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We designed and prepared peptidotriazoles based on the antimicrobial peptide BP100
(LysLysLeuPheLysLyslleLeuLysTyrLeu-NH;) by introducing a triazole ring in the peptide backbone
or onto the side chain of a selected residue. These compounds were screened for their in vitro growth
inhibition of bacterial and fungal phytopathogens, and for their cytotoxic effects on eukaryotic cells
and tobacco leaves. Their proteolytic susceptibility was also analyzed. The antibacterial activity and
the hemolysis were influenced by the amino acid that was modified with the triazole as well as by the
absence of presence of a substituent in this heterocyclic ring. We identified sequences active against
the bacteria Xanthomonas axonopodis pv. vesicatoria, Erwinia amylovora, Pseudomonas syringae pv.
syringae (MIC of 1.6-12.5 wM), and against the fungi Fusarium oxysporum (MIC<6.2-12.5 uM) with low
hemolytic activity (0-23% at 50 wM), high stability to protease digestion and no phytotoxicity. These
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peptidotriazoles constitute good candidates to design new antimicrobial agents.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Bacterial plant diseases play a significant role in crop losses
in agriculture and their control is mainly achieved by treatments
with copper compounds and antibiotics [1]. Although antibiotics
are highly efficient in plant disease control, it has been reported the
emergence of antibiotic-resistant strains and their use is hampered
by environmental concerns. Therefore, the search for novel antimi-
crobial agents has been undertaken [26,30,41,46]. Antimicrobial
peptides have emerged as promising agents to fight bacterial and
fungal plant diseases of economic importance [28,33].

Antimicrobial peptides are components of the innate immune
system found in a wide range of organisms, including microorgan-
isms, plants, insects, amphibians and humans. Their mechanism of
action has not been completely elucidated, however it has been
postulated that they work primarily by compromising the mem-
brane of the target organism [6,17,21,28]. This mechanism does
not involve specific organization of their sequence or structure
and, therefore, several diverse architectures have evolved. Despite
this diversity, these sequences meet two common and functionally
important requirements: most of them are cationic and are able
to assume an amphipathic structure. It is generally accepted that
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the positive charge allows the electrostatic attraction of antimi-
crobial peptides with phospholipid membranes. Peptides are then
prompted to adopt an amphipathic conformation that favors the
insertion of their hydrophobic face into the membrane bilayer.

Despite the existence of natural potent antimicrobial peptides,
they usually have long amino acid sequences, display poor bioavail-
ability, are prone to protease degradation and might be toxic to
animals and plants. To overcome these limitations, the devel-
opment of de novo designed peptides has been carried out in
order to identify compounds with remarkable biological activity
[24,29,33,34]. One strategy that can be used to improve the bio-
logical profile of antimicrobial peptides is the introduction in their
sequence of nitrogen heterocycles which play an important role in
biological systems. Among them, 1,2,3-triazoles have been shown
to possess a number of desirable features in drug discovery. This
ring is chemically stable to acidic and basic hydrolysis as well as
to reductive and oxidative conditions, and it is relatively resis-
tant to metabolic degradation [39,44,45]. Moreover, 1,2,3-triazoles
have a high dipole moment (about 5 D), being able to partici-
pate in hydrogen bonding and in dipole-dipole and r-stacking
interactions. Consequently, this ring can interact with biological
molecules and has been described as a powerful pharmacophore
[3,13,25,27,37,44,45,47,48], and employed as bioisoster of poten-
tially labile functional groups (e.g., esters, amides) [12,19,35].

The synthesis of 1,2,3-triazoles can be conveniently achieved by
a copper(I)-catalyzed Huisgen 1,3-dipolar azide-alkyne cycloaddi-
tion [31]. This reaction is highly chemoselective, tolerates a variety
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of functionalities and is carried out under mild conditions with
quantitative conversions. Moreover, it has been established that
it exclusively affords 1,4-disubstituted 1,2,3-triazoles in very good
yields irrespective of the substituent on the alkyne [11,18,39]. It
is therefore not surprising that it has been adapted to solid sup-
port, especially to obtain peptide derivatives [25,42]. In particular,
it has been described its application to the solid-phase synthe-
sis of B-turn mimics, protease inhibitors [43,44], cyclopeptide
analogs [8,22,25,39,40], assembled and scaffolded peptides [15]
or PEGylated lipopeptides [23]. In these reports, the azide-alkyne
cycloaddition is employed to introduce the 1,2,3-triazole unit in the
peptide backbone or at the side-chain of an amino acid as a ligation
technique for linking peptide fragments for macrocyclization and
polymerization, or to obtain biologically active peptidotriazoles
[10,47].

Previously we have developed linear undecapeptides which
inhibited the plant pathogenic bacteria Erwinia amylovora, Xan-
thomonas axonopodis pv. vesicatoria, and Pseudomonas syringae
pv. syringae, and the plant pathogenic fungi Penicillium expan-
sum and Fusarium oxysporum [4,5,14]. One of the best peptides,
LysLysLeuPheLysLyslleLeuLysTyrLeu-NH, (BP100), also showed
minimized cytotoxicity and low susceptibility to protease degrada-
tion. In our efforts to further improve the biological profile of BP100,
we decided to study the effect of incorporating a 1,2,3-triazole ring
in its structure.

Herein, we describe the design of analogs bearing a triazole in
the peptide backbone or onto the side chain of a selected residue
of BP100. For the latter, we studied the influence of modifying
the side chain functionality of each polar residue (Lys) and of the
hydrophobic aromatic amino acid (Phe) with a triazole moiety.
We report the solid-phase synthesis of the peptidotriazoles, their
screening for in vitro growth inhibition of bacterial and fungal phy-
topathogens, and for their cytotoxic effects on eukaryotic cells and
tobacco leaves, as well as the analysis of their proteolytic suscepti-
bility.

