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Synthesis and properties of cyclic gomesin
and analogues
Alessandra Machado,a,d Marcos A. Fázio,b,e Antonio Miranda,b Sirlei Daffrec

and M. Teresa Machinia*
Gomesin (Gm) was the first antimicrobial peptide (AMP) isolated from the hemocytes of a spider, the Brazilian mygalomorph
Acanthoscurria gomesiana. We have been studying the properties of this interesting AMP, which also displays anticancer,
antimalarial, anticryptococcal and anti-Leishmania activities. In the present study, the total syntheses of backbone-cyclized
analogues of Gm (two disulfide bonds), [Cys(Acm)2,15]-Gm (one disulfide bond) and [Thr2,6,11,15,D-Pro9]-Gm (no disulfide bonds)
were accomplished, and the impact of cyclization on their properties was examined. The consequence of simultaneous deletion
of pGlu1 and Arg16-Glu-Arg18-NH2 onGm antimicrobial activity and structure was also analyzed. The results obtained showed that
the synthetic route that includes peptide backbone cyclization on resin was advantageous and that a combination of 20% DMSO/
NMP, EDC/HOBt, 60 �C and conventional heating appears to be particularly suitable for backbone cyclization of bioactive peptides.
The biological properties of the Gm analogues clearly revealed that the N-terminal amino acid pGlu1 and the amidated C-terminal
tripeptide Arg16-Glu-Arg18-NH2 play a major role in the interaction of Gm with the target membranes. Moreover, backbone
cyclization practically did not affect the stability of the peptides in human serum; it also did not affect or enhanced hemolytic
activity, but induced selectivity and, in some cases, discrete enhancements of antimicrobial activity and salt tolerance. Because
of its high therapeutic index, easy synthesis and lower cost, the [Thr2,6,11,15,D-Pro9]-Gm analogue remains the best active Gm-derived
AMP developed so far; nevertheless, its elevated instability in human serum may limit its therapeutic potential. Copyright © 2012
European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

The spread of bacterial resistance, amajor concern in contemporary
medicine, has spurred demand for novel antibiotics [1]. In such
circumstances, peptides with antimicrobial activity (AMPs) are
considered potential candidates or templates for the design of
highly active low-molecular-mass compounds.
The group of known AMPs, somewhat large, includes natu-

rally occurring peptides and de novo designed synthetics
(http://bbcm1.univ.trieste.it/~tossi/pag1.htm, http://www.cryst.
bbk.ac.uk/peptaibol/home.shtml, http://oma.terkko.helsinki.
fi:8080/~SAPD) that are able to: (i) inhibit the growth or kill
Gram-positive and Gram-negative bacteria, fungi and/or
protozoa at very low concentrations [2,3]; (ii) inhibit replication of
enveloped viruses such as influenza A virus [4], vesicular stomatitis
virus [5] and human immunodeficiency virus (HIV-1) [6]; (iii) display
anticancer activity [7,8]; and (iv) promote wound healing [9]. The
naturally occurring AMPs are components of the innate immunity
system found in almost all species of life [10,11].
The lengths, sequences and structures of AMPs vary signifi-

cantly as they are short-sized, medium-sized or large molecules,
present high content of specific amino acids (glycine, proline,
trypophan or positively charged amino acids), contain N-terminus
and/or C-terminus free or modified, are linear or conformation-
ally restricted (because of backbone cyclization or presence of
intramolecular disulfide bridges) and adopt a-helical, b-hairpin-like
or b-sheet structures as well as a combination of b-sheet and
a-helical structures. Most of the known AMPs are cationic and
exhibit an amphipatic spatial arrangement, with opposing
J. Pept. Sci. 2012; 18: 588–598
hydrophobic and positively charged faces, when in contact
with the target membrane [12,13].

Gomesin (Gm) was the first AMP isolated from the hemocytes
of a spider, the mygalomorph Acanthoscurria gomesiana. This
peptide is active against Gram-positive and Gram-negative bacteria,
fungi and eukaryotic parasites; it consists of 18 amino acid residues,
presents two disulfide bridges (linking Cys2 to Cys15 and Cys6 to
Cys11) and carries two post-translational modifications: cyclization
of the N-terminal glutamic acid into pyroglutamic acid, pGlu1 and
Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.
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amidation of the C-terminal arginine, Arg18-NH2 (Figure 1). Sequence
alignments suggested strong similarities between Gm and tachyple-
sins, polyphemusin, androctonin and protegrins [14]. Despite a
limited cytotoxic effect on human erythrocytes, its broad activity
spectrum [15–17] and high potency render Gm likely to be used in
therapeutics or as a guide for the design of new drugs. Therefore,
the structural properties of Gm have become a relevant issue [18].

In 2002, Mandard and coworkers reported that the global
fold of this antimicrobial peptide in solution consists of a well-
resolved two-stranded antiparallel b-sheet connected by a nonca-
nonical b-turn, confirming that the distribution of its hydrophobic
and hydrophilic amino acid residues was identical to that observed
in protegrin-1 and androctonin [19]. This important information
prompted us to investigate the structure–activity relationship of
Gm. At first, we studied the importance of the two disulfide bridges
for its bioactivities, conformation and serum stability by synthe-
sizing and analyzing linearized, monocyclic disulfide-bridged
analogues (including [Cys(Acm)2,15]-Gm) and bicyclic side-chain
lactam-bridged analogues. The results led us to conclude that
(i) as with most AMPs, the antimicrobial and hemolytic activities
of Gm are correlated events; (ii) at least one disulfide bridge is
required for satisfactory antimicrobial activity; (iii) both bridges
are required for full antimicrobial activity and high serum
stability [20]. Next, we conceived, synthesized and tested a
new linearized form of Gm whose cysteines were replaced by
threonines and glutamine9 by D-Pro: [Thr2,6,11,1,D-Pro9]-Gm.
Besides being easy to prepare in good quality and reasonable
yields, this analogue was equipotent to Gm against Candida albi-
cans, slightly less active against Micrococcus luteus (twofold) and
Escherichia coli (fourfold) and 2.5-fold less hemolytic. As a result, its
therapeutic index (TI) was 32-fold higher than that of Gm [21].

