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Introduction

The ever-increasing bacterial resistance against traditional anti-
biotics has stimulated the design of novel antimicrobials that
act on unconventional targets, which may thus prevent cross-
resistance induction. In this regard, antimicrobial peptides
(AMPs) of eukaryotic origin and their synthetic analogues
represent a promising alternative. As the mechanism of AMP
action usually involves the disruption of a pathogen’s mem-
branes by stoichiometric interaction with phospholipids, induc-
tion of resistance is extremely unlikely, as it would require sub-
stantial changes in phospholipid composition, affecting simul-
taneously both enzymatic and transport systems located in the
membrane.

Due to their relatively small size and often lack of post-trans-
lational modifications, the range of therapeutically useful AMP
structural modifications is limited; this in turn makes the pre-
cise definition of structure–activity relationships a must in the
design of optimized AMP leads.[1]

Among the different approaches to improve AMP analogues,
sequence hybridization, that is, splicing together sequence
stretches from AMPs with different properties, has been rather
successful. This strategy was first described with cecropin A–
melittin hybrids, in which the cationic N terminus of cecropin A
(CA) is followed by the hydrophobic N terminus of melittin (M).
The resulting hybrid AMPs exhibit substantial improvement in
their antibacterial, antiparasitic and antifungal activities com-
pared with their parent structures. However, many of them
retain a residual but persistent hemolytic activity associated to
the melittin fragment.[2] For most families of linear peptides
(e.g. , cecropins, magainins, melittin), hemolytic activity has
been linked to high values of amphipathicity, hydrophobicity
or helicity.[3, 4]

Hybrids with CA and M moieties of various lengths (e.g. ,
CA(1–13)M(1–3),[5] CA(1–8)M(1–12)[6] and CA(1–7)M(2–9)[7]) have
been described. In earlier structure–activity studies, it was
demonstrated that shortening of the 16 residues N-terminal
amphipathic section of CA caused the loss of the highly struc-
tured a-helix present in the parent cecropin A. In contrast, the
hydrophobic M section at the C terminus was more prone to
retain the helical structure of the original peptide.[5–7]

As CA–M hybrids share the generally poor pharmacokinetic
and pharmacodynamic properties of most peptides, modifica-
tions such as succinylation,[8] N-terminal fatty acid acylation[9]

and inclusion of non-natural amino acids have been explored
in analogues such as CA(1–7)M(2–9) in order to enhance
druggability.[10]

In this regard, it is worth mentioning that Ne-trimethylation
of lysine, a common epigenetic modification of Lys residues,
has been only rarely used in the fine-tuning of AMP activity.[11]

From a molecular point of view, trimethylation involves replac-
ing the hydrogens of an ammonium group by three considera-
bly more hydrophobic methyl groups, thereby increasing steric
bulk and decreasing the charge density around the nitrogen
atom. With the exception of the report that full permethylation
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of melittin (both Na and Ne groups) fully abrogates its hemolyt-
ic activity,[12] systematic studies of this modification are scarce,
particularly with a view to extracting structure–activity relation-
ships.

In order to provide a structural framework to explain the
changes in activity brought about by lysine Ne-trimethylation
in CA-M peptides, we have performed an NMR study of a se-
lected group of CA(1–7)M(2–9)NH2 analogues (Table 1) contain-

ing at least one trimethyllysine residue. Using aqueous 2,2,2-
trifluoroethanol (TFE) as a membrane-like environment, we
have carried out a systematic study of the 3D structures of
these Ne-trimethylated peptides, showing that the presence of
Ne-Lys(Me3) partially decreases the stability of the a-helix, to an
extent depending on the number and position of trimethylat-
ed residues. Our data suggest that Ne-trimethylation is a useful
modification for fine-tuning the stability and activity of CA-M
hybrids and, in general, for the development of improved anti-
biotic peptides.