2. Material and methods
2.1. Materials

The 9-fluorenylmethoxycarbonyl (Fmoc) derivatives and Fmoc-
Rink-4-methylbenzhydrylamine (MBHA) resin (0.56 mmol/g) were
obtained from Senn Chemicals International (Gentilly, France) or
from IRIS Biotech GmbH (Marktredwitz, Germany). Oxyma pure
was purchased from Novabiochem (Nottingham, UK). Dicyclohexy-
lammonium N-tert-butyloxycarbonyl-2-amino-6-azidohexanoate
(Boc-Ahx(N3)-OH), propiolic acid, trifluoroacetic acid (TFA),
triisopropylsilane (TIS), benzyl azide (BnN3), PPhs, iodine, imi-
dazole, ascorbic acid, Cul, and N,N'-diisopropylcarbodiimide
(DIPCDI) were from Sigma-Aldrich Corporation (Madrid, Spain).
Piperidine, sodium N,N-diethyldithiocarbamate and NaN3 were
purchased from Fluka (Buchs, Switzerland). Silica gel was from
Merck (Nottingham, UK). N-Methyl-2-pyrrolidinone (NMP), N,N-
dimethylformamide (DMF), CH30H, CH,Cl,, diethyl ether, ethyl
acetate, hexane and solvents for reverse-phase high performance
liquid chromatography (RP-HPLC) were obtained from Scharlau
(Sentmenat, Spain).

2.2. General method for solid-phase peptide synthesis

All peptides were synthesized manually by the solid-phase
method using Fmoc-type chemistry, and Boc or 4-methyltrityl
(Mtt) side-chain protection for Lys and tert-butyl (tBu) for Tyr.
Fmoc-Rink-MBHA resin (0.56 mmol/g) was used as solid support
to obtain C-terminal peptide amides. Couplings of the Fmoc-amino

acids (4 equiv.) were mediated by Oxyma pure (4 equiv.) and DIPCDI
(4equiv.) in DMF for 1h, and monitored by ninhydrin test. Fmoc
group was removed by treating the resin with a mixture of piperi-
dine — DMF (3:7; 2+ 10 min). Washings were performed with DMF
(6 x 1min) and CH,Cl; (6 x 1 min). Peptide elongation was per-
formed by repeated cycles of Fmoc group removal, coupling and
washings.

Once the synthesis was completed, the peptidotriazoles were
individually cleaved from the resin with TFA-H, O-TIS (95:2.5:2.5).
Following TFA evaporation and diethyl ether extraction, the crude
peptidotriazoles were dissolved in H,O, lyophilized and tested for
purity on RP-HPLC performed at 1.0 mL/min. Linear gradients of
0.1% aqueous TFA and 0.1% TFA in CH3CN were run from 0.98:0.02
to 0:1 over 7 min using a Kromasil (4.6 mm x 40 mm; 3.5 uM par-
ticle size) Cyg reverse-phase column (method A) and over 28 min
using a Ultrabase column (4.6 mm x 250 mm; 5 M particle size)
(method B) with UV detection at 220 nm. Electrospray ionization
mass spectrometry (ESI-MS), high resolution mass spectrometry
(HRMS (ESI)) and nuclear magnetic resonance (NMR) were used to
confirm peptidotriazole identity.

2.3. Synthesis of peptidotriazoles BP135 and BP136
incorporating a triazole in the peptide backbone

2.3.1. Synthesis of Fmoc-Ile-¥[CH,;N3]

Fmoc-Ile-W[CH,;N3] was synthesized starting from Fmoc-
isoleucinol [38] as described by Mondal and Fan [32]. Briefly,
Fmoc-isoleucinol (1.0g, 2.95mmol) in dry CH;Cl, (12ml) was
added to a solution of PPhs (2.34g, 8.93 mmol), iodine (2.26 g,
8.93 mmol) and imidazole (1.0 g, 14.88 mmol) in dry CH,Cl, (30 ml)
under nitrogen. The resulting mixture was stirred at room tem-
perature for 2 h. After this time, the solvent was evaporated at
reduced pressure and the residue was purified by silica gel column
chromatography. Elution with ethyl acetate/hexane (1:4) afforded
Fmoc-lle-W[CH,I] (1.23 g, 93% yield) as a white solid. This iodide
(800 mg, 1.78 mmol) and NaN3 (579 mg, 8.90 mmol) were dissolved
in DMF (8 ml) and stirred under nitrogen at room temperature for
5 h. After reaction completion, cold water was added and a precipi-
tate was formed which was filtered, dried, and purified by silica gel
column chromatography. Elution with ethyl acetate/hexane (1:4)
afforded Fmoc-Ile-W[CH,; N3] (614 mg, 94% yield) as a white solid.

2.3.2. Solid-phase synthesis of BP135 and BP136

Peptidyl resins Fmoc-Tyr(tBu)-Leu-Rink-MBHA (20 mg) and
Fmoc-Lys(Boc)-Tyr(tBu)-Leu-Rink-MBHA (20 mg) were prepared
following the general procedure described above. After Fmoc
removal, the N-terminal group was acylated with propiolic acid.
Formation of the triazole ring was accomplished by treating the
resulting peptidyl resins with Fmoc-Ile-W[CH; N3] (25 mg, 5 equiv.),
ascorbic acid (12.09 mg, 5equiv.), and Cul (13.07 mg, 5equiv.) in
piperidine/DMF (2:8) for 5h at room temperature. The peptide
chain was then elongated with the corresponding amino acids. Aci-
dolytic cleavage of the resins afforded the peptidotriazoles BP135
and BP136 in 98 and 85% purity, respectively.