In this paper, we report the total synthesis of backbone-cyclized
analogues of Gm with two disulfide bonds, [Cys(Acm)2,15]-Gm with
one disulfide bond and [Thr2,6,11,1,D-Pro9]-Gm, a linearized analogue,
and the effect of such conformational constraints on antimicrobial
and hemolytic activity, salt tolerance and serum stability. We also
report the consequence of simultaneous deletion of pGlu1 and
Arg16-Glu-Arg18-NH2 on Gm antimicrobial activity and structure.
To perform such a study, we took into account that (i) antibiotics
of high TIs are more selective [22]; (ii) antifungal activities of Gm
and [Thr2,6,11,15,D-Pro9]-Gm are affected under high salt conditions;
Figure 1. Amino acid sequence with side-chain S–S bridges of gomesin (Gm

Table 1. Amino acid sequences and mass spectrometry data of the pepti

Peptide Purification yield/Peptide pu

Gm —
a

Gm(2–15) 7/95

c(1–18)[Gln1]-Gm <1/98

[Cys(Acm)2,15]-Gm —
a

c(1–18)[Gln1,Cys(Acm)2,15]-Gm 4.7/98

[Thr2,6,11,15, D-Pro9]-Gm —
a

c(1–18)[Gln1, Thr2,6,11,15, D-Pro9]Gm 26/98

aPreviously synthesized in our laboratories [20,21].
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(iii) backbone cyclization of linear AMPs [23,24] and of AMPs
structurally related to Gm [25] has provided less toxic or salt-sensitive
active analogues [26,27]; (iv) the synthesis of a backbone-cyclized
peptide containing two disulfide bridges could be a challenging
synthetic task, therefore, a topic of interest for peptide chemists
[23,28]; (v) our group has already succeeded in preparing different
peptides with the help of customized protocols at 60 �C by using
conventional heating [29–31]; (vi) E. coli, S. aureus and C. albicans
are microorganisms of substantial scientific interest and clinical
importance.
Experimental Section

Stepwise Solid-Phase Peptide Synthesis

Synthetic Gm, [Cys(Acm)2,15]-Gm and [Thr2,6,11,15,D-Pro9]-Gm were
previously obtained in our laboratories (Table 1) [20,21]. The
novel Gm analogues (Table 1) were synthesized manually by
the solid-phase method at room temperature by using the tert-
butyloxycarbonyl (Boc) chemistry and our previously optimized
protocols [29–32].

The side-chain protecting groups used were Tos (for Arg), Bzl
(for Thr and Tyr), 2-Cl-Z (for Lys), Acm (for Cys2 and Cys15) and
4-Meb (for Cys6 and Cys11, but in the case of c(1–18)[Gln1]-Gm
and c(1–18)[Gln1,Cys(Acm)2,15]-Gm 4-Meb was also employed for
Cys2 and Cys15. The resins employedwere 4-methylbenzhydrylamine
resin (MBHA resin from Advanced ChemTech, Louisville, KY; substi-
tution level of 0.67mmol/g), 0.5 g for the synthesis of Gm(2–15);
Boc-Arg(Tos)-4-hydroxymethyl-phenylacetamidomethyl (PAM resin
from Bachem California, Torrance, CA; aminoacylation level
of 0.60mmol/g), 1.3 g for the synthesis of c(1–18)[Gln1,Cys
(Acm)2,15]-Gm). The Boc-Glu(MBHA resin)-OFm was prepared
in our laboratory as described later (0.5 and 1.0 g for the synthe-
ses of c(1–18)[Gln1]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm,
respectively).

Progression of aminoacylation of the resin and all reactions
required for peptide assembly on it (couplings/recouplings,
deprotections and acetylations) were monitored by collecting a
sample of the washed resin, amino acid resin or peptide resin
and submitting it to the ninhydrin test [33]. As in our previous
).

des synthesized and tested

rity (%) [MH]+ calcd./found Peptide content (%)

2270.4 (2270.0)a 67

1790.0 (1790.2) 65

2271.8 (2271.0) 64

2414.0 (2415.0)a 80

2414.9 (2414.2) 67

2235.5 (2236.5)a 66

2234.6 (2234.8) 68

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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studies [29–31], the reactions at room temperature were carried
out for 60min in glass-fritted reaction vessels under shaking,
whereas those performed at 60 �C using conventional heating
took place for 30min in water-jacketed glass-fritted vessels
connected to a heated water-bath circulator (Polyscience 8001;
temperature variation of only 1 �C), under shaking.
Boc-Glu(MBHA resin)-OFm was obtained by reacting for 1 h at

room temperature MBHA resin (Advanced ChemTech, substitu-
tion of 0.67mmol/g ) with Boc-Glu-OFm (2.5-fold excess) in the
presence of equimolar amount of N,N0-diisopropylcarbodiimide
(DIC)/1-hydroxybenzotriazole (HOBt) (1 : 1, mol/mol) in dichloro-
methane (DCM). After filtration and alternating washings with
DMF, MeOH and DCM, the resulting aminoacylated resin provided
a negative ninhydrin test [33].
Coupling of Boc–amino acid (2.5-fold excess) to the resin or

growing peptide resin was carried out for 60min in DCMcontaining
equimolar amounts DIC/HOBt (1 : 1, mol/mol) or in DMF containing
O-benzotriazol-1-yl-N,N,N0,N0-tetramethyluronium tetrafluorobo-
rate (TBTU) and diisopropylethylamine (DIPEA) at apparent pH8.0.
The reaction medium was removed by filtration. The peptide resin
was washed with DMF, MeOH and DCM prior to the ninhydrin
test [33]. When the coupling was not complete, Boc–amino acid
recoupling was carried out. Post-recoupling washes were performed
as described for the post-coupling washes.
Boc group (used to protect the a-amino group of the N-terminal

amino acid residue of the resin-linked peptides) removal was
performed in 50% trifluoroacetic acid (TFA)/DCM for 20min. After
sequential washes of the peptide resin with DCM, MeOH and 5%
DIPEA/DCM, the presence of free amino groups was indicated by
a positive ninhydrin test [33].
The amounts of the side-chain protected peptide resins

obtained were 1.45 g of Gm(2–15)-MBHA, 3.66 g of [Gln1,Cys
(Acm)2,15]-Gm-PAM, 0.52 g of [Gln1,Thr2,6,11,15,D-Pro9]-Gm-MBHA,
1.5 g of [Glu(MBHA resin)9-OFm]-Gm and 2.84 g of [Glu(MBHA
resin)1-OFm,Thr2,6,11,15,D-Pro9]-Gm.

