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Synthesis, preferred conformation,
protease stability, and membrane
activity of heptaibin, a medium-length
peptaibiotic

Marta De Zotti,a∗ Barbara Biondi,a Cristina Peggion,a Yoonkyung Park,b,c

Kyung-Soo Hahm,c,d Fernando Formaggioa and Claudio Tonioloa

The medium-length peptaibiotics are characterized by a primary structure of 14–16 amino acid residues. Despite the interesting
antibiotic and antifungal properties exhibited by these membrane-active peptides, their exact mechanism of action is still
unknown. Here, we present our results on heptaibin, a 14-amino acid peptaibiotic found to exhibit antimicrobial activity
against Staphylococcus aureus. We carried out the very challenging synthesis of heptaibin on solid phase and a detailed
conformational analysis in solution. The peptaibiotic is folded in a mixed 310-/α-helix conformation which exhibits a remarkable
amphiphilic character. We also find that it is highly stable toward degradation by proteolytic enzymes and nonhemolytic. Finally,
fluorescence leakage experiments using small unilamellar vesicles of three different compositions revealed that heptaibin,
although uncharged, is a selective compound for permeabilization of model membranes mimicking the overall negatively
charged surface of Gram-positive bacteria. This latter finding is in agreement with the originally published antimicrobial activity
data. Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Antimicrobial peptides (AMPs) are well-known components of the
innate immune system. In the family of AMPs, there is a class
of naturally occurring peptides termed peptaibiotics [1] which
are rich in noncoded α-amino acids (e.g. α-aminoisobutyric acid,
Aib) and possess a C-terminal 1,2-aminoalcohol. Peptaibiotics are
tipically divided in three subclasses, depending upon the length of
their primary structure: (i) short-sequence (less than 11 residues),
such as trichogin GA IV [2,3], characterized by a long fatty acyl
moiety at the N-terminus; (ii) long-sequence (e.g. alamethicin) [4],
with 17–21 residues; and (iii) medium-length (14–16 residues),
such as among others antiamoebin [5], efrapeptin [6], and
tylopeptin [7]. Despite the interesting antibiotic and antifungal
properties exhibited by these last membrane-active peptides,
their exact mechanism of action is still unknown.

Recently, we focused our attention on another medium-length
peptaibiotic, heptaibin, which was isolated by Ishiyama et al.
10 years ago and found to be able to selectively inhibit the
growth of Gram-positive bacteria, e.g. Staphylococcus aureus [8].
The heptaibin primary structure is as follows.

Ac-Phe-(Aib)3-Val-Gly-Leu-(Aib)2-Hyp-Gln-Aib-Hyp-Aib-Phol

where Ac is acetyl, Hyp is 4(R)-hydroxy-(S)-proline, and Phol is the
1,2-aminoalcohol L-phenylalaninol (the name of this antimicrobial
peptide originates from the observation that it contains seven Aib
residues).

One of the possible reasons for the lack of studies on this
medium-length peptaibiotic is the intrinsic difficulty of its synthe-
sis, mainly due to the presence in the sequence of two Aib–Hyp
bonds. A characteristic feature of the Aib-Pro(Hyp) tertiary amide
bonds is their acid lability [9], which makes inappropriate the
use of the common Hyp side-chain protecting groups. Moreover,
the relatively high tendency of the Xxx–Pro(Hyp) bonds to
adopt a cis conformation [10] may be responsible for the easy
formation of the corresponding 2,5-dioxopiperazine side product
[11,12] with the resulting loss of these two residues from the
peptide sequence. However, the availability of the 2-chlorotrityl
resin with the 1,2-aminoalcohol anchored on it [which could be
cleaved under very mild acidic conditions, namely 30% 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) in CH2Cl2 [13]], as well as of effective
coupling reagents, makes it possible to carry out this synthesis
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with reasonable yield and degree of purity. In fact, the solid-phase
peptide synthesis (SPPS) of a medium-length peptaibiotic closely
related to heptaibin has been recently described [14].

In this study, we performed the SPPS of heptaibin, by
taking advantage of our long-term expertise in the synthesis of
peptaibiotics [15]. We also carried out an in-depth conformational
study on this 14-amino acid residue peptaibiotic and tested its
enzymatic degradation stability, the membrane activity on small
unilamellar vesicles (SUVs) of three different compositions, and
the cytotoxicity on erythrocytes.

