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= Synthesis, biological activity and
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of the antimicrobial Gramicidin S
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Gramicidin S (GS) is a cyclo-decapeptide antibiotic isolated from Bacillus brevis. The structural studies have shown that GS forms
a two-stranded antiparallel 8-sheet imposed by two II’ 8-turns. Despite its wide Gram+ and Gram— antimicrobial spectrum,
GS is useless in therapy because of its high hemotoxicity in humans. It was found, however, that the analogues of GS-14 (GS
with 14 amino acid residues) attained a better antimicrobial selectivity when their amphipatic moments were perturbed. In this
study, we report effects of similar perturbations imposed on GS cyclo-decapeptide analogues. Having solved their structures
by NMR/molecular dynamics and having tested their activities/selectivities, we have concluded that the idea of perturbation
of the amphipatic moment does not work for GS-10_0 analogues. An innovative approach to the synthesis of head-to-tail
cyclopeptides was used. Copyright () 2010 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Gramicidin S (GS, Gramicidin Soviet) is a peptide antibiotic,
cyclo-(Val-Orn-Leu-D-Phe-Pro),, isolated from Bacillus brevis, a
gram-positive aerobic bacteria[1]. The structural studies confirmed
that GS forms a two-stranded antiparallel 8-sheetimposed by two
II” B-turns [2,3] with the -D-Phe-Pro- pairs at the corners. GS forms a
characteristic amphipathic structure, which displays a hydropho-
bic face, formed by Val and Leu residues on the one side of cyclic
chain, and on the other side a second polar face formed by Orn side
chains. The stabilization of the peptide structure is ensured by four
regular backbone-backbone hydrogen bonds: two pairs of bonds
between NH(Leu)-O(Val) and NH(Val)-O(Leu) [2]. It was found
that the distribution of hydrophobic and hydrophilic residues on
the opposite sides of the -sheet is a structural feature required for
the antimicrobial activity of GS [4]. Despite its wide gram-positive
and gram-negative antimicrobial spectrum, GS is useless in ther-
apy because of its high hemotoxicity in humans [5]. However, it
was found that the analogues with b-His and Lys residues in place
of the b-Phe and Orn ones were characterized by a good biological
activity and reduced hemotoxicity [5,6]. Based on the studies of GS
analogues with 14 amino acid residues (GS-14, Lys-Leu inserted
into each strand), it was found that if their amphipathic moments
were perturbed either by swap of adjacent Lys<>Leu/Val or by
configuration reversal at Lys, the peptides acquired enhanced
antimicrobial selectivity and suppressed hemotoxicity [7]. In this
study, we report on the effects of similar perturbations imposed on
GS original cyclo-decapeptide through testing the following ex-
amples: cyclo-(Val-Lys-Leu-D-His-Pro),, labeled GS10.0, [6] as the
parentcompound, andits three analogues: GS10_1, cyclo-(Val-Leu-
Lys-D-His-Pro-Val-Lys-Leu-D-His-Pro), having Lys?-Leu® swapped;
GS10-2, cyclo-(Lys-Val-Leu-D-His-Pro-Val-Lys-Leu-D-His-Pro), hav-

ing Val'-Lys? swapped and GS10_3, cyclo-(Val-D-Lys-Leu-D-His-
Pro-Val-Lys-Leu-D-His-Pro), with Lys? converted to b-configuration.
This paper presents the synthesis and structure activity studies for
four GS analogues (refer the sequences in Figure 1) using 2D-NMR
spectroscopy and MD. The results of these investigations are com-
pared with the published structural information about GS and
other analogues in an attempt to understand which structural
features are responsible for the high biological activity and low
hemotoxicity of these peptides.

