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Novel (25,4R)- and (25,4S)-4-aminoproline residue-contain-
ing analogs of the cyclic decapeptide antibiotic gramicidin S
were synthesized, which exhibited marked permeabilizing
activity on the outer membrane of gram-negative bacteria.

Because of the increasing resistance of bacteriato conventional
antibiotics,® peptide antibiotics which attack the bacterial
membrane, leading to membrane permesation, are attracting
attention as promising antibacterial agents against multidrug-
resistant pathogens.2 Gramicidin S (GS) isacyclic decapeptide
with the primary structure cyclo-(-Va-Orn-Leu-b-Phe-Pro-),,
which is one of the peptide antibiotics that have been most
extensively studied by the synthetic approach.3 Although the
mode of action is not completely established in detail, GS is
generally considered to perturb lipid packing, resulting in
destruction of theintegrity and enhancement of the permeability
of the lipid bilayer of the cytoplasmic membrane.4 The stable
amphiphilic pleated 3-sheet structure of GS with two cationic
Orn side chains (Fig. 1) is considered essentia for its strong
antibacterial activity against gram-positive bacteria. In contrast
to the strong antibacterial activity against gram-positive
bacteria, GSisinactive or only moderately active against gram-
negative bacteria. 35

Polymyxin B, which isalso an amphiphilic, membrane-active
cyclic peptide antibiotic, is strongly active against gram-
negative bacteriaand its pentacationic natureis considered to be
responsible for the antibacterial activity.® It has been shown that
polycationic compounds with much simpler structures effi-
ciently permeabilize the outer membrane of gram-negative
bacteria.” Therefore, we decided to synthesize the analogs of GS
which possess additional amino groups, expecting the poly-
cationic analogs to be active against both gram-positive and
gram-negative bacteria.

We selected Pro residues as the sites to which additional
amino groups are introduced. The amino group of Boc-Pro(4R-
NH,)-OH and Boc-Pro(4SNH,)-OH,8 prepared from 4R-
hydroxyproline, was protected by the Tfa group. Each of the
diastereomeric protected Pro analogs, Boc-Pro(4R/S-TfaNH)-
OH,* wasincorporated into solid-phase peptide synthesis using
Kaiser's oxime resin® to give Boc-(-[p-Phe-Pro(4R/S TfaNH)-
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Fig. 1 Antiparallel $-sheet conformation of GS and the analogs 1a and 1b
containing extra amino groups.
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Val-Orn(Cbz)-Leu]-),-oxime resin. Removal of the Boc group
followed by cyclisation-cleavage with AcCOH—Et3N,° afforded
the protected GS analogs [Orn(Cbz)22,Pro(4R/S-TfaN-
H)551GS in ca. 80% yield.§ Complete deprotection furnished
novel GS analogs possessing extra amino groups at the Pro
residues, namely [Pro(4R-NH,)>51GS-4HCI (1a) and [Pro(4S
NH,)551GS4HCI (1b).

The stereochemistry of the analogs and derivatives of GS can
be studied by their CD spectra and a negative maximum around
207 nm with a shoulder around 220 nm are known to be good
criteriafor the pleated 3-sheet-type structure of GS.3 As shown
in Fig. 2 the CD spectra of the synthetic analogs 1la and 1b
measured in MeOH were similar to that of GS, indicating that
these anal ogs al so adopt [3-sheet conformations. However, their
weaker intensity suggested that the conformation was distorted
or destabilized compared with the parent GS. In particular, the
molecular dlipticity of 1b, which possesses extraamino groups
directed towards the hydrophobic side of the amphiphilic j3-
sheet plane, was less than a half of that of GS.

