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Conformational solution studies of the anti-microbial
temporin A retro-analogues by using NMR spectroscopy
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Abstract: Temporin A (TA) is a small, basic and highly hydrophobic peptide, isolated from the skin of the European red frog,
Rana temporaria. The TA (FLPLIGRVLSGIL-NH2) displays a broad spectrum of anti-microbial activity against Gram-positive
bacteria and fungi Candida albicans. In this study we investigate the solution structure of two TA retro-analogues, (6-1)(7–13)-
TA (GILPLFRVLSGIL-NH2) and retro-TA (LIGSLVRGILPLF-NH2) by using nuclear magnetic resonance (NMR). The 3D solution
structure of the analogues was established by using inter-proton distances and vicinal coupling constants in the Simulated
Annealing (SA) calculations (XPLOR program). The NMR conformational studies show the existence of the helical structure in the
middle part of the (6-1)(7–13)-TA peptide and an unordered structure of the retro-TA analogue under the D3-TFE/H2O (3 : 7,
v/v) conditions. Our investigations have shown that the hydrophobic cluster at N-terminus with the Pro amino acid residue in
position 3 or 4, the helical structure and the amphipathic character of the peptide are responsible for the anti-microbial activity
of the TA analogues. Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The temporins (A–G, H, K and L) belong to the
shortest anti-microbial peptides occurring in nature.
They are composed of 10–13 amino acid residues.
These peptides were isolated from the skin of the
European red frog Rana temporaria [1]. They are active
against both Gram-positive and Gram-negative bacteria
and are found to be non-toxic to human red blood
cells. The primary structure of the temporins is highly
variable, but a majority of them contain a single basic
residue (arginine or lysine). The common feature of all
temporins is a free amino N-terminus and α-amidation
on C-terminus of the molecule [2–4].

It is thought that the anti-microbial mechanism of
temporins is based on the leakage of water and ions
through pores in the bacterial cell membrane [5].
Temporin A (TA) exerts its anti-microbial character
either by the ability to form a transmembrane pore
via a barrel-stave mechanism [6,7], or of a ‘carpet’
on the membrane surface via a ‘carpet-like’ model
[8–11]. Nevertheless, the exact mechanism by which
the temporins disturb the bacterial membrane is not
known. Magnoni et al. [12] reported that the ability of
temporins to destroy microbial cells is not dependent
on membrane composition, since they lysed artificial
vesicles built of zwitterionic and acid phospholipids, as
well.
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TA is the most well known among the temporins.
It is a 13-amino acid (FLPLIGRVLSGIL-HN2) strongly
hydrophobic and basic peptide, which exhibits anti-
bacterial activity (mainly against Gram-positive cocci
including methicillin-resistant Staphylococcus aureus
and vancomycin-resistant Enterococcus faecium) and
anti-fungal activity (yeast-like Candida albicans). The
hydrophobic N-terminal residue, Arg7 and two Ile
residues (5 and 12) are described as critical ones
for anti-bacterial activity [13]. Substitution of the
N-terminal Phe of TA for Lys resulted in a dramatic
reduction of anti-bacterial activity [14]. However,
anti-microbial efficacy does not stem from strict
chiral interactions between particular amino acids
and microbial membranes, because TA built of all-D

enantiomers retains its lytic activity [15]. Interestingly,
replacement of the isoleucine by leucine residues in
positions 5 and 12 in native TA (TA L512) caused an
increase in anti-microbial potency, but the replacement
of Leu by Ala at the same positions abolished totally
the bacteria killing activity [13]. However, the all-D

enantiomer with Leu residues in positions 5 and 12
is cytotoxic [15]. The native TA, as well as its TA
L512 analogue, did not show any toxic effect towards
keratinocytes cultured in vitro at concentrations that
are totally bactericidal, thus being promising molecules
against multi-resistant bacterial infections [15].

