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Abstract Brevinin-1BYa (FLPILASLAAKFGPKLFCL
VTKKC), first isolated from skin secretions of the frog
Rana boylii, displays broad-spectrum antimicrobial activity
and potent haemolytic activity. This study investigates
the effects on conformation and biological activity of
replacement of the intramolecular disulphide bridge in the
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peptide by a non-reducible dicarba bond. Dicarba-brevinin-
1BYa was prepared by microwave irradiation of
[Agl'® Agl**]-brevinin-1BYa (Agl = allylglycine) in the
presence of a second generation Grubbs’ catalyst. Circular
dichroism spectroscopy in 50%  trifluoroethanol-water
indicated that the degree of a-helicity of the dicarba
derivative (22%) was less than that of brevinin-1BYa
(27%) but comparable to that of the acyclic derivative
[Ser'® Ser**|-brevinin-1BYa (23%). Dicarba-brevinin-
1BYa showed a two-fold increase in potency against ref-
erence strains of Escherichia coli, Staphylococcus aureus,
and Candida albicans compared with the native peptide
and displayed potent bactericidal activity against clinical
isolates of methicillin-resistant S. aureus (MRSA) and
multidrug-resistant Acinetobacter baumannii (MIC in the
range 1-8 uM). Compared with brevinin-1BYa and
[SerlS,Ser24]—breVinin—lBYa, the dicarba derivative was
associated with increased cytotoxicity against human
erythrocytes (2.5-fold), MDA-MB-231 breast carcinoma

cells (1.3-fold) and HepG2 hepatoma-derived cells
(1.5-fold).
Keywords Antibacterial and antifungal peptide -

Brevinin-1 - Dicarba bond - Cytotoxicity - Ring-closing
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Abbreviations

CFU Colony forming units

DC Dicarba

DMF Dimethylformamide

MDRAB  Multidrug-resistant Acinetobacter baumannii
MRSA Methicillin-resistant Staphylococcus aureus
RCM Ring-closing metathesis

TFA Trifluoroacetic acid

TFE Trifluoroethanol
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Introduction

The emergence, particularly during the past 10-15 years,
of strains of pathogenic bacteria and fungi that are resistant
to commonly used antibiotics poses a potentially serious
threat to public health (Norrby et al. 2005; Martinez and
Silley 2010). There is an urgent need for new types of
antimicrobial agents with activity against these microor-
ganisms that also possess appropriate pharmacokinetic and
toxicological profiles. Peptides with antimicrobial activity
play an important role in the innate immunity that consti-
tutes the first-line defence against invading pathogens for a
wide range of vertebrate and invertebrate species (Auvynet
and Rosenstein 2009; Diamond et al. 2009). Compounds
based upon these naturally occurring anti-infective and
immunomodulatory peptides are being increasingly con-
sidered as potential therapeutic agents (Mookherjee and
Hancock 2007; Zhang and Falla 2010).

Frogs belonging to the extensive family Ranidae, cur-
rently 342 species distributed worldwide (Frost 2010), have
proved to be a particularly rich source of peptides with
antibacterial and antifungal activities (reviewed in Conlon
2008; Conlon et al. 2009b). These peptides are synthesized
in granular glands in the skin and are released into skin
secretions, often in very high concentrations, in response to
environmental stress. There are no conserved amino acid
sequences that are associated with antimicrobial activity,
but the peptides are almost invariably cationic, relatively
hydrophobic, and have the propensity to form an amphi-
pathic o-helix in a membrane-mimetic solvent or in the
environment of a phospholipid vesicle (Powers and
Hancock 2003). In contrast to antimicrobial peptides from
species of other well-studied families such as the Hylidae
(Pukala et al. 2006; Nicolas and E1 Amri 2009) and Pipidae
(Mechkarska et al. 2010), most of the peptides from frogs
of the Ranidae family contain an intramolecular disulphide
bridge defining a cyclic domain at the C-terminus that
generally comprises six or seven amino acid residues.
Examples of such cystine-containing peptides include
brevinin-1, brevinin-2, esculentin-1, esculentin-2, ranatu-
erin-1, ranatuerin-2, and palustrin-2 (reviewed in Conlon
2008, 2011).

