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Abstract: Synthesis and conformational studies of a cecropin-melittin hybrid pentadecapeptide CA(1-7)MEL(2-9), and its three
a, f-dehydrophenylalanine (APhe) containing analogs in water-TFE mixtures are described. APhe is placed at strategic positions
in order to preserve the amphipathicity of the molecule. The wild type CAMELO and its three analogs, containing one, two and
three APhe residues namely CAMELAPhel, CAMELAPhe2 and CAMELAPhe3 respectively were synthesized in solid phase and
their conformation determined by CD and NMR. CAMELAPhe2 and CAMELAPhe3 peptides exhibit the presence of 3;0-helix and
B-turns in the former and only turns in the latter. CAMELAPhel peptide was found to have a largely extended conformation.
Antibacterial and hemolytic activities of the peptides were also evaluated. CAMELAPhe2 peptide is maximally potent against both
Staphylococcus aureus ATCC 259230 and Escherichia coli ATCC 11303. CAMELAPhel with a single APhe at the center shows
minimal hemolysis. Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Antimicrobial peptides have been known to us for
over two decades and are ubiquitous in nature as a
part of the innate immune system and host defense
mechanism [1-3]. They are produced by various
species, both in prokaryotic and eukaryotic cells. Such
peptides are constitutively expressed or induced by
bacteria or their products. They are found in all species
of life, ranging from viruses, bacteria, plants and insects
to fish, molluscs, crustaceans, amphibians, birds,
mammals and humans. These polycationic molecules
possess highly diverse primary structures, yet their
secondary structures share the common feature of
amphipathicity. The peptides interact with the cell
envelope membrane and then kill cells by a multihit
mechanism that involves action on more than one
anionic target. Ion channel or pore formation and
the dissipation of the electrochemical gradient across
the cell membrane are the main killing mechanisms
for a majority of antimicrobial peptides. Some of the
other potential intracellular targets include enzymes
and nucleic acids [4-10]. These peptides are known
to involve multiple targets and thus, can be highly
effective. Topologically, antimicrobial peptides can be
categorized into two: linear peptides and cysteine-
bridged peptides. The first group can be further
divided into two subgroups: (i) peptides adopting alpha-
helical secondary structure and (ii) peptides of unusual
composition, rich in Pro, Arg or Trp. Cysteine-bridged
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peptides can be sub-divided based on the number of
disulfide linkages in their structure.
One line of investigation for the
new antimicrobial agents and for the development
of more active and stable variants of naturally
occurring peptides is the design and chemical synthesis
of analogs of natural antimicrobial peptides. The
synthesis of hybrid peptides containing portions of
the amino acid sequences of two peptides with
different antibiotic properties has been a way of
optimizing these compounds. Cecropin A, the first
known insect antibacterial peptide was found in the
hemolymph of Hyalophora cecropia pupae [11]. This
37-residue peptide is highly potent and forms a
helix-bend-helix motif [12]. Melittin, a 26-amino acid
peptide found in the venom of Apis melifera, also
has strong antibacterial properties but its cytotoxic
(hemolytic) properties limit its potential as an antibiotic
[13]. The structure of melittin has been investigated
under many different conditions, using numerous
techniques [14-17] and is composed of two «-helices
connected by a hinge. In an attempt to find short
antimicrobial peptides with improved activity, a number
of hybrid peptides between cecropin A and melittin
were synthesized [18-20]. A pentadecapeptide with
1-7 residues (the basic N-terminus) of cecropin A
and 2-9 residues (the hydrophobic N-terminus) of
melittin [(CA (1-7) MEL(2-9)] has demonstrated good
antibiotic and antimalarial activity [21]. CD studies
reveal that this peptide adopts «-helical conformation
in 16% hexafluoroisopropanol (HFIP) [22]. Retro and
retroenantio analogs of this and other synthetic
peptides have been assayed for their antibacterial
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Table 1 Summary of experimental restraints used for structure calculation of CAMEL peptides and analysis of the family of