This work describes the NMR conformational analysis
of two retro-analogues (retro-TA (LIGSLVRGILPLF-NH2)
and (6-1)(7–13)-TA (GILPLFRVLSGIL-NH2)). Until now,
NMR investigations of the native TA in water and in 70%
TFE have been reported [13]. The NMR results show

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



328 KAMYSZ ET AL.

that TA adopts a mainly random-coil structure in water
and as α-helical structure in the TFE solution, but the
3D structure of this peptide was only modelled, but not
calculated under consideration of NMR constraints. The
NMR studies of TA in a membrane mimetic environment
(aqueous solution of DPC) and structural calculations
show the peptide to possess a highly α-helical structure
[16]. According to our CD experiments [17], the retro-
analogues of TA are mainly random coil at different pH
in phosphate buffer solutions. In water, at a relatively
low TFE concentration (30%) and in the presence of
SDS micelles, the (6-1)(7–13)-TA peptide adopts mainly
α-helical structure, whereas the retro-TA assumes
mostly unordered conformation under hydrophilic or
hydrophobic conditions. This can explain the much
lower anti-microbial activity of this analogue [17].
Knowledge of the 3D structure of the native TA peptide
[13,16] and its active and inactive analogues could
help in designing the new analogues. Such research
usually leads to a better understanding of the structural
features of a peptide that are important for assessing
its antibiotic and/or toxic properties.

In our NMR investigations, the TFE solutions,
which mimic the hydrophobic membrane environment
quite well and may introduce α-helical structures in
the peptides were used. The biological membrane is
much better mimicked by the presence of the SDS
micelles. Nevertheless, the CD investigations show that

both analogues adopt identical structure in the TFE
solutions and in the presence of the SDS micelles [17].
Therefore, in our NMR experiments, the TFE solvent
was used.

MATERIALS AND METHODS

NMR Spectroscopy

The peptides were synthesized by the solid-phase technique
and purified by reversed phase HPLC as described in
the literature [17]. For NMR measurements, the peptide
was dissolved in D3-TFE/H2O (3 : 7, v/v) solutions. The
peptides concentration, 3 mM, was very low because at higher
concentration the peptides begin to aggregate. All experiments
were carried out on a Varian Unity 500 Plus spectrometer.
All 2D NMR spectra were recorded at 30 °C except for the
temperature coefficients of the chemical shifts, which were
measured throughout the temperature range of 20–45 °C.
The proton chemical shifts were referenced to the H2O
frequency measured with respect to the internal sodium
3-trimethylsilylpropionate (TSP). NMR data were processed
using the Vnmr program [18] and analyzed using the XEASY
software [19]. Sequential backbone resonance assignments
were achieved in the following experiments: DQF-COSY [20];
TOCSY [21] with mixing times of 80 ms; NOESY [22] with a
mixing time of 150 ms; ROESY [23] with a mixing time of
200 ms. All spectra were measured with water signal pre-
saturation pulse. With the TOCSY (Figure 1) and DQF-COSY

Figure 1 The α-amide region of a TOCY spectrum (80 ms) at 30 °C of the retro-TA (on the left) and (6-1)(7–13)-TA (on the right)
peptides in D3-TFE/H2O (3 : 7, v/v) solution.
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spectra the proton chemical shifts were recognized (Tables 1
and 2) and using the ROESY spectrum the sequence of two
analogues was confirmed.

The 3JNHα vicinal couplings constants were determined by
2D DQF-COSY experiments (Tables 1 and 2). The estimated
experimental error was 0.3 Hz. The distance constraints and
coupling constants were used in the HABAS program [24]
of the DYANA package [25] to generate φ, ψ, and χ1 dihedral
angle constraints and stereospecific assignments. The dihedral
angle constraints were calculated from the Karplus equation
[24] with A = 6.4, B = −1.4 and C = 1.9 parameters [26].

The rotating frame nuclear Overhauser effect (ROE)
intensities were determined from the ROESY spectrum of
the TA analogues. The ROE volumes were integrated and
calibrated with the XEASY software [19]. The ROE integrated
volumes showed an error below 2%. After internal calibration,
the cross-peaks obtained from the ROESY experiment were
converted into upper distance limits by the CALIBA program
of the DYANA package [25].