Materials and Methods

Peptide Synthesis and Characterization

Fmoc-amino acids were supplied from Novabiochem (Merck
Biosciences, La Jolla, CA, USA). All other amino acid deriva-
tives and reagents for peptide synthesis were purchased from
Sigma–Aldrich (St. Louis, MO, USA). Assembly of peptides on the
Advanced ChemTech (Louisville, KY, USA) 348-� peptide synthe-
sizer was performed on a 0.05 mmol scale, by the FastMoc method-
ology as described above, starting with the Phol-substituted
2-chlorotrityl resin (Iris Biotech, Marktredwitz, Germany) (110 mg,
loading 0.40 mmol/g). The peptide cleaved from the resin was
filtered and collected. This step was repeated three times; then,
the solution was concentrated under a flow of nitrogen. The crude
peptides were purified by preparative RP-HPLC on a Vydac C18

column (22 × 250 mm, 10 µ, 300 Å) using a Shimadzu (Kyoto,
Japan) LC-8A pump system equipped with a SPD-6A UV-detector
(flow rate 15 ml/min, λ = 216 nm) and a binary elution system:
A, H2O; B, CH3CN/H2O (9 : 1 v/v); gradient 40–70% B in 30 min.
The purified fractions were characterized by analytical RP-HPLC
on a Vydac C18 column (4.6 × 250 mm, 5 µ, 300 Å) using a Dionex
(Sunnyvale, CA, USA) P680 HPLC pump with an ASI-100 automated
sample injector. The binary elution system used was as follows: A,
0.1% TFA in H2O; B, 0.1% TFA in CH3CN/H2O (9 : 1 v/v); gradient
50–90% B in 30 min (flow rate 1.5 ml/min); spectrophotometric
detection at λ = 216 nm.

Electrospray ionization (ESI-MS) was performed by using a
PerSeptive Biosystem Mariner instrument (Framingham, MA,
USA). [Hyp(Bzl)10,13]-heptaibin (m/z): calculated for C90H130N16O19

[M+H]+ 1739.97; found 1739.95. Heptaibin (m/z): calculated for
C76H118N16O19 [M+H]+ 1559.85; found 1559.86.

FT-IR Absorption Spectroscopy

The FT-IR absorption spectra were recorded at 293 K using a
Perkin-Elmer model 1720X FT-IR spectrophotometer, nitrogen
flushed, equipped with a sample-shuttle device, at 2 cm−1 nominal
resolution, averaging 100 scans. Solvent (baseline) spectra were
recorded under the same conditions. For spectral elaboration, the
software SPECTRACALC provided by Galactic (Salem, MA, USA)
was employed. Cells with path lengths of 1.0 and 10 mm (with
CaF2 windows) were used. Spectrograde deuterated chloroform
(99.8%, d2) was purchased from Merck (Darmstadt, Germany).

SUV Preparation

DOPG, DOPC, DOPE, and CL were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA), while CH was a Sigma-Aldrich
(St. Louis, MO, USA) product. Lipid mixtures, DOPC/CH (7 : 3),

DOPE/DOPG (7 : 3), or DOPG/CL (58 : 42), were dissolved in chlo-
roform in a test tube, dried under N2, and lyophilized overnight.
The lipid film was hydrated in 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (Hepes) buffer (5 mM Hepes, 100 mM NaCl, pH
7.4) at room temperature for 1 h. To make SUVs, the resulting mul-
tilamellar vesicle suspension was sonicated (GEX 400 Ultrasonic
Processor, Sigma) on ice until the initially cloudy lipid dispersion
became translucent, then centrifuged in a Beckman ultracen-
trifuge at 4 ◦C and 150 000 × g for 1 h to remove titanium debris
and to separate any remaining large vesicles. The supernatant was
collected as SUVs with an approximate diameter of 20–30 nm as
detected by light-scattering measurements. For leakage experi-
ments requiring incorporation of CF, the lipid films were prepared,
reconstituted with a solution of CF in 30 mM Hepes buffer (pH 7.4),
and sonicated as described above. The excess of fluorescent dye
was eliminated by gel filtration on Sephadex G-75 (Sigma). SUVs
were diluted to a concentration of 0.06 mM with Hepes buffer
(5 mM Hepes, 100 mM NaCl, pH 7.4). The SUVs were stored at 4 ◦C
and used within 24 h.

Circular Dichroism Spectroscopy

The CD spectra were measured on a Jasco (Tokyo, Japan) model
J-715 spectropolarimeter equipped with a Haake thermostat
(Thermo Fisher Scientific, Waltham, MA, USA). Baselines were
corrected by subtracting the solvent contribution. A fused quartz
cell of 1.0 mm pathlength (Hellma, Mühlheim, Germany) was used.
The values are expressed in terms of [θ ]T, the total molar ellipticity
(deg × cm2 × dmol−1). Spectrograde methanol 99.9% (Acros
Organic, Geel, Belgium) was used as solvent. The CD measurements
in membranes were carried out with a fused quartz cell of 0.5-mm
pathlength (Hellma, Mühlheim, Germany).