Results and Discussion

NMR spectroscopy

We have recently demonstrated that in the CA(1–7)M(2–9)
hybrid judicious substitution of lysine by Ne-Lys(Me3) increase
the selectivity index of the parental peptide, mostly by reduc-
tion of the hemolytic activity rather than by improvement of
the antimicrobial activity (Table 1).[13]

For some membrane active toxins, it has been established
that hemolytic activity is associated with the presence of a cat-
ionic site, flanked by a hydrophobic surface.[14] This rule, based
exclusively on the primary sequence of the peptides, could not
account for the differences observed for CA(1–7)M(2–9) (1) and
of its Ne-trimethylated lysine surrogates (peptides 2–7)
(Table 1), since they share the same primary sequence. There-
fore, we have performed an extensive NMR investigation to
elucidate whether the structural differences between CA(1–
7)M(2–9) and its analogues correlate with the variation of their
respective hemolytic activities. To the best of our knowledge,

this is the first time in which a detailed and systematic descrip-
tion of the effect of lysine trimethylation on the activity of anti-
microbial peptides has been carried out.

The 1H NMR spectra of CA(1–7)M(2–9) and its six [Ne-K(Me3)]i-
derivatives (i = 0, 1, 2 and 5 are CAM, mono-, di- and pan-tri-
methylated CA(1–7)M(2–9) derivatives respectively, Table 1,
peptides 1–7) in both water and aqueous fluoroalcohol solu-
tion (H2O/TFE 30 % v/v) were assigned in a sequential manner
by using homonuclear 2D NMR spectroscopy.[15]

While spectra of peptides in water solution showed signs of
random coil or non-ordered structure (e.g. , limited dispersion
of amide signals, data not shown), addition of 30 % TFE (v/v)
caused significant changes in the chemical shifts of the
1H NMR signals, suggesting that a conformational switch was
induced. The 1H NMR assignments of peptides 1–7 are listed in
Tables S1–S7 in the Supporting Information.

The key methyl groups of the different Ne-trimethylated ly-
sines could be identified by simple examination of 1D 1H NMR
spectra since the methyl signals of Ne-trimethylated lysines do
not overlap. Indeed, their chemical shifts strongly depend on
their positions in the sequence. The aliphatic regions of the 1D
1H NMR spectra of peptides 1 and 5 are compared in Figure 1,
which also shows the assignment of the methyl groups of the
Ne-trimethylated lysines of 5.

As a first step in structural analysis of the peptides, the varia-
tions of 1H chemical shift values were monitored, since signifi-
cant changes might have structural relevance. Thus, the ob-
served aH chemical shifts of peptides 1–7 were, on average,
upfield of the typical values observed for random coils, as
might be expected for helical structures. Furthermore, the
chemical shift analysis performed with the CSI program[16] pre-
dicted mostly helical conformations (data not shown).

Figure 2 shows representative portions of the NOESY spec-
trum of mono-trimethylated peptide 3. The NH,aH region of
the NOE spectrum revealed the presence of several medium
range NOE cross-peaks with key structural information. Thus,
the identification of daN (i,i+3) and daN (i,i+4) NOE cross-peaks

Figure 1. Expansions of 1D 1H NMR spectra (500 MHz) of peptides CA(1–
7)M(2–9) (1, top) and K1,3(Me3)2 (5, bottom). The asterisk denotes the residu-
al non-deuterated TFE.

Table 1. Peptide sequences and nomenclature used in this work.

Peptide Sequence IC50
[a] HC50

[b]

designation [mm] [mm]

1 CA(1–7)M(2–9) KWKL FKKIG AVLKV l-NH2 1.8 40.2
2 K1(Me3) KWKL FKKIG AVLKV l-NH2 3.9 77.2
3 K7(Me3) KWKL FKKIG AVLKV l-NH2 3.7 164.0
4 K13(Me3) KWKL FKKIG AVLKV l-NH2 3.5 157.4
5 K1,3(Me3)2 KWKL FKKIG AVLKV l-NH2 12.8 105.0
6 K1,13(Me3)2 KWKL FKKIG AVLKV l-NH2 8.8 82.6
7 K1,3,6,7,13(Me3)5 KWKL FKKIG AVLKV l-NH2 >50 >200