structures obtained by simulated annealing

Parameter Peptide

CAMELO CAMELAF1 CAMELAF2 CAMELAF3
Distance restraints
All 44 77 97 95
Intraresidue 26 46 43 45
Interresidue 18 31 54 50
Sequential 11 28 36 37
Medium range 7 3 18 13
Li+2 7 1 11 7
L,i+3 0 2 7 5
L,i+4 0 0 0 1
Long range 0 0 0 0
Average number of violations/structure 3.25 6.60 1.90 2.96
RMSDs with average structure backbone atoms (A)
Maximum 2.65 3.36 2.59 2.79
Minimum 2.21 2.28 1.95 2.20
Average 2.43 2.70 2.26 2.63

potency [23] and it was concluded that the chirality
of the peptide was not a critical feature in deciding the
bioactivity of a peptide [24].

In the present work, we describe the synthesis
and conformational studies of the cecropin—-melittin
hybrid peptide CA (1-7) MEL (2-9), and its three
a,B-dehydrophenylalanine (APhe) containing analogs
in water—trifluoroethanol mixtures. «,8-dehydroamino
acids are characterized by a double bond between Co
and CB atoms, and are known to act as stereochemical
directors of peptide folding [25]. A number of dehy-
droanalogs of bioactive peptides have been synthesized
and analyzed for biological activity [26]. Another advan-
tage of these modifications is the enhanced resistance
of the o,B-dehydroamino acid residue to enzymatic
degradation [27]. The peptide sequences described here
are 1) Lys-Trp-Lys-Leu-Phe-Lys-Lys-Ile-Gly-Ala-Val-
Leu-Lys-Val-Leu (CAMELO) 2) Lys-Trp-Lys-Leu-Phe-
Lys-Lys-APhe-Gly-Ala-Val-Leu-Lys-Val-Leu (CAMELA
Phel) 3) Lys-Trp-Lys-Leu-APhe-Lys-Lys-Ile-Gly-Ala-
Val-APhe-Lys-Val-Leu (CAMELAPhe2) 4) Lys-Trp-
Lys-Leu-APhe-Lys-Lys-APhe-Gly-Ala-Val-APhe-Lys-
Val-Leu (CAMELAPhe3). Cecropins have a few con-
served residues at the N-terminus, e.g. Trp at position
2, Lys at positions 3, 6 and 7. The analogs have
been designed keeping these residues unchanged. Only
hydrophobic residues were replaced by APhe, thus pre-
serving the amphipathicity of the molecules. Since most
antibacterial peptides have been found to be helices, it
was proposed that introduction of APhe residues would
further stabilize the helical conformation and facilitate
a structure-function study.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

MATERIALS AND METHODS

Synthesis

All the four cecropin-melittin hybrid peptides were synthe-
sized using Fmoc solid phase synthesis procedure on Wang
(p-alkoxybenzylalcohol) resin. Lysine and tryptophan side
chains were protected with the Boc group. APhe amino acid
was introduced as a dipeptide block through azlactonization
and dehydration of Fmoc-Lys-D,L-8PheSer-OH, Fmoc-Val-p,L-
BPheSer-OH and Fmoc-Leu-D,L-fPheSer-OH to yield Fmoc-
Lys-APhe-Azl (azlactone), Fmoc-Val-APhe-Az]l and Fmoc-Leu-
APhe-Azl respectively, using standard procedures described
earlier [28].

Fmoc-Lys-A Phe-Azl. Yield 85% m.p. 128-130°C. R¢! = 0.79.
'H NMR (400 MHz, CDClg) § (ppm): 8.08 (t, 1H, ¢-NH Lys),
7.8-7.24 (m, 13H, ar-H (Fmoc) + ar-H (APhe)), 7.10 (s, 1H,
CPH APhe), 5.55 (d, 1H, NH Lys), 4.8-4.4 [m, 3H, CH-CH,
(Fmoc)], 4.25 (m, 1H, C*H Lys), 3.14 (br, 2H, Lys ¢), 1.54-1.42
(m, 6H, Lys C?H, Lys C’H, Lys C"H).