Classical approaches to the synthesis of a head-to-tail cyclic
peptide involve preparation of the partially protected linear
precursor by solution or solid-phase approaches, followed by
cyclization in solution under high dilution conditions [8-11]. An
appropriate resin for the synthesis of protected linear precursors
is a 2-chlorotrityl chloride resin developed by Barlos [12]. The
cleavage of the product from the 2-chlorotrityl chloride resin is
performed under very mild conditions. The cleavage is performed
using acetic acid (AcOH)/TFE/DCM [12-14] or 1-5% TFA in DCM
containing 5% triisopropylsilane (TIS) [15]. The literature methods
require the presence of an environmentally unfriendly solvent
such as DCM. For this reason an attempt has been made in this
work to overcome this problem.
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GS: Lval- Omn - Leu-D-Phe-Pro-Val-Om-Leu-D-Phe-Pro-

G310_0: “Val- Lys - Leu-D- His -Pro-Val-Lys-Leu-D- His -Pro—

GS10_1: MVal- Leu- Lys-D-His-Pro-Val-Lys-Leu-D-His -Pro-

GS10_2: “Lys-Val-Leu-D-His-Pro-Val-Lys-Leu-D-His -Pro-

GS10_3: MValD-Lys-Leu-D-His-Pro-Val-Lys-Leu-D- His-Pro -

Figure 1. Amino acid sequences of GS and its four analogues (GS10.0,
GS10.1,GS10.2 and GS10_3).
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Figure 2. Scheme of the synthesis of cyclic GS analogues based on GS10_0
as an example.

Materials and Methods
Peptide Synthesis

Four analogues of GS were synthesized according to the scheme
in Figure 2. First, linear peptides were synthesized manually by the
solid-phase method on a 2-chlorotrityl chloride resin (substitution
of CI 1.3 mmol/g, 1% DVB, 100—200 mesh, Tianjin Nankai Hecheng
Science & Technology Co., Ltd., China) using Fmoc chemistry
[16]. N-a-Fmoc-protected amino acids were purchased from lIris
Biotech GmbH (Germany); HOBt, piperidine, DIC and chloranil
were from Fluka (Switzerland); DIEA, TIS and O-(benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) were from

Sigma-Aldrich (Poland); acetonitrile, DMF, DCM, diethyl ether,
AcOH and toluene were from Polish Chemicals (Poland).

The N-a-Fmoc-amino acids were protected on the side chain as
follows:

Boc for lysine, Trt for His. The attachment of the first amino
acid to the resin was performed according to Barlos et al. with
a loading of 0.6 mmol/g [12]. Deprotection of the Fmoc group
was carried out for 5 and 20 min with 25% piperidine in DMF.
The coupling reactions were carried out with the protected amino
acid (Fmoc-AA) dissolved in DMF/DCM using HOBt and DIC for 2 h
(Fmoc-AA:HOBt: DIC, 1:1:1). The completeness of each coupling
step was monitored by the chloranil test. If positive, the coupling
reactions were repeated using TBTU with addition of HOBt in the
presence of DIEA for 2 h (Fmoc-AA : TBTU : HOBt: DIEA, 1:1:1:2).

After the synthesis has been completed, the peptide resins were
dried under vacuum. The peptides were cleaved from the resins
using a 50% AcOH/toluene mixture at 40 °C three times (3 x 2 h).
Under these conditions, the cleaved peptides were protected in
their side chain functions. The resins were filtered off and the
solutions were evaporated under reduced pressure. The peptides
were precipitated from cold water, centrifuged and lyophilized.
The yields of the protected linear peptides after the cleavage from
the resin were 79-86, 13-18 and 1-3% after the first 2 h, the next
2 h,and the last 2 h, respectively. The HPLC purity of peptides after
the cleavage from the resin was higher than 90%. The peptides
were purified using solid-phase extraction (SPE) as described in
our previous work [17].

