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Abstract: Ampullosporin A (AmpA), a 15mer peptaibol containing seven Aib residues is able to induce
pigmentation on Phoma destructiva and hypothermia in mice, as well as to exhibit a neuroleptic effect.
A circular dichroism study of ampullosporin A and its analogues was carried out in organic solvents
with different polarities and detergent micelles to determine the relationship between their conformational
flexibility and biological activities. The analogues were obtained by modifying the N- and C-termini of
ampullosporin A. Furthermore, Gln and Leu were systematically substituted by Ala and Aib residues were
replaced by Ala and/or Acec. To estimate the helicity of the analogues, the CD spectrum of AmpA recorded
in acetonitrile was correlated to its crystal structure. All analogues displayed similar CD curve shapes in
organic solvents with the ratio between two negative band intensities R = [0]n—*/[0]z—»* < 1. In acetonitrile,
most of the analogues adopted a 70%-85% helical structure, which was higher than the average of 40%-60%
obtained in TFE. In detergent micelles, the analogues were distinguishable by their CD profiles. For most of
the biologically active analogues, the CD spectra in detergent micelles were characterized by a R ratio > 1
and increased helicity compared with those recorded in TFE, suggesting that the interaction of the peptides
with the membrane and peptide association was necessary for their hypothermic effect. Copyright © 2003

European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

A number of natural ampullosporin analogues:
ampullosporin A (AmpA), ampullosporin B (AmpB),
ampullosporin C (AmpC) and ampullosporin D
(AmpD) have been isolated from the fungus Sepe-
donium ampullosporum [1,2]. They belong to the
peptaibol class of natural products, character-
ized by the presence of an acetylated N-terminus,
a C-terminal amino alcohol and a high propor-
tion of «-aminoisobutyric acid (Aib). Peptaibols
were reported to exhibit membrane permeabiliz-
ing activity [3-5]. For instance, alamethicin [5]
and chrysospermin [6] can form ion channels,
whereas antiamoebin [7] acts as an ion carrier
and trichogin [8] induces the leakage of aqueous
content from liposomes. Ampullosporins, strongly



hydrophobic and devoid of charges, are also believed
to have a site of action in the membrane. The
Trp residue at the N-terminus may interact with
the bilayer interface as a membrane anchor [9,10].
The membrane conductance as a function of nat-
ural ampullosporin concentration showed the for-
mation of ion conducting pores in the artificial
bilayer [11,12].

The conformation of AmpA, solved by x-ray
diffraction, is a largely regular «-helix starting from
the acetylated N-terminus and a B-turn at the
C-terminus [13]. In similarity to alamethicin [14]
and chrysospermin [6], AmpA helices possess a
hydrophilic face formed by the polar side chains
of GIn”, GIn'', and non hydrogen bonding carbonyl
oxygens of Aib'® and GIn'', while the hydrophobic
face is formed by the bulky side chains of
Trp!, Leu®, Leu'? and Leu'5ol. The length of AmpA
in the crystals is only 23 A, much shorter than
that of antiamoebin (28.3 A), a 16mer peptaibol
[7]. Compared with the core thickness of the
bilayer, which varies from 19.5A to 29A [5], a
single molecule of AmpA hardly spans the standard
bilayer even when it produces a membrane thinning
effect. On the other hand, the crystal packing
of AmpA shows its ability to self-associate via
hydrogen bonds in a head-to-tail fashion and in
antiparallel fashion due to polar side chains and
the non hydrogen bonding carbonyl oxygen of Aib'®
[13]. If this hydrogen bonding can also occur in
the membrane, the pore forming activity of AmpA
might be explained according to the barrel-stave
model by the flip-flop mechanism [15]. However,
in contrast to alamethicin, AmpA displayed only a
weak antimicrobial effect [1]. The more interesting
biological activity of AmpA and its natural analogues
is related to their ability to induce pigment formation
in the fungus Phoma destructiva, as do several
commercial nonpeptide antipsychotics haloperidol,
chlorpromazine, clozapine and sertindole [1,2]. In
addition, natural ampullosporins can also provoke
hypothermia and inhibit locomotor activity in
mice [1,2]. Specific behavioural tests confirmed
the assumption of an atypical neuroleptic activity
of AmpaA [16].

Whereas the biological activities of peptaibols,
such as antimicrobial, antimalarial and haemolytic
activities, stimulation of catecholamine secretion,
uncouplers of mitochondrial oxidative phosphoryla-
tion [3,4] etc. were reported to be generated from
their membrane activities, the action mechanisms
of the biological activities of ampullosporins remain
unknown. To elucidate the relationship between
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the conformation and biological activities of ampul-
losporins, a set of AmpA analogues has been syn-
thesized by solid phase peptide synthesis and their
biological activities have been tested [17]. The ana-
logues are different in their C- and N-termini and
also in the number of Aib residues. Some analogues
retain as high pigment induction activity and as
strong hypothermic effect as AmpA whereas others
exhibit strong pigment induction activity together
with a significantly reduced hypothermic response.
Analogues without aromatic residues or 14mer ana-
logues are devoid of any biological activity. Further-
more, the acetylated N-terminus and hydroxylated
or amidated C-terminus seem to play an important
role in the hypothermic activity, too. The replace-
ment of Aib residues by Ala or Acsc (see Abbrevia-
tions) at different sequence positions affected like-
wise the biological activities. To check the effect of
side chains on biological activities of ampullosporin
analogues, Gln and Leu residues were individu-
ally substituted by Ala. Whereas replacement of
every Gln by Ala did not affect the biological activ-
ities, the lack of a Leu side chain led to a loss of
pigment induction and to a reduction of hypother-
mic response.