Backbone Cyclization on Resin

[Glu(MBHA resin)9-OFm]-Gm (0.2 g) and [Glu(MBHA resin)1-OFm,
Thr2,6,11,15,D-Pro9]-Gm (0.3 g) had the Fm group removed in 20%
piperidine/DMF containing anisole for 10min to give the
corresponding carboxyl-free side-chain protected peptide resins
[Glu(MBHA resin)9]-Gm and [Glu(MBHA resin)1,Thr2,6,11,15,D-Pro9]-Gm.
The experimental conditions used for backbone cyclizations to
produce the corresponding resin-bound side-chain protected
cyclized peptides c(1–18)[Gln1]-Gm and c(1–18)[Gln1,Thr2,6,11,15,
Table 2. Head-to-tail cyclization of peptide resins

Coupling reagent Solvent or mixture

[Glu(MBHA resin)9]-Gm ➔ c(1–18)[Glu(MBHA resin)9]-Gm

EDC HOBt DMF

HOBt 20% DMSO/NMP

HOBt 20% DMSO/NMP

HOAt 20% DMSO/NMP

[Glu(MBHA resin)1,Thr2,6,11,15,D-Pro9]-Gm ➔ c(1–18)[Glu(MBHA resin)1,Thr2,6,

EDC HOBt 20% DMSO/NMP

HOBt 20% DMSO/NMP

aFrom 25 to 28 �C.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
D-Pro9]-Gm (Table 2) were inspired by those of previous related
studies [34–36] , particularly by those employed for lactamization
of corticotropin-releasing factor (CRF) analogues [37]. After
alternating washes with the solvents mixtures employed and
MeOH, the peptide resins were submitted to the Kaiser test [33]
for monitoring the progression of the reaction. When the result
was positive, the reaction was repeated under identical experi-
mental conditions. When it was negative, the resulting peptide
resins were filtered, and washed with NMP and MeOH.

The occurrence of backbone cyclization was also confirmed by
peptide detachment from resin/full deprotection of a small
amount of resulting peptide resin followed by analysis of the
crude peptide by LC/ESI–MS and detection of the desired cyclic
analogue in it.

Full Deprotection and Simultaneous Cleavage of the
Peptide from Resin

A small fraction of each side-chain protected peptide resin
obtained was exposed for 2 h to a mixture of condensed
anhydrous hydrogen fluoride (HF) with anisole, m-cresol and
dimethyl sulfide (DMS) [9 : 0.5 : 0.25 : 0.25 (v/v/v/v)]. The released
peptide was precipitated in diisopropyl ether, extracted with 0.1%
TFA/water or 60% acetonitrile (AcCN, chromatographic grade)/
0.1% TFA and lyophilized. Identification of the desired analogue
in the crude peptide obtained was carried out by analysis of the
extract by LC/ESI–MS.

The amounts of crude peptides obtained were as follows:
69mg of crude [Cys(Acm)2,15]-Gm(2–15), 283mg of [Gln1,Cys
(Acm)2,15]-Gm, 102mg [Gln1,Thr2,6,11,15,D-Pro9]-Gm, 143mg of
[Gln1]-Gm and 262mg of [Gln1,Thr2,6,11,15,D-Pro9]-Gm. Purification
by RP-HPLC was performed as described later. When required,
disulfide bond formation was performed prior to purification.

Disulfide Bond Formation

Air oxidation reactions were performed by dissolving the reduced
crude peptides in 10% AcCN/0.1% TFA at concentration of 0.2mM
and adjusting the pH of the resulting solutions to 8.0 with 10%
ammonium hydroxide solution [20]. Monitoring was performed by
analytical RP-HPLC on a Vydac C18 column (5 mm, 300Å, 0.46 cm
25.0 cm) under the following conditions: 0.1% TFA/water as solvent
A, 60% AcCN/0.1% TFA as solvent B, eluent flow rate of 10ml/min
and wavelength of 210nm. Once the disulfide bonds were formed,
the pH of the reaction media was adjusted to 4.0, and they were
lyophilized.
Temperature Time for negative ninhydrin test (h)

Rooma 31

Rooma 3

60 �C 1

60 �C 2

11,15,D-Pro9]-Gm

Rooma 2

60 �C 1

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 588–598
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In the case of Gm(2–15), its crude synthetic precursor [Cys
(Acm)2,15]-Gm(2–15) (69mg) was submitted to air oxidation as
described earlier to give Cys6,Cys11 disulfide linked [Cys
(Acm)2,15]-Gm(2–15), which was purified by RP-HPLC as described
later. The amount obtained (8mg) had the Acm groups removed,
and the free cysteines were oxidized by incubation with TFA
(1 mmol peptide/ml) containing anisole (19 : 1, v/v) and 0.6 mmol
of Tl(III) at 4 �C for 40–43 h followed by peptide precipitation with
cold ethyl ether and recovery by centrifugation. Peptide extrac-
tion with mixture of acetonitrile (AcCN)/0.1% TFA in water
followed by lyophilization afforded the desired Gm(2–15).

Backbone Cyclization in Solution

Purification of crude [Gln1,Cys(Acm)2,15]-Gm (283mg) by RP-HPLC
furnished 20mg of [Gln1,Cys(Acm)2,15]-Gm in the bis-thiol form,
which was submitted to disulfide bond formation involving
Cys6 and Cys11 according to the procedure described above.
The resulting monodisulfide [Gln1,Cys(Acm)2,15]-Gm and twofold
excess of EDC/HOBt (1 : 1, mol/mol) were kept in 28ml of DMSO
under stirring at room temperature. The progress of the reaction
was monitored by analytical RP-HPLC. After 26 h, [Gln1,Cys
(Acm)2,15]-Gm was fully converted into c(1–18)[Gln1,Cys
(Acm)2,15]-Gm as confirmed by LC/ESI–MS analysis of the reaction
media. The solvent was then removed under vacuum, and
the dry residue was loaded on a semi-preparative column for
purification of the cyclic crude product by RP-HPLC.