Major obstacles to the development of peptide-based
anti-infective drugs, particularly if they are to be admin-
istered systemically, are their toxicities and their short half-
lives in the circulation. In the case of peptides containing a
disulphide bond, protein-disulphide oxidoreductases can
disrupt these cysteine bridges rendering the peptide inac-
tive and more susceptible to proteolytic degradation.
Microwave-assisted ring-closing metathesis provides a
relatively simple means of preparing a metabolically stable
and non-reducible dicarba bond to replace a cysteine bridge
and has found wide application (Jacobsen et al. 2010). The
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method involves chemical bond formation between the side
chains of two olefinic residues such as allylglycine (Agl),
in the presence of a ruthenium-alkylidene catalyst (Grubbs’
catalyst). Microwave irradiation is thought to prevent
peptide aggregation and potentiates the activity of the
catalyst (van Lierop et al. 2010). Examples include syn-
thesis of dicarba derivatives of oxytocin (Stymiest et al.
2003), conotoxins (Robinson et al. 2007, 2009), the
A-chain of human relaxin-3 (Hossain et al. 2009), and the
somatostatin analogue, octreotide (Barragan et al. 2009).

The 24 amino-acid-residue peptide brevinin-1BYa
(FLPILASLAAKFGPKLFCLVTKKC) represents a candi-
date for drug development. The peptide was first isolated
from norepinephrine-stimulated skin secretions from the
North American foothill yellow-legged frog Rana boylii
(Conlon et al. 2003), and preliminary data indicated potent
growth-inhibitory activity against both reference strains
and clinical isolates of Gram-positive and Gram-negative
bacteria and against opportunistic yeast pathogens of the
genus Candida (Pal et al. 2006). However, the therapeutic
potential of the peptide, particularly if it is to be adminis-
tered systemically, is limited by its potent haemolytic
activity against human erythrocytes (LCsy = 10 uM).

The aim of the present study was to investigate the
effects on the conformation, antimicrobial activity and
cytolytic activity against human cells of replacing the
disulphide bridge in brevinin-1BYa by a non-reducible,
metabolically stable dicarba bond. The properties of this
analogue are compared with those of the acyclic peptide
[SerlS,Ser24]breVinin-lBYa in which the cysteines are
replaced by isosteric serine residues.

Methodology
Materials

9-Fluorenylmethoxycarbonyl (Fmoc)-protected «-L-amino
acids and 1-[bis(dimethylamino)methylene]-1H-benzo-
triazolium hexafluorophosphate 3-oxide (HBTU) were
purchased from GL Biochem (Shanghai, China). Piperidine
and trifluoroacetic acid (TFA) were purchased from Auspep
(Melbourne, Australia). Fmoc-PAL-PEG-PS resins with
substitution of ca. 0.19 mmol/g were purchased from
Applied Biosystems (Melbourne, Australia). Dimethyl-
formamide (DMF), methanol, diethyl ether and dichloro-
methane were purchased from Merck (Melbourne,
Australia). Triisopropylsilane and diisopropylethylamine
were purchased from Sigma-Aldrich (Sydney, Australia).
Fmoc-L-allylglycine (Agl) was purchased from AnaSpec
(Fremont, CA, USA). Tricyclohexylphosphine [1,3-bis
(2,4,6-trimethylphenyl)-4,5-dihydro-imidazol-2-ylidene]
(benzylidene) ruthenium(II) dichloride (second generation
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Grubbs’ catalyst) was supplied by Aldrich and stored under
nitrogen. Acetonitrile was purchased from BDH Laboratory
Supplies (Poole, UK). All other reagents were from Sigma-
Aldrich (Sydney, Australia). Solvents and chemicals were all
of peptide synthesis or analytical grade.

Solid phase peptide synthesis

The linear Alg-containing brevinin-1BYa analogue was
prepared by continuous flow Fmoc solid-phase synthesis
using an automatic PerSeptive Biosystems Pioneer peptide
synthesiser (Framingham, MA, USA) as previously
described (Bathgate et al. 2006). All amino acid side chains
were protected by TFA-labile protecting groups. Fmoc-
L-Agl-OH was used in the place of each Fmoc-L-Cys(Trt)-
OH residue in positions 18 and 24. After sequence
completion, a small aliquot of the resin-bound peptide was
subjected to TFA-mediated cleavage for reverse-phase
HPLC and mass spectral analysis. This supported formation
of the Fmoc-protected brevinin-1BYa peptide at a high
purity (M, calc. 2,819.6 Da; M, obs. 2,819.0).