Fmoc-Leu-APhe-Azl. Yield 67%. m.p.164-166°C. R¢! = 0.82.
1H NMR (400 MHz, CDCl3) § (ppm): 8.1-7.26 (m, 13H, ar-H
(Fmoc) + ar-H (APhe)), 7.22 (s, 1H, CH APhe), 5.34 (d, 1H,
NH Leu), 5.23 (d, 2H, CHy Fmoc), 4.51 (m, 1H,CH Fmoc), 4.43
(m, 1H, C*H Leu), 1.66 (m, 2H, C’HsLeu), 1.54 (m, 1H Leu
C"H), 0.86-0.99 (m, 6H, 2 x C’H3 Leu).

Fmoc-Val-APhe-Azl. Yield 54%. m.p. 184-186°C. R¢! = 0.73.
'H NMR (400 MHz, CDCl3) § (ppm): 8.1-7.21 (m, 13H, ar-H
(Fmoc) + ar-H (APhe)), 7.22 (s, 1H, C’H APhe), 5.38 (d, 1H,
NH Val), 4.50-4.40 (m, 3H, CH-CHy Fmoc), 4.25 (m, C*H Val),
2.26 (m, 1H, C#H Val), 0.88-1.04 (m, 6H, 2 x C’Hs Leu).
Deprotection and cleavage from the resin were carried
out using a mixture of TFA, water and 1,2-ethanedithiol
(95:2.5:2.5v/v) for two hours at room temperature and
the peptides were precipitated in ether. Yield of the final
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peptides: CAMELO: 84%; CAMEL APhel: 88%; CAMELAPhe2:
89%, CAMELAPhe3: 70%. The crude peptides were purified
on reverse phase HPLC using water-acetonitrile gradient
on Waters Deltapak C18 (19 mm x 300 mm) column. The
molecular mass of the peptides, determined by ES-MS,
were (a) CAMELO: 1770.34 (calculated 1771.6), CAMELAPhel:
1802.9 (calculated 1804.6), CAMELAPhe2 1801.2 (calculated
1803.6), CAMELAPhe3 1835.7 (calculated 1836.6).

Antibacterial and Erythrocyte Lysis Assays

The antibacterial activity was tested using the microtitre
broth dilution method [29], for Escherichia coli ATCC 11 303
and Staphylococcus aureus ATCC 259230, as modified by
Hancock. 1mMm stock solutions of all the four peptides were
prepared in 0.01% acetic acid and 0.2% BSA. Serial dilutions
of each peptide were made in MHB (Mueller Hinton Broth) in
96-well microtiter plates. 11 ul peptide (concentration varying
from 4.68 um to 100 um) was added to each well. Each
well was inoculated with 99 ul of 10*-10° CFU of the test
organism per ml. The absorbance was recorded at 650 nm
after incubating the plates for 18 h at 37°C. The cultures
were then plated on MHA (Meuller Hinton Agar) and incubated
overnight to determine a viable count. The minimum inhibitory
concentration (MIC) was taken as the lowest concentration at
which cell death starts.

Freshly collected mouse blood was washed thrice with
PBS (35 mm phosphate buffer, 0.15 m NaCl, pH 7.0) and
the erythrocytes were pelleted out by centrifugation. They
were resuspended in PBS (0.4% v/v) for the assay. 100 ul
of the suspended erythrocytes and the same volume of
peptides (final peptide concentration ranged from 3.12 um
to 100 um), were added to each well of the microtitre plate.
The plates were incubated with rocking at 37°C, and the
concentration required for lysis was determined after 1 h. Zero
and 100% hemolysis were determined in PBS and Triton X-
100 respectively. Release of hemoglobin was measured by
absorbance at 405 nm. Percent hemolysis was calculated
by the formula, % hemolysis = [(A405 in peptide solution) —
(A405 in PBS)]/[A405 in Triton X-100) — (A405 in PBS)].