Peptide Purification

Crude lyophilized peptides were purified by RP-HPLC [32,38]
using the following conditions: (i) a preparative Vydac C18 column
(5 mm, 300 Å, 2.2 cm� 25.0 cm; The Separation Group, Inc.,
Hesperia, CA) coupled to a Beckman System Gold semi-
preparative equipment, 0.1% TFA/water as solvent A, AcCN/
0.1% TFA as solvent B, eluent flow rate of 10ml/min and
wavelength of 220 nm; (ii) a semi-preparative Vydac C18 column
(5 mm, 300 Å, 1.0 cm� 25.0 cm; The Separation Group, Inc.)
coupled to an LDC HPLC system (Thermo Separation Products,
San Jose, CA; composed of a ConstaMetric 3500 pump, a
ConstaMetric 3200 pump, a 3100 model UV–VIS detector, a
7125 model Rheodyne injector and a 745B Waters integrator)
with a flow rate of 3ml/min and at wavelength of 210 nm using
the solvents A and B cited above. (ii) a semi-preparative Vydac
C18 column (5 mm, 300 Å, 1.0 cm� 25.0 cm; The Separation Group,
Inc.) coupled to an LDC HPLC system (Thermo Separation Pro-
ducts, composed of a ConstaMetric 3500 pump, a ConstaMetric
3200 pump, a 3100 model UV–VIS detector, a 7125 model
Rheodyne injector and a 745B Waters integrator) with a flow rate
of 3ml/min and at a wavelength of 210 nm using the solvents A
and B cited above.

Purifications of c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm, c(1–18)
[Gln1,Cys(Acm)2,15]-Gm, c(1–18)[Gln1]-Gm and Gm(2–15) required
the following steps: Step 1, triethylammonium phosphate (TEAP),
pH2.25, as solvent A, 40% AcCN/TEAP as solvent B, linear gradient
elution from 20% to 60% B {peptide c(1–18)[Gln1]-Gm} or from 20%
to 50% B {peptide c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm} or from 5% to
65% B {peptide c(1–18) [Gln1,Cys(Acm)2,15]-Gm} or from25% to 55%
B [peptide Gm(2–15) in 90min]; Step 2, 0.1% TFA/water as solvent
A, 60% AcCN/0.1% TFA as solvent B, linear gradient elution from
20% to 60% B {peptide c(1–18)[Gln1]-Gm} or from 20% to 50% B
{peptide c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm} or from 5% to 65% B
J. Pept. Sci. 2012; 18: 588–598 Copyright © 2012 European Peptide Society a
{peptide c(1–18)[Gln1,Cys(Acm)2,15]-Gm} or from 25% to 55% B
[peptide Gm(2–15)] in 90min.

As shown in Table 1, because of the heterogeneity of the
crude peptides, the purification yields varied from less than 1%
(for the peptides containing disulfide bridges) to 26% (for those
without them).
Chemical Characterization of the Purified Peptides

The peptide purities were higher than 95%. Their identities were
confirmed by: (i) LC/ESI–MS on a Micromass Quatro II triple quadru-
pole instrument coupled with a Shimadzu RP-HPLC system VP Series
equipped with LC-10AD pumps, a SDP-10-AV detector and a 7125
Rheodyne injector; (ii) amino acid analysis on a Beckman 7300
automated amino acid analyzer [38]. Therefore, the molar mass
and peptide content of each purified peptide were determined prior
to the biological assays and spectroscopic analyses (Table 1).
Antimicrobial Assays

The activities of the purified peptides against C. albicans
(MDM8), E. coli SBS 363 and S. aureus ATCC6538 (obtained
from the Microbiology Department Collection, Biomedical
Sciences Institute of São Paulo, USP, Brazil) were determined
using the liquid growth inhibition assay [39,40]. Briefly, 10 ml
of the peptide solution was added to 90 ml of a suspension
of a midlogarithmic phase culture of bacteria starting at
OD595 nm 0.001 in poor broth nutrient medium (PB: 1.0 g
peptone in 100ml of H2O containing 86mM NaCl at pH 7.4;
217mOsM). In the case of the antifungal activity, the medium
used was the poor dextrose broth (1/2 PDB: 1.2 g potato
dextrose in 100ml of H2O at pH 5.0; 79mOsM). Microbial
growth was measured by monitoring the OD increase at
595 nm. The minimum inhibitory concentration (MIC) was
determined following incubation at 30 �C for 18 h. The MIC
was the lowest concentration of peptide, preventing visible
antimicrobial growth.
Hemolytic Activity Assays

The hemolytic activity of the purified peptides was measured as
described earlier [21,32] by using fresh human erythrocytes
washed three times with PBS (10mM Na2HPO4, 1.8mM K2HPO4,
pH 7.4, containing 140mM NaCl and 2.7mM KCl). Two times
serial dilutions of the peptides from concentrations of 0.19 to
50 mM were incubated with a suspension of 0.4% erythrocytes
in PBS. After 1 h at 37 �C, the test tubes were centrifuged at
300 g for 5min at 5 �C. Fifty-microliter aliquots of the superna-
tants were transferred to 96-well plates, and hemolysis was
monitored at 405 nm by using a microtiter plate reader.
Negative and positive controls were prepared in PBS and in
PBS supplemented with 0.1% SDS, respectively. The hemolysis
percentages were calculated using the following equation:
% hemolysis = [(A405 nm in the peptide solution�A405 nm in
PBS)/(A405 nm in 0.1% SDS�A405 nm in PBS)]� 100. Three
independent experiments were performed.
Serum Stability Assays

Briefly, 20ml of an aqueous peptide stock solution (10mg/ml) was
added to 1ml of 25% pooled non-heat-inactivated human serum
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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in PBS and incubated at 37 �C. Fifty-microliter aliquots were taken
and added to 5ml of pure TFA at different time intervals (0, 0.5, 1,
2, 4 and 6 h) and incubated at 5 �C for 15min. Following incuba-
tion, the resulting mixtures were centrifuged at 300 g for 5min.
Twenty microliters of the supernatants was injected in an on-line
LC/ESI–MS equipment. Elution was performed using a linear
gradient of AcCN in acidified water from 3% to 57% for 30min
at a flow rate of 0.4ml/min. Peptide consumption, followed by
the area of the corresponding peak in the chromatogram,
allowed for evaluating peptide stability in serum [21].
Circular Dicroism Measurements