In the present paper, we report the results of
a conformational study of natural and synthetic
ampullosporin analogues, using circular dichroism.
Circular dichroism is a valuable tool for estimating
the secondary structure of proteins and peptides
in solution, especially for analysing their conforma-
tional change in different environments. To examine
the conformation of the peptide in the membranes,
detergent micelles SDS and DPC were used, which
are considered as membrane mimetic solvents with
hydrophobic and hydrophilic interface and which do
not distort the spectra from differential light scatter-
ing and differential absorption flattening [18]. There
are many methods for secondary structure analysis
from CD spectra. However, the accuracy of the esti-
mation depends strongly on the reference protein set
[19]. Since AmpA and most of its analogues contain
nearly 50% of achiral Aib residues, the use of ref-
erences from proteins and polypeptides containing
usual amino acids is not appropriate. In this study,
the helical content of the analogues was determined
at a single wavelength of about 222 nm with refer-
ence data taken from the crystal structure of AmpA.

MATERIALS AND METHODS

Natural AmpB and AmpD were isolated from
Sepedonium ampullosporum HKI-0053 [2]. AmpA,
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AmpC and other analogues were synthesized by
solid phase method, using the automated pep-
tide synthesizer ECOSYN P (Eppendorf, Biotronik)
(Table 1). Details of the synthesis, cleavage, purifi-
cation and characterization of the peptides were
reported elsewhere [17]. MeOH, EtOH, iPrOH, TFE,
HFIP, MeCN (for UV-spectroscopy or GC) were
purchased from Fluka (Steinheim, Germany), and
Fisher Chemicals (Loughborough, UK), SDS and
DPC were from Sigma Aldrich Chemie GmbH (Stein-
heim, Germany) and Avantipolar Lipids (Alabaster,
USA), respectively. CD spectra were recorded using a
Jasco model 720 spectropolarimeter (Umstadt, Ger-
many). The optical rotation was calibrated using
d-camphorsulphonic acid at 290.5 nm [20]. Unless
otherwise stated, measurements of three scans were
recorded using rectangular quartz cells of 0.1 cm
pathlength, 2 nm bandwidth, 20 nm/min scan
speed, 8 s time constant, and at 22°C. The back-
ground spectra were recorded in the same solvent
without peptide and then subtracted. The spectra
reported here are the average of three experiments.
Except for the CD spectra recorded in water, other
spectra were obtained with samples prepared from
stock solutions of 1 mm peptide in TFE. TFE con-
centration in samples for CD measurements never
exceeded 10% and equivalent concentrations of TFE
were added to control samples. In samples con-
taining detergents, phosphate buffer saline pH = 7.4
was added at 10 mm, DPC and SDS concentrations
were 20 and 50 mw, respectively. Peptide stock solu-
tion concentrations were determined by measuring
the absorbance of Trp at 280 nm in 6 M guanidine
hydrochloride, 10 mm phosphate buffer saline (PBS),
pH = 7.4, using €980 nm = 5690 M~! cm~! [20].

Ellipticity at about 222 nm (n-z* transition) is
assumed to be linearly related to the mean helix
content f;, which can be calculated from the Lifson-
Roig based helix-coil model [21]:

fu = ([Bl222 — [01c)/([6u] — [Plo), (D

where [0]222, [f]lc and [0]y are mean residue elliptic-
ities at about 222 nm of the calculated spectrum,
random coil and complete helix, respectively. The
latter two quantities are temperature dependent and
can be determined as follows [21]:

[6]c = 2220 — 53T, (2a)
[0]g = (—44000 + 250T)(1-3/Nr), (2b)

where T is temperature in °C, and Nr is the chain
length in residues. At 22°C, [0]c = 1054 deg cm?

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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dmol ! and [y = —30800 deg cm?dmol™! for 15mer
peptides containing usual amino acids.

The mean helix content f; can also be obtained
by averaging the hydrogen bond probabilities of all
residues which can hydrogen bond:

fy = ny/(Nr — 3), 3

where ny is the average number of helical hydrogen
bonds and (Nr-3) is the number of hydrogen bonds
possible in a peptaibol.

RESULTS AND DISCUSSION

CD Spectra of AmpA

Comparison of CD spectra of AmpA in water
and different organic solvents. To correlate the CD
spectra of AmpA with its crystal structure (Figure 1),
CD spectra of AmpA were recorded in a series
of organic solvents, including TFE, HFIP, MeOH,
EtOH, iPrOH, as well as MeCN, from which the
crystals were obtained [13]. Alcohols, particularly
TFE and HFIP, have been reported to effectively
induce helical structure over other alcohols due to
hydrophobic interactions of the solvent molecules
and hydrophobic groups of the peptides [22,23].
However, according to Reichardt’s overall solvation
ability concept (termed also ‘polarity’, which is
measured using the Dimroth-Reichardt’s parameter
Er(30) [24]), HFIP and TFE as well as water are
strongly polar and MeCN expresses only medium
polarity. In alcohols, AmpA is soluble, while in
MecCN, it is totally soluble only with the addition of
approximately 40% water. However, AmpA crystals
were obtained from MeCN with the presence of traces
of water. To obtain a concentration independent CD
spectrum of AmpA in an MeCN rich environment,
10% TFE was used as a cosolvent.

The CD spectra of AmpA in different solvents are
given in Figure 2. With seven Aib, three Leu and
one Trp residues, AmpA is very hydrophobic, and
hence, its CD spectrum in water is concentration
dependent. At a concentration >40 um, one negative
peak at about 205 nm and one positive peak
near 194 nm were recorded, while at a lower
concentration, the negative peak shifted to 203 nm
and the positive peak became negative, suggesting a
high random coil content at the lower concentration
(data not shown).

