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Abstract

Peptaibols are naturally-occurring, antimicrobial peptides endowed with well-defined helical
conformations and resistance to proteolysis. Both features stem from the presence in their
sequence of several, C*-tetrasubstituted, a-aminoisobutyric acid (Aib) residues. Peptaibols
interact with biological membranes, usually causing their leakage. All of the peptaibol-
membrane interaction mechanisms proposed so far begin with peptide aggregation or
accumulation. The long-length alamethicin, the most studied peptaibol, acts by forming
pores in the membranes. Conversely, the carpet mechanism has been claimed for short-
length peptaibols, such as trichogin. The mechanism of medium-length peptaibols is far less
studied and this is partly due to the difficulties of their synthesis. They are believed to
perturb membrane permeability in different ways, depending on the membrane properties.
The present work focuses on pentadecaibin, a recently discovered, medium-length
peptaibol. In contrast to the majority of its family members, its sequence does not comprise
hydroxyprolines or prolines, and its helix is not kinked. A reliable and effective synthesis
procedure is described that allowed us to produce also two shorter analogs. By a
combination of techniques, we were able to establish a 3D-structure-activity relationship. In
particular, the membrane activity of pentadecaibin heavily depends on the presence of
three consecutive Aib residues that are responsible for the clear, albeit modest, amphiphilic
character of its helix. The shortest analog, devoid of two of these three Aib residues,
preserves a well-defined helical conformation, but not its amphipathicity, and loses almost
completely the ability to cause membrane leakage. We conclude that pentadecaibin
amphiphilicity is probably needed for the peptide ability to perturb model membranes.
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1 INTRODUCTION

Peptaibols are a family of natural antimicrobial peptides featuring several a-aminoisobutyric
acid (Aib) residues and a C-terminal 1,2-aminoalcohol in their sequences, hence their name
(Peptaibol) [1]. Peptaibols are proteolysis resistant [1,2] and membrane active [3]. They
interact effectively with phospholipid membranes, causing their leakage through
mechanisms not yet fully understood, although two general mechanisms have been
observed [4]: the carpet mechanism, typically adopted by short-length (about 10 residues)
peptaibols, such as trichogin GA IV [5], and (ii) the barrel-stave mechanism, observed with
long-length (about 20 residues) peptaibols, such as alamethicin [6]. The medium-length
peptaibols [7], typically made up of 13-15 amino acid residues, are the least studied. They
are supposed to switch between the two aforementioned mechanisms of peptide-
membrane interaction in response to membrane composition and thickness [8]. Their
wavering between mechanisms suggests a kind of selective bioactivity, which is promising
for their application as antimicrobial or antitumor agents. Indeed, some medium-length
peptaibols were reported to display antitumor activity [9]. The medium-length heptaibin
showed also selectivity towards negative-charged liposomes, a simple model for cancer cell
membranes, over zwitterionic ones that mimic healthy cells/erythrocytes [7]. Further
studies on such a promising class of natural bioactive peptides are hampered by a lack of
effective synthetic procedures, since the presence of several Aib residues in a row often
results in unsuccessful couplings and the production of deleted sequences. In this work, we
focus on the recently discovered medium-length peptaibol pentadecaibin [10]. We
investigate how the stretch of three consecutive Aib, a common feature of medium-length
peptaibols, affects the peptide 3D-structure and membrane interaction. We also propose a
straightforward procedure for its synthesis. The reported study with model liposomes points
out that the —(Aib)s- stretch is needed for a successful, pentadecaibin-mediated, membrane
leakage.

2 MATERIAL AND METHODS
2.1 Materials

Phosphatidylcholine, phosphatidylglycerol, phosphatidylethanolamine, and cholesterol were
purchased from Avanti Polar Lipids (AL, USA). Fmoc-protected amino acids, TFFH, and
solvents for peptide synthesis were purchased from Sigma-Aldrich. Oxyma-pure and
diisopropylcarbodiimide (DIC) were acquired from IRIS Biotech. Unless otherwise stated, all
other reagents were purchased from Merck (MA, USA).