2.4. Synthesis of peptidotriazoles BP238-BP250 incorporating a
triazole onto an amino acid side chain

Peptidyl resins containing an N¢-Mtt-protected Lys or a
propargylglycine were prepared following the general procedure
described above. Once chain assembly was completed, peptidyl
resins containing an N°-Mtt-protected Lys were treated with 1%
TFA in CH,Cl; upon which the solution became yellow. Each mix-
ture was stirred for 5min and the resins were then washed with
CH,Cl; (2 x 1 min), MeOH (2 x 1 min) and CH,Cl, (2 x 1 min). TFA
treatment and washes were repeated until the solution remained
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colorless. Then, the N®-amino group was acylated with propiolic
acid under the standard coupling conditions.

Each of the alkynyl resins were treated with the correspond-
ing azide (NaNs3, Boc-Ahx(N3)-OH or BnNs3) in the presence
of ascorbic acid and Cul in piperidine/DMF (2:8), as described
above. The reaction mixture was stirred overnight at room
temperature. The resin was subsequently washed with sodium
N,N-diethyldithiocarbamate (0.03M in NMP, 3 x 15min), DMF
(6 x 1min) and CH,Cl, (1 x 20 min). Peptidotriazoles were individ-
ually cleaved from the resin with TFA-H,O-TIS (95:2.5:2.5) and
analyzed by RP-HPLC, mass spectrometry and NMR. Peptidotria-
zoles were obtained in purities ranging from 65 to 92%.

2.5. Bacterial strains and growth conditions

The following plant pathogenic bacterial strains were used:
E. amylovora PMV6076 (Institut National de la Recherche
Agronomique, Angers, France), P. syringae pv. syringae EPS94 (Insti-
tut de Tecnologia Agroalimentaria, Universitat de Girona, Spain)
and X. axonopodis pv. vesicatoria 2133-2 (Instituto Valenciano de
Investigaciones Agrarias, Valencia, Spain). All bacteria were stored
in Luria Bertani (LB) broth supplemented with glycerol (20%) and
maintained at —80 °C. E. amylovora and P. syringae pv. syringae were
scrapped from LB agar after growing for 24 h and X. axonopodis pv.
vesicatoria after growing for 48 h at 25°C. The cell material was
suspended in sterile water to obtain a suspension of 108 CFUmI-!,

2.6. Fungal strains and growth conditions

The plant pathogenic fungal strains P. expansum EPS 26 (INTEA,
University of Girona) and F. oxysporum f. sp. lycopersici FOL 3 race
2 (ATCC 201829, American Type Culture Collection) were used.
Strains were cultured on potato dextrose agar (PDA) plates (Difco)
using aseptic procedures to avoid contamination. Conidia from P.
expansum mycelium were obtained from 5-day-old PDA cultures of
the fungus incubated at 25 °C. Inoculum was prepared by scraping
spore material from the culture surfaces with a wet cotton swab
and resuspending it in distilled water containing 0.5%. of Tween
80. Microconidia of F. oxysporum were obtained from 1-week-old
potato dextrose broth (PDB) cultures (Oxoid) of the fungus incu-
bated at 25°C in the dark in a rotary shaker at 125rpm. After
incubation, the culture was filtered through several layers of sterile
cheesecloth to eliminate macroconidia and mycelial growth of the
fungus. Then, the effluent was centrifuged at 8000 x g for 20 min
at 4°C, and the pellet was resuspended in sterile water. The con-
centration of conidia was determined using a hemacytometer and
adjusted to 10* conidiaml~! for F. oxysporum and 103 conidia ml~!
for P. expansum.

2.7. Antibacterial activity assays

Lyophilized peptidotriazoles were solubilized in sterile Milli-Q
water to a final concentration of 1 mM and filter sterilized through
a 0.22-pm pore filter. For MIC assessment, dilutions of the pepti-
dotriazoles were made to obtain final concentrations of 500, 250,
125,62.5,31.2,15.6 M. Bacterial growth was automatically deter-
mined by optical density measurement at 600 nm as previously
described [5,14]. The experiment was repeated twice. The MIC was
taken as the lowest peptide concentration with no growth at the
end of the experiment.

2.8. Antifungal activity assays

Lyophilized peptidotriazoles were solubilized in sterile Milli-Q
water to a final concentration of 1 mM and filter sterilized through

a 0.22-pm pore filter. For MIC assessment, stock solutions of pep-
tidotriazoles were made to obtain final concentrations of 500, 250,
125, and 62.5 wM. Microbial growth was automatically determined
by optical density measurement at 600 nm as previously described
[4]. The MIC was taken as the lowest peptide concentration without
growth at the end of the experiment.

2.9. Hemolytic activity

The hemolytic activity of peptides was evaluated at 50 and
150 wM. Hemoglobin release from erythrocyte suspensions of fresh
human blood (5%, vol/vol) was determined using absorbance at
540 nm as previously described [5,14].

2.10. Cytotoxicity by a peptidotriazole infiltration assay

Peptidotriazole solutions of 25 and 50 M concentration in H,O
were prepared and infiltrated (100 p.L) into the mesophylls of fully
expanded tobacco leaves using a syringe without a needle. Three
infiltrations were done for each peptide at each concentration. Con-
trol infiltrations with water (negative control) or mellitin (positive
control) at the same molar concentration were performed. The
appearance of symptoms on the leaves was followed for 48 h after
infiltration.

2.11. Susceptibility to protease degradation

Digestion of the peptides were carried out by treating 100 p.g/ml
peptide with 2 pg/ml proteinase K (Sigma-Aldrich Corporation,
Madrid, Spain) in 100 mM TRIS buffer, pH 7.6, at room tempera-
ture. The peptide cleavage after 5, 10, 15, 30, 45 and 60 min was
monitored by RP-HPLC as previously described [16]. The digestion
was estimated as the percentage of degraded peptide calculated
from the decrease of the RP-HPLC peak area of the native peptide.