[a] CA(1–7)M(2–9) stands for the hybrid peptide cecropin A (1–7) and me-
littin (2–9). Trimethylated lysine residues are in bold. All peptides in C-ter-
minal carboxamide form. [b] Values measured in L. donovani in promasti-
gotes.[13] [c] Values measured in erythrocytes.[13]
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[i.e. , daN (W2, F5), daN (I8, V11), daN (L12, L15), daN (V11, L15)] , to-
gether with the detection of a strong and almost uninterrupt-
ed NH,NH (i,i+1) cross-peak pattern (Figure 2 B) are strongly
indicative of the presence of a secondary helical structure. In
addition, the measured 3JNHa values ranging between 3.5 and
6.0 Hz (Tables S1–S7), support this conclusion.

Furthermore, a significant number of NOE cross-peaks be-
tween aromatic protons of residues W2 and F5 and aliphatic
protons were found, which represent an additional contribu-
tion to structure stabilization of the peptides. On one hand,
some weak but measurable spatial connectivities between resi-
dues W2 and K6 were identified (Figure 3, peptide 5). This evi-
dence reflects an interesting contribution by cation–p interac-
tions to the conformational stabilization of this geometry.[17]

Indeed, some characteristic signals of the indole of W2 in the
aromatic region exhibited extensive contacts with the side
chain of K6 (Hg, Hd and He) as evidenced in the NOE cross-
peaks highlighted in Figure 3. One energy-minimized structure

of 2 is displayed in Figure S1, which also shows the cation–p

interactions between W2 and K6. In addition, many other NOE
cross-peaks were assigned to aromatic–aliphatic proton pairs,
which might be considered as sensors of the presence of stabi-
lizing CH–p interactions.[18]

Temperature coefficients of the amide protons were then in-
spected. Although caution should be taken when considering
this NMR parameter, since the dependence of amide chemical
shifts on the temperature also changes with solvent composi-
tion,[19] it has been established that temperature coefficients
(DdHN/DT) might correlate with the presence of intramolecular
hydrogen bonds (e.g. , between CO and NH of amino acids)[20]

and, consequently, with the occurrence (or not) of a well-de-
fined secondary structure. Typically, small temperature coeffi-
cients (e.g. , <6 ppb K�1) indicate that the corresponding amide
hydrogen participates as a donor in a hydrogen bond. Temper-
ature coefficients of peptides 1–7 are listed in the assignment
tables (Tables S1–S7). In general, temperature coefficients
values were fairly small, suggesting the existence of intramo-
lecular hydrogen bonds and, therefore, of secondary structure.

Finally, the comparison of the chemical shift values of the e-
CH2 protons of the Ne-trimethylated lysine residues for pep-
tides 2–7 were noticeably downfield of those of the parent
peptide 1 (Figure S2). These data suggest that, for Ne-trimethy-
lated lysines, the positive (cationic) charge of the amine is not
only buried into a hydrophobic core (methyl and e-CH2

groups) but is also more dispersed than in the case of lysine
residues. In principle, this arrangement might weaken the in-
teraction of the cationic peptide with the anionic prokaryotic
membranes.

It has been proposed that AMP aggregation might follow
the initial interaction of AMPs with their target membranes
and, therefore, play an important role in the AMPs mode of

Figure 2. Expansions of 150 ms mixing time NOESY spectrum (500 MHz,
150 ms mixing time) of K7(Me3) (3) in water/TFE (30 %, v/v) at 298 K. A) Ha-
NH sequential NOE cross-peaks. B) NH�NH section showing interactions be-
tween amide backbone protons.