The peptides were dissolved alternatively in water, in 50% TFE/
water or in 50mM SDS/water at pH 4.0 to obtain 20 mM
solutions [21,32]. The spectra were acquired on a Jasco J-810
spectropolarimeter (JASCO International Co. Ltd., Tokyo, Japan)
coupled to a Peltier Jasco PFD-425S system for temperature
control. Eight scans over a wavelength range of 190–250 nm
were taken using a 1-mm path length quartz rectangular cell at
20 �C. Following baseline correction, the measured ellipticity, θ
(millidegrees), was converted to the molar mean residue ellipticity
[θ] (deg cm2dmol�1).
Results

Synthesis, Backbone Cyclization, Purification and Chemical
Characterization of the Peptides Studied

Peptide assembly on resin using our customized protocols was
straightforward. The subsequent steps required to obtain the
cyclic analogues (Figures 3 and 4) led to very small amounts of
crude peptides. All of them showed contaminants removed
during the purification steps, whose identification by LC/ESI–MS
associated them to secondary reactions typical of solid-phase
peptide synthesis, such as amino acid deletion, tyrosine ring
alkylation, partial removal of Acm protecting group and peptide
oligomerization.
Backbone cyclization performed conventionally (in solution

and at room temperature) of [Gln1,Cys(Acm)2,15]-Gm to give c
(1–18)[Gln1,Cys(Acm)2,15]-Gm required 26 h to complete. As
shown in Table 2, backbone cyclization of [Glu(MBHA resin)9]-Gm
on resin at room temperature in DMF containing EDC/HOBt
Table 3. Antimicrobial activities at low and physiological salt concentratio

Peptide nomenclature

E. coli Rb Sc

Gma 0.32–0.64 — 2

Gm(2–15) 1.28–2.56 4 2

c(1–18)[Gln1]-Gm 0.32–0.64 1 1

[Cys(Acm)2,15]-Gma 1.28–2.56 4 2

c(1–18)[Gln1,Cys(Acm)2,15]-Gm 0.64–1.28 2 2

[Thr2,6,11,15,D-Pro9]-Gma 1.28–2.56 4 2

c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm 1.28–2.56 4 2

aPeptides used as References [20,21].
bR: analogue MIC/gomesin MIC.
cS: analogue MIC at 137mM NaCl/analogue MIC at 86mM NaCl.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
required 31h, but replacement of DMF by 20% DMSO/NMP
significantly enhanced the reaction rate (only 3h to complete). In
such binary mixture at 60 �C, the reaction was even faster, requiring
only 1 h to complete. Replacement of HOBt by HOAt slowed it
down (2h to complete). At 60 �C and in the presence of EDC/HOBt
in 20% DMSO/NMP, Glu(MBHA resin)1,[Thr2,6,11,15,D-Pro9]-Gm was
converted into c(1–18)[Glu(MBHA resin)1,Thr2,6,11,15,D-Pro9]-Gm
twofold faster than at room temperature. In fact, the analyses of
the crude peptides by LC/ESI–MS confirmed that they contained
the desired cyclic analogues as major components.
Antimicrobial Assays

Table 3 shows the growth-inhibiting MICs found for the final
peptides against E. coli SBS 363, S. aureus ATCC6538 and
C. albicans MDM8 at low (86mM NaCl) and physiological
(137mM NaCl) salt concentrations.

At a low salt concentration, simultaneous deletion of the N-
terminal pGlu1 and of the amidated C-terminal tripeptide
(Arg16-Gly-Arg18-NH2) caused drastic decrease of activity (four
to eight times) against the bacteria tested. The effect was less
significant against the fungus C. albicans. Lack of one or two
disulfides bridges showed to have also a strong negative
effect on antimicrobial activity, corroborating our previous
report that the substitution of the four cysteines by threonines with
simultaneous replacement of Gln9 by D-Pro9 led to an analogue less
active against the bacteria, but not against the fungus tested.
Replacement of pGlu1 by Gln1 and subsequent backbone cycliza-
tion to give c(1–18)[Gln1]-Gm, c(1–18)[Gln1,Cys(Acm)2,15]-Gm and c
(1–18)[Thr2,6,11,15,D-Pro9]-Gm led to the preservation or discrete
increase (two times) of their activities against the microorganisms
tested. S. aureus was less sensitive than E. coli and C. albicans to
Gm and to all new analogues described here, except for c(1–18)
[Gln1]-Gm.

As to the assays performed at high salt concentration, only c
(1–18)[Gln1]-Gm was as active against E. coli as Gm at low salt
concentration; all other analogues were less active against the
microorganism strains studied.
Hemolytic Assay

At 100mM, Gm, [Cys(Acm)2,15]-Gm and [Thr2,6,11,15,D-Pro9]-Gm
was previously described to present the following hemolytic
ns

MIC (mM)

S. aureus Rb Sc C. albicans Rb Sc

1.28–2.56 – 2 0.32–0.64 — 4

10.24–20.5 8 2 0.64–1.28 2 8

0.64–1.28 0.5 2 0.32–0.64 1 8

5.12–10.24 4 8 0.64–1.28 2 8

2.56–5.12 2 4 0.64–1.28 2 8

5.12–10.24 4 4 0.32–0.64 1 32

5.12–10.24 4 2 0.32–0.64 1 32
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capacities: 40.0%, 16.0% and 17.0%, respectively [24]. These values
were confirmed in the present study. For c(1–18)[Gln1]-Gm, c(1–18)
[Gln1,Cys(Acm)2,15]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm at
100 mM they caused 35.5%, 63.0% and 26.5% hemolysis, respec-
tively. The increase observed for c(1–18)[Gln1,Cys(Acm)2,15]-Gm
may be related to the replacement of pGlu1 by Gln1 required
for backbone cyclization as analogue [Gln1,Thr2,6,11,15,D-Pro9]-Gm
was as hemolytic as c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm (data not
shown here).

The minimum hemolytic concentrations (capacity to cause 10%
or higher hemolysis often used as reference for determination
of TI) [21,24] found here for Gm, c(1–18)[Gln1]-Gm, c(1–18)[Cys
(Acm)2,15]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm were 0.39,
0.39, 0.39 and 6.25mM, respectively.