The CD spectra of AmpA in MeOH, EtOH, iPrOH
and MeCN possessing two pronounced negative

J. Peptide Sci. 9: 714-728 (2003)
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Figure 1 Crystal structure of AmpA, dot lines: hydro-
gen bonds.

minima at 223 nm and 208 nm and a positive
maximum near 194 nm are typical for «¢-helix. These
spectra were comparable not only in curve shapes,
but also in band magnitudes. Interestingly, the CD
spectrum of AmpA in TFE resembled the waveform
of those in the above described organic solvents
with the following differences: the w-7*|| transition
shifted to 206 nm and the intensities of all peaks
were significantly reduced. Furthermore, the CD
spectrum in HFIP showed one negative peak at
204 nm and a very weak positive peak at about
194 nm. It is likely that the random coil content
increased when TFE and especially HFIP were used
as solvents. Besides, AmpA is rich in Aib, which
have been reported to promote the onset of 3;o-helix
due to steric interactions involving the gem-methyl
groups linked to the a-carbon [25]. In Aib containing
peptides, the 3,o-geometry is energetically favoured
over the «o-geometry. Therefore, Aib containing

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 2 CD spectra of AmpA in water, HFIP, TFE, iPrOH,
MeCN, EtOH and MeOH from the top to bottom at 222 nm,
peptide concentrations were 86 um.

peptides adopt pure 3;0-, pure «-, or mixed 3;o-/a-
helices depending on their length and the relative
Aib content. In peptides of eight or more residues, a
pure «-helix was observed if the Aib content did not
exceed 50% [25]. In the crystal structure of AmpA,
an a-helical segment from CO of acetyl group to
NH of Aib° was found (Figure 1). However, several
weak hydrogen bonds of type i, i +3 were present
concomitantly with «-helical hydrogen bonds in the
middle of the molecule [13]. The theoretical CD
spectrum of 3;0-helix calculated by Manning and
Woody [26] agreed well with Toniolo’s measurements
[27], which showed that the right-handed 3,0-helical
peptide displayed a negative CD band at 207 nm
accompanied by a shoulder centred near 222 nm,
and the ratio R = [0]222/[0]207 of 0.4. Analysing CD
spectra of AmpA in organic solvents, it was found
that the R values are 0.83 £ 0.03 in MeOH, EtOH,
iPrOH and MeCN, but only 0.73 and 0.36 in TFE
and HFIP, respectively. According to [26,27], using
the R value to diagnose the presence of a 3;0-helix,
one can say that in TFE, AmpA adopted a mixture of
«- and 31p-helix and in HFIP, the 3,¢-helical content
may be higher. Besides the 3;0-helix, other types
of B-turn may occur, for example, a g-turn type L.
Examining numerous g-turn types [28], it is worth
being interested only in S-turn types I and III for
AmpA analogues. On the basis of the studies on the
CD spectra of g-turn by Woody and Chang [29,30],
it was assumed that in TFE and HFIP, the presence
of B-turns (including 3;0-helix) in different contents

J. Peptide Sci. 9: 714-728 (2003)



may contribute to a reduction of CD negative band
intensities, followed by a blue shift of 7-7*|| bands.

To obtain more details on the effect of organic
solvents on AmpA secondary structure, AmpA
dissolved in water was titrated with TFE (Figure 3).
Above 20% TFE, the CD spectra were concentration
independent with an isodichroic point at 200 nm.
In 50% TFE in water, a spectrum with maximal
band intensity was found. There was no difference
between the CD spectra in 50% TFE and pure TFE.
Interestingly, AmpA in other solvents including HFIP
and MeCN containing 50% of water showed CD
profiles comparable to those in pure TFE and 50%
TFE in water (data not shown). Thus, fluoroalcohols
did not induce helical structure of AmpA as
effectively as expected and the secondary structure
of the peptide in these solvents was quite different
from its crystal structure. In contrast, in organic
solvents, the CD spectra of AmpA were similar to
those of alamethicin and its synthetic analogues,
reported by G. Jung’s group. The intensities of both
Cotton effects were increased in lipophilic solvents
and were decreased in strongly polar, hydrogen-
bond-forming solvents [31-33].

To ascertain that nothing else except the sec-
ondary structure of AmpA (especially no aggregation)
was reflected in its CD spectra, the concentration
dependence of its CD profiles in organic solvents
was studied. The CD spectra of AmpA were found
to be concentration independent in TFE, HFIP from

20 2 15
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Figure 3 Titration of AmpA with TFE, peptide concentra-
tion in the range of 100um. Inset: MREg92 as a function of
%TFE.
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4 pum to 1 mm and in other alcohols and MeCN (con-
taining 10% TFE) from 4 um to 100 um. Therefore,
it was assumed that the CD spectrum of AmpA
in MeCN (containing 10%TFE) at a concentration
<100 um may correlate with its crystal structure.

Helicity estimation. The crystal structure of AmpaA,
obtained also from MeCN, contains nine helical
hydrogen bonds type i, i + 4 and one hydrogen bond
type i, i + 3 of B-turn [13]. The mean helical fraction
of this 15mer peptaibol calculated using formula
(3) is therefore equal to 0.75. Based on formula
(1) and [0],_+ of CD spectrum in MeCN, the value
of —21840 deg cm? dmol™! was obtained for [0]y of
AmpA. On the other hand, as has been discussed
in Materials and Methods, the quantity [0]y of a
15mer peptide in the absence of Aib residues was
equal to —30800 deg cm”® dmol™'. The difference
between these two ellipticities clearly resulted from
the presence of the Aib residues. It is suggested that
the average reduced ellipticity caused by each Aib
(or any other achiral amino acid) is this difference
divided by 7 — the number of the Aib residues
in AmpA.