Microwave-assisted ring-closing metathesis

Dichloromethane and a 0.4 M solution of LiCl in DMF
were degassed with high purity argon prior to use. The
microwave reaction was carried out on a CEM Discover™
system fitted with the Benchmate™ option. The instrument
produces a continuous focussed beam of microwave radi-
ation at a maximum power delivery selected by the user,
reaching and maintaining a selected temperature. Reactions
were performed in 10 ml high pressure glass microwave
vessels fitted with self-sealing Teflon septa as a pressure
release device. The vessels employed magnetic stirrer
beads, and the temperature of the reaction was monitored
continuously with a non-contact infrared sensor located
below the microwave cavity floor. Reaction times were
measured from the time the microwave reached its maxi-
mum temperature until the reaction period had lapsed
(cooling periods not included).

In a nitrogen-filled glove box, the microwave reactor
vessel was loaded with resin-bound Fmoc-brevinin-1BYa
analogue (0.05 mmol), dichloromethane (5 ml), 0.4 M
LiCl in DMF (200 pl) and second generation Grubbs’
catalyst (8.5 mg, 10 pmol, 20 mol%). The system was
sealed, and the reaction mixture was then irradiated with
100 W of microwave energy and stirred at 100°C for 2 h.
The reaction mixture was cooled to room temperature, and
the resin then transferred to a fritted syringe and soaked in
a 1:1 mixture of dimethyl sulphoxide-DMF for 18 h. After
filtration, the resin was washed with dichloromethane and
methanol then left to dry in vacuo for 1 h. Post-metathesis,
a small aliquot of resin-bound peptide was subjected to

Fmoc-deprotection in the presence of 20% v/v piperidine in
DMF and washed with dimethylformamide, dichloro-
methane and methanol. After TFA-mediated cleavage,
reverse-phase HPLC and mass spectral analysis of the
resultant solid supported formation of the desired cyclic
dicarba (DC) peptide as two components in a 70:30 ratio.
The newly installed dicarba bridges possess cis- and
trans- geometry. The target peptides are described as
DC-brevinin-1BYa (peak 1) and DC-brevinin-1BYa (peak 2).

The remaining resin-bound Fmoc-brevinin-1BYa was
then treated with 20% v/v piperidine in DMF as described
above. Final cleavage of the peptide from its solid support
and simultaneous side chain deprotection were achieved by
treatment with TFA (95%) in the presence of the scav-
engers anisole (3%) and triisopropylsilane (2%) for 2 h,
and the crude peptide (48 mg) was then purified by ana-
lytical reverse phase HPLC on a 25 x 0.46 cm Vydac
218TP54 (C18) analytical column (Grace, Deerfield, IL,
USA). The concentration of acetonitrile in the eluting
solvent was raised from 35 to 65% at a flow rate of 1.5 ml/
min. Selected fractions were combined and lyophilised to
give two isomers of the desired peptide as colourless solids
(DC-brevinin-1BYa peak 1:6.8 mg and DC-brevinin-1BYa
peak 2:3.0 mg) at >98% purity (Fig. 1). The identity of
each peptide was confirmed by ESI-MS analysis (DC-
brevinin-1BYa peak 1: M, calc 2,568.3 Da, M, obs 2,567.8
and DC-brevinin-1BYa peak 2: M, calc 2,568.3 Da, M, obs
2,568.0).

The synthesis and purification of brevinin-1BYa and
[SerlS,Ser24]-breVinin—lBYa have been described previ-
ously (Pal et al. 2006).

Estimation of hydrophobicity

Peptides (approximately 5 nmol) were injected onto a
25 x 0.46 cm Vydac 218TP54 (C-18) column equilibrated
with acetonitrile/water/TFA (21.0/78.9/0.1) at a flow rate
of 1.5 ml/min. The concentration of acetonitrile was raised
to 49.0% over 40 min using a linear gradient. Absorbance
was measured at 214 nm, and the retention time of each
peptide was recorded.