3. Results
3.1. Design and synthesis of the peptidotriazoles

Peptides bearing a triazole at the backbone or at the side chain of
a selected residue were designed based on the structure of BP100
(LysLysLeuPheLysLyslleLeuLysTyrLeu-NH;) (Fig. 1, Table 1). Pepti-
dotriazoles were synthesized on solid phase following a standard
Fmoc/tBu strategy using Oxyma and DIPCDI for the coupling of the
Fmoc-amino acids and a mixture of piperidine-DMF for the Fmoc
removal. After the synthesis, the cleavage of the peptidotriazoles
was performed with TFA-H,O-TIS.

The BP100 analogs bearing a triazole moiety in the peptide back-
bone were designed by replacing Ile’-Leu8 (BP135) and Leu®-Lys®
(BP136) with Ile-W[CH;triazoleCO]. The key step of the synthesis
was the cycloaddition reaction between the corresponding alkynyl
resin and Fmoc-Ile-W[CH;N3] (Scheme 1). BP135 and BP136 are
denoted as Ile’-Tr and Ile8-Tr, respectively, that stand for Ile-
W[CH,triazoleCO].

Peptidotriazoles BP238-BP247 were obtained by modifying
each Lys residue of BP100 with an unsubstitued triazole or with
a triazole bearing a 2-aminohexanoic acid (Ahx). The synthesis
was achieved by acylating the N®-amino group of a Lys residue
with propiolic acid followed by cycloaddition with NaN3 or Boc-
Ahx(N3)-OH (Scheme 2).

Substitution of the benzene ring of the Phe residue in BP100
by an unsubstituted triazole or by a triazole substituted with a
2-aminohexanoic acid or with a benzyl group afforded peptidotri-
azoles BP248, BP249, and BP250, respectively. These compounds
were prepared from the corresponding alkynyl resin incorporating
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Peptide  Sequence

BP135  KKLFKKX,KYL 0
BP136  KKLFKKIX,YL

BP238  X,KLFKKILKYL */'N‘{\ NN
BP239  XKLFKKILKYL e ﬁ\
BP240  KX,LFKKILKYL o
BP241  KXLFKKILKYL — y . % ¥ Q%f
BP242  KKLFX,KILKYL =

BP243  KKLFX.KILKYL HN N

BP244  KKLFKX,ILKYL 40
BP245  KKLFKXJLKYL Xe = L{N\Z)SJ
BP246  KKLFKKILX,YL /:(
BP247  KKLFKKILX.YL NN
BP248  KKLX.KKILKYL

BP249  KKLXJKKILKYL N

BP250 KKLXKKILKYL  HO.C

HN (0} HN o)

z
T N\
ZsZ
z
T N\
Zsz

[0}
H H,oN
X¢= %{N\)krrr\

CO,H

Fig. 1. Structure of the peptidotriazoles BP135, BP136, and BP238-BP250.

a propargylglycine at position 4 and treatment with NaN3, Boc-
Ahx(N3)-OH or BnN3 (Scheme 3).

Peptidotriazoles BP238-BP250 are denoted as Lys"(Tr), Lys™(Tr-
Ahx), Ala*(Tr), Ala*(Tr-Ahx) or Ala*(Tr-Bn), where n is the position
of the Lysresidue that bears the triazole ring, Tr stands for an unsub-
stituted triazole, Tr-Ahx corresponds to a triazole substituted with
a 2-aminohexanoic acid, and Tr-Bn is a triazole substituted with a
benzyl group (Fig. 1, Table 1).

All peptidotriazoles were obtained in moderate to good RP-HPLC
purities ranging from 65 to 98%, and were characterized by mass
spectrometry (Table 1).

3.2. Antibacterial activity

Peptidotriazoles were tested for in vitro growth inhibition
of E. amylovora, P. syringae pv. syringae and X. axonopodis pv.

vesicatoria at 1.6, 3.1, 6.2, 12.5, 25, and 50 uM (Table 2). Pep-
tides BP135 (Ile’-Tr) and BP136 (Ile8-Tr), incorporating a triazole
ring at the backbone, were substantially less active than BP100.
Only BP136 displayed a moderate activity against X. axonopodis pv.
vesicatoria (MIC of 12.5-25 pM).

By contrast, peptidotriazoles bearing a triazole ring at an
amino acid side-chain were considerably active. Eleven out of
thirteen sequences displayed MIC values <12.5 M against the
three pathogens. Peptidotriazoles BP238-BP247 incorporating a
Lys residue modified with a triazole exhibited higher activity
against X. axonopodis pv. vesicatoria and E. amylovora than against P.
syringae pv. syringae. Nine out of ten sequences displayed MIC val-
ues ranging from 1.6 to 6.2 wM against X. axonopodis pv. vesicatoria,
being BP245 the most active sequence. This peptide incorporated a
triazole bearing a 2-aminohexanoic acid at residue 6 (Lys®(Tr-Ahx))
(MIC of 1.6-3.1 M), and showed a higher activity than BP100 (MIC