When the number of Aib residues was lower than
7, the data on the crystal structure of the AmpA
analogues were not available, and [f]y had to be
estimated. Supposing that the AmpA analogue now
has n achiral residues, the ellipticity of complete
helix is calculated according to

[0l = —21840 + [(7 — n)(—=30800 + 21 840)/7] deg

cm? dmol ™! 4)

Knowing [0]y values, the mean helix contents could
be calculated and the average number of helical
hydrogen bonds (ny) of the analogues predicted.
In particular, the mean helix content of AmpA
analogues was calculated as follows:

f = ([0ln-7+ — 1054)/([0]n — 1054) ()

with [0]g being given by formula (4) [cf. formula (1)].

According to this method of helicity calculation,
the helical content of AmpA in MeOH, EtOH,
iPrOH, MeCN, TFE and HFIP were 85%, 82%, 75%,
75%, 46% and 18% respectively, corresponding to
approximately ten helical hydrogen bonds in MeOH
and EtOH, nine in MeCN and iPrOH, six in TFE
and two in HFIP. The crystal structure of AmpA in
MeCN shows that the «-helix from acetyl group to
Aib'® misses a hydrogen bond between CO of Aib®
and NH of Aib'®. Therefore, the predicted number

J. Peptide Sci. 9: 714-728 (2003)
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of ten helical hydrogen bonds in MeOH and EtOH
suggests that in these environments, the peptide
may be a regular «-helix from N-acetyl group to
Aib'®. The more flexible region may be at the C-
terminus, where carbonyl oxygens of Aib'® and GIn'*
hydrogen bond with other molecule or solvent and
Leu'®ol bonds with Leu'? to form a g-turn. In TFE,
the predicted number of hydrogen bonds being only
6, corresponds to the pure «-helical segment from
the carbonyl oxygen of the acetyl group to that of
Leu®. Aib®, whose carbonyl oxygen does not form
an intramolecular hydrogen bond in the crystal
structure, might be the starting position of another
structure in TFE.

CD spectrum of AmpA in membrane mimetic
solvents. Detergent micelles, providing a simple
hydrophobic hydrophilic interface related to the
membrane, are considered more representative of
the membrane environments than organic solvents
[18,34]. Besides SDS, a classical detergent for
spectroscopic studies, DPC has been often used for
NMR study recently to solve peptaibol structures,
because DPC, being a zwitterionic detergent, is
expected not to denature the membrane proteins
[6,18].

The titration of AmpA with SDS or DPC showed
an increase of the positive maximum at 194 nm
and negative maxima at 208 nm and 224 nm
(Figure 4). An isodichroic point at 202 nm appeared
only when detergent was added to some extent.
When the peptide totally bound to the detergent
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Figure 4 Titration of AmpA with DPC in the range of
0-1.97 mm, peptide concentration 60um, phosphate buffer
saline 10 mM, pH = 7.4. Inset: MREg94 as a function of
DPC and SDS concentrations.
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micelles (detergent concentrations were higher than
critical micellar concentration (CMC)), no change
of CD spectra was found upon the detergent
addition. Calculated helical fractions of AmpA in
SDS and DPC micelles were about 0.65, occupying
an intermediate place between those obtained from
MeCN and TFE. The difference between the CD
spectra in micellar detergents and in organic
solvents was in the R ratio ([0]n-.+/[0]:-+), Which
were 0.99 and 1.05 in DPC and SDS, respectively,
compared with 0.83 + 0.03 in MeCN, MeOH, EtOH,
and iPrOH, 0.73 in TFE, and 0.36 in HFIP. The
R values in detergents were even higher in the
case without TFE in the CD samples (data not
shown). However, all the CD samples contained
10% TFE from the stock solutions, which tended to
reduce the peptide interaction, and hence decreased
the R values. Thus, it is reasonable to state
that the CD spectra of AmpA in both SDS and
DPC corresponded to those of transmembrane
helices (dissolved in buffered detergent), which were
characterized by the intensity of the 208 nm band
being slightly less negative than that of the 222 nm
band [35]. However, the magnitude of the AmpA
spectrum was much lower than that of the reported
transmembrane helix due to its limited number of
amino acids and the large content of achiral Aib
residues. In addition, the CD spectra of AmpA in
detergent micelles were similar to those of other
peptaibols such as alamethicin [31,36-38] and
antiamoebin [7] and other models of ion-channels
[39] in lipid vesicles. The R value >1 is often used
to predict helical interactions [31,36,37,39-41].
AmpA with the bulky hydrophobic side chains
of Leu and Trp caused hydrophobic interaction
in water, which may be disrupted by detergent
addition. When the peptide was completely bound
to detergent micelles, intermolecular hydrogen
bonding of three polar residues Gln may have driven
helix association, as demonstrated by Zhou for
polyleucine transmembrane helices [42].

To obtain more information on the association of
AmpA in detergent micelles, the CD spectra were
studied at lower concentrations. Figure 5 shows the
SDS and DPC titrations to AmpA in the range of
4 um, the lowest peptide concentration at which
the CD could be measured. At first, two negative
CD bands grew in intensity upon the increase
of SDS concentration up to 0.34 mm. Further
SDS addition reduced the 208 nm band and then
raised both band intensities again to the maximal
values when 1.84 mm SDS was added. When SDS
concentration reached 10 mm, both negative peak
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intensities were strongly suppressed. This indicates
that at low concentration, SDS titration caused some
independent state transitions. In contrast, titration
of the peptide with DPC in the same range of
concentration showed a single isodichroic point at
203 nm and the red-shifted = — n* band, indicating
a smooth transition from unordered structure to the
helical one. Although a certain difference between
the titration of high and low concentrations of AmpA
with detergents was observed, no clear distinction of
their CD spectra in the DPC micelle bound state was
found. It is suggested that the peptide association
might start at a lower concentration, and thus an
appropriate method is necessary to find the critical
concentration.