Nuclear Magnetic Resonance Spectroscopy

Samples for NMR spectroscopy were dissolved in water (9 : 1
H2O/D2O) containing SDS-d25 (100 mM) or in MeOH-d3 solution
(peptide concentrations: 2 and 1 mM, respectively). The pH of the
SDS-containing solution was adjusted at 5.53 by adding 5 µl of 6 M

HCl and the spectra were recorded at 313 K. All NMR experiments
were performed on a Bruker AVANCE DMX-600 spectrometer
using the TOPSPIN software package. Presaturation of the
H2O solvent signal was obtained using a WATERGATE gradient
program. All homonuclear spectra were acquired by collecting
512 experiments, each one consisting of 64–80 scans and 2 K
data points. The spin systems of protein amino acid residues
were identified using standard DQF-COSY [16] and CLEAN-TOCSY
[17,18] spectra. In the latter case, the spin-lock pulse sequence was
70 ms long. The assignment of the two methyl groups belonging
to the same Aib residue was obtained by means of 1H–13C
2D correlation spectra. To optimize the digital resolution in the
carbon dimension, heteronuclear multiple quantum coherence
(HMQC [19]) and heteronuclear multiple bond coherence (HMBC
[20]) experiments were acquired using selective excitation by
means of Gaussian-shaped pulses with 1% truncation [21,22].

The Cβ -selective HMQC experiments with gradient coherence
selection [23] were recorded with 320 t1 increments, of 300 scans
and 2 K points each [19]. A spectral width of 16 ppm centered at
22 ppm in F1 was used, yielding a digital resolution of 2.36 Hz/pt
prior to zero filling. HMBC experiments with selective excitation
in the CO region were performed using a long-range coupling
constant of 7.5 Hz, a spectral width in F1 of 15 ppm centered at
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176 ppm, 250 t1 experiments of 640 scans, and 4 K points in F2.
The digital resolution in F1, prior to zero filling, was 2.2 Hz/pt.
NOESY experiments were used for sequence-specific assignment.
To avoid the problem of spin diffusion, the build-up curve of the
volumes of NOE cross-peaks as a function of the mixing time
(50–500 ms) was determined first (data not shown). The mixing
time of the NOESY experiment used for interproton distance deter-
mination was 150 ms, that is, in the linear part of the NOE build-up
curve. Interproton distances were obtained by integration of the
NOESY spectrum using the SPARKY 3.111 software package. The
calibration was based on the average of the integration values
of the cross peaks due to the interactions between the two
β-geminal protons and between the two δ-geminal protons of the
Hyp10 and Hyp13 side-chain residues, set to a distance of 1.78 Å.

Distance geometry and MD calculations were carried out
using the random-simulated annealing (rSA) protocol of the
XPLOR-NIH 2.9.6 program [24]. For distances involving equivalent
or nonstereo-assigned protons, r−6 averaging was used. The
MD calculations involved a minimization stage of 100 cycles,
followed by SA and refinement stages. The SA consisted of 30 ps
of dynamics at 1500 K (10 000 cycles, in 3 fs steps) and of 30 ps
of cooling from 1500 to 100 K in 50 K decrements (15 000 cycles,
in 2 fs steps). The SA procedure, in which the weights of NOE and
nonbonded terms were gradually increased, was followed by 200
cycles of energy minimization. In the SA refinement stage, the
system was cooled from 1000 to 100 K in 50 K decrements (20 000
cycles, in 1 fs step). Finally, the calculations were completed with
200 cycles of energy minimization using a NOE force constant of
50 kcal/mol. The generated structures were visualized using the
MOLMOL [25] (version 2K.2) program.

Proteolytic Stability

The proteolytic stability of synthetic heptaibin was assessed
using pronase E and chymotrypsin (Sigma–Aldrich). The peptide
(0.125 mg) was dissolved in the minimum amount (5 µl) of DMSO
(dimethylsulfoxide) and then diluted (final volume: 50 µl) with
the appropriate buffer (2-amino-2-hydroxymethyl-propane-1,3-
diol (Tris)·HCl 20 mM, containing 20 mM CaCl2 pH 7.6 for pronase
E; Tris·HCl 50 mM, pH 7.8 for chymotrypsin). Then, it was incubated
with and without the enzyme solution (1.25 µg of enzyme in 150 µl
buffer) at 37 ◦C for 12 h. After the workup procedures, the samples
were analyzed by RP-HPLC as described in the ‘peptide synthesis
and characterization’ experimental section. A peptide not resistant
to pronase E and chymotripsin was used as a positive test.