Table 1

Sequences, retention times and purities on RP-HPLC, and HRMS data.
Peptide Sequence? NotationP tr (min)° Purity? (%) HRMS
BP135 KKLFKKX,KYL Ile’-Tr 5.97¢ 98 463.6490 [M +3H]?*, 694.9673 [M + 2H]**
BP136 KKLFKKIX, YL Ile8-Tr 6.17¢ 85 458.6440 [M +3H]>*, 687.4622 [M + 2H]**
BP238 Xp KLFKKILKYL Lys!(Tr) 17.70° 84 506.0014 [M +3H]?*, 758.4946 [M + 2H]|*
BP239 XKLFKKILKYL Lys'(Tr-Ahx) 17.33f 73 549.0280 [M +3H]**, 823.0338 [M + 2H]*
BP240 KX, LFKKILKYL Lys?(Tr) 17.94f 84 506.0008 [M+3H]**, 758.4940 [M +2H]*
BP241 KX LFKKILKYL Lys?(Tr-Ahx) 17.67° 82 549.0295 [M +3H]**, 823.0358 [M + 2H]*
BP242 KKLFX;, KILKYL Lys5(Tr) 17.85f 79 506.0025 [M + 3H]**
BP243 KKLEXKILKYL Lys®(Tr-Ahx) 17.48f 92 549.0300 [M+3H]**, 823.0352 [M +2H]*
BP244 KKLFKXpILKYL LysS(Tr) 17.85f 84 506.0015 [M +3HJ**
BP245 KKLFKXILKYL Lys®(Tr-Ahx) 17.43f 81 549.0288 [M + 3H]**
BP246 KKLFKKILX, YL Lys®(Tr) 17.51F 72 506.0034 [M +3H]**, 758.4979 [M + 2H]*
BP247 KKLFKKILX. YL Lys®(Tr-Ahx) 17.16° 71 549.0289 [M +3H]?*, 823.0373 [M +2H]*
BP248 KKLX4KKILKYL Ala*(Tr) 15.82f 76 471.3279 [M +3H]?*, 706.4847 [M + 2H]**
BP249 KKLX. KKILKYL Ala*(Tr-Ahx) 15.69° 65 514.3538 [M +3H]**, 771.0215 [M + 2H]*
BP250 KKLX¢KKILKYL Ala*(Tr-Bn) 16.91F 91 501.3431 [M+2H]**

2 All peptides are C-terminal amides (see structures in Fig. 1).

b The notation defines the variation at the X position indicated as superscript. Ile-Tr stands for Ile-W[CH,triazoleCO]. For peptides BP238-BP250 the side chain substituent
of the Lys or the Ala residue is in parenthesis being: Tr, unsubstituted triazole; Tr-Ahx, triazole bearing a 2-aminohexanoic acid; Tr-Bn, triazole bearing a benzyl group.

¢ RP-HPLC retention time.

d Percentage determined by RP-HPLC at 220 nm from the crude reaction mixture.

¢ RP-HPLC analysis using method A (see Section 2).

f RP-HPLC analysis using method B (see Section 2).
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Fmoc-Rink-MBHA

Sequential deprotection
and coupling steps

Fmoc-Tyr(‘Bu)-Leu-Rink-MBHA

1) Piperidine/DMF
2) Fmoc-Lys(Boc)-OH
Oxyma, DIPCDI

Fmoc-Lys(Boc)-Tyr(Bu)-Leu-Rink-MBHA

1) Piperidine/DMF
2) Propiolic acid
Oxyma, DIPCDI
(o}

/J\Lys(Boc)—Tyr(Bu)—Leu—Rink—MBHA

Fmoc-lle-W[CH,N3]
Cul, ascorbic acid
piperidine, DMF

o

FmocHN\/;N\N/\N Lys(Boc)-Tyr(Bu)-Leu-Rink-MBHA

/ﬁ

1) Sequential deprotection
and coupling steps
2) TFA/H,0O/TIS

(0]

X
H-Lys-Lys-Leu-Phe-Lys-Ly&HN\/’N\N/N Lys-Tyr-Leu-NH,

BP135

/\l

1) Piperidine/DMF
2) Propiolic acid
Oxyma, DIPCDI

(0]

/Tyr('Bu)—Leu-Rink-MBHA

Fmoc-lle-®w[CH,N4]
Cul, ascorbic acid
piperidine, DMF

(0]

~ ! - -Rink-
HZNwN\;:NHkTyr( Bu)-Leu-Rink-MBHA

/ﬁ 1) Sequential deprotection
and coupling steps

2) TFA/H,O/TIS

(o)

/\A Tyr-Leu-NH,

S
H-Lys-Lys-Leu-Phe-Lys-Lys-II&HN\/”N\N/N

/ﬁ

BP136

Scheme 1. Synthesis of peptidotriazoles BP135 and BP136 bearing a triazole moiety in the peptide backbone.

of 3.1-6.2 wWM). BP247 (Lys®(Tr-Ahx)) was the least active against
this pathogen with a MIC of 6.2-12.5 wM. Against E. amylovora
seven peptides displayed MIC values ranging from 1.6 to 6.2 nM,
being BP246 (Lys®(Tr)) and BP247 (Lys®(Tr-Ahx)) more active than
BP100 (MIC of 1.6-3.1 vs. 3.1-6.2 uM). BP240 (Lys2(Tr)), BP241
(Lys2(Tr-Ahx)) and BP242 (Lys>(Tr)) showed the lowest activity

Table 2

(MIC 0f 6.2-12.5 wM). Three peptides, BP243 (Lys°(Tr-Ahx)), BP244
(Lys5(Tr)) and BP247 (Lys®(Tr-Ahx)), exhibited MIC values ranging
from 3.1 to 6.2 WM against P. syringae pv. syringae, and were as
active as BP100.

Peptidotriazoles BP248-BP250, bearing a triazole instead of a
benzenering at the Phe residue in BP100, displayed a higher activity

Antibacterial activity (MIC) against three plant pathogenic bacteria and fungi, cytotoxicity and stability to protease degradation.