The Structure Calculations

The structures of the retro-TA and (6-1)(7–13)-TA peptides
were determined using the XPLOR software, Version 3.1 [27].
The structure of each peptide was produced using distance
and torsion angle restraints. The distance restrains were
calculated based on the ROE intensities, which were picked
up on the ROESY spectrum. The ROE volumes were integrated
and calibrated with the XEASY [19] software. Because of
the spectral overlap, only well-separated cross-peaks were
integrated and further used in the structure calculations. For
XPLOR 3D structure calculations the ROESY experiments
provided for retro-TA 125 distance restraints and for (6-
1)(7–13)-TA 110 restraints. For retro-TA, the restraint set
contained 101 intra-residue and 24 (i, i + 1); for (6-1)(7–13)-TA
the restraint set constrained 76 intra-residue, 28 (i, i + 1), 2

(i, i + 2) and 4 (i, i + 3) ROEs. For retro-TA and for (6-1)(7–13)-

TA, the HABAS program provided 26 and 27 torsion angles,

respectively.

The structures of both peptides were calculated with

the standard modules of the XPLOR program [27]. The

calculations were carried using the CHARMM force field [28]

in vacuo starting from a random structure. SA algorithm

was used for both peptides. Electrostatic interactions and

energy of hydrogen bonds were not directly included and van

der Waals interactions were described with the simplified

potential function. According to the NMR data, the inter-
proton distances (f = 50 kcal/mol × Å

2
), torsion angles (f =

5 kcal/mol × rad2) and geometry of the peptide group (all trans)

(f = 500 kcal/mol × rad2) were kept fixed. Also, the chirality

of all Cα atoms, except for glycine residues, was fixed at L

(f = 500 kcal/mol × rad2). For both molecules 300 cycles of

SA were carried out. Each cycle included 27 000 iterations of

80 ps with the 3 fs steps. The molecule was maintained at

1000 K for 50 ps and annealed at 100 K for 29 ps. In the last

200 iterations (1 ps), energy minimization with the use of the

Powell’s algorithm [29] was performed. During SA refinement,

the molecule was slowly cooled from 1000 to 100 K over 30 ps.

Finally, 300 energy-minimized conformations were obtained.

The set of the final conformations was clustered using the

MOLMOL program [30].

The RMSD between heavy atoms at optimum superposition

was taken as a measure of the distance between conforma-

tions, and the cut-off value of 4 Å was used to separate the

families. In further analysis, five families of conformations for

retro-TA and four families of conformations for (6-1)(7–13)-TA

were considered. Molecular structures were drawn and anal-

ysed with the graphic MOLMOL program [30]. This program

was also used to demonstrate the flexibility of the peptide

structure and to display the electrostatic potential on the van

der Waals surface.

Table 1 Proton chemical shifts [ppm], 3JHNα vicinal coupling constants [Hz] and temperature coefficients of amide protons
(�δ/�T) of the (6-1)(7–13)-TA in D3-TFE/H2O (3 : 7, v/v) solutions at 30 °C

Residue Chemical shifts [ppm] 3JHNα [Hz] −�δ/�T × 10−3

HN Hα Hβ Hγ Others
[ppm/K]