Thermal stability. To better observe the flexibility of
AmpA, the thermal stability of its conformation in
TFE and SDS was studied (Figure 6). Upon increas-
ing the temperature to 70°C, a CD spectrum in TFE
was obtained with reduced peak intensities. The
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Figure 6 CD spectra of AmpA in TFE and SDS at different
temperatures.
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R value dropped to 0.43. However, no wavelength
shift was found, implying that the change in the CD
spectra may be due to the transition of «-helix to
310-helix or g-turn, but not to unfolding the confor-
mation. Interestingly, heating the AmpA sample in
SDS up to the same temperature did not affect its
CD spectrum as much as in TFE. The characteris-
tics of helical structure were preserved, in spite of
the lower band intensities, especially that around
224 nm, and decreased the R value to 0.78. The
change in the CD spectra may be contributed by
several factors such as fraying ends of «-helices,
and/or the diminishment of peptide-SDS micelles
interaction.

In summary, the secondary structure of AmpaA is
very sensitive to change in the environment. The
peptide adopts a high helical structure in MeOH,
EtOH, iPrOH and MeCN, which is similar to the
result of the crystal structure analysis. In more
polar solvents such as TFE and HFIP, the helix
content decreased, and a 3;p-helix or g-turn and
an unordered structure may occur. In micellar
detergents, the CD spectra were characteristic
of helical association with intermediate helicity
between MeCN and TFE, implying that the peptide
length might be larger than that in the crystals. In
this context, TFE may better mimic the membrane
interface (highly polar) than the hydrocarbon core
(apolar). AmpA molecules form aggregates in water,
become monomers accompanied by helix promotion
in the interface, and insert into the membrane core
with more increased helicity and self-assembly.

CD Spectra of AmpA Analogues

A small modification in the AmpA sequence strongly
affected its biological activities [17]. In order to
determine whether a single amino acid modification
is able to change the peptide conformation, a CD
study of some representative analogues in organic
solvents, such as MeCN, TFE and micellar SDS and
DPC was carried out. For most of the analogues,
there was no significant difference in the CD spectra
recorded in SDS and DPC.

N-terminal modification. The CD spectra of mod-
ified N-terminal AmpA analogues (1,2, and 5) are
presented in Figure 7. The CD spectrum of [des-
Ac]AmpA (1) in TFE displayed a negative band at
206 nm, accompanied by a shoulder centred near
228 nm. The ratio R was 0.52, suggesting the pres-
ence of a high content of 3;0-helical structure [27].
Interestingly, the CD spectrum in SDS shifted to
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Figure 7 CD spectra of AmpA analogues with modified
N-terminus.

the higher wavelength but its shape and intensi-
ties of all peaks remained the same as in TFE (data
not shown). The CD spectrum of the analogue in
DPC showed more pronounced band intensity at
224 nm, leading to a higher R value (0.78). The cal-
culated helical fractions (see Table 2) in the studied
environments were lower than those of AmpA, indi-
cating the role of the acetyl group in the stabilization
of the helical structure. The acetyl group is known
to be a good N-cap of a helix, which encourages «-
helix formation at the N-terminus and increases the
helical content [43,44]. In contrast, Trp is consid-
ered a bad N-cap (the side chain is in the gauche™
rotamer) which is more likely to satisfy its hydro-
gen bonding potential by forming the alternative i,
i+ 3 hydrogen bond, equivalent to the formation of
310-helix [45]. This is consistent with the crystal
structure of AmpA, where the acetyl group partici-
pates in the «-helix hydrogen bonding, and the side
chain of Trp adopts a gauche® rotamer, which cer-
tainly favours the formation of a 3;0-helix at the
N-terminus if the acetyl group is removed. Another
difference of analogue 1 from AmpaA is its particu-
larly thermal stability. Its CD spectrum in SDS was
hardly affected by heating up to 70°C, showing only
insignificant change at the 208 nm band intensity
(data not shown). This may be explained by the lack
of peptide—micelles interaction and the formation of
a more stable 3;0-helical structure compared with
the a-one in Aib containing peptides. Thus, even in
detergent micelles, the helicity was not enhanced as
much as that of AmpA. Moreover, for both studied
detergents, the R value was <1, suggesting that no
peptide association occurred.

[Des-Trp]AmpA analogue (2) displayed CD spectra
in TFE and MeCN (see Figure 7 and Table 2) similar
in curve shapes to those of AmpA, indicating that
the expected contribution of the indole moiety to CD

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

spectra was rather low. Despite being acetylated,
the CD spectra of analogue 2 in SDS and DPC
preserved a less-than-unity R value just as for
organic solvents. Moreover, the helical fractions
were found to be not more than that in TFE. This
suggests that detergent micelles are not a favourable
environment for this analogue due to the lack of a
hydrophobic residue Trp. The peptide association,
therefore, did not occur. Hence, the CD spectra of
compounds 1 and 2 indicate an important role of
the Trp residue accompanied by an acetyl group at
the N-terminus of AmpA in the interaction with the
detergent micelles, leading to increased helicity and
peptide association.

To gain further insight into the role of Trp in
the biological activities of AmpA, Trp substituted
analogues were synthesized and their conformation
investigated. In comparison with the CD spectra
of AmpA, those of [D-Trp!]JAmpA (8) in TFE and
MeCN (Table 2) exhibited similar shapes. However,
the spectrum in TFE showed a higher negative band
magnitude than that of AmpA, implying a higher
helicity, while those of the analogue in detergent
micelles showed remarkably low band ellipticities
with a red-shifted n-z* band. The R values in
SDS and DPC were higher than those in organic
solvents, but still much lower than 1. Thus, the
orientation of the Trp side chain strongly affects the
secondary structure of the peptide, particularly in
the membrane mimetic environments.