Membrane Activity

Synthetic heptaibin-induced leakage from SUVs of different com-
position was measured at 293 K using the CF-entrapped vesicle
technique [26] and a Perkin-Elmer model MPF-66 spectrofluorime-
ter. The SUVs composition used were (i) mammalian erythrocytes
mimic: DOPC/Ch 7 : 3; (ii) Gram-negative bacteria mimic:
DOPE/DOPG 7 : 3; (iii) Gram-positive bacteria mimic: DOPG/CL
58 : 42. SUVs were prepared as described above. The phospholipid
concentration was kept constant (0.06 mM) and increasing
[peptide]/[lipid] molar ratios (R−1) were obtained by adding
aliquots of MeOH solutions of peptides, keeping the final MeOH
concentration below 5% by volume. After rapid and vigorous stir-
ring, the time course of fluorescence change corresponding to CF
escape was recorded at 520 nm (6-nm band pass) with λexc 488 nm
(3-nm band pass). The percentage of released CF at time t was

determined as (Ft − F0)/(FT − F0) × 100, with F0 is the fluorescence
intensity of vesicles in the absence of peptide, Ft the fluorescence
intensity of vesicles at time t in the presence of peptide, and FT the
total fluorescence intensity determined by disrupting the vesicles
by addition of 50 µL of a Triton X-100 solution. The kinetics exper-
iments were stopped at 20 min. We used trichogin GA IV [2,3], a
well-known membrane active peptaibiotic, as a positive test.

Hemolytic Activity

The hemolytic activity of synthetic heptaibin was determined us-
ing human red blood cells (hRBCs) from healthy donors that were
collected on heparin. Fresh hRBCs were washed three times in PBS
by centrifugation for 10 min at 800 g and resuspension in PBS. The
peptide was dissolved in the minimum amount of DMSO, diluted
with PBS to the desired concentration (in the range 10–500 µg/ml)
and then added to 100 µl of stock hRBCs suspended in PBS (final
hRBCs concentration: 8%, v/v). The maximum amount of DMSO
in each solution was 1.4%. The samples were incubated with
agitation for 1 h at 37 ◦C and centrifuged at 800 g for 10 min.
The absorbance of the supernatant was measured at 414 nm.
Controls for zero hemolysis (blank) and 100% hemolysis consisted
of hRBCs suspended in PBS and 1% Triton X-100, respectively. The
percentage hemolysis was calculated using the following equa-
tion: % hemolysis = [(A414 nm with peptide solution − A414 nm in
PBS)/(A414 nm with 0.1% Triton X-100 − A414 nm in PBS)]× 100. Each
measurement was made in triplicate [27]. The hemolytic peptide
melittin was synthesized in the Chosun University laboratories.

Results and Discussion

In this work, we synthesized by automatic SPPS natural heptaibin,
an Nα-blocked peptide alcohol, and an analog where the hydroxyl
function of each of the two Hyp residues at positions 10 and 13
is benzylated. These difficult syntheses [14] were performed on
a Phol-substituted 2-chlorotrityl resin with a checked loading of
0.4 mmol/g.

Because of the presence of two highly acid-labile Aib–Hyp
bonds [9] in the sequence, we first decided to protect the
side-chain Hyp10,13 hydroxyl functions as benzyl ethers and to
leave the Gln11 primary amide group unprotected. The total
syntheses were achieved by using the very efficient HATU
[2-(1H-7-aza-1,2,3-benzotriazol-1-yl)-1,1,3,3-tetramethyl uronium
hexafluorophosphate] [28] C-activation procedure, which inter
alia proved to be essential to overcome the problems arising from
the poorly reactive amino functionality of the (50% of the total) Aib
residues, three of them positioned consecutively in the sequence.
In this connection, it is worth pointing out that the HATU coupling
additive by itself [29], as opposed to N-[3-(dimethylamino)-propyl]-
N′-ethylcarbodiimide (EDC)/1-hydroxy-1,2,3-benzotriazole (HOBt)
[30] or EDC/7-aza-1-hydroxy-1,2,3-benzotriazole (HOAt) [28], does
not fully prevent nitrile formation from the Gln side chain (this
positive effect seems to be generated by the presence of HOAt
or HOBt) [29]. Indeed, about 5% of the nitrile-containing product
was seen in our ESI-MS spectroscopic analysis using HATU alone.
The coupling reactions, carried out by the use of a threefold
excess of the Fmoc (fluorenyl-9-methyloxycarbonyl)-protected
amino acid and HATU, in the presence of a sevenfold excess
of N,N-diisopropylethylamine, for 60 min were doubled when
performed on an N-terminated Aib peptide or when Aib is the
incoming residue.

J. Pept. Sci. 2011; 17: 585–594 Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 1. Analytical RP-HPLC profiles obtained for the purified synthetic
heptaibin (A) and its [Hyp(Bzl)10,13] analog (B). This figure is available in
colour online at wileyonlinelibrary.com/journal/jpepsci.

Removal of the Fmoc Nα-protection was performed by treat-
ment with 20% piperidine in N,N-dimethylformamide. Specific
attention was devoted to the deprotection of the Aib12 and Aib9

residues to avoid the easy 2,5-dioxopiperazine formation at the
level of the free N-terminal -H-Aib-Hyp-dipeptide sequence. In
particular, the Fmoc protection was removed from Aib12 and
Aib9 in two steps of 5 min each, instead of using the standard
procedure which requires two steps of 10 and 15 min each.