Circular Dichroism Spectroscopy

Raw data were recorded in water/trifluoroethanol solvent mix-
tures. The aqueous solutions simulate the extracellular matrix,
while solutions containing high amounts of trifluroethanol
simulate a membrane-like environment. CD spectra in 100%
water (0% TFE) and in TFE with varying concentration from
10 to 100% in steps of 10% were recorded. For each run, four
scans from 350 to 195 nm were averaged.

NMR Studies and Structure Generation

The peptides were dissolved in HoO:D20 (9:1), HoO:TFE-
ds (1:1) and HgO:TFE-d3 (1:9) to yield a concentration
of 2mm at pH 5.0 and the spectra were acquired at
298 K using a Varian 600 MHz NMR spectrometer. All
chemical shifts were referenced to the methyl resonance of
2,2-dimethyl-2-silapentane-1-sulfonate (DSS, O ppm). States-
Haberkorn method was used for quadrature detection.
Sequences employing water gate method were used for
solvent suppression. TOCSY [30] and NOESY [31] experiments

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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were carried out with mixing times of 75 and 300 ms,
respectively for identification of spin systems and for
sequential assignments. NOESY experiments at 150, 250 and
400 ms were also recorded for obtaining buildup curves at
50% TFE concentration. DQF COSY [32] spectra were acquired
with 500 t; increments, 32 scans and 2 K data points in the
to dimension. The spectra were processed using the software
Felix v. 97.2. For 2D experiments, the F2 and F1 dimensions
were zero-filled to 1K data points and 7 /2 phase shifted
sine squared window function was applied along both the
dimensions.

To estimate distances from the NOESY spectra for
calculation of the secondary structure, the peaks were
classified as strong, medium and weak, corresponding to
the distance ranges of 1.8-2.7, 2.7-3.5 and 3.5-5.0 A. Well
resolved NOESY peaks between geminal protons of the side
chains of Leu or Ile were used as reference peaks since the
distance (1.75 A) between geminal protons is independent of
conformation. Pseudoatom corrections were used. The total
number of restraints calculated for CAMELO, CAMELAPhel,
CAMELAPhe2 and CAMELAPhe3 were 44, 77, 97 and 95
respectively (Table 1). All molecules were minimized before
being subjected to simulated annealing (SA) calculations with
the DISCOVER (Accelrys Inc.) program using the cvff forcefield.
The SA started with an extended conformation of the peptide
backbone. The molecules were then heated to 1000 K and
slowly cooled in steps of 100-300 K. The dynamics was carried
out for 40 ps and then minimized using 2000 steps of steepest
gradients, 3000 steps of conjugate gradients and 200 steps
of va09a. A total of 50 structures were generated for each
peptide.

RESULTS AND DISCUSSION

Conformational Analysis by Circular Dichroism
Spectroscopy

A number of CD studies characterizing the shape of the
CD spectrum to the conformation of APhe containing
peptides have been carried out in the near UV region
[33]. Almost all of these studies have been carried out in
apolar solvents such as chloroform, dimethylsulfoxide,
methanol, etc. Very few reports of the CD spectra of
water-soluble APhe containing peptides are available
in literature [34]. In the following text, we describe the
CD results for the four peptides in water-TFE mixtures.