In the next step, the cyclization was performed. To a solution
of 0.1 mmol of the peptide in 300 ml of DMF, a solution of
TBTU/DIPEA (molar ratio 1:2) in DMF was added. The progress
of the reaction was monitored by HPLC. After the cyclization
has been completed, the protecting groups on the side chains
were removed using a TFA/water/TIS (95:2.5:2.5, v:v:v) mixture.
Purification was performed using the RP-HPLC on a Kromasil
C8 column (8 x 250 mm, 5 um particle size) with several linear
gradients of acetonitrile (ACN) in 0.1% TFA. The eluates were
fractionated and analyzed by the analytical RP-HPLC. The purity
of the peptides was checked on an analytical Beckman Gold
chromatograph with a Kromasil C8 column (4.6 x 250 mm, 5 um
particle size) or on a Varian ProStar HPLC system controlled by
Galaxie Chromatography Data System with Phenomenex Luna
C18 column (4.6 x 150 mm, 3 um particle size) with several linear
gradients of ACN in 0.1% TFA. Fractions containing the pure
peptides (>98%) were pooled and lyophilized. The peptides
were subsequently analyzed by MALDI-TOF MS. The values of
the molecular ions were as expected.

Antimicrobial Susceptibility Testing

MIC was determined by the microbroth dilution method outlined
by the National Committee for Clinical and Laboratory Standards
(NCCLS). The following control strains were tested: gram-positive:
Bacillus subtilis ATCC 9372, Enterococcus faecalis ATCC 29212,
Rhodococcus equi ATCC 6939, Staphylococcus aureus ATCC 6538
and Staphylococcus epidermidis ATCC 14990; gram-negative:
Escherichia coli ATCC 8739, Klebsiella pneumoniae ATCC 700603,
Proteus vulgaris ATCC 6038 and Candida albicans ATCC 10231 strain
as a representative of fungi. All the microorganisms were obtained
from the Polish Collection of Microorganism (Polish Academy
of Science, Wroclaw, Poland). As culture media, Mueller—Hinton
broth was used for bacteria and Sabouraud glucose broth for
Candida albicans. Microbial cells were exposed to the cyclic
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peptides at adequate concentrations (range: 64-2000 pg/ml) for
18 h at 37 °C (bacterial strains) or 18 h at 25 °C (C. albicans).

Hemolysis Assay

Fresh human blood was collected into tubes containing EDTA as
anticoagulant. Red blood cells were separated by centrifugation
at 500 x g for 12min at room temperature and the plasma
was aspirated. Erythrocytes were washed three times with PBS,
separated by centrifugation (500 x g, 12 min) and resuspended
in PBS. The cyclic peptides (GS10_1, GS10_2 and GS10.3) were
serially diluted in PBS (range 1-2000 pig/ml) and 50 ul was added
to 50 pl of the erythrocyte suspension. The final concentration of
red blood cells was 4% [v/v]. The results were assessed visually
after the incubation for 1 hat 37 °C. As a positive control, 1% Triton
was used, whereas PBS served as a negative control.

NMR Experiments

The NMR samples were prepared by dissolving the peptides in a
D,0/H,0 (10/90% by volume). Sample concentrations were 3 mM.
Chemical shifts are given relative to 4,4-dimethyl-4-silapentane-
1-sulfonic acid (DSS), the internal chemical shift standard. "H-NMR
NMR spectra (Varian Unity) were obtained at a frequency of
500 MHz at 22, 32, 40 and 50 °C. 2D spectra, including DQF-COSY,
TOCSY (80 ms), NOESY (100 ms), ROESY (200 ms) and 'H-'3C HSQC,
were recorded at 32 °C. The NMR data were processed with VNMR
[18] and analyzed with a XEASY software [19]. Assignments were
carried out according to standard procedures, including spin-
system identification and sequential assignment [20]. 3JyH—_aH
vicinal coupling constants were determined by 2D DQF-COSY
experiments. Distance constraints and coupling constants were
used in the HABAS program [21] of the DYANA package [22] to
generate ®, ¥ and x' dihedral angle constraints and stereospe-
cific assignments. Dihedral angle constraints were calculated from
the Karplus equation with A =6.4,B = —1.4and C= 1.9 [23].