Final on-resin Nα-acetylation was achieved using AcOH pre-
activated with EDC/HOAt in the presence of N-methylmorpholine.
Cleavage of the peptide from the 2-chlorotrityl resin was per-
formed by repeated treatments with 30% HFIP in distilled CH2Cl2
(45 min each). The [Hyp(Bzl)10,13]-heptaibin peptide was purified
by HPLC [in the absence of trifluoroacetic acid (TFA), a potential
cleaving agent for the Aib–Hyp bonds] and characterized by ESI-
MS and 1H-NMR techniques (see below). However, any subsequent,
small-scale, attempt to remove the two Hyp O-benzyl protections,
using catalytic (H2/Pd) hydrogenolysis, was unsuccessful, provid-
ing in all cases untreatable mixtures of a number of side products.
At this point, unfortunately, we were forced to conclude that this
route is unsuitable for the total synthesis of natural heptaibin.

In our second synthetic route, we left both the two Hyp
and the single Gln side chains unprotected. All of the various
steps were conducted as described above for the preparation
of [Hyp(Bzl)10,13]-heptaibin, with the single exception of the
activation of the Gln α-carboxylic function, which was carried out
using HATU/HOAt (no evidence of nitrile formation was found
in this case). However, to reduce the potential impact of the
reactivity of the two Hyp hydroxyls (although it is known that
these groups are less nucleophilic than the α-NH2 function) we
decided to limit the excess of any acylating reagent to ≈10%.
We find that the HPLC profile of the final crude heptaibin is not
significantly deteriorated as compared to that of its [Hyp(Bzl)10,13]
analog. This finding indicates that the Hyp hydroxyl groups do not
undergo any marked acylation under the experimental conditions
used. Again, the final, 98% pure, heptaibin product (obtained
in a 20% yield) was characterized by ESI-MS and 1H-NMR (see
below). Interestingly, the SPPS of the strictly related peptaibiotic
bergofungin D carried out by a procedure different from that
reported here for heptaibin was achieved in only 11% isolated
yield [14]. The RP-HPLC profiles of the purified, synthetic heptaibin
and its [Hyp(Bzl)10,13] analog are reported in Figure 1.

Figure 2. FT-IR absorption spectra of the [Hyp(Bzl)10,13] heptaibin analog
in CDCl3 solution. Peptide concentrations: 1 mM (A) and 0.1 mM (B).

Figure 3. CD spectra of synthetic heptaibin in MeOH (1) and in the
DOPC/CH (2), DOPE/DOPG (3), and DOPG/CL (4) model membranes.
Peptide concentrations: 0.1 mM in MeOH and 0.05 mM in liposomes.

Conformational Analysis

A detailed analysis of the conformational preferences of the
synthetic heptaibin and its [Hyp(Bzl)10,13] analog synthesized in
this work was performed using FT-IR absorption, CD, and 2D-NMR
spectroscopy in different solvents and environments.

As heptaibin is not soluble in CDCl3, we carried out the
FT-IR absorption study of the [Hyp(Bzl)10,13] analog only. In
the conformationally informative 3550–3200 cm−1 region at
1.0 mM concentration, the spectrum is dominated by an intense
absorption at 3312 cm−1, assigned to the N–H stretching mode of
H-bonded peptide groups [31–33] (Figure 2). An additional, very
weak and broad band is visible at about 3420 cm−1, attributed
to free (solvated) amide/peptide groups. The even smaller bands

wileyonlinelibrary.com/journal/jpepsci Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 585–594
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Figure 4. Amide NH proton region of the NOESY spectrum of synthetic heptaibin in water (9 : 1 H2O/D2O) containing SDS-d25 (100 mM). Peptide
concentration: 2.0 mM.

above 3450 cm−1 are related to O–H stretching modes of the
C-terminal aminoalcohol [31]. Only a modest dilution effect is
seen in the spectrum of the peptide between 1.0 and 0.1 mM

concentration (Figure 2). This difference is probably associated
with a slight tendency of this analog to aggregate. Therefore, the
observed spectrum at the lowest concentration examined should
be interpreted as arising almost exclusively from intramolecular
C O· · ·H–N interactions. We conclude that this FT-IR absorption
spectrum is consistent with the hypothesis that in CDCl3, a solvent
of low polarity, the preferred conformation of heptaibin, rich in
the helix-supporting Aib residue [34–36], would be highly folded
and extensively stabilized by H-bonds.