2.2 Peptide synthesis and purification

The peptides were synthesized by manual solid phase synthesis, starting from a 2-
chlorotrityl resin, preloaded with L-phenylalaninol (loading: 0.4 mmol/g) and using N,N-
dimethylformamide (DMF) as solvent. The single coupling steps, not involving Aib residues
(Gly?, Ala3, and GIn'*), were performed with 3 equivalents of the incoming, activated amino
acid residue. Aib! was acetylated twice [acetic anhydride and diisopropylethylamine (DIPEA)
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2:1 in DMF, 45 min each]. The resin was then dried in dichloromethane (DCM) and peptide
cleavage was repeated twice (1h+1h) using 50% trifluoroacetic acid (TFA), 47.5% DCM and
2.5% TIS as cleavage mixture, to remove the trityl protections at Gln side chains completely.
After cleavage from the resin, the crude peptide was twice decanted from ethyl ether. The
crude peptides were purified by means of medium-pressure chromatography on a Biotage
Isolera Prime instrument, using reverse phase C18 column and obtained with a purity > 92%.
HPLC chromatograms and electron spray ionization high resolution mass spectrometry (ESI-
HRMS) spectra for the synthesized peptides are reported in the Supporting Information. ESI-
HRMS was performed on a Waters Micromass Xevo instrument (Milford, MA).

2.3 Circular dichroism measurements

CD measurements were acquired on a Jasco J-1500 spectrophotometer (Japan), using a 1-
mm pathlength quartz cell (Hellma Analytics, Munich, Germany). Methanol or a solution of
sodium dodecyl sulfate (SDS) 100mM in milliQ water was used as solvent. The
measurements were performed at 25°C, acquiring 16 scans.

2.4 NMR analysis

NMR experiments were performed at 300 K or 297 K with a Bruker AVANCE DRX-400
instrument, operating at the frequency of 400 MHz for H. The peptide concentration was
10 mM in CD3OH for [desAib'*?]pentadecaibin (TABLE 1), or 1 mM for pentadecaibin in 30
mM SDS-d12 in H,O0/D20 9:1 + 1uL HClI 3 mM in H;0. Processing and evaluation of the
experimental data were carried out using the programs TopSpin and Sparky. CLEAN-TOCSY
(spin lock period, 70 ms), ROESY (used for [desAib'*?]pentadecaibin; spin lock period, 100
ms), and NOESY (mixing time, 250 ms) spectra were recorded in the phase-sensitive mode.
The -OH signal of CD30OH and H;O was suppressed by watergate gradients sequence. All
homonuclear 2D spectra were acquired collecting 512 experiments of 48-128 scans each,
with a relaxation delay of 1-1.2 s, and 2K data points. The spectral width was 10 ppm in each
dimension.

2.5 Leakage experiments

Phosphatidylcholin, phosphatidylglycerol, and phosphatidylethanolamine were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL), while cholesterol was a Merck (Darmstadt,
Germany) product. Each lipid mixture was dissolved in CHCls in a test tube, dried under N,
and put under vacuum for two hours. The obtained lipid film was reconstituted with a
solution of 5(6)-carboxyfluorescein in 30 mM HEPES buffer (pH 7.4) at room temperature for
1 h. The resulting multilamellar vesicle suspension was sonicated (GEX 400 Ultrasonic
Processor, Sigma Aldrich) on ice, twice. The excess of fluorescent dye was eliminated by gel
filtration on Sephadex G-75 (Merck). The obtained small unilamellar vesicles (SUVs) were

This article is protected by copyright. All rights reserved.