Intensities of rotating nuclear Overhauser effect (ROE) were
determined from the ROESY (200 ms) spectra of the GS analogues.
ROE volumes were integrated and calibrated with the XEASY
software [19]. After internal calibration, the cross-peaks from the
ROESY experiments were converted into upper distance limits
with the CALIBA program of the DYANA package [22]. Based on
the experimental chemical shifts of the «C amino acid residues,
chemical shift indexes (CSI) were calculated relative to the DSS
reference 24.

Structure Calculations

Structures of the peptides were determined by MD simulations
with the time-averaged restraint methodology (TAV) [25-27],
which were carried out with the AMBER force field [28] using the
AMBER 8.0 package [27]. In MD calculations, the interproton
distances and dihedral angles were used as time-restrained
restraints. The interproton distances were restrained with the
force constant k = 20 kcal/(mol x A?) and the dihedral angles
with k = 2 kcal/(mol x rad?), respectively. The dihedral angles w
were restrained with a center at 180° and k = 10 kcal/(mol x rad?).
The improper dihedral angles centered at the «C atoms (defining
the chirality of amino acid residues) were restrained with k =
50 kcal/(mol x rad?). All simulations were carried out in a TIP3P
[29] periodic water box at constant volume using the particle-
mesh Ewald procedure for long-range electrostatic interactions

Table 1. Physicochemical properties of cyclopeptides
GS10.0-GS10.3

HPLC [M + HI* found
Peptide Formula R¢(min)? (calculated)
GS10.0 Cs6H92N16010 14.3 1149.4 (1149.7)
GS10-1 Cs6Ho2N16010 14.4 1149.4 (1149.7)
GS10.2 Cs6Ho2N16010 13.9 1149.5 (1149.7)
GS10.3 Cs6Ho2N16010 14.4 1149.2 (1149.7)

RP-HPLC analytical analyses were performed on a Varian ProStar HPLC
system equipped with Galaxie Chromatography Data System.

@ Linear gradient from 3 to 60% of [B] for 30 min, Phenomenex Luna
C18 column (3 um, 150 x 4.6 mm) using a flow rate of 1 ml/min and
with the following solvent systems: 0.1% aqueous TFA [A], 0.1% TFA in
acetonitrile [B].

[30]. MD simulations, with time-averaged restraints, were run at
300K and a time step of 2 fs. The total duration of the run was
4200 ps. From every trajectory, a final set of 200 last conformations
was collected for analysis. All sets of conformations were clustered
separately with the use of the MOLMOL program [31]. A root mean
square (RMS) deviation cut-off of 3.5 A was used in the clustering
procedure. The clustering procedure provided five families of
conformations for each peptide (GS10.0, GS10_1, GS10_2 and
GS10_3). The four most populated families were selected for
presentation. The RMS deviation was calculated based on «C
atoms. The graphic MOLMOL program was also used to display the
electrostatic potential on the van der Waals surface of the peptides.

Results and Discussion

Peptide Synthesis

We have developed a simple method for chemical synthesis of His
containing head-to-tail cyclopeptides based on the standard solid-
phase method using Fmoc chemistry. Using our method we have
synthesized four cyclic analogues of GS. Their physicochemical
data are presented in Table 1. The warm solution of AcOH
in toluene used in this method for removing the protected
peptides from the resin can readily be removed after completing
the reaction, and it is more environmentally friendly than the
commonly used solution of TFAin DCM. Previously, the head-to-tail
His-containing cyclopeptides were synthesized by the solid-phase
methodology using Fmoc chemistry based on anchoring the
imidazole ring of a His residue to the trityl-resin [32-34]. In
the case of cyclopeptides that did not include the His residue,
the synthesis was performed by the solid-phase methodology
using Boc chemistry [35]. Our innovative approach seems to be
more universal because it can be applied to the preparation of
cyclopeptides with and without the His residue. Moreover, this
method is so simple and robust that it can be used not only on the
laboratory scale but can also be useful for upgrading the synthesis.