The CD spectra of synthetic heptaibin were recorded in a
set of different environments, a polar solvent (MeOH, methanol)
and three different types of model membranes: 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC)/cholesterol(CH) 7 : 3; 1,2-diole-
oyl-sn-glycero-3-phosphoethanolamine (DOPE)/1,2-dioleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (DOPG) 7 : 3; and DOPG/1′,3′-
bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (sodium salt)
/cardiolipin (CL) 58 : 42. Each of the curves exhibits two nega-
tive Cotton effects of moderate intensities, located near 227 nm
(n → π∗ transition of the peptide chromophore [37]) and 210 nm
(parallel component of the split peptide π → π∗ transition) (Fig-
ure 3). This overall pattern is reminiscent of that typically shown
by significantly developed, right-handed, helical structures [37,38].
The value of the [θ ]222/[θ ]208 ellipticity ratio (R) in MeOH (0.60) is
indicative of a largely mixed 310-/α-helix conformation [38–40].
The shape of the CD curve does not change appreciably in the
zwitter-ionic (DOPC/CH) model membrane. However, the relative

intensities of the two negative ellipticity maxima in the two neg-
atively charged (DOPE/DOPG and DOPG/CL) model membranes
were found to be the opposite to that observed in DOPC/CH. It is
reasonable to conclude that only the DOPE/DOPG and DOPG/CL
molecules [41] are able to interact with and slightly perturb the
helical structure occurring in the absence of lipids. It is difficult
to attribute the observed CD effect to a single parameter as it is
known that the n → π∗ dichroic band intensity may be altered by
a variety of factors (length or distortion of the helix, percentage of
310- versus α-helix, shortening of the intramolecular C O· · ·H–N
H-bonds, peptide self-association) [42–46].

The NMR analysis is expected to offer a more detailed view of
the conformation of the peptaibiotic at the local level. The 2D-
NMR spectra of synthetic heptaibin were first acquired in MeOH
solution. The assignments of the proton resonances, obtained
following the Wüthrich procedure [47], are in agreement with
those of the natural peptaibiotic in the same solvent [8]. Our
ROESY spectrum exhibits all NHi →NHi+1 sequential cross peaks
(except that at the N-terminus, between the Phe1 and Aib2 NH
protons) and one NHi →NHi+2 C-terminal cross peak (between
the Aib12 and Aib14 NH protons), characteristic of the presence
of a helical structure (Supporting Information). Although two Hyp
residues characterize the heptaibin sequence, no evidence for a
cis conformation at any of the tertiary amide Xxx–Hyp bonds was
found, most probably because in both cases the Xxx residue is the
sterically hindered Aib [35]. In the fingerprint region (Supporting
Information), a number of Cα Hi →NHi+3 cross peaks are seen,
along with few Cα Hi →NHi+4 and Cα Hi →NHi+2 cross peaks.
Taken together, the present findings, which favor the occurrence

J. Pept. Sci. 2011; 17: 585–594 Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



5
9

0

DE ZOTTI ET AL.

Figure 5. Fingerprint region of the NOESY spectrum of synthetic heptaibin in water (9 : 1 H2O/D2O) containing SDS-d25 (100 mM). Peptide concentration:
2.0 mM. The CαHi →NHi+2, CαHi →NHi+3, and CαHi →NHi+4 cross-peaks are highlighted in red, blue, and green, respectively.

of a mixed 310-/α-helix conformation for this peptaibiotic in MeOH,
nicely confirm our CD results in the same solvent discussed above.

To better understand the conformational preferences of
heptaibin in an environment mimetic of negatively charged
membranes, we recorded the 2D-NMR spectra in a SDS aqueous
mixture. Moreover, to complete the assignments of the resonances
of the Aib residues, the hetero-correlated 13C–1H C O selective
HMBC and Cβ selective HMQC 2D-NMR spectra were analyzed. In
particular, for the configurational assignment of the two prochiral
Aib methyl groups we used a selective HMQC experiment centered
in the β CH3 region of the 13C spectrum (20–40 ppm region) [48].

In the NOESY spectrum, all NHi →NHi+1 sequential cross
peaks are seen (Figure 4), which is a clear indication of a fully
developed helical structure. Again, in the fingerprint region
(Figure 5) the 310-helix Cα Hi →NHi+2 cross peaks concomitantly
occur with the α-helix Cα Hi →NHi+4 cross peaks. The former are
extensively recognized in the N-terminal segment. A summary of
the significant inter-residue cross peaks is given in Figure 6.

The NOESY spectrum with a mixing time of 150 ms was chosen
as the most suitable to perform the restrained molecular dynamics
(MD) calculations. A total of 86 inter-proton distance restraints
were derived (Table 1) and used in the random simulating
annealing protocol. Out of the 150 3d-structures generated,
127 had violations to the NOE restraints lower than 0.5 Å. The
54 structures with a total energy <147 kcal/mol (Table 2) were
selected. Their superposition is shown in Figure 7. All these
structures converge to a mixed 310-/α-helical conformation, with a
modest distortion at the Hyp10 level (average kink angle: 25◦ ±3◦).

