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A series of gramicidin S derivatives 4–15 are presented that have four ornithine residues as polar proton-
ated side chains and two central hydrophobic amino acids with unaltered turn regions. These peptides
were screened against human erthrocytes and our standard panel of Gram negative- and Gram positive
bacteria, including four MRSA strains. Based on the antibacterial- and hemolytic data, peptides 13 and 14
have an improved biological profile compared to the clinically applied topical antibiotic gramicidin S.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Gramicidin S (cyclo-(Pro-Val-Orn-Leu-DPhe)2 1, Fig. 1) is an
amphiphilic cationic antimicrobial peptide natural product with a
cyclic beta-hairpin structure. In this cyclic decapeptide the proton-
ated ornithine side chains are positioned at one face of the molecule
and the hydrophobic side chains of the valine and leucine residues
at the opposing face. The amphiphilic and cationic characteristics of
the molecule are essential for its mode of action which involves1 the
disruption of the bacterial membranes. Gramicidin S also disrupts
mammalian cell membranes and due to these toxic properties its
clinical application is limited to topical infections. Less toxic deriv-
atives are of interest as cationic antimicrobial peptides generally do
not lead to highly effective resistance mechanisms.2

Numerous synthetic derivatives of gramicidin S have been
described in the literature with the aim to obtain compounds with
reduced toxicity while retaining antimicrobial activity.3 A success-
ful strategy in this respect is to extend the cyclic beta-hairpin ring
to allow the strategic introduction of additional positive charged
residues combined with hydrophobic ones in such a way that an
ll rights reserved.

Overhand).
optimal amphiphilicity is obtained.4 The thus obtained highly
charged gramicidin S derivatives with an optimized amphiphilic
character were reported to have an increased biological profile.4b

Another strategy to modulate the amphiphilic characteritics entails
the introduction of additional positively charged side chains in the
original decapeptide sequence via the replacement of the ornithine
residues with two hydrophobic amino acids and the valine and leu-
cine residues with four ornithine residues.5 An example of such an
‘inverted’ gramicidin S derivative is compound 2 (Fig. 1).5c Using
this design strategy we recently reported analog 3 (Fig. 1) that con-
tains two adamantyl glycines as the central bulky hydrophobic
amino acid residues.6 It was shown that compound 3 has notice-
ably decreased hemolytic properties, as well as a slightly increased
antibacterial activity as compared with gramicidin S. In contrast,
derivative 2 proved completely inactive. Because of these intrigu-
ing findings we decided to make a series of derivatives with vary-
ing central hydrophobic amino acid residues (4–15, Fig. 1) and to
explore their antibacterial- and hemolytic properties.

2. Results and discussion

As hydrophobic residues we selected the aliphatic amino acids
(S)-valine, (S)-leucine, (S)-tert-butylglycine, (S)-tert-butylalanine,

http://dx.doi.org/10.1016/j.bmc.2012.08.038
mailto:overhand@chem.leidenuniv.nl
http://dx.doi.org/10.1016/j.bmc.2012.08.038
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

9

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

10

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

4

7

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

11

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

6

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

8

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

12

N

N
H

H
N N

H

H
N

N
H

H
N

N
H

H
N

N
O

O

O

O

O

O

O

O

O

O

H2N NH2

NH2H2N

C10H21

13

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

C10H21

C10H21

15

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

5

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

3

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

1

NH2

H2N

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

14

N

H
NN

H

H
NN

H
H
NN

H

H
NN

H

N
O

O

O

O

O

O

O

O

O

O

NH2H2N

H2N NH2

2

Figure 1. Gramicidin S (1), the structures of previously reported compounds 2 and 3, and their derivatives 4–15.
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(S)-decylglycine, (S)-adamantylglycine7 and (S)-adamantylala-
nine.8 These amino acids were incorporated in the central positions
of the sequence cyclo-(Pro-Orn-(hydrophobic amino acid)-
Orn-DPhe)2 and combined in such a way that a series of symmetric
and asymmetric cyclic decapeptides with varying hydrophobicity
were obtained (peptides 4–15, Fig. 1). The compounds were syn-
thesized using a standard Fmoc peptide synthesis protocol, involv-
ing assembly of the linear decapeptides on a solid support, mild
acidic cleavage, cyclization in solution, followed by complete
deprotection, preparative HPLC purification and characterization.9

Several of the newly synthesized peptides have multiple conforma-
tions on the NMR time scale. One of the peptides (6) provided crys-
tals that were suitable for X-ray analysis, its cyclic beta-hairpin
structure is depicted in Figure 2.
The reverse phase HPLC retention times of the peptides 4–15, as
a measure of peptide hydrophobicity,10 are listed in Table 1, as well
as their hemolytic properties and their growth inhibition of our
standard set of bacteria, including four MRSA strains.

Within the peptide series the favorable properties of lead struc-
ture 3 that combines highly antibacterial activity with low hemo-
lytic activity are not surpassed. Peptides 13 and 14, which have a
similar hydrophobicity as 3, as judged by their HPLC retention
times under controlled conditions, are less antibacterial and more
hemolytic, respectively. There is no correlation between the con-
formational properties of the peptides as observed by NMR and
their biological properties. It seems that the peptide hydrophobic-
ity and molecular requirements for favorable properties in this ser-
ies of peptides are very strict and the peptides 4–11 are simply too



Figure 2. The cyclic beta-hairpin X-ray structure of compound 6. Intramolecular
hydrogen bonding interactions (top, side chains omitted for clarity), amphiphilic
characteristics (bottom).
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hydrophilic and peptide 15 too hydrophobic to have antibacterial
activity.

3. Conclusion

Based on the gramicidin S derivatives 25c and the 3,6 a series of
analogs were prepared with varying hydrophobic functionality of
the central two amino acid residues. Within this series, the lead
compound 3 is not surpassed with respect to high antibacterial-
and low hemolytic activity. The peptide hydrophobicity and
molecular requirements for favorable properties in this series of
molecules are stringent as exemplified by peptide 13 and 14. Pep-
tide 13 having similar hydrophobic characteristics as 3 is less anti-
bacterial, peptide 14, the two carbon homolog of 3, is more
hemolytic. In comparing the antibacterial and hemolytic data of
the topical antibiotic gramicidin S (1, in Table 1) with peptides
13 and 14, the latter two molecules have a better biological profile.
Table 1
Antimicrobial properties of peptides 1–15

Gram+ Gram+ Gram+ Gram+ Gram� Gram�

S. aureus S. epidermidis E. faecalis B. cereus E. coli P. aeruginosa

1 8 8 16 8 32 64
2 >64 64 >64 >64 >64 >64
3 8 4 8 8 8 16
4 >64 64 >64 >64 >64 >64
5 >64 64 >64 >64 >64 >64
6 >64 16 >64 >64 >64 >64
7 >64 64 >64 >64 >64 >64
8 >64 16 >64 >64 >64 64
9 64 16 >64 64 >64 64
10 64 4 64 16 64 16
11 64 4 >64 32 32 32
12 16 4 32 4 16 16
13 16 8 16 4 16 16
14 8 4 8 8 8 16
15 64 4 32 8 64 64

MIC-values (MIC = Minimal Inhibitory Concentration) are given in lg/mL and were measu
concentration in which 100% of the human erythrocytes are lysed.
This identifies peptides 13 and 14 as potential biologically interest-
ing novel compounds and forms a good starting point for further
studies investigating whether peptides 3, 13 and 14 can be used
to treat topical- and other infections in animal models.
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