Another aromatic residue that was incorporated
into AmpA instead of v-Trp is Tic (analogue 4).
This residue has neither a flexible side chain like
Trp, nor a free HN of the indole group to form
a hydrogen bond with the environment. Although
the CD spectra of 4 in SDS and DPC displayed
R > 1, calculated helical fractions of the analogue in
all studied environments were lower than those of
AmpA (see Table 2).

In analogue 5, a nonaromatic amino acid Oic
replacing Trp increased helicity in MeCN and TFE,
but did not affect it in SDS and DPC micelles.
However, no clear difference between CD curves
shapes in TFE and in detergent micelles were
observed, meaning that R values were always <1
(see Figure 7 and Table 2). Thus, the lack of an
aromatic residue as an interface anchor may lead
to the misorientation of the peptide molecules and
hence no signal of peptide interaction was seen.

In summary, the N-terminus strongly influenced
the conformation of the AmpA analogues and at the
same time played an important role in their biologi-
cal activities. The acetyl group favoured a N-terminal
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Peptide® Modification Solvent? () p— (2] Po— R fu Pigment Hypothermic
induction® effect®
AmpA native MeCN —-19150 —-16120 0.84 0.75 e o
TFE —13060 -9540 0.73  0.46
DPC —14220 —14010 0.99 0.66
1 [des-Ac] AmpA MeCN -17640 —12730 0.72  0.60 o n.a
TFE —14160 -7390 0.52  0.37
DPC —12650 -9890 0.78 0.48
2 [des-Trp'] AmpA MeCN —18110 -13400 0.74 0.65 n.a n.a
TFE —13850 -9700 0.70  0.48
DPC —11770 -8920 0.76  0.45
3 [D-Trp!] AmpA MeCN -20080 —16330 0.81 0.76 o *
TFE —-14810 —-11850 0.80 0.56
DPC —12300 —10300 0.84 0.50
4 [Tic!] AmpA MeCN —13320 —12470 0.94 0.59 o n.a
TFE —10400 -7880 0.76  0.39
DPC —9300 —10400 1.12  0.50
5 [Oicl] AmpA MeCN —24800 -21019 0.85 0.96 n.a n.a
TFE —18850 —12400 0.66  0.59
DPC —14210 —-11900 0.84 0.57
6 [Leu'5] AmpA MeCN -20280 —18110 0.89 0.84 o :
TFE —11520 -8910 0.77 0.44
DPC —15250 —15560 1.02  0.73
7 [des-Leu'®ol, GIn'*] AmpA  MeCN —17900 —15890 0.89 0.76 n.a n.a
TFE —-9640 —-7550 0.78  0.39
DPC —-13250 —13750 1.04 0.66
] [Leu'5-NH3] AmpA MeCN —18890 —15340 0.81 0.72 o o
TFE —11590 -7920 0.68 0.39
DPC —14360 —14840 1.03  0.69
9 [Ala'5-NHy] AmpA MeCN —19000 —-15840 0.83 0.74 n.a *
TFE —12230 -8880 0.73  0.43
DPC -16750 —18820 1.12  0.87
10 [Ala'?] AmpA MeCN —19930 -16560 0.83  0.77 n.a *
TFE —12460 -8420 0.68 0.41
DPC -12700 —-13110 1.03  0.62
11 [Ala®] AmpA MeCN -20600 —17410 0.85 0.81 n.a *
TFE —12370 -8260 0.67 0.41
DPC —-14010 —14680 1.05 0.69
12 [Ala'] AmpA MeCN -19780 —-15990 0.81 0.74 o >
TFE —11830 -7820 0.66 0.39
DPC —13460 —13800 1.03 0.65
13 [Ala''] AmpA MeCN -19700 -15630 0.79 0.73 o >
TFE —12600 -8330 0.66 0.41
DPC —13580 —13220 0.97 0.62
14 [Ala”] AmpA MeCN —18620 —14950 0.80 0.70 o *
TFE —11930 —-7870 0.66  0.39
DPC —13800 —14340 1.04 0.67
15 [Ala®] AmpA MeCN —20700 —18440 0.89  0.81 w* wx
TFE —14300 —12290 0.86 0.55
DPC -14960 —16900 1.13 0.74
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Table 2 (Continued)
Peptide® Modification Solvent? () —— () Pop— R fu Pigment Hypothermic
induction® effect®
16 [Ala*] AmpA MeCN —22020 —18570 0.84  0.81 * **
TFE —14720 -11460 0.78  0.52
DPC —14840  —16050 1.08 0.71
17 [Ala®] AmpA MeCN —22080 —17800  0.81 0.78 ** n.a.
TFE —14520 -9790 0.67  0.45
DPC —15400 —14530 0.94 0.64
AmpB native TFE —12920 —9690 0.75  0.44 ** **
SDS —14630  —14710 1.01 0.65
AmpC native MeCN —23140 —19230 0.83  0.84 * *
TFE -16660 —12780  0.77  0.57
DPC —16150  —16080 1.00 0.71
AmpD native TFE -16430 —12150 0.74  0.55 * **
SDS —14770  —15610 1.06  0.69
18 [Ala'®] AmpA MeCN —20760 —16070 0.77  0.71 * **
TFE —15140 -9820 0.65 0.45
DPC —14750 —13690 0.93  0.61
19 [(Ala)7] AmpA MeCN —30220 —-21980 0.73  0.72 n.a. n.a.
TFE —24960 —18570 0.74  0.62
DPC —24920 -21150 0.85  0.70
20 [Acgc?] AmpA MeCN -21340 —-18370 0.86  0.85 * **
TFE —12810 -9870 0.77  0.48
DPC —14040  —14590 1.04 0.68
21 [Ala®®13 Acgc] AmpA  MeCN —22460 —17400 0.77  0.69 * w*
TFE —17720 -13210 0.75 0.53
DPC —16160 —14900 0.92  0.60
22 [A1a®8 13 Acgc®] AmpA  MeCN —23200 —18930 0.82  0.75 * **
TFE —17880 —14940 0.84  0.60
DPC —17870  —18090 1.01 0.72

2 Peptide concentrations were about 100 um.

b DPC, and MeCN samples contain 10% TFE from peptide stock solutions; DPC concentration was 20 mm.