The side chains of the three hydrophilic residues (Hyp10, Gln11, and
Hyp13), which lie on the same face of the helix (Figure 8), provide
an amphiphilic character to the overall structure. Moreover, also
Gly6, the less hydrophobic residue in the N-terminal part of the
sequence, is located on the hydrophilic face, thus reinforcing the
global amphiphilicity of the helix.

Protease Resistance

Proteolytic degradation of a bioactive peptide may reduce its
duration of action and change its pharmacological profile. For
this reason, we tested the biostability of synthetic heptaibin to
determine whether peptide bonds involving the Phe residue at
the N-terminus or other amino acids are enzymatically hydrolyzed.
Pronase E and α-chymotrypsin were used to evaluate the in vitro
resistance. Pronase E is a metalloprotease isolated from Strepto-
myces griseus which is not selective as it can cleave backbone
peptide bonds at many different sites. Conversely, chymotrypsin,
a member of the Ser-protease class, is an endopeptidase that se-
lectively cleaves peptide bonds on the C-terminal side of aromatic
(e.g. Phe) or aliphatic and largely hydrophobic (e.g. Leu) residues.

The process was followed by the use of RP-HPLC. As a typical
example, the results in the presence of pronase E are shown in
Figure 9. Heptaibin was found intact after the pronase E (and
the α-chymotrypsin as well) degradation assay, presumably due
to the high content (50%) of the noncoded Cα-tetrasubstituted
(bulky) α-amino acid Aib. In a few previous papers the authors
have already reported a significant protection for Aib-containing
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Figure 6. Summary of the significant inter-residue NOESY cross peaks for synthetic heptaibin in water (9 : 1 H2O/D2O) containing SDS-d25 (100 mM).
Peptide concentration: 2.0 mM.

Table 1. NOE constraints, deviations from idealized geometry, and
mean energies for the NMR-based structures of synthetic heptaibin in
water (9 : 1 H2O/D2O) containing SDS-d25 (100 mM)

Number of NOEs

Total 86

Intraresidue 25

Sequential 37

i, i + n, n = 2, 3, 4 24

Mean rmsda from ideality of accepted structures

Bonds (Å) 0.00627

Angles (◦) 0.9131

Improper (◦) 47.029

NOEs (Å) 0.1289

Mean energies (kcal/mol) of accepted structures

Eoverall 145.3

Ebond 9.134

Eangle 53.19

ENOE 67.31

a Root-mean-square deviation.

peptides from being proteolytically digested [49–52]. However,
only in two cases [50,52] the potential contribution of Aib-induced
helical structure [34–36] in reducing protease recognition was
mentioned.

Membrane Activity

The membrane permeability properties of synthetic heptaibin
were tested in comparison with our typical reference compound
for this type of study, i.e. the lipopeptaibol trichogin GA IV [2,3],
by measuring the induced leakage of 5(6)-carboxyfluorescein (CF)

Table 2. Average values (◦) of torsion angles φm and ψm and the
relative standard deviations resulting from the 54 calculated structures
(energy <147 kcal/mol) of synthetic heptaibin in water (9 : 1 H2O/D2O)
containing SDS-d25 (100 mM)

Residue φm 
φ ψm 
ψ

Phe1 – – −59.5 ±1.1

Aib2 −59.5 ±1.8 −15.4 ±1.2

Aib3 −80.9 ±1.9 −34.0 ±6.8

Aib4 −65.7 ±6.2 −41.4 ±9.3

Val5 −61.4 ±3.6 −32.7 ±3.2

Gly6 −57.0 ±3.2 −35.5 ±4.9

Leu7 −86.9 ±3.2 −28.0 ±1.4

Aib8 −78.5 ±1.1 −37.1 ±1.9

Aib9 −56.0 ±1.6 −39.8 ±0.9

Hyp10 −77.4 ±0.6 −1.0 ±0.8

Gln11 −105.8 ±2.1 −10.0 ±0.9

Aib12 −62.9 ±1.8 −33.5 ±1.0

Hyp13 −85.5 ±0.7 −53.7 ±1.0

Aib14 −66.1 ±2.6 −39.8 ±1.9

Phol15 −95.7 ±4.6 – –

entrapped in SUVs (Figure 10). For this investigation, the three
different types of model membranes mentioned above were
exploited: the overall neutral, zwitter-ionic DOPC/CH (mammalian
erythrocytes mimic), the overall negatively charged DOPE/DOPG
[Gram-negative (E. coli) bacteria mimic], and the negatively
charged DOPG/CL [Gram-positive (S. aureus) bacteria mimic].

