCTC 1682) as previously described t5B]. Briefly, E. coli cells were
suspended to a final concentration of g3 0.05 in 5 mM HEPES buffer, pH 7.2, containing 5
mM KCN. NPN was added to 3 mL of cells in a quadzette to give a final concentration of 10
MM and the background fluorescence recorded (elmitat = 350 nm, emissioi = 420 nm)
with RF-5301PC spectrofluorophotometer (Shimadapad). Aliquots of peptide were added to
the cuvette, and the fluorescence was recordedfasction of time until there was no further
increase in fluorescence. As outer membrane peiifitgad increased by the addition of peptide,

NPN incorporated into the membrane causes an iseli@gluorescence.

4.8.8. Inner membrane per meability assay

The inner membrane permeability of peptides wasrdehed by measurement i coli
ML-35 of f-galactosidase activity using the normally imperbdea chromogenic substrate
ONPG as a substrate, which has been describedopstyi[54,55].E. coli ML-35 were washed

in 10 mM sodium phosphate (pH 7.4) containing 10@ MaCl and resuspended in the same
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buffer at a final concentration of Qg = 0.5 containing 1.5 mM ONPG. The hydrolysis of
ONPG to o-nitrophenol over the time was monitongecsrophotometrically at 405 nm following

the addition of peptide samples.

4.8.9. Transmission electron microscope (TEM)

Morphological changes dt. coli (KCTC 1682) andS. aureus (KCTC 1621) after the
addition of Py11 were analyzed using TEM. The héaiteulture at 2x 10’ CFU/mL in LB
media was washed three times in PBS via a seriesrtfifugation at 10,008 g, for 5 min, and
re-suspension. One-hundred microliters of Pyll BE Rvere added to an equal volume of
bacterial suspension to a final concentration >atVAC. Following the addition of Pyll, the
samples were incubated for 1 h at 3J. Bacterial cell pellet after centrifugation was r
suspended in 20 mL PBS for TEM specimen preparattore microliters of sample solution
were loaded onto a carbon film-coated TEM grid, aihwas rendered hydrophilic by glow
discharge. After 90 s, the excess sample solutiaa washed off with distilled water. Five
microliters of 1% uranyl acetate were loaded oht grid for negative staining for 1 min, and
excess stain solution was blotted using a piecéltef paper. Samples were imaged using a
Tecnai G Spirit electron microscope (FEI) equipped witheathanum hexaboride (Lab6) gun,
operating at 120 kV. Images were recorded usingUhieascan 4000 charge-coupled device

(CCD) camera (Gatan).

4.8.10 Nitric oxide (NO) release from LPS-stimulated RAW264.7 cells
31



RAW264.7 macrophage cells were plated at a demsity x 16 cells/mL in 96-well
culture plates and stimulated with LPS (20 ng/miLjhe presence or absence of peptides for 24
h. Isolated supernatant fractions were mixed withegual volume of Griess reagent (1%
sulfanilamide, 0.1% naphthylethylenediamine dihgthoride, and 2% phosphoric acid) and
incubated at room temperature for 10 min. Nitritedquction was measured by absorbance at

540 nm, and concentrations were determined usstigradard curve generated with NalNO

4.8.11. TNF-a release from LPS-stimulated RAW264.7 cdlls

RAW264.7 cells were seeded in 96-well plates (510" cells/well) and incubated
overnight. Peptides were added and incubated &€3After washing for five times with PBS to
remove unbound peptides, LPS (20 ng/mL) was addedirscubated for 6 h at 37 °C. The
concentration of TNFr or IL-6 in the samples was measured using a méddea enzyme-
linked immunosorbent assay (ELISA) kit (R&D SysterwBnneapolis, MN, USA) according to

the manufacturer’s protocol.

4.8.12. Reverse transcription-polymerase chain reaction (RT-PCR)

RAW264.7cells were plated at 5 x 1€ells/well in six-well plates and culturegternight.
Cells were stimulated for 3 h (for TNd-or 6 h (for INOS) without (negative controk) with 20
ng/mLLPS in the presence or absence of peptide in DMEpplemented with 10% bovine

serumThe cells were detached from the wells esadhed once with phosphate-buffered saline.