Figure 3. CH–p interactions. Ha�NH region of NOESY spectrum (500 MHz,
150 ms mixing time) of K1,3(Me3)2 (5) in water/TFE (30 %, v/v) at 298 K show-
ing cross-peaks between aromatic protons of Trp2 and CbH, CdH and CeH of
Lys6.
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action.[21] However, in the present study, the existence of ag-
gregation is unlikely as 1) long-range distance NOEs (>5 resi-
dues) representative of intermolecular interactions are absent,
and 2) no line-broadening of signals (characteristic of oligome-
rization) was observed upon addition of TFE. Therefore, our
data do not support the presence of peptide aggregation in
water/TFE, despite a previous report on self-association for
CA(1–7)M(2–9) in HFIP.[22] This discrepancy might be attributed
to the different experimental conditions (i.e. , pH, solvent and
cosolvent) employed in these studies.

Three-dimensional structure of peptides 1–7

The experimental NMR data were used to generate three-di-
mensional models of the peptides. Thus, structural calculations
based on inter-proton distance restraints (NOE intensities)
were carried out. The statistics regarding the quality and preci-
sion of the 20 energy-minimized conformers that represent the
solution structure of each of the peptides 1–7 are summarized
in Table S8. The structures of 1–7, superimposed along their
backbone, are shown in Figures 4 and 5. As can be seen, pep-
tides mostly adopt an a-helical conformation. However, this
tendency depends on the sequence and, in general, it is maxi-
mal for the C terminus (melittin segment) and frayed at the
N terminus (cecropin fragment).

The Edmundson projection of CA(1–7)M(2–9) (1) displayed
in Figure 4 reveals the amphipathic nature of such a-helical
structure, with polar (Lys) and nonpolar (Leu, Val, Phe) residues
oriented along the opposing faces of the long axis of the helix.

Figure 5 gathers the 3D structures of peptides 2–7 in solu-
tion. In general, the occurrence of Ne-trimethylated lysines con-
fers a certain degree of local flexibility of the a-helix. Thus,
when the Ne-trimethylated lysines are located near the N and/
or C terminus [i.e. , for peptides 2, 4, and 5 (cecropin fragment),
or for peptide 6 (both cecropin and melittin fragments)] , there
is almost no conformational impact, when compared to the
structures of peptides with modified lysines at the middle of
the sequence (i.e. , peptides 3 and 7).

Indeed, peptide 7 exhibits a helical structure with a large
degree of flexibility in both fragments. In principle, this striking

variation could preclude the effective interaction of the pep-
tide with both bacterial and eukaryotic membranes. Therefore,
it is our educated guess that a relative disorder of the helical
structure together with the intrinsic steric hindrance of the
three methyl groups (bulk/hydrophobicity) and a relative dis-
persion of the cationic charge mentioned above, would im-
pede membrane–peptide interaction.

In contrast, peptides 2–6, whose structures remain highly
helical and stable, exhibited significant antibiotic and hemolyt-
ic activities. It is tempting to conclude that at least a threshold
helicity seems to be essential for maintaining the proper orien-
tation and interaction features, and that the melittin fragment
would be mostly responsible for the residual hemolytic activity.

The interaction with SDS micelles

The study of the mode of interaction of AMPs with prokaryotic
membrane-mimetic models (e.g. , SDS micelles, dodecylphos-
phocholine (DPC) micelles) might help to understand their bio-
logical lethal mechanism. A previous study on CA(1–7)M(2–9)

Figure 4. A) Edmundson projection of 1 [CA(1–7)M(2–9)] . Charged residues
are indicated. B) Overlapping of the 20 energy-minimized structures of 1 as
calculated from NMR data obtained at 298 K in water/TFE solution (30 %,
v/v). The structures are superimposed over the backbone atoms N,Ca and
C of residues 1–15.