Figure 1 shows the CD spectra of all four peptides
with increasing concentration of trifluoroethanol. In
100% aqueous solution, the peptides are largely
random. With increasing TFE concentration, the
conformation of peptides stabilize. For CAMELAPheO,
the isodichroic point at ~203 nm indicates that the
peptide is visiting two conformational states; coil-helix
transition taking place on changing the solvent from
water to TFE (Figure 1(a)). At 80% TFE, two minima at
207 nm and 225 nm and a positive band at 195 nm
are observed, which are characteristic of a «-helix
[35]. In case of CAMELAPhel, a negative maximum
at ~203 nm along with a shoulder at ~230 nm at

J. Pept. Sci. 2007; 13: 253-262
DOI: 10.1002/psc



256 MATHUR, JAGANNATHAN AND CHAUHAN

300

— 100 % water
— 10% TFE
20 % TFE
30 % TFE
—— 40 % TFE
50 % TFE
Y 60 % TFE
70 % TFE

2004

— 100 % TFE

100 +."

[6]y % 10 degem? decimole™
1)

-100 4

-200 T :
220 240
Wavelength (nm)

200

150

—— 100 % water
—— 10% TFE
— 20% TFE
30 % TFE

—— 40 % TFE
—— B0 % TFE
60 % TFE

70 % TFE

—— 80 % TFE
— 90 % TFE
b —— 100 % TFE

100 1

(%))
(=]

[8]y % 102 degem? decimole™
&
< o

-100 A1

-150 T T T T T T T -
200 220 240 260 280 300 320 340

(c) Wavelength (nm)

260

150
100 ¢
2 501
Q
E
(5]
3
~ 01
£
Q
o
5 100 % water
N -50 —— 10% TFE
- 20 % TFE
><§ 30 % TFE
3 100 e
—— 60 % TFE
j 70 % TFE
vii —— 80% TFE
-150 1 W0t/ —— 90% TFE
100 % TFE
-200 T T T T T T T T
200 220 240 260 280 300 320 340
(b) Wavelength (nm)
100
80 A
60 1
40 |

20

—— 100 % water
—— 10% TFE
—— 20% TFE

[8] % 10 degem? decimole™

30 % TFE
—— 40% TFE
-60 50 % TFE
—— 80% TFE
70 % TFE
-80 —— 80% TFE
— 90%TFE
—— 100% TFE
=100 A
120 r r r - - - - .
200 220 240 260 280 300 320 340

(d) Wavelength (nm)

Figure 1 CD spectra of the peptides (a) CAMELO (b) CAMELAF1 (c) CAMELAF2 (d) CAMELAFS3, depicting water-TFE titrations.

higher TFE concentrations corresponds to a type U CD
spectrum [36] characteristic of aperiodic or unordered
conformation (Figure 1(b)). Surprisingly, no band was
observed at ~280 nm, which is characteristic of a APhe
amino acid [33]. This further suggests that the peptide
is flexible and APhe is not involved in forming any rigid
structure.

Though largely aperiodic at lower TFE concentration,
CAMELAPhe2 assumes stabilization in secondary
structure at higher TFE ratios (Figure 1(c)). A positive
signal at 195 nm is accompanied by two negative
bands at ~205 nm and ~228 nm respectively. This
pattern can be attributed to type C spectrum (quite
similar to «-helix) which implies the presence of

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

type I, I and II'B-turns [37,38]. It has also been
proposed earlier that a class C spectrum may be
related to 3;0-helix or mixtures of a-helix and random
conformers [39]. The second negative band at ~228 nm
is separated from the minimum at ~205nm by a
relative maximum at ~217 nm. Tryptophan residues
are expected to contribute to CD spectra in the far-
UV region that is associated with the peptide bond
[40]. This conclusion is based on the calculations
discussed by Woody [41] and studies of gramicidin [42]
and other tryptophan containing membrane-binding
peptides [43]. The negative peak at ~228 nm, observed
in the CD spectrum of CAMELAPhe2 peptide, can
therefore be attributed to the tryptophan side chain.
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It has been reported that the coupling of a negative
peak at 227 nm with the positive peak at 217 nm
is characteristic of the stacking of aromatic rings
[40,44]. In the present context however, this couplet
assumes importance in light of the possible Trp-APhe
stacking interactions. This suggests an arrangement in
which Trp and APhe come together in some kind of
turn conformation. With increasing TFE concentration,
an increase in the 228 nm band is observed at the
expense of the 205 nm band which indicates further
stabilization of this interaction. The positive peak at
~280 nm arises from the chirally perturbed APhe
chromophore [45].