Serum Stability Assay

Only Gm and [Gln1,Thr2,6,11,15,D-Pro9]-Gm as well as their cyclic
forms c(1–18)[Gln1]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm
were examined in their serum stability. Under the experimental
conditions employed, the average percentages of intact peptide
found after individual incubation for 6 h in human serum were
87%, 33%, 78% and 28%, respectively.

Circular Dichroism Measurements

Figure 2 shows all the spectra obtained in water, 50% TFE/water
and in 50mM SDS in water. As expected, and similarly to Gm, the
Figure 2. CD spectra of the peptides in water (A), 50mM SDS in water (B) and
[Gln1]-Gm, c(1–18) [Gln1,Cys(Acm)2,15]-Gm, [Gln1,Thr2,6,11,15,D-Pro9]-Gm and c(1–18
[Thr2,6,11,15,D-Pro9]-Gm.

J. Pept. Sci. 2012; 18: 588–598 Copyright © 2012 European Peptide Society a
spectra of c(1–18)[Gln1]-Gm in those environments showed a
strong negative band around 205 nm and a positive band
around 232 nm typical of a b-hairpin structure [21,41] (Figure 2,
A1–C1).

In water, the spectrum of the peptide [Cys(Acm)2,15]-Gm
presented a negative band at about 200 nm expected for
unordered structure. Head-to-tail cyclization induced partially
folded conformation as indicated by the shoulder around
205 nm in its spectrum. In the presence of SDS or TFE, [Cys
(Acm)2,15]-Gm and its N/C-cyclized version c(1–18)[Gln1,Cys
(Acm)2,15]-Gm clearly adopted a considerable amount of ordered
secondary structure as their spectra have a shape indicative of
the presence of b-turns (only a strong negative band around
205 nm) (Figure 2, B1 and C1).

As seen in Figure 2 (B2 and C2), the spectra of [Thr2,6,11,1,D-
Pro9]-Gm and [Gln1,Thr2,6,11,15,D-Pro9]-Gm in 50% TFE/water and
50mM SDS were coincident to those previously reported by us
as they are low intensity a-helix-like spectra, which reveals a
tendency for adopting b-hairpin conformations [20]. As to the N/
C-cyclized analogue c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm in 50%
TFE/water (Figure 2, B2), it displayed a positive band at 190 nm
and two shoulders at about 205 and 215 nm indicative of
elements of secondary structure, more specifically representative
of type I b-turn [42]. Its spectrum in SDS solution (Figure 2, C2)
presented a broad minimum band at 216–220nm and a positive
band between 195 and 200nm, a pattern proposed by Greenfield
and coworkers to be typical of a b-sheet structure [42].
50% TFE/water at pH 4 (C). Peptide concentrations were 20mM for c(1–18)
)[Gln1, Thr2,6,11,15,D-Pro9]-Gm and 100mM for Gm, [Gln1,Cys(Acm)2,15]-Gm and

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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The spectra obtained for Gm(2–15) in all environments studied
are identical to those of Gm, so they are not shown in Figure 2.
Discussion

Optimization of Backbone Cyclization on Resin in at 60 �C

Studies on peptide structure–activity relationship and/or proper-
ties of bioactive peptides involving backbone cyclic analogues
can be problematic as the synthesis of such complex macromole-
cules is a challenging task that usually results in very low yield. In
this context, choosing the synthetic route can be a real dilemma.
In a preliminary attempt prior to the present study, the total

synthesis of c(1–18)[Gln1]-Gm was achieved in our laboratory
[43]. Hence, the synthetic route initially proposed for making
larger amount of it and of the two other cyclic analogues
of interest {c(1–18)[Gln1,Cys(Acm)2,15]-Gm and c(1–18)[Gln1,
Thr2,6,11,15,D-Pro9]-Gm} consisted of the following steps: peptide
assembly on resin with Gln1 replacing pGlu1 peptide detachment
from resin/partial side-chain deprotection; if required, disulfide
bridge formation; backbone cyclization; purification of the crude
peptide; and characterization of the purified peptide. As the
analogue c(1–18)[Gln1,Cys(Acm)2,15]-Gm was the first target of this
study, its precursor [Gln1,Cys(Acm)2,15]-Gm was prepared and
characterized by LC/ESI–MS. Detection of unwanted contaminants
demanded purification of the crude material prior to conventional
backbone cyclization in solution (Figure 3), a very slow reaction
Figure 3. Synthesis of c(1–18)[Gln1,Cys(Acm)2,15]-Gm. (A) Boc removal: 50%
DCMor TBTU/DIPEA (1 : 3, mol/mol) in DMF, 60min. (C) Boc removal, Boc-Arg(Tos
Boc–amino acid coupling. (F) Boc removal and Boc-Gln–OH coupling. (G
[9 : 0.5 : 0.25 : 0.25 (v/v/v/v)], 2 h. (H) Cysteines oxidation: O2, pH8.0. (I) Head-to-t
Val, Cys(Meb), Arg(Tos), Gln, Lys(2-Cl-Z), Tyr(Bzl), Cys(Meb), Leu, Arg(Tos), Arg(To

wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
at room temperature. Attracted by the possibility of saving time
and money, with preservation of quality, and motivated by earlier
successful experience of speeding up intramolecular lactam bond
formation in CRF analogues linked to MBHA resin at 60 �C [37],
we modified the route for the preparation of the two other
targets {c(1–18)[Gln1]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm}.
Although the new alternative route had an identical number of
steps and the final yields were also low, backbone cyclizations
occurred on resin (Figure 4) and could be notably sped up (30-fold;
Table 2) after optimization in 20% DMSO/NMP at 60 �C by using
conventional heating and EDC/HOBt.