The conformational stability of the GS analogs was also
studied by *H NMR spectroscopy. It is known that, upon the
addition of DO to the DM SO-dg solutions of GS, the signalsfor
the NHs of the Va and Leu residues remain unchanged,
indicating the resistance of the intramolecularly hydrogen-
bonded NHs to H-D exchange. Thus D,O was added to the
DM SO-ds solutions of the GS anal ogs and the intensity changes
of the NH signals were followed. In the case of protected
precursors [Orn(Cbz)22,Pro(4R/S-TfaNH)55]GS, the intra
molecularly hydrogen-bonded NH of Leu remained essentially
unchanged 3 days after the addition of D,0, indicating that their
[-sheet conformations are highly stable. On the other hand, the
Leu—NH of la decreased to less than half of the origina
intensity and that of 1b to a very weak residual peak after one
day. Thus, consistent with the CD spectral data, the relative
stability of the 3-sheet structures were shownto be GS > la >
1b.
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Fig. 2 CD spectra of GS and the synthetic analogs 1a and 1b in MeOH.
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The antibacterial activity of these synthetic GS analogs
against gram-positive and gram-negative bacteria was exam-
ined in Mueller—Hinton broth using Saphyl ococcus aureus and
Escherichiacoli, respectively, and theresultsare summarizedin
Table 1.1 Contrary to our expectation, the tetracationic analogs
la and 1b exhibited lower activity against gram-negative
bacteria. Furthermore, their activity against gram-positive
bacteria was much less than that of the parent GS. The
unexpectedly weak activity against gram-positive bacteria
might be related to the destabilization of the 3-sheet structure,
which was believed to be essential for the interaction of the
antibiotic with the membrane of the sensitive bacteria.3.10
Therefore, the action of the synthetic analogs 1a and 1b on
bacterial membranes was studied.

Table 1 The antibacterial activity (minimum inhibitory concentration in pug
mL—1)a of GS and the synthetic analogs 1a and 1b

Bacteria la 1b GS 1b+GS®

Saphylococcus aureus 209P 32 64 4
Escherichia coli K12 strain W3110 64 64 32 4+4

a Cells were cultured at 37 °C for 20 h in Mueller—Hinton broth. b 1:1
mixture.

In general, the outer membrane of gram-negative bacteria
prevents the penetration of hydrophobic antibiotics into cells,
which explains the low activity of GS against gram-negative
bacteriat Polycationic antibiotics such as polymyxin B are
considered to bind to the outer membrane, leading to its
disorganization and permeabilization. The action of GS and its
analogs 1a and 1b on the outer membrane of E. coli cellsand on
the cytoplasmic membranes of E. coli and S aureus were
examined using ion-selective electrodes.” Permeabilization of
the outer and cytoplasmic membranes was monitored by the
enhanced uptake of the hydrophobic tetraphenylphosphonium
ion (TPP*) and the leakage of K+ ions from the cells,
respectively, and the results are shown in Fig. 3. As expected,
thetetracationic analogs 1a and 1b markedly increased the outer
membrane permeability compared with the parent dicationic GS
(b > 1la > GS), as shown in Fig. 3a. However, the effects of
these analogs on the cytoplasmic membranes were exactly the
opposite to that observed for the outer membranes as shown in
Fig. 3b, i.e., the synthetic analogs were much less active than
GS.

In spite of the high permeabilizing activity of the analog 1b
on the outer membrane, it possessed poor antibacterial activity
against gram-negative bacteria, which is consistent with the low
antibacterial activity of 1b against gram-positive bacteria
lacking outer membrane. Polymyxin B nonapeptide, whichisa
proteolytic product of polymyxin B lacking the long fatty acid
tail, possesses no antibacterial activity while maintaining the
high outer membrane-permeabilizing activity.6 Since such an
outer membrane permeabilizer is generally known to sensitize
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Fig. 3 Action of GS, 1a and 1b on bacterial membranes analyzed by ion-
selective electrodes. (a) Uptake of TPP* for E. coli (O GS, Ala, V 1b). (b)
Efflux of K+ for S aureus (@ GS, Ala, ¥ 1b) and for E. coli (O GS, Ala,
V1b).

gram-negative bacteria towards hydrophaobic antibiotics, the
synergistic action of 1b and GS was studied. The presence of
both 1b and GS (each 4 pg mL—1) completely inhibited the
growth of E. coli, although, when dosed independently, a much
higher concentration of each was required to effect the same
activity.

In summary, we have prepared extraamino group-containing
analogs of GS, which effectively permeabilized the outer
membrane of gram-negative bacteria, although they exhibited
poor antibacterial activity against both gram-positive and gram-
negative bacteria. Theintroduction of hydrophilic amino groups
possibly caused an unallowable perturbation of the hydro-
phobic-hydrophilic balance, which is essentia for the activity
of GS. Therefore, simultaneous introduction of both amino
groups and hydrophobic groups to GS seems to be a promising
strategy for obtaining analogs possessing broad spectra of
antibiotic activity. As preliminary results, a new tetracationic
analog possessing p-Phe-NH groups at the 4R-position of the
Pro residues has exhibited higher activity than GS against E.
coli, while maintaining high activity against S. aureus, and
further studies are in progress. Since GS is an important
molecular scaffold for the synthesis of functional molecules,®.11
the unigue GS analogs and their orthogonally protected
precursors described in this communication should also be
useful as (-sheet-based frameworks for the construction of
functional molecular systems.