Secondary structure prediction

Prediction of secondary structure and determination of
helicity per residue for brevinin-1BYa were undertaken
using the AGADIR program (Mufioz and Serrano 1994).
AGADIR is a prediction algorithm based on the helix/coil
transition theory, which predicts the helical behaviour
of monomeric peptides. Calculations were performed at
pH 7 and 298 K. A minimum percentage of 1% helicity/
residue was considered to predict the presence of a helix.
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Fig. 1 Schematic
representation of the synthesis
of dicarba-brevinin-1BYa by
microwave-assisted ring-closing
metathesis

2" generation Grubbs’ catalyst

Phe-Leu-Pro-lle-Leu-Ala-Ser-Leu-Ala-Ala-Lys-Phe-Gly-Pro-Lys-Leu-Phe-Agl-Leu-Val-Thr-Lys-Lys-Agl

CH,=CH,

Microwave radiation

Agl = L-allylglycine

Phe-Leu-Pro-lle-Leu-Ala-Ser-Leu-Ala-Ala-Lys-Phe-Gly-Pro-Lys-Leu-Phe-Agl-Leu-Val-Thr-Lys-Lys-Agl

Circular dichroism spectroscopy

Circular dichroism spectra were acquired on a CD6 dich-
rograph (Jobin-Yvon, Longjumeau, France) calibrated
using D-10-camphorsulfonic acid. Peptides were analysed
at a concentration of 0.5 mg/ml in (a) water and (b) tri-
fluoroethanol (TFE)/water (50/50, v/v). Data points were
collected from 260 to 185 nm at room temperature with a
0.5 mm path length quartz cell. For each spectrum, three
scans were accumulated and then averaged. A baseline was
obtained by recording a spectrum of the solvent, and the
mean residue molar ellipticity (0), expressed in deg cm?®
dmol ™', was calculated from the observed ellipticity after
baseline correction. The helical content of the peptides was
estimated using the Forood formula (Forood et al. 1993).

Microorganisms

Reference strains of Staphylococcus aureus (ATCC
25923), Escherichia coli (ATCC 25922) and Candida
albicans (ATCC 90028) were purchased from the Ameri-
can Type Culture Collection (Rockville, MD, USA). Six
strains of methicillin-resistant S. aureus (MRSA) were
isolated from patients admitted to Tawam Hospital (Al-
Ain, UAE). The characteristics of the strains including
antibiotic resistance are shown in Table 2. Five indepen-
dent strains of multidrug-resistant Acinetobacter bauman-
nii (MDRAB) isolated at four different hospitals in Abu
Dhabi Emirate were included in the study. The origin of the
strains has been described previously (Conlon et al. 2009a).
The bacteria were resistant to all antibiotics commonly
used to treat Acinetobacter infections including cephalo-
sporins, carbapenems, fluoroquinolones and aminoglyco-
sides but remained sensitive to tigecycline and colistin.
These strains were positive for the blagxa.s; gene detected
by PCR (Turton et al. 2006). The clonal lineage of the
strains, determined by a multiplex PCR assay (Turton et al.
2007) is shown in Table 3.

@ Springer

CH, CH,
NCH — cn”

{cis/trans) dicarba-brevinin-1BYa
Antimicrobial assays

Minimum inhibitory concentration (MIC) of the peptides
was determined in duplicate in three independent experi-
ments by standard microdilution methods using 96-well
microtiter cell-culture plates (Clinical Laboratory and
Standards Institute 2008a, b). Serial dilutions of the pep-
tides in Mueller-Hinton broth (50 pl) were mixed with an
inoculum [50 pl of 108 colony forming units (CFU)/ml]
from a log-phase culture. Bacteria were incubated for 18 h
at 37°C in a humidified atmosphere of air. C. albicans was
incubated in RPMI 1640 medium for 48 h at 35°C, with an
inoculum of 5 x 10* CFU/ml. After incubation, the
absorbance at 630 nm of each well was determined using a
microtiter plate reader. Minimum bactericidal concentra-
tion (MBC) was measured by incubating 10 pl of culture
from the wells of the MIC titration plate containing
1x MIC, 2x MIC and 4x MIC in Mueller-Hinton broth
for 18 h at 37°C in a humidified atmosphere of air. MBC
was considered to be the lowest concentration for which no
visible growth was detected. In order to monitor the
validity and reproducibility of the assays, incubations with
bacteria were carried out in parallel with increasing con-
centrations of ampicillin and incubations with C. albicans
in parallel with amphotericin B.