Antimicrobial and Hemolytic Activity

The biological activities of the synthesized peptides were tested
against gram-positive bacteria, gram-negative bacteria and fungi.
We have classified all the tested compounds as microbiologically
inactive as they did not exhibit antimicrobial activity at the
concentrations applied.
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All the tested compounds showed low levels of hemolytic
activity. The lysis of human red blood cells was observed only for
the GS10_1 peptide at a concentration of 1000 pg/ml, whereas the
remaining compounds did not exhibit the hemolytic activity at
the applied concentrations.

Nuclear Magnetic Resonance

The 2D-NMR spectra of the peptides, obtained via the standard
sequential assignment methods developed by Withrich [20],
were interpreted (Figures ST and S2 in Supporting Information).
Using the TOCSY spectra (80 ms), the proton chemical shifts were
recognized and using the ROESY spectra (200 ms), the sequences of
four analogues were confirmed. In the 2D-NMR spectra of peptide
GS10.0, there were only five spin systems because of a doubled
pentapeptide sequence of this analogue. For GS10_0 and GS10.3,
there were some signals indicative of two sets of conformations:
a major and a minor one (GS10.0: 70% major and 30% minor
conformation; G510_3: 90% major and 10% minor conformation).
For analogues GS10_0 and GS10_3, there were also additional
signals for a particular amino acid residue, which indicated a
high flexibility of these peptides in the solvent environment. The
chemical shifts of the protons, 3Jy4_eH Vicinal coupling constants
and amide-proton temperature coefficients for the peptides are
described in Tables SI-SIV (Supporting Information). Examination
of the ROESY spectra revealed the trans geometry of all the
peptide bondsin the analogues. There were no chemical exchange
cross-peaks, which could indicate cis/trans isomerisation [36].

T

GS10 0 VRLAHPVKLAP

{!l.».;N”,f-+1:l
don(iil)  —
dﬁN”'H” —_— —
VNH-uB (> 8,5 Hz)

Low temperature
Mg d d
coeflicients

GS10_ 2 KVLhPVKLAP

dNfo,J:+] ]
dypeli i+ 1)
dpyli,i+])
NH-aH (> 8.5 Hz)

Low temperature
coefficients

Additionally, the strong coupling values between the «H; and
NH;.1 protons confirmed the trans geometry for all the peptide
bonds. In Figure 2, the ROE effects corresponding to interproton
distances, CSl, 3Jyy_qH Vicinal coupling constants and amide-
proton temperature coefficients are presented. For peptides
GS10.0 and GS10.3, only signals for major conformations were
analyzed, because ROE connectivities for minor conformations
were very weakly exposed.

The sequential oH;—NH;;; ROE connectivities are always seen
in the recorded spectra and there are also some of SH;-NH;,;
ROEs. This indicates the presence of B-turns in the peptides’
structures, but there are no diagnostic NH;—NH;.; ROEs, thus
revealing the lack of a regular B-sheet structure of the peptides
[37]. The aH;—NH;;; and BH;—NH;;; ROE connectivities for
the Vall-Lys2 and Val6-Lys7 region of GS10_0 and for the
Val1-Leu2 and Val6-Lys7 regions of GS10_1 as well as for the
D-Lys2-Leu3, Val6-Lys7 and Lys7-Leu8 regions of GS10.3
suggest the formation of B-turns in these parts of the molecules
(Figure 3).

The CSI, defined as the deviation of the random-coil chemical
shift from the experimental value, is a sensitive indicator of the
secondary structure of peptides and proteins [38]. Our results show
that in the GS10_0 and GS10_1 peptides, most of the amino acids
have CSl values characteristic of the 8-sheet structure (CSI = —1).
The CSIs for other analogues display no regularity, which indicates
a predominantly random structure (Figure 3). Moreover, the large
values of the 3Jyp_qn vicinal coupling constants (>8.5 Hz) in the

GS10_1 VLKhPVKLAP

dNN“,f'I' 1}
dong(Litl) — e —
dﬁNfr-J"I- ” — —
HeH(>85Hz) JdEEE d EE
Low temperature 4 o8 Y

coefficients

1

-1
GS10_ 3 VvkLh PVKLh P

(Jr_\,]N(!-,l;+ | )] L
don(isi+1)

dﬁfo,f+] T —
JnH-aH (> 8,5 Hz) [ ]