85U801 SUOWILLOD @A 18810 8ol |dde 8Ly Aq pausenob a1 sajolie VO ‘88N JO Sa|ni 1oy Afeiq| 8UlUQ 8|1 UO (SUORIPUOD-PUR-SWLBY 0D A3 1M AReiq 18U UO//:SdNY) SUORIPUOD PUe SW.B | 8L} 88S *[£202/T0/6T] U0 Afiq)T8ulluo A8|IM ‘1Q JeIueD eAoped JO ANSBAIUN AQ 6.6 05d/200T 0T /10p/wiod" A8 | M ARe.q 1 pul|uo//sdny woiy pepeojumod ‘ef ‘28ETE60T



diluted to a concentration of 0.06 mM with buffer (5 mM HEPES, 100 mM NacCl, pH 7.4). The
SUVs were stored at 4 °C and used within 24 h.

The peptide-induced CF leakage from SUVs was measured at room temperature on a Perkin
Elmer model MPF-66 spectrofluorimeter. Increasing [peptide]/[lipid] molar ratios (R!) were
obtained by adding increasing aliquots of methanol solutions of the peptide into each
cuvette containing 2.5 mL of 0.06 mM SUVs solution. The fluorescence of each cuvette was
recorded after 20 min, at 520 nm with Aexc = 488 nm. The percentage of released CF at time t
was determined as %CF = (F:— Fo)/(Fr — Fo) x 100, where Fo is the fluorescence intensity of
vesicles in the absence of peptide; F;, the fluorescence intensity of vesicles at the time t, in
the presence of peptide, and Fr the total fluorescence intensity determined by disrupting
the vesicles through addition of 50 pL of a 10% Triton X-100 aqueous solution.

3. RESULTS AND DISCUSSION
3.1 Peptide synthesis

Pentadecaibin and its short-length analogs (Table 1) were successfully synthesized by
manual solid-phase synthesis using N,N’-diisopropylcarbodiimide (DIC) and Oxyma Pure as
activating agents for all but one coupling steps. Indeed, the third residue of the (Aib)s
segment, Aib'!, was effectively inserted only by a TFFH-mediated, overnight reaction in the
presence of DIEA (a 15-minute preactivation was also needed). The use of other coupling
reagents resulted in an incomplete Aib!! insertion, even after prolonged and/or repeated
couplings. For instance, the oxyma/DIC mediated coupling reaction, repeated three times,
failed to achieve quantitative yield: the coupling of Aib'? onto Aib'3 reached a maximum
yield of about 90% (estimated by HPLC) while Aib!? onto Aib*? failed to reach 60% yield even
after four cycles of 1-hour coupling.

The yield of this latter difficult step, successful with TFFH, was estimated by HPLC
measurement of the amount of the acetylated shorter sequence, obtained from the capping
step carried out after the coupling cycle.

All coupling steps involving the other Aib residues were carried out with Oxyma/DIC, but
repeated twice. In addition, these couplings were followed by a capping step with acetic
anhydride.

After synthesis, the peptides were obtained with fairly good purity, so that purification to
>90% could be achieved by means of medium-pressure liquid chromatography alone. HPLC
chromatograms and HRMS spectra for the synthesized peptides are reported in the
Supporting Information.

3.2 Membrane perturbation ability

Pentadecaibin and its shorter analogs were tested for their ability to modify the
permeability of small unilamellar vesicles (SUVs) of different compositions, containing the
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fluorescent dye 5(6)-carboxyfluorescein (CF). The results are reported in Figure 1. While the
native sequence efficiently caused the leakage of CF from both types of SUVs, the
performance decreased for the two analogs, in proportion to the number of Aib removed.
Indeed, when two out of the three Aib residues in a row of the native sequence are absent,
the ability to perturb with model membrane seems to be almost completely lost.

3.3 Conformational analysis

To investigate further on the peculiar behavior of our peptides with model membranes, we
performed a conformational analysis in solution by means of circular dichroism (CD) and 2D
NMR.