Figure 5. Overlapping of the 20 energy-minimized structures of peptides 2–7 as calculated from NMR data obtained at 298 K in water/TFE solution (30 %,
v/v). The structures are superimposed over the backbone atoms N, Ca and C of residues 1–15. A) 2 [K1(Me3)] , B) 3 [K7(Me3)] , C) 4 [K13(Me3)] , D) 5 [K1,3(Me3)2] ,
E) 6 [K1,13 (Me3)2] and F) 7 [K1,3„6,7,13(Me3)5] . The Ne-trimethyllysine side chain is shown in gray.
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and a set of spin-labeled surrogates by using electron para-
magnetic resonance (EPR), proposed the induction of a single
a-helix after contact with phospholipid membranes, with sub-
sequent insertion of the peptide into membrane as a final out-
come.[23] More recently, the combined use of differential scan-
ning calorimetry (DSC) and fluorescence spectroscopy methods
have allowed the demonstration that several trimethylated
lysine analogues of peptide CA(1–7)M(2–9) strongly interact
with negatively charged phospholipidic membranes, but not
with eukaryotic model liposomes (zwitterionic lipids). In this
context, a proposal for the mechanism of membrane permea-
bilization of the parental peptide has been described.[24]

Thus, to provide a complete perspective of the presentation
mode of the peptides in a membrane-like environment, addi-
tional NMR experiments were performed. In particular, the in-
teraction of peptide 4 with SDS micelles was analyzed in the
presence of Mn2 + as a paramagnetic probe to monitor the ori-
entation of the different segments of the peptide with respect
to the membrane-mimicking medium.[25] Peptide 4 was chosen
as a model of the helical family of the CA(1–7)M(2–9)/Ne-KMe3-
CA(1–7)M(2–9) derivatives, as shown above. The NMR samples
for spin-label experiments consisted of approximately 2 mm

peptide in 60–80 mm [D25]SDS. In the presence of SDS micelles,
proton spectra showed significant signal broadening, suggest-
ing an effective interaction between the peptide and the mi-
celle medium. Assignment of the NMR signals as well as struc-
tural calculations based on distance restraints were performed
and agreed with a predominantly helical conformation of pep-
tide 4 when SDS micelles are present, as occurred in water/TFE
mixtures (Tables S9 and S10 and Figure S4). Then, an aqueous
solution of MnCl2 was added stepwise to the peptide/SDS
sample to reach a final concentration of 0.1 mm. Not all the
signals of the peptide were affected in the same manner.
Indeed, the increase of the Mn2 + concentration was correlated
with a progressive, but selective, broadening of some of the
NH�Ha resonance cross-peaks in the recorded 2D spectra (Fig-
ure 6 B). In principle, it is expected that the signals that disap-
pear in the presence of the
Mn2+ ions belong to those pro-
tons which are exposed to the
solvent. On the other hand, the
intensities of the signals of the
residues immersed into the mi-
celle, are protected from the par-
amagnetic Mn2 + probe, and
should be less affected.[25]

TOCSY experiments were used
to monitor the changes, since
they are an easy-to-follow and
sensitive structural probe of the
different amino acids. It was
found that in the TOCSY spec-
trum the NH�Ha cross-peaks
from residues G9A10 and
L12K13(Me3)-V14L15 of the me-
littin fragment of 4 vanished in
the presence Mn2 +. In contrast,

the intensity of the signals of the residues from the cecropin
fragment remained in the spectrum. This fact strongly suggests
that this section of the peptide is well-protected from expo-
sure to Mn2+, and therefore in contact with the membrane. It
can be concluded that 4 and SDS micelles interact primarily by
electrostatic interactions between the cecropin fragment
(where most of the cationic charges are located) and the nega-
tively charged head groups of the SDS micelles.

Conclusions

For the whole set of peptides analyzed, the NMR data, assisted
by molecular modeling have shown that both cecropin A and
melittin fragments adopt a major helical geometry in water/
TFE solution. Fittingly, regardless of the chemical nature of the
peptide analyzed in this set, the cecropin helical fragment is
more disordered than the melittin section. In general, trimethy-
lation in the melittin fragment has a lower structural impact
than at the more disordered N terminus.