Gly1 7.689 4.021; 3.892 — — — 6.5 n
Ile2 8.163 4.318 1.850 1.476; 1.195 Hδ 0.932; 0.871 d 6.6
Leu3 7.831 4.597 1.649 1.579 Hδ 0.963; 0.913 d 6.9
Pro4 — 4.357 2.293; 2.060 1.905 Hδ 3.909; 3.640 — —
Leu5 7.301 4.073 1.648 1.553 Hδ 0.906; 0.841 4.3 0.3
Phe6 7.753 4.304 3.183 — Hε 7.310; Hζ 7.153 Hδ 7.200 6.5 2.5
Arg7 7.801 4.027 1.945; 1.738 1.648 Hδ 3.191; Hε 7.227 6.4 5.5
Val8 7.628 3.764 2.208 1.017; 0.941 — 7.6 3.8
Leu9 8.307 4.100 1.767 1.527 Hδ 0.851 6.4 8.0
Ser10 8.008 4.077 3.888; 3.778 — — 4.3 d
Gly11 7.706 4.063 — — — d 0.2
Ile12 7.724 4.054 1.918 1.664; 1.197 Hδ 0.928; 0.845 7.6 2.2
Leu13 8.038 4.236 1.735 1.566 Hδ 0.874 6.5 5.0
NH214 7.060; 6.862 — — — — —

n, not found; d, difficult to measure.

Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2007; 13: 327–333
DOI: 10.1002/psc



330 KAMYSZ ET AL.

Table 2 Proton chemical shifts [ppm], 3JHNα vicinal coupling constants [Hz] and temperature coefficients of amide protons
(�δ/�T) of the retro-TA in D3-TFE/H2O (3 : 7, v/v) solutions at 30 °C

Residue Chemical shifts [ppm] 3JHNα [Hz] −�δ/�T × 10−3

HN Hα Hβ Hγ Others
[ppm/K]

Leu1 7.922 4.224 1.660 1.648 Hδ 0.957; 0.895 6.438 n
Ile2 7.599 4.236 1.906 1.558; 1.236 Hδ 0.967; 0.906 d 0.2
Gly3 7.973 3.947 — — — 6.470 2.1
Ser4 7.931 4.363 3.886 — — 6.474 3.1
Leu5 7.987 4.350 1.666 1.652 Hδ 0.947; 0.871 d d
Val6 7.666 3.991 2.123 0.952; 0.874 — 6.737 3.7
Arg7 7.917 4.228 1.890; 1.817 1.677 Hδ 3.190; Hε 7.172 6.459 —
Gly8 8.345 2.932 — — — 5.869 7.1
Ile9 7.637 4.306 1.940 1.499; 1.220 Hδ 0.915; 0.855 8.628 5.8
Leu10 7.698 4.563 1.722 1.527 Hδ 0.925 6.513 4.7
Pro11 — 4.391 2.208; 1.991 1.837 Hδ 3.793; 3.519 — —
Leu12 7.513 4.132 1.492 1.338 Hδ 0.860; 0.786 8.481 0.07
Phe13 7.672 4.597 3.261; 2.992 — Hδ 7.273; Hζ 7.215 10.762 3.8

Hε 7.245
NH214 6.904; 6.770 — — — — — 5.7

n, not found; d, difficult to measure.

RESULTS

NMR Experiments

In this work, an NMR conformational study of two
TA analogues of (6-1)(7–13)-TA (GILPLFRVLSGIL-NH2)
and retro-TA (LIGSLVRGILPLF-NH2) in D3-TFE/H2O
(3 : 7, v/v) is presented. Inspection of the NMR spectra
revealed that the peptide bonds of both peptides exist
as stable trans-isomers. In the ROESY spectra of both
peptides, no exchange ROE cross-peaks were observed.
Although the amino acid composition of both peptides
is the same, the chemical shifts of the same amino
acids are different in the TOCSY spectra of the studied
peptides (Figure 1). Because the chemical shifts are a
very sensitive indicator of the secondary structure of
peptides and proteins [31], the different chemical shifts
in NMR spectra of the both peptides predict completely
different 3D structures.