CD measurements were carried out on peptide solutions in (i) methanol and (ii) 100mM
aqueous sodium dodecyl sulfate (SDS), which forms micelles. The results are reported in
Figure 2. All peptides adopt a well-developed helical conformation in methanol solution.
Their ratios R between the molar ellipticities at the two negative maxima (Table 2) in
methanol point towards a prevalence of a-helix over the 3ip-helix, as it is common for
medium- and long-length peptaibols. Indeed, the R value of about 0.9 is quite close to 1,
which is the value associate to a fully a-helical structure [11]. R values greater than 1, as
those observed in SDS micelles (Table 2), can be associated with the presence of helical
aggregates [12]. The formation of helical bundles in membranes is often a prerequisite for
the bioactivity of peptaibols. Pentadecaibin and its shorter analogs may thus adopt right-
handed a-helical conformations in solution, and their helices self-associate in aggregates in
the presence of micelles.

As already pointed out, the onset of self-assembly modifies the peptide CD profile, and may
hide some information on its 3D-structure. To further investigate on the peptide helical
conformation and evaluate its stability, we performed a 2D-NMR analysis on the native
pentadecaibin in the presence of micelles of SDS-di,. As expected, the NOESY spectrum
unambiguously confirmed the presence of an a-helical conformation. The two, most
informative portions of the spectrum, namely the amide proton and the fingerprint regions,
are reported in the Supporting information.

As the peptides did not show any clear-cut difference on their 3D-structure in solution, we
next decided to investigate by NMR the shortest analog, [desAib'¥'?]pentadecaibin, because
it displayed the lowest ability to perturb our model membranes. To assess the stability of its
helical conformation, without possible influence of aggregation phenomena, we recorded
its 2D NMR spectra in methanol.

The two, most informative regions of the ROESY spectrum are reported in FIGURES 3 and 4.
Several, long-range cross-peaks were detected, which are diagnostic of a fully-developed
helical conformation. In particular, the presence of a long-range, ai = NHi« correlation
confirms the presence of an a-helix.

We conclude that the loss of leakage activity observed for the shortest analog cannot be
attributed to the unraveling of the helical conformation, that conversely seems to be
maintained.
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3.4 Peptide amphiphilicity

The loss of activity can be due to several reasons, such as variations in peptide/membrane
binding, peptide aggregation in water, or ability to attain a transmembrane orientation. To
shed light on the issue of amphipathicity, often relevant for membrane interactions, we
drew models of the three peptides as full a-helices (reported in the Supporting information).
At first, we compared their length with the thickness of the model membranes used, but we
did not find relevant differences. The length of the three peptides (from the first to the last
NH) is 21.47 A, 20.13 A, and 18.53 A, for pentadecaibin, [desAib2]pentadecaibin, and
[desAibi*?]pentadecaibin, respectively. The overall bilayer thickness of a model membrane
is about 48 A [13], while the hydrophobic core is about 28 A thick [12]. Therefore, the
difference in peptide lengths is not the main reason for the different performances in the
leakage assay.

We thus focused on the amphipathicity of the helical structures, since it is one of the
features which mostly affect membrane activity [14]. The view along the helix axis for the
three model structures (FIGURE 5) shows a clear perturbation of the (modest) amphipathic
character when the C-terminal Aibs are removed. Indeed, the two hydrophilic residues of
Gln, that are on the same face of the helix in the natural sequence, result opposite to each
other once two Aib residues are removed from the C-terminus. In parallel, the hydrophobic
face is affected by the lack of two Aib residues: the hydrophobic residue Phol*>, that falls
very close to Leu* and Val® in the native pentadecaibin sequence, is placed further away in
[desAib*’]pentadecaibin and even between the two hydrophilic GIn residues in
[desAib*?]pentadecaibin.

The importance of each Aib residue in the peptide sequences was also assessed. Aibs at
positions 1 and 5 are placed at one helix turn distance, thus supporting the onset of the
conformation. Interestingly, the presence of Aib residues at those two positions is a
common feature of medium- and long-length peptaibols, such as alamethicins and
trichobrachins [1]. Similarly, Aib residues at position 7 and 9 contribute to the structure
stabilization. Aibs at those two positions are present in the sequence of medium-length
peptaibols such as zervamicin [1] and some cephaibols [15].