The CD spectrum for CAMELAPhe3 (Figure 1(d))
constitutes a weakly positive band at ~195 nm, a
strong negative signal at ~200 nm and a weaker one
at ~227 nm, separated by a relative maximum at
215 nm. This can be termed as transitional spectra
with curve shapes between type C and type U
spectra. Such spectra are indicative of conformational
equilibrium between g-turns and an aperiodic peptide
chain [36]. The coupling of negative band at 227 nm
with the positive one at 215 nm could be attributed
to the stacking interactions between Trp?, APhe®
and/or APhe®. An intense peak at ~275 nm arises
from the chirally perturbed APhe chromophores.
Simultaneously, the presence of another negative band
at 227 nm may well be diagnostic for a APhe residue
included in a type III 8-bend [33].

Structural Analysis by "H NMR

The NMR structures for all the peptides were solved
at solvent composition H,O : TFE-d3, 1: 1. Identification
of spin systems was carried out using TOCSY. NOESY
spectra were used to obtain interresidue connectivities
and to distinguish equivalent spin systems. The APhe
NHs were easily assigned as they resonate as singlets,
shifted maximally downfield. Singly occurring amino
acids were assigned to Trp?, Gly® and Ala'®, except
Ile, which has a pattern similar to Leu. Using these
uniquely assigned residues as starting points, together
with the sequential NOE connectivities, the sequence
specific resonance assignments of all the four peptides
could be completed. Figure 2 illustrates the identifica-
tion of 12 spin systems for CAMELAPhe2 peptide.

Spatial proximity through NOE and structure deter-
mination. The CAMELO peptide with no APhe residue,
shows a few strong and medium-range scattered NOEs
of the type dyy and d,y in 50% TFE-water mix-
ture (Figure 3(a)). A few medium-range NOEs such as
dn(i, i+ 2) and d.n(i, i + 3) were also observed due to
the presence of a significant population of B()a(i+ 1)
and o(i)a(i+ 1) conformers [46,47]. A total of 44
restraints were used for the determination of structures
by SA. Such a small number of restraints is also an

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 2 C“H-NH region of the TOCSY spectrum for
CAMELAF2 peptide showing spin system for each residue.
APhe® and APhe!? resonate further downfield and are hence,
not visible. # represents artifacts in the NMR spectrum.

indication of the random nature of the peptide. For the
CAMELAPhel peptide, only sequential NOEs, dyy, dun
and dgzy were observed (Figure 3(b)). Moderate-intensity
dyy and strong d,n peaks, especially in the N-terminal
half of the peptide indicate an extended conformation
(Figure 4(b)). A total of 77 restraints were used for
structure calculation. CAMELAPhe2 shows a number
of sequential and medium-range NOEs indicating the
stabilization of a secondary structure (Figures 3(c) and
4(c)). Continuous strong dyy peaks were seen almost
through the entire length of the peptide from Leu*
to Leu'® indicating a helical conformation. Medium-
range den(i, i+ 3) and d.n(i, i+ 2) peaks suggest the
presence of a 3jo-helix in the C-terminal half of the
peptide from Lys7 to Val* (Figure 4(c)) [48]. Strong
dyn cross-peaks AF5/K6 and K6/K7 and a medium-
intensity dgy between AF5/K6 suggests the presence
of a type I g-turn involving the segment, Leu*-APhe®-
Lys®-Lys’. For quantitative estimation of NOEs, a total
of 97 restraints including 43 intra-residue and 54
inter-residual restraints were calculated. A total of
50 structures were generated using the SA protocol.
The average structure is shown in Figure 5(a). The
structure represents a type I g-turn from Leu*-Lys’,
followed by a helix at the C-terminus. The turn was
stabilized by one i<« i+ 3 hydrogen bond between
C=OLeu* and NHLys’. A similar hydrogen bond was
also observed between C=OLys’ and NHAIa'’, the first
turn of a 3;o-helix. Another hydrogen bond of the type
i < i+ 4 between C=0Ala'® and NHVal'* was satis-
fied in most of the structures calculated, suggesting a
1 < 5 turn. CAMELAPhe3 peptide shows continuous
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Figure 3 Fingerprint region of the NOESY spectra (300 ms) for peptides (a) CAMELO (b) CAMELAF1 (c) CAMELAF2
(d) CAMELAF3, showing self, sequential and medium range peaks. A few sidechain-backbone as well as sidechain-sidechain