Cytotoxicity assays

Peptides in the concentration range 0.6-20 puM were incu-
bated with washed human erythrocytes (2 x 107 cells) from
a healthy donor in Dulbecco’s phosphate-buffered saline,
pH 7.4 (100 pl) for 1 h at 37°C. After centrifugation
(12,000xg for 15 s), the absorbance at 450 nm of the
supernatant was measured. A parallel incubation in the
presence of 1% v/v Tween-20 was carried out to determine
the absorbance associated with 100% haemolysis. The LDsq
value was taken as the mean concentration of peptide pro-
ducing 50% haemolysis in three independent experiments.
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Human breast cancer cells MDA-MB-231 (kindly pro-
vided by Prof. Joan Massague, Memorial Sloan-Kettering
Cancer Center, New York, USA) were maintained at 37°C
in DMEM medium supplemented with antibiotics (peni-
cillin 50 U/ml; streptomycin 50 pg/ml) (Invitrogen, Cergy
Pontoise, France) and 10% fetal bovine serum (FBS, Bio-
west, Nouaille, France). Cells were seeded in 96-well
plates at a density of 5 x 10° cells/well into 96-well plates.
After 24 h, cells were treated for 24 and 48 h with
increasing concentrations of brevinin-1BYa, DC-brevinin-
1BYa and [Ser'® Ser**|brevinin-1BYa (0.01-20 pM), in
triplicate. Control cultures were treated with 0.1% DMSO.
The effect of the peptides on cell viability was determined
by measurement of ATP concentrations using a CellTiter-
Glo Luminescent Cell Viability assay (Promega, Madison,
WI, USA). Luminescent signals were measured using a
GLOMAX Luminometer system.

HepG2 human hepatoma-derived cells (kindly provided
by Prof. Haider Raza, United Arab Emirates University)
were cultured as previously described (Bay and Cederbaum
2006). Cells (104 cells/well) were seeded into 96-well
microtiter plates and grown to 90% confluence in minimum
essential medium containing 10% fetal calf serum, 100
units/ml penicillin, 100 pg/ml streptomycin and 2 mM
glutamine (100 pl) in an humidified atmosphere of 5%
CO, at 37°C. One hour before incubation, the medium in
each well was replaced with minimum essential medium
containing 5% fetal calf serum (100 pl). Peptides in the
concentration range 0.1-20 UM were incubated with the
cells at 37°C for 1 h in duplicate. Cytolytic activity was
determined by the measurement of the release of lactate
dehydrogenase into the medium by using a CytoTox96
nonradioactive cytotoxicity assay kit (Promega) according
to the manufacturer’s protocol. The LCs, value was taken
as the mean concentration of peptide producing 50% cell
death in three independent experiments.

Results
Synthesis of DC-brevinin-1BYa

The synthesis of DC-brevinin-1BYa is illustrated sche-
matically in Fig. 1. Microwave-assisted RCM of the linear
[Agl'® Agl**] derivative resulted in formation of two
components (peak 1 and peak 2) with the molecular mass
of DC-brevinin-1BYa, which is consistent with the
expected formation of cis and trans isomers. These pep-
tides were readily separated by reverse-phase HPLC
(Fig. 2). RCM of the Agl-derivative of human relaxin-3
A-chain also produced two DC derivatives, and it was
shown that the earlier eluting component represented the
cis isomer (Hossain et al. 2009). This is also the case with

Peak 1

Peak 2

IIlIIllIlllllllllllllllllllllll

0 10 20 30

Fig. 2 Analytical reverse-phase HPLC of the reaction mixture after
synthesis of DC-brevinin-1BYa by microwave-assisted ring-closing
metathesis. Conformational analysis and determination of biological
activities were carried out using peak 1 material

DC-insulin-like peptide 3 (Zhang et al. 2010) and DC-o-
contotoxin (MacRaild et al. 2009) where the earlier-eluting
peak corresponds to the cis form and the later-eluting peak
is the trans. However, further studies are required to con-
firm that the more abundant peak 1 DC-brevinin-1BYa
represents the cis- isomer. The conformational analysis and
most of the biological studies were carried out with peak 1
material.

Estimation of hydrophobicity

Retention time on reverse-phase HPLC has been shown to
provide a measure of the effective hydrophobicity of pep-
tides with a-helical character (Tachi et al. 2002). Under the
conditions of chromatography used, the retention times of
the peptides were as follows: brevinin-1BYa 28.4 min,
peak 1 DC-brevinin-1BYa 28.0 min, peak 2 DC-brevinin-
1BYa 29.2 min and [Ser'®,Ser**brevinin-1BYa 26.1 min.
It is concluded that replacement of the disulphide bond by
an unsaturated dicarba isostere does not produce an
appreciable change in the hydrophobicity of brevinin-
1BYa, whereas elimination of the cysteine bridge produces
a less hydrophobic peptide.