4. CONCLUSIONS

In this contribution we propose an effective procedure for the total synthesis of the
medium-length peptaibol pentadecaibin, and two analogs thereof. The devised solid-phase
procedure was successful, despite the presence of as much as 50% Aib residues, three of
which.in a row. By a 24 h-reaction mediated by TFFH (3 eq. of the incoming residue) we
successfully obtained quantitative yield on the formation of the most difficult peptide bond,
namely Aib over the Aib-Aib dipeptide. The method can most likely be extended also to the
production of analogs containing sterically-hindered, spin-labeled amino acid residues, such
as 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) suitable for
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spectroscopic studies on the mechanism of peptide-membrane interaction. Aib to Ala
mutants can also be synthesized, to further study the effects of Aib removal.

Our leakage experiments showed that the shortest analog did not retain the ability of
pentadecaibin to perturb the membrane permeability, while the spectroscopic studies
confirmed the presence of a well-defined helical structure even for that shortest peptide.
Therefore, the difference in the membrane interactions cannot be ascribed to loss of helical
content. Rather, since the absence of two Aib residues at the peptide C-terminus perturbs
the overall amphiphilic character of the helix, we are inclined to attribute the loss of
membrane activity to the decrease of peptide amphiphilicity. The peculiar correlation
between peptide sequence and leakage activity of the peptides herein described may be
exploited to further investigate the role played by amphipathicity on peptide self-assembly
and membrane interaction.
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FIGURE 1. CF leakage induced by pentadecaibin and its shorter analogs on
phosphatidylcholine/cholesterol 7:3 (left) and on
phosphatidylglycerol/phosphatidylethanolamine 7:3 (right) SUVs.
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FIGURE 2. Overlapping of the CD profiles of pentadecaibin and its shorter analogs in
methanol (left) and in micelles of SDS 100 mM in water (right). Peptide concentration: 0.1
mM.

This article is protected by copyright. All rights reserved.

85UB017 SUOWILLOD A1) 9|edi|dde ay) Aq peussnob ae seoiLe YO ‘8sn Jo sajn. 10} Aeiq1auljuQ A1/ UO (SUONIPUOD-pUe-SLLB)/W0D A8 | Im Alelq 1|Bul|UO//SANy) SUOIIPUOD pue Swe | ay18es *[£202/T0/6T] Uo Ariqi]auluo A|Im ‘1Q s eroped JO AsieAlun Ag 6/1€38d/z00T 0T/I0p/wod" As|im Arelg 1 putuo//sdny woi) pepeojumoq ‘el '/8ET660T



7.6+

| ala3nN-cly2mN

7.8i /

X
Vals

8.0 ‘
Aibl11HN-AlalOHN
£
Q.
2
Aib9HN-Ala
T g2
1
S
8.4-

Aib1HN-Gly2HN

LeudHN-AIibSHN"  [oy4HN-Ala3HN

Phol13HN-G1lnl2HN

¥

Gln6HN-Aib5SHN
Gln6HN—Aib7HN\ \
GlanHN-AibllHN\ x X

HN-Aib9HN L o x

Val8HN-Aib7HN @)
\AibllHN—Aib9HN

10HN
N

T T T T T T T T T T T g T

84 82 8.0 7.8 76

®,-"H (ppm)

FIGURE 3. Amide region of the ROESY spectrum acquired for [desAib¥'?]pentadecaibin in

CD30H (10 mM, 300 K, 400 MHz). A

long-range cross-peak NH; - NHi.2, diagnostic of a well-

developed helical conformation, is highlighted in blue.

This article is protected by copyright. All rights reserved.