32



Total RNA was prepared, and reverse transcribedDiNA with oligo (dT) 15 primers. The
cDNA products were amplified in the presence of priméos INOS (forward, 5'-
CTGCAGCACTTGGATCAGGAACCTG-3 reverse, 5'-
GGGAGTAGCCTGTGTGCACCTGGAA-3); TNFr (forward, 5'-
CCTGTAGCCCACGTCGTAGC-3'; reverse, 5-TTGACCTCAGCGGAGTTG-3'); and B-
actin (forward, 5'-TGGAATCCTGTGGCATCCATGAAAC-3}; reverse,
5-TAAAACGCAGCTCAGTAACAGTCCG-3'). The amplificatiorprotocol consisted of an
initial denaturation at 94 °C for 5 min, followeg BO cycles of denaturation at 94 °C for 1 min,
annealing at 55 °C for 1.5 min, and extension at@2or 1 min, with a final extension at 72 °C

for 5 min.

Statistical analysis

Data were analyzed by ANOVA using SigmaPlot 12 fiveare. Quantitative data are presented
as the mean = standard deviation of the mean. leiffees were defined as significant at a P-

value of less than 0.001.
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Figure legends

Scheme 1. General synthesis of pyrazole-amino acids

Reagents and conditions: (a) thionyl chloride, Me@#lux, 5 h, 99%; (b) RX, BCOs;, DMF,
60°C, 15 h, 49-67%; (c) 5 Pd/C, MeOH-CHCl,, 3 h; (d) Fmoc-OSu, NaHGOTHF-H,0, rt,

3 h, 67-72% (over 2 steps); (e) Lil, toluene-EtOfsflux, 4 h, 98%.

Figure 1. Structures of the synthetic peptidomimetics

Figure 2. Concentration—response curves of percent hemay$y11l, melittin and LL-37

against sheep red blood cells (s-RBCs).

Figure 3. Cytotoxicity of Pyl1 against mouse macrophage RA¥2 cells (A) and mouse

fibroblastNIH-3T3 cells (B).

Figure4. Inhibition of antimicrobial activity by trypsin, asssed by a radial diffusion assay

usingE. coli and Saureus.
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Figure 5. Inhibitory effect of Pyll and LL-37 on biofilm fomtion of MDRPA. Various
concentrations of Pyl11 and LL-37 incubated with MBXR(CCARM 2095) for 24 h. After the
incubation crystal violet was used to stain thdilog dissolved in 95% Ethanol and absorbance
(ODgog) was measured. Asterisks indicate significant at$feof Pyll compared to control
(without peptide). Solid lines and dotted linesresgnt, respectively, 50 and 90 % reduction of
biofilm biomass, as compared to the control biodilidata were analyzed by one-way ANOVA
with Bonferroni's post-test P < 0.001 for each agonist). The data are mean + SEtdchnical
triplicates, and the findings were similar when #heriments were repeated using different

cells.

Figure 6. (A) The outer membrane permeability Bécherichia coli by the peptideskE. coli
(KCTC 1682) cells were incubated with NPN in thegance of various concentrations of the
peptides. Enhanced uptake of NPN was measured hycamase in fluorescence caused by
partitioning of NPN into the hydrophobic interiof the outer membrangB) The inner
membrane permeabilization Bf coli ML-35 by the peptides. Permeabilization was deteeoh

by following spectrophotometrically at 415 nm, tllemasking of cytoplasmi@-galactosidase
activity as assessed by hydrolysis of the normallyermeable, chromogenic substrate ONBEG.
coli (approximately 1®colony forming units/ml) was resuspended in 10 sddium phosphate

buffer, pH 7.5, containing 100 mM NaCl and 1.5 mibstrate

Figure 7. The cytoplasmic membrane depolarization agatstureus by the peptidesThe

cytoplasmic membrane potential variation was meskusing the membrane potential-sensitive
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dye diSG-5. Dye release was monitored at an excitation Veangth of 622 nm and an emission

wavelength of 670 nm as a function of time.

Figure 8. TEM micrographs oE. coli: (A) control, no peptides; (B) Pyll-treated X2VIC).

TEM micrographs of. aureus: (C) control, no peptides; (D) Pyll-treatedk(RIIC).