Conformational analysis

Secondary structure prediction using the AGADIR pro-
gramme indicated that brevinin-1BYa has the propensity to
adopt a helical conformation between residues 5-6 and
11-12 in the N-terminal to central region of the peptide.
Consistent with this prediction, the circular dichroism
spectrum of the peptide in a membrane-mimetic solvent
(50% TFE/water) showed a typical a-helical pattern with
double minima at 208 and 222 nm and a positive maximum
at 192 nm (Fig. 3b). The o-helical contribution to the
overall secondary structure was estimated to be at 26.6%,
which corresponds to approximately 6-7 residues out of
24. The measured helicity of DC-brevinin-1BYa (22.4%)

@ Springer
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Fig. 3 Circular dichroism spectra of brevinin-1BYa, DC-brevinin-
IBYa and [Ser'®Ser**]-brevinin-1BYa in a water and b 50%
trifluroethanol-water

in this solvent is comparable to that of acyclic [Ser'® -
Ser”*]-brevinin-1BYa (23.2%) but less than that of the
native peptide. The overall CD spectrum of a peptide
represents the combination of the individual spectra of
each secondary structure found in the molecule. Conse-
quently, a possible explanation for the reduced value is
that the presence of turn structures modifies the value of
the mean residue ellipticity at 222 nm, and consequently
the estimation of the helical content. The spectrum of DC
brevinin-1BYa displayed an inflection below 190 nm that
was not observed in the spectrum of the native peptide,
suggesting that the dicarba bond stabilizes one or more
turn structures in the peptide (Perczel and Fasman 1992;
Greenfield 1996). Consistent with the observations in
TFE, the CD spectra in water indicated that brevinin-
IBYa and the dicarba analogue were not in a complete
random structure while the acyclic peptide produced a CD
spectrum typical of a disordered conformation. Indeed,
the degree of helicity of DC-brevinin-1BYa in water
(8.0%) was slightly greater than that of brevinin-1BYa
(6.5%) and appreciably greater than the helicity of
[Serlg,Ser24]—brevinin—lBYa (3.4%). This suggests the
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and the opportunistic yeast pathogen C. albicans. The
antimicrobial potencies of peak 1 and peak 2 DC-brevinin-
1BYa were the same. In contrast, elimination of the cys-
teine bridge in the analogue [Ser'® Ser’*]- brevinin-1BYa
resulted in a two-fold decrease in activity against E. coli
and a four-fold decrease against C. albicans. DC-brevinin-
I1BYa showed high potency against clinical isolates of
MRSA with MIC values in the range 1-2 uM (Table 2).
The peptide was bactericidal not bacteriostatic although the
MBC values were higher for all strains (8 pM). DC-brev-
inin-1BYa also showed potent bactericidal activity against
clinical isolates of MDRAB with MIC values in the range
4-8 uM and MBC values in the range 8—16 uM (Table 3).

Cytotoxicities

Both peak 1 and peak 2 DC-brevinin-1BYa showed
increased haemolytic activity (LCso = 4 pM) against
human erythrocytes compared with the naturally occurring
peptide (LCsy = 10 uM) (Table 1). Consistent with pre-
vious data (Pal et al. 2006), the acyclic peptide was
appreciably less haemolytic (LCsy = 75 pM) than the
cyclic derivatives. This trend towards greater cytolytic
activity against human cells was also observed using
HepG2 hepatoma-derived cells (LCso =4 vs. 6 uM for
brevinin-1BYa) and MDA-MB-231 breast carcinoma cells
(LCso =7 vs. 9 uM for brevinin-1BYa). The cytolytic
activity of [Serls,Ser24]-brevinin-1BYa against both cell
lines was less than that of the cyclic peptides (Table 1).
The concentration-dependence of cytotoxicity against
MDA-MB-231 cells of the three peptides is shown in
Fig. 4.