Although a straightforward correlation between structural
data and biological activities is frequently hampered by the
complexity of the living organisms, including phospholipid
composition and asymmetry of the plasma membrane, with
the concomitant presence of other molecular entities, the re-
sults of the current work suggest that a critical helicity value of
the melittin section of the hybrid peptide, together with elec-
trostatic interactions with the anionic membrane of the target-
ed microorganism is mandatory to preserve the antimicrobial
activity of these peptides. In contrast, hemolytic activity is
favored by stabilization of a helical melittin portion, as in pep-
tides 3 [K7(Me3)] and 4 [K13(Me3)] , respectively. Other factors
such as the bulkiness/hydrophobicity of the substituents at the
Ne of the lysines and dispersion of the positive charge can also
play an important role in finely tuning the activity of the pep-
tides, by selecting key lysines to be substituted by Ne-trimethy-
lated residues. Thus, although generally speaking, structures of
AMPs described in literature appear to converge in a similar

Figure 6. Effect of paramagnetic ions (Mn2 +) on NH�Ha signals of peptide 4. 500 MHz TOCSY spectra of 4 (2 mm)
in 80 mm [D25]SDS A) without and B) with 0.1 mm MnCl2 at 298 K.
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structure in both water/TFE and in the presence of micelles
(e.g. , SDS, DPC),[26] current work in our laboratory is attempting
to better characterize the 3D structure of peptides as well as
the peptide–membrane interaction in the presence of those
systems as they can better mimic an in vivo environment.

The positioning of peptide 4 [K13(Me3)] , taken as represen-
tative model of the family, with respect to SDS micelles has
been probed by the addition of paramagnetic Mn2 + ions. The
experimental data demonstrate that residues 2–9 (the first six
of which belong to the cecropin A fragment) participate direct-
ly in the interaction with the micelle. Because this fragment
contains the maximum number of charged residues, it can be
concluded that the interaction between this peptide and SDS
micelles is mainly driven by electrostatic interactions.

Experimental Section

Peptide synthesis and characterization: In brief, peptides were
synthesized by Fmoc chemistry protocols as described previously.
The detailed methodology as well as characterization of peptides
CA(1–7)M(2–9) and its trimethylated derivatives was described pre-
viously.[13]

NMR samples: Samples of peptides 1–6 (Table 1) for NMR experi-
ments were dissolved in PBS buffer (pH 6.3) or in TFE-containing
aqueous solution (30 % v/v trifluoroethanol-d3, Cambridge Isotope
Laboratories) to give a final peptide concentration of approximate-
ly 3 mm. Spectra were recorded at 298 K on a Bruker DRX-500
spectrometer (1H frequency of 500 MHz) by using a 5 mm triple-
resonance Z gradient probe and processed by using XWIN-NMR
software (Bruker). The transmitter frequency was set on the HDO/
H2O signal, and trimethylsilyl propionate (TSP) was used as the
chemical shift reference (dTSP = 0 ppm).

The concentrations for perdeuterated SDS samples resulted in a
peptide/SDS molar ratio of 1:40. For Mn2 + experiments, a stock so-
lution of aq. MnCl2 was added stepwise to the peptide/micelle
sample until final MnCl2 concentration was 100 mm. [D25]SDS was
purchased from Cambridge Isotopes Laboratories.

NMR experiments: One- and two-dimensional spectra were ac-
quired by using standard pulse sequences and WATERGATE-based
solvent suppression sequences. Total correlation spectroscopy
(TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) were
performed in the phase-sensitive mode by using 512 time-propor-
tional phase increments in t1 for each experiment. The free induc-
tion decay in t2 consisted of 2 K complex data points over a spec-
tral width of 6009.615 Hz. Typically, 4096 � 1024 data points were
collected for each block and 96 transients were collected for two-
dimensional experiments. The spectral width was 14 ppm, and the
relaxation delays were set to 1.5 and 2 s in the TOCSY and NOESY
experiments, respectively. TOCSY spectra were recorded by using
the MLEV-17 pulse sequence with mixing times (spin-lock) of 65–
80 ms. NOESY experiments were acquired with mixing time of
150–200 ms to avoid any possible contribution from spin diffusion.
The NH-CaH scalar couplings were obtained from high-resolution
1H-monodimensional spectra. The experimental data were ac-
quired and processed by using the XWIN-NMR/Topspin software
(Bruker) on a PC station. The data matrices were multiplied by a
qsine function in both dimensions and then zero-filled to 1024
data points in F1 prior to Fourier transformation.