Such positive impact on the effectiveness of those reactions
surely resulted from thermal and diffusion factors. In fact, many
authors have shown that chemical reactions needed for stepwise
SPPS are significantly accelerated at temperatures higher than
40 �C [44]. In 1997, we reported that at 60 �C, by using conven-
tional heating, manual synthesis of short-sized and middle-sized
peptides could be carried out rapidly with maintenance of
peptide quality and recovery [45,46]. In the following years, the
literature was filled with reports on successful stepwise SPPS at
60 �C or higher temperatures by using conventional heating
[29–31] and microwaves [31,47–49], manual microwave-assisted
stepwise SPPS using 60 �C as the set temperature [50], micro-
wave-assisted on-bead disulfide bond formation using 60 �C as
the set temperature [51] and peptide detachment from resin/full
deprotection at 45–50 �C using conventional and microwave
heating [52]. As regards to the diffusion factor, it is consensual
TFA/DCM, 20min. (B) Boc-Gly–OH coupling: DIC/HOBt (1 : 1, mol/mol) in
)–OH coupling. (D) Boc removal, Boc-Cys(Acm)–OH coupling. (E) Boc removal,
) cleavage from resin/full deprotection: HF with anisole/m-cresol/DMS
ail cyclization: EDC/HOBt in DMSO at room temperature. X: Tyr(Bzl), Thr(Bzl),
s).

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 588–598



Figure 4. Synthesis of c(1–18)[Gln1]-Gm. (A) Boc-Glu–OFm coupling: DIC/HOBt (1 : 1, mol/mol) in DCM. (B) Boc removal: 50% TFA/DCM, 20min followed
by Boc–amino acid coupling. (C) Boc removal. (D) Fm removal: 5% DIPEA/DCM, 20% piperidine/DMF, anisole. (E) Head-to-tail cyclization: EDC/HOBt (1 : 1,
mol/mol) in 20% DMSO/NMP at 60 �C. (F) Cleavage from resin/full deprotection: HF with anisole/m-cresol/DMS [9 : 0.5 : 0.25 : 0.25 (v/v/v/v)], 2 h.
(G) Cysteines oxidation: O2, pH 8.0. X: Arg(Tos), Gly, Arg(Tos), Cys(Meb), Tyr(Bzl), Thr(Bzl), Val, Cys(Meb), Arg(Tos), Gln, Lys(2-Cl-Z), Tyr(Bzl), Cys(Meb),
Leu, Arg(Tos), Arg(Tos), Cys(Meb), Gln.
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that in traditional SPPS (peptide assembly on resin at room
temperature), some solvents and their binary mixtures are able
to provide effective swelling of peptide resins, enhancing diffu-
sion of the incoming activated amino acids through their pores
and, therefore, facilitating intermolecular and intramolecular
chemical reactions [53,54]. The mixture 20% DMSO/NMP, used
in the present study and fully stable at 60 �C, is among the binary
mixtures of aprotic solvents known to have this capacity, which
we could confirm by observing higher solvation degrees of the
peptide-MBHA studied than in DMF (data not shown).

It is very important to point out that because high loaded
resins, such as theMBHA resin used, yields peptides contaminated
by the expected oligomers, chromatography characterization of
the linear and cyclic crude products was systematically per-
formed. As they did not contain large amounts of oligomers when
analyzed by LC/ESI–MS, it seemed that appropriate dilutions
were employed. Anyway, such byproducts were removed by
RP-HPLC, negatively affecting the overall yields. As to amino acid
enantiomerization during backbone cyclization, EDC/HOBt was
mostly used (combination of coupling agent/additive that
usually minimizes this side reaction at room temperature [31]).
Even so, the diastereoisomers formed were separated by
RP-HPLC during the purification step, leading to highly homoge-
neous final products although at low yields.

It is also relevant to note that our results on cyclizations of [Glu
(MBHA resin)9]-Gm and [Glu(MBHA resin)1,Thr2,6,11,15,D-Pro9]-Gm
at room temperature (which required 3 and 2 h, respectively, to
give negative Kaiser test [33]) confirmed previous observations
that the presence of turn-inducing amino acids, such as
D-stereoisomers or N-substituted amino acids, is expected to en-
hance the rate of the reaction as it stabilizes a cyclization-prone
conformation [55,56]. The literature contains reports on micro-
wave-assisted backbone peptide cyclization in solution by
native chemical ligation that involves previous synthesis of
a protected peptide thioesters [57], peptide cyclizations on
resin at room temperature [58], a combination of backbone
cyclization and a photocleavable amino acid to give a linear pep-
tide as product [59] and backbone cyclization involving the
J. Pept. Sci. 2012; 18: 588–598 Copyright © 2012 European Peptide Society a
conversion of the linear peptides into their 4-nitrophenyl esters
or other C-terminally activated forms [60]. Nevertheless, to our
knowledge, this is the first report of backbone cyclization of a
peptide gGlu-linked-MBHA resin at 60 �C using conventional
heating, EDC/HOBt and 20% DMSO/NMP.

Impact of Backbone Cyclization on the Properties of Gm and
Analogues

As expected, the results of the antimicrobial assays and peptide
conformational analyses provided complementary information on
SAR of Gm. Antifungal activities of the new analogue Gm(2–15),
lacking pGlu1 and fragment Arg16-Glu-Arg18-NH2, revealed that this
is not the minimum active portion of Gmmolecule, results that are
in agreement with our previous findings that Gm is a highly rigid
amphiphatic molecule whose (i) hydrophobic face comprise Leu5,
Tyr7, Val12 and Tyr14; (ii) hydrophilic face contains Arg3, Arg4, Lys8,
Gln9, Arg10, Arg16 and Arg18; and (iii) pGlu1 and Arg16 are involved
in one of the eight hydrogen bonds involved in the high rigidity
of the molecule, i.e. the hydrogen bond at the end of one of the
b-sheets [18,19]. Therefore, with the help of the truncated analogue
Gm(2–15), we found in the present study a strong indication that,
once bound to a conformationally stabilized folded structure, the
N-terminal amino acid pGlu1 and the amidated C-terminal tripep-
tide Arg16-Glu-Arg18-NH2 play a major role in the interaction of
Gm with cell membranes of the microorganisms studied, particu-
larly for bacteria. Additional support for such conclusion could be
found (i) in the comparative CD spectra of Gm(2–15) and Gm as
they are identical in water, 50% TFE/water and 50mM SDS in water
(for this reason not shown in Figure 2) and (ii) in the results
obtained for [Cys(Acm)2,15]-Gm and [Thr2,6,11,15,D-Pro9]-Gm (these
other compounds do not contain the C-terminal amide: c(1–18)
[Gln1,Cys(Acm)2,15]-Gm and c(1–18)[Gln,Thr2,6,11,15,D-Pro9]Gm),
which contain pGlu1 and Arg16-Glu-Arg18-NH2, but do not acquire
a b-hairpin amphiphatic structure in the three environments
studied.