The authors are grateful to Dr. Michael S. Verlander of
PolyPeptide Laboratories, Inc. for helpful comments on this
manuscript.

Notes and references

T Although GS had long been considered to be active against only gram-
positive bacteria,3 Kondejewski et al.5 showed that the antibacterial activity
of GS against gram-negative bacteria depends on the assay system. Also, in
this communi cation GS manifested moderate activity against E. coli, which
is inconsistent with our earlier reports describing GS as being inactive or
almost inactive.12

¥ Boc-Pro(4R-TfaNH)-OH, colourless oil; dicyclohexylammonium salt,
mp 144-146 °C. Found: C, 56.77; H, 804, N, 810%.
C12H17F3N205-C1oH 23N requires C, 56.79; H, 7.94; N, 8.28%. Boc-Pro(4S
TfaNH)-OH, colourless ail; dicyclohexylammonium salt, mp 165-168 °C.
Found: C, 56.89; H, 7.94; N, 8.14%. C12H17F3N205'C12H23N ra:]uires C,
56.79; H, 7.94; N, 8.28%.

§ [Orn(Chz)22,Pro(4R-TfaNH)55]GS, mp 298-300 °C (browns above 280
OC). Found: C, 57.64; H, 6.54; N, 11.76%. CgoH104FeN14016-2H50 requires
C, 57.61; H, 6.53; N, 11.76%. [Orn(Cbz)22 ,Pro(4STfaNH)55]GS; mp
263-266 °C. Found: C, 57.95; H, 6.54; N, 11.71%. CgoH104FsN14016-H20
requires C, 58.24; H, 6.48; N, 11.89%.

1 H. C. M. Neu, Sience, 1992, 257, 1064.

2 Z.Orenand Y. Shai, Biopolymers (Peptide Science), 1998, 47, 451.

3 N. lzumiya, T. Kato, H. Aoyagi, M. Waki and M. Kondo, Synthetic
Aspects of Biologically Active Cyclic Peptides. Gramicidin S and
Tyrocidines, Kodansya, Tokyo, 1979.

4 T. Katsu, C. Ninomiya, M. Kuroko, H. Kobayashi, T. Hirota and Y.
Fujita, Biochim. Biophys. Acta, 1988, 939, 57; E. J. Prenner, R. N. A. H.
Lewis and R. N. McElhaney, Biochim. Biophys. Acta, 1999, 1462,
201.

5 L. H. Kondgewski, S. W. Farmer, D. S. Wishart, R. E. W. Hancock and
R. S. Hodges, Int. J. Peptide Protein Res., 1996, 47, 460.

6 M. Vaara, Microbiol. Rev, 1992, 56, 395.

7 T.Katsu, H. Nakagawaand K. Y asuda, Antimicrob. Agents Chemother .,
2002, 46, 1073.

8 T. R. Webb and C. Eigenbrot, J. Org. Chem., 1991, 56, 3009.

9 M. Xu, N. Nishino, H. Mihara, T. Fujimoto and N. Izumiya, Chem. Lett.,
1992, 191.

10 M. Jelokhani-Niaraki, L. H. Kondejewski, S. W. Farmer, R. E. W.
Hancock, C. M. Kay and R. S. Hodges, Biochem. J., 2000, 349, 747.

11 K. Yamada, Y. Takahashi, H. Yamamura, S. Araki, K. Saito and M.
Kawai, Chem. Commun., 2000, 1315.

12 M. Kawai and U. Nagai, Biopolymers, 1978, 17, 1549; M. Kawai, M.
Ohya, N. Fukuta, Y . Butsugan and K. Saito, Bull. Chem. Soc. Jpn., 1991,
64, 35; K. Yamada, K. Ando, Y. Takahashi, Y. Oda, H. Yamamura, S.
Araki, K. Kobayashi, R. Katakai, F. Kato and M. Kawai, J. Peptide Res.,
1999, 53, 611.

CHEM. COMMUN., 2003, 1264-1265

1265