NOEs are also labeled.

dyy NOE cross-peaks from Lys? to Leu!® (Figure 4(d)).
Medium-intensity NOE peaks of the type d,n(i, i+ 2)
and dyn(i, i + 3) force residues V!, AF'2, K3 and V!* to
fold into a B-turn (Figure 3(d)). A strong NOE of the d,x
type between K3/L4 and medium-intensity d,n(i, i + 2)
peaks suggest a type II g-turn between W2, K3, L*
and AF°. A medium-intensity dsn(i, i +4) NOE between
AF5/G9 brings APhe® and Gly® close in space. Out of
a total of 95 restraints calculated, 45 were intra and 50

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

were interresidue peaks. Figure 5(b) shows the average
structure calculated for the peptide CAMELAPhe3. In
this case, only a single hydrogen bond of the type
i < i+ 3 was observed between C=O Val'' and NH
Val'* in most of the structures calculated by SA.

For flexible peptides the coupling
constants represent an ensemble average and are of
less value than other parameters in distinguishing
between various types of secondary structures. This

in solution,
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is consistent with the observed 3Jy, coupling constants
(7-9 Hz), which approach the values for a B-strand
[49]. A database of 85 high-resolution protein crystal
structures has been used to predict 3Jy, values in coil
regions and have been correlated with experimental
values. These values range from 5.8 to 7.7 Hz [50].
All four of the peptides discussed show 3Jy, values
in the range 7-8.5 Hz, characteristic of population-
weighted random coil models. The exact values are
given in Figure 4. A number of 3Jy, values could not be
reported due to narrow dispersion of C*H values and
therefore overlapping of peaks, especially the CAMELO
peptide.

Ratio of NOE intensities. A recent description of
the random coil conformation from a statistical
analysis of ¢,y distributions in the coil regions of
protein high-resolution X-ray structures has led to a
population-weighted description of backbone torsion
angles from which both short and medium range
NOEs can be calculated [46,47]. This population-
weighted random coil model provides a useful reference
for identifying deviations indicative of local structure
formation in peptides, protein fragments and denatured
states of proteins. In this model, all sequential
C*H-NH and NH-NH NOESs (abbreviated as aN(i, i+ 1)
and NN(i, i+ 1), respectively) are observed, reflecting
significant populations of both « and B conformers
for each residue in the random coil. Two ratios,
namely, aN(i, i+ 1)/NN(i, i+ 1) and oN(i, i + 1)/aN(i, i)
have been extensively studied. We have calculated
these ratios for our peptides to detect local structure
formation.

aN@,i+ 1)/NN@,i+ 1). CAMELO peptide shows very
few NOEs. The ratio could be obtained for only
three residues with an average value of 1.8, which
corresponds to a random structure. CAMELAPhel
shows an average value of 4.0 which is a little higher
than that observed for random coil, but not large
enough to be characterized as a S-sheet. In case of
the CAMELAPhe2 peptide, these ratios from residue I8
-L15 are close to 0.5, indicating helical conformation.
CAMELAPhe3 depicts ratios closer to the value of 1.0,
suggesting g-turns [51].

aN(@,i+ 1)/aN(@,i). This ratio in CAMELO and CAMEL-
APhel peptides shows average values of 1.63 and 2.15
respectively, close to that reported for the population-
weighted random coil model which is 2.3. CAMELAPhe2
with ratio of 0.5, indicates a helical conformation
with aN(i, i) peaks stronger than «N(i, i + 1). The ratio
for CAMELAPhe3 shows values ranging from 0.5-1.0,
suggesting g-turns [51].