Like protegrin and tachyplesin [25,61], Gm has two disulfide
bridges essential for its full antimicrobial activity and responsible
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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for its structural rigidity [18,21,62]. The imposition of an addi-
tional constraint through backbone cyclization would result in a
tricycle that, besides being able to provide new information on
SAR of Gm, could present improved properties, such as potency,
selectivity, salt resistance and/or serum stability. With regard to
the antimicrobial activity, we found interesting results because
at low salt concentration and pHs used for the biological assays,
(i) c(1–18)[Gln1]-Gm has the same nominal net charge of Gm,
was equipotent against E. coli and C. albicans, but more active
than Gm against S. aureus; (ii) c(1–18)[Gln1,Cys(Acm)2,15]-Gm has
the same nominal net charge of [Cys(Acm)2,15]-Gm, was equipo-
tent against C. albicans, but more active against E. coli and/or
S. aureus; (iii) c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm, a much more
simple cyclic analogue to prepare than c(1–18)[Gln1]-Gm, has
the same nominal net charge of [Thr2,6,11,15,D-Pro9]-Gm, was as
potent against all microorganisms tested, but equipotent to Gm
against C. albicans. In other words, as also observed by other
authors [25,26], backbone cyclization did not affect or had small
effect on the antimicrobial activity of Gm and of its monodisulfide
and linear analogues previously developed in our laboratories
[18]. However, it affected their selectivity.
In terms of low tolerance to high ionic strength, this is a

general concern among those studying AMPs and/or aspiring to
use them for therapeutic applications. According to many
authors, the reduction of antimicrobial activity in high salt
concentrations (100–150mM NaCl) is related to the degree of
positive charge of the peptide (which defines its electrostatic
attraction for the negatively charged structures of the target cell)
to its conformational stability in the physiological conditions and
to the target microorganism [25,63]. As highly constrained AMPs
found in nature retain their antimicrobial activities under physio-
logical conditions (high salt concentrations) [61], it was logical to
investigate whether an AMP can be modified by introducing
structural constraints in a manner that it retains its activity with
increased salt tolerance. Our S values (MIC at 137mM NaCl/MIC
at 86mM NaCl) indicated that the backbone cyclization increased
salt resistance of Gm when tested against E. coli, an effect not
observed in the two cyclic analogues. On the other hand, higher
salt tolerance was observed for c(1–18)[Gln1,Cys(Acm)2,15]-Gm
and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm against S. aureus. As the
level of positive charges of the peptides did not change due to
the insertion of a new amide bond involving Arg18 and Gln1,
the differences between the cell membranes of the target micro-
organisms and degrees of structure rigidity in the portion of the
molecules encompassing Arg16-Gly-Arg18-Gln1, as shown by the
CD results, may be responsible for such positive differences.
Indeed, in the presence of 50mM SDS, widely used as a simple
biomimetic membrane system [32], c(1–18)[Gln1]-Gm, c(1–18)
[Gln1,Cys(Acm)2,15]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm
presented differences in their conformational stabilities (acquisition
of typical b-hairpin structure, considerable amount of ordered
secondary structure and b-sheet structure, respectively).
Finally, the observation that the replacement of pGlu1 by Gln1

and backbone cyclization of Gm and of its linearized analogue to
give c(1–18)[Gln1]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm
practically did not affect the stability in human serum up to 6 h,
clearly revealing that the peptide sites scissible by endoproteases
present in such biological environment were not significantly
modified, a fact that means that their conformations were fully
preserved.
The TI being a key parameter for evaluating if a peptide and

its analogues can potentially serve as a lead compound for
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
antimicrobial therapy (the bigger the value, the better the agent
and the less toxic it is to the host [21]), the results obtained in the
present study show that, against our expectations supported by
previous works with protegrin [25,26], no improvement was
found with backbone cyclization of Gm. Indeed, the TIs for the
analogue c(1–18)[Gln1]-Gm are practically identical to those
calculated for such potent b-hairpin AMP: 0.60 for E. coli and
C. albicans; 0.30 for S. aureus. On the other hand, because of a
strong hemolytic activity probably related to higher structural
rigidity of the cyclic molecules as indicated by the CD results,
considerable TI decrease was observed for c(1–18)[Gln1,Cys
(Acm)2,15]-Gm and c(1–18)[Gln1,Thr2,6,11,15,D-Pro9]-Gm (values of
0.30 and 2.44 for E. coli; 0.07 and 0.006 for S. aureus; and 0.30
and 9.76 for C. albicans, respectively). Taking all these together,
one can deduce that in terms of synthesis cost, antimicrobial
activity, hemolytic activity and, therefore, TIs, [Thr2,6,11,15,D-Pro9]-Gm
(TI of 4.88 for E. coli; 1.22 for S. aureus; 19.53 for C. albicans at low salt
concentration [21]) is the most promising active analogue of Gm
developed in our laboratories. However, its elevated instability in
human serum must be overcome.
Conclusions

This study expands the knowledge on the synthesis of structurally
complex cyclic peptides, on the effect of backbone cyclization on
the properties of biologically active peptides and on SAR of Gm.
Indeed, we have shown that (i) head-to-tail cyclization of a peptide-
polystyrene-based resin can be exceptionally abbreviated using
EDC/HOBt as coupling reagents, 20% DMSO/NMP as solvent, 60 �C
and conventional heating; (ii) the N-terminal pGlu1 and the amidated
C-terminal tripeptide (Arg16-Glu-Arg18-NH2) are not essential for the
b-hairpin amphiphatic structure of Gm, but they are critical for Gm
antimicrobial activity; (iii) except for Gm, the replacement of pGlu1

by Gln1 followed by head-to-tail cyclization had no effect on the
activity against E. coli and C. albicans; (iv) such change increased
activity against S. aureus and enhanced salt resistance for E. coli and
salt-sensitivity for C. albicans; (v) it practically did not affect serum
stability Gm and [Gln1,Thr2,6,11,15,D-Pro9]-Gm and had no effect or
enhanced their activity on human erythrocytes.
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