Discussion

The study has demonstrated that ring-closing metathesis
(RCM) can be used to prepare an analogue of a naturally
occurring antimicrobial peptide (brevinin-1BYa) in which
the metabolically labile disulphide bridge is replaced by a
non-reducible dicarba isostere. Brevinin-1 was first isolated
from an extract of the skin of the Japanese pond frog
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Table 1 Minimum inhibitory concentrations (pM) of synthetic
replicates of brevinin-1BYa, peak 1 DC-brevinin-1BYa, peak 2 DC-
brevinin-1BYa and [SerlS,Ser24]—brevinin—1BYa against reference

strains of microorganisms and cytotoxic activity (M) against human
erythrocytes, HepG2cells and MDA-MB-231cells

Peptide S. aureus E. coli C. albicans LCso RBC LCso HepG2 LCso MDA-MB-231
Brevinin-1BYa 3 25 6 10 6

DC-brevinin-1BYa, peak 1 1.5 12.5 3 4 4

DC-brevinin-1BYa, peak 2 1.5 12.5 3 4 ND ND
[Ser'®,Ser**]-brevinin-1BYa 3 50 25 75 10 13

ND Not determined

Table 2 Minimum inhibitory concentrations (M) and minimum bactericidal concentrations (UM) of DC-brevinin-1BYa against clinical iso-

lates of MRSA with differing degrees of antibiotic resistance

Strain MLST type SCC mec type Spa type Toxin Antibiotic resistance MIC MBC
T4/6 STS I t002 sed C, CLE K N 2 8
V4180 ST239 IIla t037 sea A,C CLE,F G, KN, S, R, Sxt, T 1 8
S908 ST22 v 1032 sec C, CLE 1 8
127/08 ST30 v t019 pvl 1 8
145/08 ST80 1A% t044 pvl F,K,N,S, T 2 8
274/08 ST8 v t008 pvl C CLE,K,N 2 8

All strains are resistant to f-lactam antibiotics

MLST Multi-locus sequence type, SCC mec Staphylococcus chromosomal cassette, Spa Staphylococcus protein A, sea Staphylococcus
enterotoxin a, sec Staphylococcus enterotoxin c, sed Staphylococcus enterotoxin d, pvl Panton-Valentine leukocidin, A amikacin, C ciprofloxacin,
CI clindamycine, E erythromycin, F fusidic acid, G gentamycin, K kanamycin, N neomycin, R rifampicin, S streptomycin, Sxt trimethoprim-

sulfamethoxazole, T tetracycline

Table 3 Minimum inhibitory concentrations (uM) and minimum
bactericidal concentrations (LM) of DC-brevinin-1BYa against nos-
ocomial isolates of MDRAB

Strain Origin Clonal lineage MIC MBC
NM8 Sputum Euro clone 1 4 8
NM35 Trachea Euro clone 11 8 16
NM75 Wound Euro clone 1 4 8
NM109 Trachea Euro clone 11 4 8
NM124 Urine Non-typable 8 16

R. brevipoda porsa (Morikawa et al. 1992), but subsequent
work has shown that orthologous peptides are synthesized
in the skins of a wide range of Eurasian and North
American species belonging to the family Ranidae (Conlon
2011).

DC-brevinin-1BYa shows potent growth inhibitory
activity against reference strains of Gram-negative (E. coli)
and Gram-positive (S. aureus) bacteria and against the
opportunistic yeast pathogen C. albicans (Table 1). Of
particular interest is the high potency of the peptide against
two groups of clinically important pathogens for which
antibiotic resistance has become a serious problem—
methicillin-resistant S. aureus (MRSA) and multidrug-
resistant Acinetobacter baumannii (MDRAB). Although
resistance first appeared among nosocomial isolates

(Perez et al. 2007; Martinez and Silley 2010), new strains
of both MRSA (David and Daum 2010; Deleo et al. 2010)
and MDRAB (Gootz and Marra 2008; Maragakis and Perl
2008) have emerged in the community causing infections
in otherwise healthy people.

It is encouraging that DC-brevinin-1BYa shows
increased antimicrobial potency compared with the natu-
rally occurring peptide. In contrast, replacing the disul-
phide-bridged cysteine residues in the antimicrobial
bacteriocin leucocin A with dicarba bonds generates an
analogue that is approximately one-tenth as potent as the
native peptide against Carnobacterium maltaromaticum
(Derksen et al. 2006). However, the desired increased
antimicrobial activity of DC-brevinin-1BYa is accompa-
nied by increased cytotoxicity against human cells. The
ability of the peptide to kill human hepatoma-derived and
breast carcinoma-derived cells at low concentrations
(LCsp <7 pM) suggests the possibility of development
into an anti-tumour agent, but this is offset by the even
greater toxicity against human erythrocytes (LCso =
4 uM). Unfortunately such high toxicity limits the potential
of the peptide for development into a therapeutically valu-
able anti-infective drug, particularly for systemic use.