Antibacterial and Hemolytic Activity

A representative bacterium from each type, gram-
positive (S. aureus ATCC 259 230) and gram-negative (E.
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Figure 4 Summary of NOE peaks for (a) CAMELO (b)
CAMELAF1 (c) CAMELAF2 (d) CAMELAF3. The thick,
medium-intensity and thin bars represent strong, medium
and weak NOEs respectively.

coli ATCC 11 303), were chosen to perform antibacterial
activity. Colony forming units were counted at all
concentrations plated for both bacterial strains. MIC
is taken as the lowest concentration of the peptide
at which cell death starts and is reported in Table 2.
Figure 6 shows the plot of percentage increase in
antibacterial activity of CAMELAPhel, CAMELAPhe2
and CAMELAPhe3 with respect to the wild type
CAMELO peptide, as calculated from their respective
MIC values. All three APhe containing analogs show
increased activity against both the strains (except
CAMELAPhe3, which shows no increase in activity as
compared to the wild type peptide for S. aureus strain).
CAMELAPhe2 peptide is maximally potent against both
the bacterial species. CAMELAPhel is more active
against the gram-negative strain, E. coli ATCC 11 3083.
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(b)

Figure 5 A ribbon diagram of the average conformation
of (a) CAMELAF2 (b) CAMELAF3 peptide. Hydrogen bonds
satisfying the Baker & Hubbard criteria in most of the
calculated structures are shown as dotted lines.

Table 2 MIC of the four CAMEL peptides against the two test
organisms

Peptide S. aureus E. coli
259230 (um) 11303 (um)
CAMELO 50 50
CAMELAPhel 37.5 12.5
CAMELAPhe2 18.75 12.5
CAMELAPhe3 50 37.5
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(calculated from MIC values) shown by the three analogs
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Figure 7 Hemolytic activity of the CAMEL peptides. %
hemolysis is plotted against peptide concentration.

CAMELAPhel with a single APhe at the center shows
minimal hemolysis. CAMELAPhe2 and CAMELAPhe3
are quite hemolytic with the former showing maximum
hemolysis (Figure 7).

CONCLUSION

The cecropin—-melittin hybrid peptide CAMELO and
three of its analogs CAMELAPhel, CAMELAPhe2 and
CAMELAPhe3 were synthesized by solid-phase method
and their conformation determined by CD and NMR.
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Given the known propensity of APhe to stabilize helical
structures, introduction of this residue at various
positions along the sequence of CAMELO was expected
to stabilize a helical conformation. This effect has been
shown by the CAMELAPhe2 peptide containing two
APhes at positions 5 and 12, respectively, where a
helical conformation is stabilized at the C-terminus.
A single APhe in the middle of the sequence in
CAMELAPhel, does not appear sufficient to stabilize
a helical structure in the peptide. Introduction of
three APhe residues stabilizes isolated turns in the
peptide CAMELAPhe3, but not a helix. This result
was somewhat surprising, since we had expected a
higher degree of helicity of this peptide with three APhe
residues. Circular dichroism studies for CAMELAPhe2
and CAMELAPhe3 suggest the presence of Trp-APhe
interactions. CAMELAPhe2 peptide shows the best
antibacterial activity, though hemolytic at the same
time. Although a number of hydrophobic peptides
containing APhe are well known to stabilize helices,
the conformational preference of APhe in the presence
of polar amino acids is less studied. Further studies are
warranted to explore the conformational preferences of
APhe in water-soluble peptides in order to derive a
structure—activity relationship.
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