Figure 9. (A) Effects of Pyll on LPS-stimulated nitric oxi@dO) production in RAW264.7
cells. (B) Effects of Pyll on LPS-stimulated TNF<elease from RAW264.7 cells. Asterisks
indicate significant effects of peptides compared_PS treated cells. Data were analyzed by
one-way ANOVA with Bonferroni’'s post-test R < 0.001 for each agonist). The data are
mean + SEM of technical triplicates, and the figdirwere similar when the experiments were

repeated using different cells. Control represealisonly.

Figure 10. Effects of Pyll on the mRNA expression of INOS diNF-o in LPS-stimulated

RAW264.7 cells. RAW264.7 cells (5 x 26ells/well) were incubated with the peptides ig th
presence of LPS (20 ng/ml) for 3 h (for TJor 6 h (for INOS). Total RNA was isolated and
analyzed for the expression of INOS mMRNA and TiNIRRNAs by PCR. Control represents cell

only.
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Table 1. MIC values for the synthetic antimicrobial peptidomimetics used in this study

MIC? (ug/mL)
Peptides Gram-negative bacteria Gram-positive bacteria
Escherichia Pseudomonas Saphylococcus Saphylococcus
coli aeruginosa epidermidis aureus
(KCTC 1682) (KCTC 1637) (KCTC 1917) (KCTC 1621)
Pyl > 64 > 64 > 64 > 64
Py2 > 64 > 64 > 64 > 64
Py3 > 64 > 64 > 64 > 64
Py4 > 64 > 64 > 64 64
Py5 > 64 32 > 64 > 64
Py6 > 64 8 > 64 8
Py7 > 64 > 64 > 64 > 64
Py8 > 64 > 64 > 64 32
Py9 32 32 32 8
Py10 64 > 64 64 32
Pyll 32 8 32 4
Pyl12 32 8 32 4
Py13 >64 > 64 64 8
Py14 >64 > 64 64 16
LL37 32 64 32 32
melittin 16 32 32 16

&M ICs (minimal inhibitory concentrations) were determined as the lowest concentration of
peptide that causes 100 % inhibition of microbial growth.



Table 2. Therapeutic index (TI) of Pyl11, LL-37 and melittin

Peptides GM (ug/mL)? MHC (ug/mL) " TI (MHC/IGM)
Py11 19 512 < 53.9
LL-37 40 512 < 25.6
melittin 24 11.0 0.5

4GM denotes the geometric mean of MIC values from selected four bacterial strains.

PMHC isthe lowest peptide concentration that produces 10% hemolysis of sheep red blood cells.
¢ Therapeutic index (TI) isthe ratio of the MHC value (ug/mL) over the GM (ug/mL).

When 10% hemolysis was not observed at 512 pg/ mL, avalue of 1024ug/mL was used for
calculation of the MHC value.



Table 3. MIC values for Py11 and melittin against antibiotic-resistant bacteria

Microorganisms MIC (ug/mL)
Pyll melittin
MRSA®
CCARM 3089 8 16
CCARM 3090 8 16
CCARM 3095 4 16
MDRPA®
CCARM 2109 8 32
CCARM 2095 8 32
VREF*
ATCC 51559 8 16

*MRSA: methicillin-resistant Saphyl ococcus aureus
PMDRPA: multidrug-resistant Pseudomonas aer uginosa
°VREF: vancomycin-resistant Enterococcus faecium



Table4. MIC values of Py11 in the presence of salts against E. coli and S aureus.

Control 150 mM NaCl 1mM MgCl, 2.5mM CaCl,
MIC (ug/ml) against E. coli (KCTC 1682)
32 32 32 32
MIC (ug/ml) against S. aureus (KCTC1621)
4 4 8 8

Control represents treated with peptide only.
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Synthesis of Fmoc-pyrazole amino acids for the first time

Synthesis of Pyrazole-arginine based ultra short peptidomimetics using solid phase
peptide synthesis

Ultra short peptidomimetics showed broad-spectrum of antimicrobial activity
including MRSA, VREF, and MDRPA

Ultra short peptidomimetics also showed potent anti-biofilm activity.

Detailed mechanistic studies including inner membrane permeability, outer
membrane permeability, membrane depolarization, and TEM images were performed
efficiently.