Low temperature
coefficients

Figure 3. CSls relative to DSS, summary of intra- and interresidual ROEs among the backbone NH, aH and SH, 3Jyt—qH Vicinal coupling constants and
temperature coefficients of amide protons for GS10_0 (major conformation), GS10_1, GS10_2 and GS10_3 (major conformation) measured in D,O/H,0
(1:9, v/v) at 32 °C. CSls equal to zero for amino acid residues are labeled with empty squares. Bar height indicates the strength of the ROE correlation
as being strong, medium or weak. Solid squares show >Jyu_H coupling constants >8.5 Hz, and solid circles the low temperature coefficients of amide

groups (<3.0). ‘d’ - difficult to measure.
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sequences of the peptides suggest the presence of the B-sheet
structure for these molecules [37] (Figure 3).

To detect hydrogen bonds, we used the data from 1D 'H-
NMR spectra recorded at different temperatures to calculate the
temperature coefficients for all the amide protons in the peptides
(Figure 3 and Tables SI-SIV). Very low values of the temperature
coefficients (below —3.0 x 1073 ppm/K) indicate the absence of
stable hydrogen bonds and a regular structure of the peptides
[39]. The temperature coefficients for the GS10_.0 and GS10.3
peptides are lower than —3.0 x 1073 ppm/K, thus suggesting that
the peptides do not have stable hydrogen bonds. However, the
diagnostic data mentioned above (CSI, coupling constant) for the
GS10_0 peptide suggest the presence of the B-sheet structure for
this molecule. Most probably the low values of the temperature
coefficients for GS10_0 results from the high flexibility of the
peptide in the solvent environment (the presence of two sets
of conformations: a major and a minor one). Regarding GS10_1,
only one amino acid residue, Val 6 (the temperature coefficients

GS10 0
) (B)

(B)
D-His4

Lys3

lower than —5.0 x 1072 ppm/K) is not involved in hydrogen
bond formation. The remaining amino acid residues in GS10_1
form hydrogen bonds which stabilize the peptide structure. With
GS10-2 almost all the amino acid residues form strong hydrogen
bonds stabilizing the peptide structure. This indicates that the
rings of these peptides are quite stable and inflexible in the
solvent environment, this in turn, confirming the absence of sets
of conformations in contrast to those in the GS10_0 and GS10_3
peptides.

Structural Analysis

Conformational analyses were performed for four GS (GS10)
analogues in an attempt to correlate their structure with their
activity in comparison with native GS10. Structures of peptides
GS10.0 (major conformation), GS10_1, GS10_2 and GS10_3 (major
conformation) were determined by MD simulations with the TAV.
For each GS analogue, 200 conformations were obtained and

()

Lys?

D-His9

D-Lys2

Figure 4. Most populated families of conformations of GS analogues: GS10_0 (major conformation), GS10_1, GS10_2 and GS10_3 (major conformation)
obtained by using time-averaged MD methodology with restraints from NMR measurements. Left column (A) shows all conformations of the family
(only backbones and side chains without hydrogen atoms are shown for clarity); (B) the lowest-energy conformation from the corresponding family (all
heavy atoms are shown, the backbone is shown in black color, Lys and D-His residues in blue, other amino acid residues in gray); (C) the lowest-energy
conformation from the corresponding family in ribbon presentation (all heavy atoms are shown). A total of 800 conformations were subjected to a cluster
analysis, leading to the following numbers and percentages of each clustered family: GS10_0, 128 (64%); GS10-1, 91 (46%); GS10-2, 72 (36%) and GS510_3,
74 (37%).
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the RMSD values of the «C atoms of all residues were GS10.0 =
0.41A, GS10_1 = 046 A, GS10_2 = 0.35 A and GS10.3 = 043 A.
All conformations were subjected to a cluster analysis, leading
to the following numbers of most populated clustered families:
GS10.0, 128 conformations; GS10_1, 91 conformations; G510_2, 72
conformations and GS10_3, 74 conformations.