¢**strong effect, *moderate effect, n.a. no activity [17].

a-helix. The pigment induction was completely lost
for analogues containing no aromatic amino acids,
whereas the hypothermic response became less pro-
nounced or even disappeared in analogues without
the N-terminal acetyl group and/or L-Trp. Analogues
without Trp or with noncoded Trp related amino
acids exhibited considerable change in the CD spec-
tra, accompanied by R values <1 or/and reduced
helical fractions in detergent micelles. It was there-
fore assumed that one Trp residue (or at least one
aromatic residue) is necessary for anchoring the
peptide in the hydrophilic hydrophobic interface,
thus determining the precise orientation of the pep-
tide within the membrane. This favours the peptide
association in the membranes, leading to (i) their
structural stabilization and orientation with respect
to a binding membrane protein and (ii) the formation
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of ion conducting pores. Both mechanisms might be
alternatives contributing to the biological activities
of AmpA.

C-terminal modificafions. Three analogues were
synthesized with a modified C-terminus (6,7 and
8). There were no significant differences in the
CD profiles of [Leu!’JAmpA (6) and [Leu'®-NH,]
AmpA (8), compared with that of AmpA. Analogue
7, missing one residue, showed lower ellipticities
in all environments relative to AmpA, but the
helical content was not altered. This C-terminal
modification, in spite of having no influence
on helicity and the R value of CD spectra in
detergent micelles, affected the biological activities
of analogues 6 and 7 [17].
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Analogues with modified side chains. Since
natural ampullosporins were found to be able to
form ion conducting pores in artificial membranes,
their biological responses were hypothesized to
relate to this activity [11,12]. Although a lipophilic,
rigid and helical rod is a sufficient prerequisite
for the formation of voltage-gated pores [15], side
chains can modulate the amphipathicity and the
oligomerization process. Recently, Hara et al. [39]
studied the side chain effect on the channel
activity of Aib rich peptides. According to the
authors, peptides with a high degree of helical
conformation, high amphipathicity, high affinity for
lipid membranes, and self-associating characters
in vesicles are the most suitable for inducing ion
channels with a high frequency of occurrence. To
evaluate the effect of the side chains on the biological
activities of AmpA, analogues were synthesized with
a systematic replacement of Leu and Gln by Ala.

Compared with analogue 8 (Leu'®-NH, instead of
Leu'®ol), the analogue with Alals—NHz (9) showed
especially higher helical fractions in detergent
micelles, leading to an increase of the predicted
numbers of helical hydrogen bonds to 11 and R
values up to 1.12 (see Table 2). The increased R
values in detergent micelles are a signal of good
oligomerization, but the particularly high helicity
may render the peptide too short and less flexible.
Other analogues (10 and 11) with Ala at positions
12 and 5 instead of Leu displayed similar CD
spectral properties and they were comparable to
those of AmpA. Despite displaying different CD
profiles, these three analogues exhibited equivalent
biological activities but much weaker than those of
AmpA (Figure 8, Table 2).

Interestingly, the systematic substitution of three
Gln by Ala did not affect the conformation of the
peptides (12, 13, and 14) as much as expected.
Spectra in TFE were slightly reduced in peak
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Figure 8 CD spectra of Leu substituted AmpA analogues.
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intensities and R values, whereas in detergent
micelles, helical fractions were nearly unchanged
(see Table 2). In the crystal structure of AmpA, the
GIn'* side chain, tilting away from the other GIn side
chains, forms intermolecular hydrogen bonds with
other peptide molecules in a head-to-tail fashion.
However, no considerable difference was found in
the CD spectra and biological activities between the
[Ala”]AmpA analogue (12) and AmpA, indicating
that the intermolecular hydrogen bond pattern in
the solution is different to that in the solid state
and dimer formation in the head-to-tail fashion
did not exist in AmpA folding under the conditions
investigated.

The side chain modification of AmpA did not
lead to a great change in the net conformation of
analogues, even in the detergent micelles, except for
analogue 9 with Ala-NH,; at the C-terminus. The
CD profiles for all these analogues suggest their
interaction with the detergent micelles. However, it
is worth noting that modifications increasing the
overall hypophobicity (Gln substituted analogues)
seem to favour the biological activities, whereas the
less hydrophobic Leu substituted analogues were
much less active.

CD spectra of Aib substituted analogues. When
all the Aib residues of AmpA were replaced by Ala,
analogue 19 was obtained without any biological
activity. Analogue 19 is less hydrophobic than
AmpA, therefore more soluble in water, showing
a high intensity of the CD spectrum in aqueous
milieu (data not shown). The analogue displayed
much more pronounced CD bands than those of
AmpA in all environments due to the chirality of
Ala. However, compared with AmpA, 19 adopted a
comparable helical structure in MeCN and detergent
micelles. It is likely that the helicity of 19 was
not as sensitive to the change of environments
as AmpA (see Table 2). Furthermore, in spite of
possessing a Trp residue, the analogue showed R
values in micelles only slightly increased relative to
those in organic solvents, but always less than 1.
This suggests that Aib residues play an important
role in the interaction of the peptide with the
detergent micelles.