Peptide? MIC (uM) Hemolysis® (%) Digestion? (%)
Xav® Ea® Pss® PeP FoP 50 pM 150 wM
BP100 3.1-6.2 3.1-6.2 3.1-6.2 25-50 <6.2 3+0.1 22 +28 76
BP135 25-50 25-50 >50 >50 25-50 1+ 044 1+0.26 5
BP136 12.5-25 >50 >50 >50 >50 0+0.12 0+0.12 7
BP238 3.1-6.2 3.1-6.2 6.2-12.5 25-50 <6.2 23 +26 43 +£4.0 79
BP239 3.1-6.2 3.1-6.2 6.2-12.5 25-50 <6.2 14+ 1.2 30+ 1.2 73
BP240 3.1-6.2 6.2-12.5 6.2-12.5 25-50 <6.2 34 +21 57 +1.2 64
BP241 3.1-6.2 6.2-12.5 6.2-12.5 25-50 <6.2 1+1.0 6+12 59
BP242 3.1-6.2 6.2-12.5 6.2-12.5 25-50 6.2-12.5 39+29 62 £ 5.5 91
BP243 3.1-6.2 3.1-6.2 3.1-6.2 25-50 <6.2 10+ 1.5 22 £ 47 100
BP244 3.1-6.2 3.1-6.2 3.1-6.2 25-50 <6.2 37 £0.9 73 +£2.0 93
BP245 1.6-3.1 3.1-6.2 6.2-12.5 25-50 <6.2 21 £ 0.5 54+ 1.2 97
BP246 3.1-6.2 1.6-3.1 6.2-12.5 >50 6.2-12.5 48 £ 1.3 75 + 4.7 55
BP247 6.2-12.5 1.6-3.1 3.1-6.2 >50 6.2-12.5 20 £ 0.7 38+34 91
BP248 6.2-12.5 12.5-25 3.1-6.2 >50 6.2-12.5 1+01 1+02 79
BP249 25-50 >50 12.5-25 >50 6.2-12.5 0+0.2 0+0.7 70
BP250 6.2-12.5 3.1-6.2 1.6-3.1 >50 6.2-12.5 0+0.1 0+05 62

2 All peptides are C-terminal amides (see structures in Fig. 1).

b Xav, Xanthomonas axonopodis pv. vesicatoria; Ea, Erwinia amylovora; Pss, Pseudomonas syringae pv. syringae; Pe, Penicillium expansum; Fo, Fusarium oxysporum.

¢ Percent hemolysis at 50 and 150 wM plus confidence interval (a=0.05).

d Percentage of degraded peptide calculated by RP-HPLC after 1h.
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Fmoc-Rink-MBHA

Sequential deprotection
and coupling steps

NH-Mtt
Fmoc-Lys(Boc)\N Leu-Phe-Lys(Boc)-Lys(Boc)-lle-Leu-Lys(Boc)-Tyr(Bu)-Leu-Rink-MBHA
H o
7z 1) TFA/CH,Cl,
O% 2) Propiolic acid
NH Oxyma, DIPCDI
Fmoc-Lys(Boc)\N Leu-Phe-Lys(Boc)-Lys(Boc)-lle-Leu-Lys(Boc)-Tyr(Bu)-Leu-Rink-MBHA
H o

1) NaN3, Cul, ascorbic acid
piperidine, DMF

1) Boc-Ahx(N3z)-OH, Cul
ascorbic acid, piperidine, DMF

2) TEA/H,O/TIS 2) TFA/H,O/TIS
NH,
N=N N=N "'-(
O s NH o) WN\/\/ bo
NH NH
H_LyS\N Leu-Phe-Lys-Lys-lle-Leu-Lys-Tyr-Leu-NH, H_LyS\N Leu-Phe-Lys-Lys-lle-Leu-Lys-Tyr-Leu-NH
H o BP240 Hoo BP241

Scheme 2. General strategy for the synthesis of peptidotriazoles BP238-BP247 bearing a triazole moiety at the side-chain of a Lys residue as shown for BP240 and BP241.

Fmoc-Rink-MBHA

Sequential deprotection
and coupling steps

A\
Fmoc—Lys(Boc)—Lys(Boc)—Leu\N Lys(Boc)-Lys(Boc)-lle-Leu-Lys(Boc)-Tyr(Bu)-Leu-Rink-MBHA
H o
1) NaNj3,Cul, ascorbic acid 1) BnN3,Cul, ascorbic acid
piperidine, DMF piperidine, DMF
2) TFA/H,O/TIS 2) TFA/H,O/TIS
1) Boc-Ahx(N3)-OH, Cul
N ascorbic acid, piperidine N
HN oy DMF BNy
— 2) TFA/H,O/TIS —
H-Lys-Lys-Leu\N Lys-Lys-lle-Leu-Lys-Tyr-Leu-NH, H-Lys-Lys-Leu\N Lys-Lys-lle-Leu-Lys-Tyr-Leu-NH,
H o H o

NH,

BP248 Ao~ BP250
HO,C NN

H-Lys-Lys-Leu< N Lys-Lys-lle-Leu-Lys-Tyr-Leu-NH,
H o

BP249

Scheme 3. Synthesis of peptidotriazoles BP248, BP249 and BP250 bearing a triazole moiety at the side-chain of an Ala residue.
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against P. syringae pv. syringae (MIC of 1.6-25 wM) than against the
other two pathogens (MIC of 3.1 to >50 wM). BP250 (Ala*(Tr-Bn))
was the most active of these three sequences (MIC of 1.6-12.5 M),
being more active than BP100 against P. syringae pv. syringae (MIC
0f1.6-3.1vs.3.1-6.2 wM). BP248 (Ala*(Tr)) showed a slightly lower
activity (MIC of 3.1-25 wM) as compared to BP250 and was as active
as BP100 against P. syringae pv. syringae (MIC of 3.1-6.2 wM). The
analog incorporating a 2-aminohexanoic acid substituent at the
triazole ring, BP249 (Ala*(Tr-Ahx)), was the least active with MIC
values ranging from 12.5 to >50 pM.