The antimicrobial activities of a peptide against micro-
organisms and the cytolytic activities against mammalian
cells are determined by a complex interaction among

@ Springer
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Fig. 4 Effects of brevinin- MDA-MB-231 MDA-MB-231
1BYa, DC-brevinin-1BYa and 100 (24h) 100 - (48h)
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cationicity, hydrophobicity, o-helicity and amphipathicity
(Yeaman and Yount 2003; Conlon et al. 2007). Studies
using model «-helical peptides have demonstrated that an
increase in cationicity promotes interaction with the neg-
atively charged phospholipids in the bacterial cell mem-
brane and thereby increases antimicrobial potency whereas
increases in hydrophobicity and the degree of «-helicity
promotes hemolytic activity relative to antimicrobial
activity (reviewed in Conlon et al. 2007). In the case of
DC-brevinin-1BYa, replacement of the disulphide bridge
with the isosteric dicarba bond produces no change in
molecular charge, and a comparison of retention times on
HPLC indicates that there has not been any appreciable
change in hydrophobicity. The CD spectra are more diffi-
cult to interpret. Although there is a small increase in the
degree of helicity of DC-brevinin-1BYa in water compared

@ Springer

Ser-Brevinin-IBYa (M)

with brevinin-1BYa, the percent helicity in the membrane-
mimetic solvent 50% TFE-water is less. The acyclic ana-
logue appears to adopt a disordered conformation in water,
and the degree of helicity in 50% TFE-water is similar to
that of the dicarba derivative. The percent helicity of both
DC-brevinin-1BYa and brevinin-1BYa in 50% TFE-water
is lower than that reported for other members of the
brevinin-1 family that have been studied. For example, it
has been reported that the brevinin-1 peptide (FLGALFK
VASKVLPSVKCAITKKC), termed gaegurin-5, adopts an
extended o-helix spanning residues 3-20 with the strongly
conserved Pro'* residue introducing a stable kink into the
molecule (Park et al. 2002). Similarly, the helicity of the
C-terminally «-amidated form of brevinin-1E (FLPLLA
GLAANFLPKIFC KITRKC) in 2.5 mM SDS was reported
to be as high as 74% (Kwon et al. 1998). As the CD
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spectrum of DC-brevinin-1BYa in 50% TFE exhibits fea-
tures consistent with the presence of a turn structure, it is
possible that the presence of turn conformations in the
cyclic region of brevinin-1 peptides leads to under-esti-
mation of the helical content of a peptide when calculated
from the mean residue molar ellipticity at 220-222 nm
(Greenfield 1996).

Two-dimensional proton NMR spectroscopy of the
dicarba analogue of the A-chain of human relaxin dem-
onstrated that the region around the dicarba bond does not
adopt a single stable conformation in solution, rather there
is a dynamic equilibrium among several conformers
(Hossain et al. 2009). We propose, therefore, that there is a
conformational equilibrium in DC-brevinin-1BYa involv-
ing a random conformation and one or more turn regions in
the cyclic part of the peptide. The increased antimicrobial
and cytotoxic activities of DC-brevinin-1BYa in vitro may
arise from the stabilization of a particular turn conforma-
tion that possesses increased cell-penetrating ability.

In view of the appreciable toxicity of DC-brevinin-
1BYa, there seemed little point in comparing its metabolic
clearance rate in an animal model with the naturally
occurring peptide. However, future studies using frog skin
antimicrobial peptides with lower cytolytic activities
against mammalian cells will investigate whether the dic-
arba bridge confers increased stability to reductases and
resistance to proteolytic degradation in vivo. Brevinin-
2GUb (GVIIDTLKGAAKTVAAELLRKAHCKLTNSC)
from the Asian frog Hylarana giintheri represents a suit-
able candidate for further study as the peptide not only
shows broad-spectrum antimicrobial activity and low hae-
molytic activity (LCso = 700 pM) but potently stimulates
insulin release and improves glucose tolerance in mice
(Conlon et al. 2008).
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