It is interesting that some natural analogues of
AmpaA, such as AmpB, AmpC and AmpD with Ala at
positions 8, 9 and 10 instead of Aib, respectively,
were also isolated from the fungal producer of
AmpA. In order to understand thoroughly the
role of an individual Aib residue in the peptide,
the Aib residue was systematically replaced by
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Ala at positions 3, 4, 6 and 13. Despite a
few differences, almost all single Aib substituted
AmpA analogues behaved similarly to AmpA with
respect to the CD profiles. The calculated helical
fractions were slightly enhanced for [AlaS]AmpA (15)
and [Ala4]AmpA (16) in all environments under
investigation, accompanied by an increase of the R
ratios, especially in detergent micelles (see Table 2).
In contrast, [AlalB]AmpA (18) displaying a lower R
ratio (0.93) in detergent micelles, seemed to adopt
a less helical structure (0.61). Interestingly, most
of single Aib-Ala substituted analogues, including
the natural ones, resembled AmpA with respect
to the biological activities, except for [Ala6]AmpA
(17) missing the hypothermic effect and AmpC
(containing Ala at position 9 instead of Aib)
displaying only weak activity.

Replacement of Aib at position 4 with a more con-
formationally constrained amino acid residue Acsc,
belonging to the family of cyclic C*“-disubstituted
glycines, (analogue [Acgc*]AmpA - 20) did not con-
siderably influence the peptide conformation in all
studied environments, but reduced the pigment
induction (see Table 2). To probe the effect of Acsc
at more sensitive positions of the sequence, where
the replacement of Aib by Ala reduced or destroyed
the biological activities, two analogues [Ala®>®'3,
Acsc®]lAmpA (21) and [Ala®®'3, Acgc®]AmpA (22)
with Acgc at position 6 or position 9 instead of
Aib were synthesized. Compared with AmpA, the CD
spectra of 21 and 22 showed higher ellipticities due
to the replacement of three Aib residues by Ala. In
addition, in both detergent micelles, 21 displayed
lower R values (0.92-0.93) accompanied by lower
helicities (0.60), whereas 22 was found to be more
similar to AmpaA.

Examining the biological activities of AmpA ana-
logues, it was found that there was no total agree-
ment between the pigment induction and hypother-
mic effect. Both activities require the presence of
an aromatic amino acid at the N-terminus, Leu side
chains, and a certain number of Aib residues. How-
ever, the pigment induction accepts a wide range
of conformational flexibility, while the hypothermic
effect seems to be less tolerant, judged by variations
in the helical content and the R values. Indeed, ana-
logues exhibiting strong pigment induction adopted
a 48%-74% helical structure and the signal of pep-
tide association (Rvalue > 1) in detergent micelles
was not necessary. Regarding the analogues pro-
ducing a strong hypothermic response, the helical
content and R value in detergent micelles varied in
the range 60%-74% and 0.92-1.13, respectively,

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

so that the analogues with a low R value adopted
low helicity, as well. This suggests that there was
some relationship between helicity or peptide length
and the association degree in the analogues active
in hypothermia. It is likely that the interaction
of the peptide with the membrane followed by its
self-association was necessary for the hypothermic
effect. These conditions are necessary for pore for-
mation, but might be not sufficient for ion transport.
In addition, due to the absence of experimental data
on the membrane modifying activities of the ana-
logues, it is difficult to explain why some analogues
(single Aib substituted analogues) displayed simi-
lar CD spectra, but exhibited biological activities
in different amplitudes. Furthermore, some ana-
logues (Leu substituted analogues) showed different
CD profiles in membrane mimetic environments but
were comparable in biological activities.

CONCLUSIONS

The present study, comparing the CD spectra
of AmpA and its crystal structure, proposes an
appropriate method of helicity estimation for Aib-
rich-AmpA analogues. Subsequently, it provides
the overall conformational flexibility of AmpA ana-
logues in different environments, including mem-
brane mimetic solvents, with an attempt to differ-
entiate active compounds from the inactive ones.
Four naturally occurring ampullosporins and their
22 synthetic analogues showed CD spectra charac-
teristic of helical structure in organic solvents (MeCN
and TFE) and detergent micelles (SDS and DPC).
All analogues displayed similar CD curve shapes in
organic solvents with the ratio between two negative
band intensities R < 1. In MeCN, most of the ana-
logues adopted a 70%-85% helical structure, which
is higher than the average of 40%-60% obtained in
TFE. In detergent micelles, the analogues showed
different CD profiles. Some (analogues of group
1) displayed CD spectra similar to those in TFE,
while the others (analogues of group 2) showed spec-
tra with increased helicity and R ratio > 1. These two
features indicate the interaction between the pep-
tide and the membrane mimetic solvents as well as
the helix association. Almost all inactive compounds
belong to group 1, i.e. display a R value much less
than 1. Compounds producing strong hypothermia
belong to group 2, which show CD spectra in deter-
gent micelles with helicity and R ratio ranging from
60% to 74% and from 0.92 to 1.13, respectively. This
suggests that the interaction of the peptide with the

J. Peptide Sci. 9: 714-728 (2003)



membrane and peptide self-association may play
a role in their hypothermic effect. Although many
compounds active in pigment induction share com-
mon features in CD spectra with group 2 too, there
was no total agreement between the pigment induc-
tion and hypothermic effect. Since the neuroleptic
effect of a compound is usually related to its capa-
bility to regulate dopamine neurotransmission in
the central nervous system through its interaction
with one or several membrane receptors, the bio-
logical activities of AmpA and its active analogues
might result from a more complex action mecha-
nism than from their pore forming potential. Our
further research will focus on the affinity of AmpA
analogues to concerned receptors. Simultaneously,
the membrane modifying activity of all analogues
should be screened to determine its role in their
biological activities.
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