3JNH�Ha coupling constants for non-overlapping signals were ob-
tained from the amide region of the 1D spectra with high digital
resolution recorded at 298 K.

The temperature coefficients of the backbone amide resonances of
CA(1–7)M(2–9) and its derivatives were measured from 2D TOCSY
spectra recorded at 298 and 288 K. Temperature coefficients (Dd/
DT) for backbone amide protons (NH) were calculated from linear
plots of NH chemical shift versus temperature.

Structure calculation: Peak lists for the NOESY spectra recorded
with a 0.15–0.2 s mixing time were generated by interactive peak
picking using the CARA software.[27] NOESY cross-peak volumes
were determined by the automated peak integration routine im-
plemented in CARA. 3D structures were determined by the stan-
dard protocol of the CYANA program (version 2.1),[28] using seven
cycles of combined automated NOESY assignment and structure
calculations followed by a final structure calculation. Since the Ne-
trimethylated lysine residue is not included in the standard CYANA
libraries, it was built by using the MOLMOL program[29] which was
also used to visualize the 3D structures.

For each CYANA cycle, 1000 randomized conformers and the stan-
dard simulated annealing schedule were used. The 20 conformers
with the lowest final score were retained for analysis and passed
on to the next cycle. Weak restraints on f/y torsion-angle pairs
and on side-chain torsion angles between tetrahedral carbon
atoms were applied temporarily during the high-temperature and
cooling phases of the simulated annealing schedule in order to
favor the permitted regions of the Ramachandran plot and stag-
gered rotamer positions, respectively. The list of upper- distance
bonds for the final structural calculation consists of unambiguously
assigned upper-distance bonds and does not require the possible
swapping of diastereotopic pairs.

Next, the 20 conformers with the lowest final CYANA target func-
tion values were subjected to restrained energy-minimization in a
water shell by using the AMBER 8.0 program.[30] The protein was
immersed in a shell of water molecules created by using the TIP3P
model, with a thickness of 10 �. The restrained energy minimiza-
tion was performed in three stages. In the first stage, only the
water molecules were optimized. Subsequently, the peptide alone
was relaxed, maintaining the water molecules fixed, and, finally,
the whole system was minimized. In the last stage, a maximum of
1500 steps of restrained energy minimization and a combination
of the steepest descent and conjugate gradient algorithms were
applied by using, in addition to the force field of Cornell et al. ,[31] a
parabolic or linear penalty function for the NOE upper distance
bonds and torsion-angle restraints. The resulting 20 energy-mini-
mized conformers represent the solution structure of peptides 1–7
and were selected for further analysis.

Root-mean-square deviation (rmsd) values were calculated by
using CYANA for superpositions of the backbone N, Ca, and CO
atoms; the heavy atoms over the whole peptide. To obtain the
rmsd of a structure represented by a bundle of conformers, all con-
formers were superimposed upon the first one and the average of
the rmsd values between the individual conformers and their aver-
age coordinates was calculated. The statistics regarding the quality
and precision of the 20 energy-minimized conformers that repre-
sent the solution structure of peptides 1–7 are summarized in
Table S8.

Hydrogen bonds were identified in MOLMOL by using a maximum
distance of 2.4 � and a maximum angular deviation of 358 from
linearity. The quality of these structures was validated by using the
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ADIT validation server at RCSB-Rutgers[32] and was supported by
the presence of 73.8–92.7 % of the f/y backbone torsion-angle
pairs in the most favored regions and 7.3–26.2 % of which within
the regions additionally permitted by the Ramachandran plot, ac-
cording to PROCHECK conventions.[33]
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