85U801 SUOWILLOD @A 18810 8ol |dde 8Ly Aq pausenob a1 sajolie VO ‘88N JO Sa|ni 1oy Afeiq| 8UlUQ 8|1 UO (SUORIPUOD-PUR-SWLBY 0D A3 1M AReiq 18U UO//:SdNY) SUORIPUOD PUe SW.B | 8L} 88S *[£202/T0/6T] U0 Afiq)T8ulluo A8|IM ‘1Q JeIueD eAoped JO ANSBAIUN AQ 6.6 05d/200T 0T /10p/wiod" A8 | M ARe.q 1 pul|uo//sdny woiy pepeojumod ‘ef ‘28ETE60T



Val8HA-AibOHN me—X % x
@ * ‘ T Val8HA-EN
Val@HA-Aib11HN
3.6
Phol13HB2* - HN mme o Phol13HB2*-Ar3 ey
/Gly2HA2-HN
— Gly2HA2-Ala3HN
£ x Gly2HAL-Aib5SHN x~
S 3.8 \ _#Gly2HAL-Rla3HN
= = Gln6HA-AibIHN . % %
G1n6HA-Aib7HN
= \ \ \
=
1
= AlalOHA-HN X X /" AlalOHA-Pholl3HN
3 Gly2HA1-HN \ C1nEHA_HN /
4.0 = 3 =
4 GlnL 2R 1 oHA-Phol13HN
RlalOHA-Aibl1HN \ n v e Pholl3HA-Ar3
% x
LeudHA-Aib7HN me—X X X
/ x\ \ !
4.2 LeudHA-Aib5SHN bhol 13HA . HN Leu4HA-HN
° ,
Ala3HA-HN®=—X | 273425 LeudHNw X

8.5 | 80 | 75

@, - 'H (ppm)
FIGURE 4. fingerprint region of the ROESY spectrum acquired for [desAib!¥'?]pentadecaibin
in CD3OH (10 mM, 300 K, 400 MHz). Long-range cross-peaks “Hi = NHis, diagnostic of a

well-developed helical conformation, are highlighted in red, while one “Hi - NHis
correlation, diagnostic of the presence of a a-helix, is highlighted in cyan.
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FIGURE 5. View along the helix axis for the model structures drawn for pentadecaibin (left)
[desAib]pentadecaibin (middle), and [desAib?]pentadecaibin (right). The side chain of
Gln residues is highlighted in cyan, while Phol and Leu side chains are magenta and dark
green, respectively.
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TABLE 1. Primary structure of pentadecaibin and its short-length analogs synthesized in this
work

No. Peptide name Sequence

1 pentadecaibin Ac-Aib*-Gly-Ala-Leu-Aib>-GIn-Aib-Val-Aib-Ala-Aib-Aib-
Aib-GIn-Phol?®

2 [desAib']pentadecaibin  Ac-Aib-Gly-Ala-Leu-Aib>-GIn-Aib-Val-Aib-AlaC-Aib-Aib-
GIn-Phol

3 [desAib¥1?]pentadecaibin  Ac-Aib!-Gly-Ala-Leu-Aib>-GIn-Aib-Val-Aib-Alal®-Aib-GIn-
Phol

TABLE 2. R values obtained from the CD spectra for the three peptides.

Peptide R [0222]/[0208] in MeOH R [0222]/[0208] in SDS
100mMm
Pentadecaibin (-125.5)/(-141.8) = 0.88 (-179)/(-147) = 1.2
[desAib!!]pentadecaibin (-139.5)/(-160) = 0.87 (-182)/(-158) = 1.15
[desAib¥1?]pentadecaibin (-126.5)/(-156.5) = 0.81 (-211.6)/(-200) = 1.06
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((Graphical Abstract))

Total synthesis of the natural, medium-length, peptaibol pentadecaibin and study of the
chemical features responsible for its membrane activity

Laura Morbiato, David S. Haneen, Fernando Formaggio, Marta De Zotti*

Pentadecaibin, a natural medium-length peptaibol, does not comprise any hydroxyprolines or
prolines, and its helix is not kinked. An effective synthesis procedure is described to produce
pentadecaibin and also two shorter analogs. The membrane activity of pentadecaibin heavily

depends on the presence of three consecutive a-aminoisobutyric acid residues.
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