3.3. Antifungal activity

The antifungal activity of the peptidotriazoles was screened
in vitro against P. expansum and F. oxysporum at 6.2, 12.5, 25 and
50 wM (Table 2). Peptidotriazoles were poorly active against P.
expansum. Only eight sequences incorporating a Lys residue mod-
ified with a triazole showed MICs ranging from 25 to 50 wM. In
contrast, F. oxysporum was particularly sensitive to peptidotria-
zoles. Seven sequences exhibited MICs <6.2 .M and six displayed
antifungal activity within 6.2 and 12.5 pM. Best peptides also were
from the set bearing a triazole at a Lys side-chain and displayed
similar activity than BP100.

3.4. Hemolytic activity

The toxicity to eukaryotic cells of peptidotriazoles was deter-
mined as the ability to lyse erythrocytes in comparison to melittin.
Percent hemolysis at 50 and 150 wM is shown in Table 2. Pepti-
dotriazoles BP135 (Ile”-Tr), BP136 (1le8-Tr), BP241 (Lys%(Tr-Ahx)),
BP248 (Ala*(Tr)), BP249 (Ala*(Tr-Ahx)), and BP250 (Ala*(Tr-Bn))
showed <6% hemolysis at 150 WM. Among the set of peptidotri-
azoles bearing a triazole at a Lys side-chain, BP239 and BP243
displayed a hemolytic activity similar to BP100 at 150 uM (30
and 22%, respectively). Moreover, the sequences incorporating a
triazole substituted with a 2-aminohexanoic acid (BP239, BP241,
BP243, BP245, and BP247) were less hemolytic than the unsub-
stituted counterparts (BP238, BP240, BP242, BP244, and BP246),
0.6-21% vs. 23-48% at 50 .M.

3.5. Cytoxicity of peptidotriazoles against tobacco leaves

The toxicity of all peptidotriazoles against tobacco leaves was
assessed by infiltrating 100 wL of a 25 and 50 wM solution of
each compound into the mesophylls of the leaves (Fig. S1, Sup-
porting information). As positive control, the nonspecific and
nonselective peptide mellitin was used. After 48 h of infiltration,
a brown necrotic area was observed for this peptide. In contrast,
no necrosis could be detected in the mesophylls of the leaves that
were infiltrated with the peptidotriazoles.

3.6. Susceptibility to protease degradation

The susceptibility of the peptides to proteolysis was stud-
ied by exposure to proteinase K and degradation was monitored
by RP-HPLC over time (Table 2). Peptides BP135 (Ile’-Tr) and
BP136 (Ile®-Tr), incorporating a triazole ring at the backbone,
were degraded less than 10% after 1h incubation, being sub-
stantially more stable than BP100. Among the set of sequences
bearing a triazole ring at an amino acid side-chain, BP240 (Lys2(Tr)),
BP241 (Lys?(Tr-Ahx)), BP246 (Lys(Tr)), and BP250 (Ala*(Tr-
Bn)) displayed higher stability than BP100 (55-64% degradation).
Moreover, peptidotriazoles BP238 (Lys'(Tr)), BP239 (Lys'(Tr-
Ahx)), BP248 (Ala*(Tr)), BP249 (Ala*(Tr-Ahx)) displayed similar

susceptibility to protease degradation than BP100, and after 1h
incubation only 70-79% degradation was observed.

4. Discussion

As part of our search for effective agents to control the plant
pathogenic bacteria X. axonopodis pv. vesicatoria, E. amylovora and
P. syringae pv. syringae, and the phytopathogenic fungi P. expansum
and F. oxysporum, we have previously identified undecapeptides
with interesting biological properties [4,5,14]. In particular, BP100,
consisting of LysLysLeuPheLysLyslleLeuLysTyrLeu-NH,, exhibited
high activity against the phytopathogenic bacteria at simi-
lar concentrations than conventional antibiotics, displayed low
cytotoxicity, and showed significant stability toward protease
degradation. These promising results prompted us to design new
analogs bearing a 1,2,3-triazole ring. This heterocycle has been
shown to be a crucial motif in biologically active compounds due to
its stability to metabolic degradation, its high dipole moment and
its ability to participate in hydrogen bonding. Taking into account
these properties, we investigated the influence of incorporating a
1,2,3-triazole ring in the backbone of BP100. Moreover, we ana-
lyzed the effect of modifying the side chain of each Lys and of the
Phe in BP100 with a triazole moiety as well as the influence of
introducing a substituent in the triazole ring.

The evaluation of the antibacterial activity showed that the
introduction of a triazole ring in the peptide backbone resulted in
a decrease of the activity, peptidotriazoles BP135 and BP136 were
the least active sequences. On the contrary, in general, peptido-
triazoles BP238-BP250 incorporating a triazole onto a side-chain
of a Phe or a Lys exhibited similar activity than the parent pep-
tide, with eleven sequences displaying MIC <12.5 wM against the
three pathogens. These results suggest that the conformational
restrictions imposed by the introduction of a triazole in the peptide
backbone impede the adoption of the secondary structure neces-
sary for the activity of this type of antimicrobial peptides [5].

A different susceptibility of bacteria to the two sets of pep-
tidotriazoles BP238-BP247 and BP248-BP250 was observed.
Peptidotriazoles BP238-BP247 bearing a triazole at a Lys side
chain were more active against X. axonopodis pv. vesicatoria and
E. amylovora (MIC of 1.6-12.5uM) than against P. syringae pv.
syringae. In contrast, when the benzene ring of the Phe was replaced
by a triazole, the corresponding peptidotriazoles BP248-BP250
were more active against P. syringae pv. syringae (MIC of 1.6-25 wM)
than against the other two bacteria. This differential susceptibility
of bacteria to a given peptide has been attributed to differences
in the membrane components of the target microorganism, e.g.
charge and lipid composition, that would influence rates of binding
of peptides to the membrane [20].