Figure 2(a) and (b) summarizes the ROE patterns,
the values of vicinal coupling constants 3JHNα and
the temperature coefficients (�δ/�T) obtained for the
peptides. In the case of the (6-1)(7–13)-TA analogue, the
strong Hα(i)–HN(i + 1) ROEs and weak Hα(i)–HN(i,i +
3) and Hα(i)–Hβ(i,i + 3) ROEs indicate an α-helical
fragment in the Phe6-Ser10 region. Additionally, the
strong cross-peaks Hα(i)–HN(i + 1) and Hβ(i)–HN(i + 1)

in the Val8-Gly11 fragment suggest the formation
of β-turns in the C-terminal part of the peptide.
However, only two amino acids, Leu5 and Ser10,
have small (∼4 Hz) 3JHNα vicinal coupling constants,
characteristic of the α-helical structure. The 3JHNα

vicinal coupling constants (>6 Hz) for the remaining

amino acids do not confirm the presence of the
stable α-helical structure of the whole (6-1)(7–13)-
TA peptide. These suggest that under experimental
conditions, the α-helical conformation is only the
local state in the conformational equilibrium of this
peptide. Temperature coefficients, higher than −3.0 ×
10−3 (Table 1), of the Leu5, Phe6, Gly11 and Ile12
amide protons indicate the very strong hydrogen bond
formation of these amide protons, which could stabilize
the α-helical structure.

Figure 2 Summary of ROE connectivities of (A) (6-1)(7–13)-TA
and (B) retro-TA peptides, measured in ROESY spectrum
(200 ms) at 30 °C in D3-TFE/H2O (3 : 7, v/v) solution. The
height of the bars reflects the strength of the ROE correlation
as strong, medium or weak.
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With the retro-TA peptide, no characteristic ROE
pattern was found. Although the solvent, which may
introduce α-helical structures in peptides, was used,
the α-helical structure was not found in the case
of the retro-TA. The presence of the Hα(i)–HN(i + 1)

and Hβ(i)–HN(i + 1) ROE cross-peaks suggests that the
β-turns at positions 5,6; 6,7 and 9,10 are populated
(the i and i + 1 positions of the β-turn are shown in
Figure 2). Also, large 3JHNα vicinal coupling constants
(∼6.5 Hz) and low values of the temperature coefficients
of the amide protons (except for Ile2 and Leu12, refer
Table 2) confirm the lack of the characteristic structure
of this peptide.

The Calculated Structures

In the case of the (6-1)(7–13)-TA analogue, the peptide
adopts a mainly α-helical structure in the middle part of
the structure (Arg7–Gly11) (Figure 3). The N-terminal
part of the peptide forms a stable type β-turn in the
Leu3–Phe6 region. This β-turn is stabilized by a strong
6 → 4 hydrogen bond. The formation of this β-turn
allows to form a bend structure on the N-terminus
with the strong hydrophobic interactions between side
chains of the Ile2 and Leu3, Ile2 and Phe6 amino
acids. The C-terminal part of the peptide (Gly11–Leu13)
is mostly unordered. It is very interesting that the
positively charged Arg7 side-chain is strongly exposed
to the solvent, where it may act as an ‘electrostatical
pin’ between the peptide and the negatively charged
bacterial membrane. Formation of the helical structure
allows the (6-1)(7–13)-TA to exist as a very amphiphatic
molecule, where the Arg8 and Ser10 create hydrophilic
part of the molecule and the rest of the hydrophobic
amino acids form a hydrophobic core on the opposite
side of the molecule. The RMSD value of all the Cα

atoms is 1.94 Å, whereas that of the Cα atoms from
the helical region is very low (0.36 Å). In all calculated

N

C

Figure 3 (A) The superposition of backbone atoms of the
amino acid residues Arg7 to Gly11 of the (6-1)(7–13)-TA
peptide. (B) The helical structure with marked hydrophobic
cluster and hydrophilic Arg7 amino acid residue.

N

C

Figure 4 (A) The superposition of backbone atoms of amino
acid residues from Arg7 to Pro11 of retro-TA peptide. (B) One
of the calculated structure with marked side chains.

structures the 6 → 4, 11 → 7 and 12 → 8 hydrogen
bonds in the main chain are formed. The formation of
all these hydrogen bonds is in very good agreement with
the experimental NMR data of �δ/�T values.