It is worth noting that the permeability effect of trichogin GA IV is
quite remarkable in the presence of all of the three types of model
membranes, although slightly less efficient in the presence of
that mimicking the surface of Gram-negative bacteria. Conversely,
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Figure 7. Backbone representation of the 54 3D-structures with energy <147 kcal/mol resulting from the MD calculations of synthetic
heptaibin with the backbone atoms superimposed, consistent with the NMR-distances restraints. This figure is available in colour online at
wileyonlinelibrary.com/journal/jpepsci.

Figure 8. Ribbon representation of the lowest energy (143 kcal/mol) 3D-
structure obtained for synthetic heptaibin. The hydrophilic Hyp10, Gln11,
and Hyp13 residues are labeled.

synthetic heptaibin is a much more membrane-selective peptaibi-
otic in that it is able to disrupt exclusively the DOPG/CL SUV which
mimicks the surface of Gram-positive (S. aureus) bacteria. These
results complement nicely the antimicrobial activity data reported
for natural heptaibin [8]. Interestingly, a parallel trend stands out
clearly between our CD findings and the ability of heptaibin to
permeate the three types of SUVs. It is evident that only the neg-
atively charged SUVs induce some (although not dramatic) sort
of 3D-structural reorganization in the heptaibin molecules, which
may contribute to the intriguing membrane selectivity exhibited
by this medium-length peptaibiotic.

Hemolytic Activity

To determine the cytotoxicity of synthetic heptaibin against hRBCs,
the hemolysis percentage was measured after 1 h of incubation
in phosphate buffered saline (PBS). We find that an extremely
low (<2%) level of hemolysis is caused by this peptaibiotic at
concentrations below 250 µg/ml. Conversely, the antimicrobial
peptide melittin, used as a standard in our test, shows a strong
hemolytic activity above 20 µg/ml.

Conclusion

In this article, we reported a valuable protocol for the unprece-
dented, difficult SPPS of the medium length (14-mer) peptaibiotic
heptaibin. Serious difficulties arise from (i) the homo-tripeptide
sequence near the N-terminus based on the sterically hindered,

Figure 9. RP-HPLC profiles obtained for synthetic heptaibin after 12-h
incubation in Tris buffer (upper part) and in the presence of the proteolytic
enzyme pronase E (lower part).

Cα-tetrasubstituted residue Aib and (ii) the C-terminal segment
characterized by the -(Aib)2-Hyp-Gln-Aib-Hyp-Aib- sequence. A
combination of unprotected hydroxyl and primary amide side
chains, and exploitation of the Phol-substituted 2-chlorotrityl
resin and the effective HATU coupling reagent allowed us to
obtain heptaibin in an acceptable yield after HPLC purification.

Our detailed conformational analysis in solution showed that
heptaibin is folded in a right-handed, largely mixed 310-/α-helical
conformation throughout the length of the sequence. Moreover,
the MD calculations provided evidence for a bending at the
Hyp10 level, with an average angle between the preceding and
following helical axes of 25 ± 3◦. This value is close to those
found in the X-ray diffraction structures of the related, long
peptaibiotic alamethicin [53] and a spin-labeled analog [54] at
the Pro14 level. The bending of helices is a common feature of
antibiotic peptide (in particular, peptaibiotic) 3D-structures [54].
This effect has been hypothesized to be related to the relative
orientation of the hydrophilic/hydrophobic amino acid side chains
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Figure 10. Synthetic heptaibin-induced (solid-lines) CF leakage from
SUVs of different composition for varying ratios R−1 = [peptide]/[lipid].
-�- DOPC/CH, mammalian erythrocytes mimic; -•- DOPE/DOPG, Gram-
negative bacteria mimic; -�- DOPG/CL, Gram-positive bacteria mimic.
Same (open) symbols for trichogin GA IV (dashed lines).

(i.e. to the peptide amphiphilic character), mode of insertion of
the peptide into the bilayers, channel self-assembly, and voltage
gating, or to be required to accommodate the motions of the two
leaflets of the bilayer [54]. The first detailed analyses of the effect
of helix kink on the activity and selectivity of an antimicrobial
peptide have been recently reported [55].

Moreover, the occurrence of a large number of sterically
demanding Aib residues in the sequence of heptaibin is probably
the factor responsible for its impressive resistance to enzymatic
degradation. Not surprisingly, our extensive leakage experiments
pointed out that heptaibin, known to be active against Gram-
positive bacteria only [8], is able to disrupt exclusively the
overall negatively charged SUVs mimicking precisely the surface
of that specific microbial class. Therefore, the interesting, selective
biological properties of this peptaibiotic are confirmed by our
present preliminary biophysics investigation. The availability of an
efficient strategy for the preparation of heptaibin, its proteolytic
enzyme stability, the selectivity against specific model membrane
types, and the lack of hemolytic activity are all factors which
provided useful hints for the planning of novel analogs of this
peptaibiotic that we are currently using as a promising scaffold in
our synthetic efforts.
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conformation de molécules dipeptidiques. Comparison avec les
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