Our conformational studies show that GS10.0 forms a two-
stranded antiparallel B-sheet imposed by two II' B-turns with
the -D-His-Pro- pairs at the corners (Figure4). A very similar
structure but with a shorter g-sheet is formed by the GS10.1
peptide (Figure 4). The other analogues, GS10_2 and GS10.3,
do not form a regular B-hairpin structure (Figure4). The
B-sheet structure of GS10.0 is strongly stabilized by three
regular backbone-backbone hydrogen bonds: NH(Leu3)-0O(Val6),
NH(Leu8)-O(Val1) and NH(Val1)-O(Leu8). In turn, a shorter -
sheet structure GS10_1 is stabilized by two backbone-backbone
hydrogen bonds: NH(Lys3)-0(Val6) and NH(Leu8)-0O(Val1).

Despite the differences between conformations of the four GS
analogues, the structures of all peptides are characterized by
amphiphilicity. This means that the cationic and non-polar sides
could be distinguished in the structures (Figure 4). The polar side is
built by Lys and D-His residues and the hydrophobic face is formed
by other amino acid residues. However, only in the GS10_0 peptide
are the side chains of Lys and D-His residues located on the same
side of the ring to form a big bulky polar region on the one side and
the non-polar region on the other side of the peptide structure
(Figure 4). In the other analogues (GS10_1, GS10_2 and GS10.3),
the side chains of the Lys residues are located on the opposite
sides of the cyclic rings (Figure 4), and therefore the electrostatic
potential is not located symmetrically against the surface of the
cyclic rings. In consequence, the presence of the cationic side
chains of Lys residues in the non-polar regions of the peptides
reduces the hydrophobic moment of the molecules and is likely
to affect the mode of action of the GS analogues.

Conclusion

GS is active against gram-positive and gram-negative bacteria
and fungi [6]. The peptide is also extremely hemolytic against
human erythrocytes that preclude its use in therapy [5]. Its
analogue, GS10.0, shows hemolytic activity against human red
blood cells while exhibiting antibacterial activity [6]. To be useful
as an antibiotic, it would be desirable for the analogues to
exhibit antimicrobial activity with a low hemolytic activity. The
literature on the GS derivatives shows that effective separation of
antimicrobial activity and hemotoxicity could only be achieved
when the amphipathic moments of a reference compound
are perturbed [7]. In this study, we have found that similar
perturbations imposed on the GS10_0 analogue did not work.
Although all the studied analogues are characterized by low
hemotoxicity, drastically reduced microbiological activity has also
been noticed. The perturbation of amphipathic moments in
the studied molecules causes destabilization of the secondary
structure of the peptides, thus dramatically reducing their
antimicrobial activity. Summing up, the presence of the g-
sheet structure with relevant distribution of hydrophobic and
hydrophilic potentials on the 8-sheet surface is the key feature for
maintaining the high biological activity and low hemolytic activity
of the GS analogues. However, studies on a larger number of such
designed peptides will certainlyaugment ourunderstanding of the
role of the distribution of hydrophobic and hydrophilic residues

on the opposite sides of the S-sheet and the consequence of their
influence on peptide conformation. Nevertheless, the conclusions
reached in the present study can be useful for the design of
the new GS analogues with a better pharmacological profile. The
results indicate that a better understanding of structural features
responsible for the mode of action of these peptides is crucial for
the development of a new generation of antibiotics.

The synthesis of the GS analogues demonstrated feasibility of
ourinnovative approachin synthesizing head-to-tail cyclopeptides
with His residue. The method is compatible with Fmoc-chemistry
and can also be applicable to the synthesis of cyclic peptides
without the His residue. To the best of our knowledge, for the
first time the protected precursors for the synthesis of head-to-
tail cyclopeptides were cleaved from the 2-chlorotrityl chloride
resin without using the environmentally-unfriendly solvent such
as DCM. It is the simple and robust method that can be used not
only on the laboratory scale but is also likely to be applicable on a
large scale.
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