As the CD experiments have shown [17], the
structure of the retro-TA peptide is mainly unordered.
Our structures, calculated on the basis of the NMR
data (Figure 4), also show that this peptide forms an
unordered structure with flexible N- and C-terminus.
In all the calculated structures, only one 13 → 11
hydrogen bond in the main chain is created. Also,
no characteristic amphipathic sides were found in
the retro-TA peptide. In this peptide, the hydrophobic
amino acids do not form a characteristic hydrophobic
core. The hydrophobic amino acids form two separate
fragments of the hydrophobic centres on the N- (Leu1,
Ile2, Leu5 and Val6) and C-terminus (Ile9, Leu10,
Leu12 and Phe13), which are separated by the polar
Arg7 amino acid residue. The RMSD value of all the Cα

atoms is 3.89 Å, and is much higher than that in the
(6-1)(7–13)-TA analogue.

DISCUSSION

Wade et al. (2000), who studied 18 analogues of TA
and its analogues, concluded that the helicity of a
peptide can be one of the critical parameters for
anti-bacterial character [13]. Our NMR experiments
and the structure calculations confirm this hypothe-
sis. The partially helical and amphipathic features are

Copyright  2007 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2007; 13: 327–333
DOI: 10.1002/psc



332 KAMYSZ ET AL.

responsible for the high anti-microbial activity of the
(6-1)(7–13)-TA analogue, whereas the unordered struc-
ture of the retro-TA analogue is responsible for the
much lower anti-microbial activity.

Although the amino acid composition of TA and
its retro-analogues is the same, the amino acids
sequences, 3D structures and biological activities are
different. Such properties of Phe1, Arg7 and two Ile
residues (5 and 12) were reported as critical ones for
anti-bacterial activity of TA [13] owing to the formation
of amphipathic structure. In all the three sequences
(TA, (6-1)(7–13)-TA and retro-TA), some of these char-
acteristic features are observed. In these three peptides,
the basic amino acid, Arg, is in the same 7th posi-
tion; in the important 5th and 12th positions are
the hydrophobic amino acids, and the C-terminus is
occupied by the amide group. At the first position in
the active TA and the much less active retro-TA, the
strongly hydrophobic amino acid is found, whereas
in the active (6-1)(7–13)-TA analogue, the sequence
starts from the slightly hydrophobic Gly amino acid.
With (6-1)(7–13)-TA, the N-terminal fragment is mostly
hydrophobic as in native TA, whereas the retro-TA con-
tains the hydrophilic Ser4 amino acid in the N-terminal
sequence and disrupts the hydrophobic cluster forma-
tion. Therefore, in our opinion, a strongly hydrophobic
amino acid in position 1 is not required for anti-
microbial activity. Probably, all the hydrophobic amino
acids at the N-terminus of TA and its active ana-
logues are responsible for the biological activity of
these peptides. The hydrophobic amino acids at the
N-terminus can form a hydrophobic cluster, thus allow-
ing to interact with biological membrane. Therefore, the
substitution of the N-terminal hydrophobic Phe of TA
for hydrophilic Lys resulted in the dramatic reduc-
tion of hydrophobicity and anti-bacterial activity [13].
The hydrophobic cluster formation at the N-terminus in
active peptides is possible due to the Pro residue, which
allows TA to form the bent structure. The Ser and Pro
amino acids in the active TA and (6-1)(7–13)-TA are at
the same or similar position, whereas in the case of the
much less active retro-TA, the Ser and Pro amino acids
occupy the 4th and 11th positions, respectively.

The stable α-helical structure formation in the 7–11
fragment of the (6-1)(7–13)-TA analogue is in very
good agreement with the results obtained by D’Abramo
et al. [32], who found that for α-helix formation of
TA, the most energetically accessible region is the one
extending from the 7th to the 10th amino acid residue.

Bearing all this in mind, it is concluded that the
anti-microbial activity of TA and its analogues is not
necessarily related to the amino acid composition, but
to the structural features such as the hydrophobic
cluster at the N-terminus with the Pro amino acid
residue at positions 3 or 4, the helical structure and
the amphipathic character of the peptide structure.
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