The analysis of the effect of introducing a substituent in
the triazole ring revealed that, for the set of peptidotriazoles
BP238-BP247, this substitution did not significantly influence the
antibacterial activity. In fact, the sequences bearing an unsub-
stituted triazole displayed MIC values similar to that of the
corresponding counterpart bearing a triazole substituted with a
2-aminohexanoic acid. Moreover, the activity of these derivatives
did not differ from that of the parent sequence BP100, suggesting
that the triazole ring does not modify the peptide hydrophilicity.
The more sensitive positions to the introduction of the substituent
were Lys?, Lys® and Lys®. Substitution of the triazole at Lys led to
BP243 (Lys®(Tr-Ahx)) with higher activity against E. amylovora and
P. syringae pv. syringae than the unsubstituted counterpart BP242
(Lys®(Tr)). The activity against P. syringae pv. syringae was also
enhanced when a 2-aminohexanoic acid was introduced at Lys®
(BP246 vs. BP247). Against X. axonopodis pv. vesicatoria the pepti-
dotriazole BP245 bearing a substituted triazole at Lys® was more
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active than the unsubstituted analog BP244. Interestingly, pep-
tidotriazoles BP245 (Lys®(Tr-Ahx)), BP246 (Lys°(Tr)) and BP247
(Lys?(Tr-Ahx)) exhibited higher activity than BP100 against X.
axonopodis pv. vesicatoria and E. amylovora (MIC of 1.6-3.1 pM).

The analysis of the antibacterial activity of peptidotriazoles
BP248-BP250, in which the benzene ring of Phe* in BP100 was
replaced by a triazole, pointed out that the hydrophobicity at this
position is crucial. In fact, the analog incorporating a triazole sub-
stituted with a 2-aminohexanoic acid (BP249) was the least active,
whereas the peptidotriazole bearing a benzyl group at the tria-
zole (BP250) was the most active, with higher activity than BP100
against P. syringae pv. syringae (MIC of 1.6-3.1 uM).

The antifungal activity of the peptidotriazoles correlated with
that previously reported for structurally related undecapeptides,
which showed that F. oxysporum was more susceptible than P.
expansum to these compounds [4]. As for antibacterial activ-
ity, the introduction of a triazole at the peptide backbone
resulted in sequences not active against these fungi. Peptidotria-
zoles BP238-BP247, bearing a triazole at a Lys side chain, were
more active than those including a triazole ring at position 4
(BP248-BP250), being the best derivatives as active as BP100.
Moreover, the incorporation of a substituent in the triazole ring
did not influence the antifungal activity.

Peptidotriazole cytotoxicity was also strongly influenced by
the amino acid (Lys or Phe) that was modified with a triazole
as well as by the absence or presence of a substituent in this
heterocyclic ring. Peptidotriazoles resulting from the modifica-
tion of the Phe* were less hemolytic than those obtained from
the incorporation of a triazole at a Lys side chain. For the for-
mer (BP248-BP250), the replacement of the benzene ring by a
triazole, either substituted or unsubstituted, rendered sequences
with a lower hydrophobic character than that of BP100, being
not hemolytic even at 150 wM. For the derivatives incorporating
a triazole at a Lys side chain (BP238-BP247), the least hemolytic
sequences were those bearing a 2-aminohexanoic acid substituent
(0.6-21% at 50 wM). In this case, the presence of this substituent
also decreases the hydrophobic character of the triazole moi-
ety. However, these sequences were more hemolytic than BP100
suggesting that the triazole ring confers a higher hydrophobic char-
acter than the free e-amino group of a Lys. These results are in good
agreement with previous studies on antimicrobial peptides report-
ing that an increase of the peptide hydrophobicity is related to an
increase in the cytotoxicity [7,36]. Peptides with an optimal bal-
ance between antibacterial and hemolytic activities were BP238,
BP239, BP243, BP245, BP247, and BP250. Among them, BP238,
BP239, BP243, and BP245 also showed high antifungal activity. In
addition, we examined the toxicity of the peptidotriazoles against
tobacco leaves. In contrast to mellitin which severely damaged
the leaf mesophyll tissues, these compounds did not induce any
phytotoxicity.

Protease digestion stability is a desired property in antimicro-
bial peptides to assure a reasonable half-life of the molecule in the
plant environment. Proteases from epiphytic microorganisms or
intrinsic to the plant in internal tissues may degrade antimicro-
bial peptides [2,9]. The incorporation of a triazole moiety at the
peptide backbone strongly increased the stability to protease diges-
tion. The modification of Lys® and Lys® with an unsubstituted or
substituted triazole as well as the incorporation of a triazole substi-
tuted with a 2-aminohexanoic acid at Lys? afforded the least stable
peptidotriazoles (BP242-BP245 and BP247). The rest of sequences
showed similar protease susceptibility than that of the parent pep-
tide BP100. Peptidotriazoles with a good biological profile, BP238,
BP239, and BP250, also showed good stability toward protease
degradation. Especially noteworthy is BP250 that is active against
the three bacteria, not hemolytic and more stable to proteases than
BP100.

In summary, we have designed and synthesized BP100 analogs
containing a triazole ring. The introduction of this moiety at a
Lys or a Phe side chain has led to the identification of sequences
active against X. axonopodis pv. vesicatoria, E. amylovora, P. syringae
pv. syringae, and F. oxysporum with low hemolytic activity, high
stability to protease digestion and no phytotoxicity, being good
candidates to design new antimicrobial agents. Efficacy tests with
selected peptidotriazoles in pathogen inoculated host plants are
under progress to confirm their potential as plant protection prod-
ucts.
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