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ABSTRACT: The three-dimensional structures in dodecylphosphocholine (DPC) micelles and in trifluoro-
ethanol (TFE) of the pediocin-like antimicrobial peptide sakacin P and an engineered variant of sakacin
P (termed sakP[N24C+44C]) have been determined by use of nuclear magnetic resonance spectroscopy.
SakP[N24C+44C] has an inserted non-native activity- and structure-stabilizing C-terminal disulfide bridge
that ties the C-terminus to the middle part of the peptide. In the presence of DPC, the cationic N-terminal
region (residues 1-17) of both peptides has an S-shaped conformation that is reminiscent of a three-
stranded antiparallelâ-sheet and that is more pronounced when the peptide was dissolved in TFE instead
of DPC. The four positively charged residues located in the N-terminal part are found pointing to the
same direction. For both peptides, the N-terminal region is followed by a well-defined central amphiphilic
R-helix (residues 18-33), and this in turn is followed by the C-terminal tail (residues 34-43 for sakacin
P and 34-44 for sakP[N24C+44C]) that lacks any apparent common secondary structural motif. In the
presence of DPC, the C-terminal tails in both peptides fold back onto the centralR-helix, thereby creating
a hairpin-like structure in the C-terminal halves. The lack of long-range NOEs between theâ-sheet
Ν-terminal region and the hairpin-like C-terminal half indicates that there is a flexible hinge between
these regions. We discuss which implications such a structural arrangement has on the interaction with
the target cell membrane.

Many Gram-positive bacteria produce antimicrobial pep-
tides (AMPs),1 generally termed bacteriocins. These peptides
are usually cationic, less than 50 amino acid residues long,
and contain an amphiphilic or hydrophobic region (1-3).
AMPs with these characteristics are also produced by plants
and a wide variety of animals, including humans, and are
thus widely distributed in nature (1). One important group
of AMPs consists of the pediocin-like peptides (class IIa
bacteriocins) produced by lactic acid bacteria (3-5). Today,
at least 20 members of this group are characterized (3-6).
The pediocin-like AMPs contain between 37 and 48 residues,
and they are cationic, display anti-listeria activity, and kill
target cells by permeabilizing the cell membrane (7, 8). In

their N-terminal region, they all have a disulfide bridge (most
often from residue 9 to 14) and an YGNGV/L sequence-
motif. Despite their high sequence similarity (between 40
and 90%), they differ markedly with respect to the bacteria
they kill (i.e. their target cell specificity) (3, 9-13). It appears
that the mostly amphiphilic C-terminal half of these peptides
is especially important in determining the target cell specific-
ity, since hybrid bacteriocins containing N- and C-terminal
regions from different pediocin-like peptides have a target
cell specificity similar to that of the peptide from which the
C-terminal region is derived (10).

The three-dimensional structures of two pediocin-like
AMPs, the 37-mer leucocin A and the 48-mer carnobacterio-
cin B2, have been analyzed by NMR spectroscopy (14, 15).
Under membrane-mimicking conditions, the N-terminal
region of leucocin A had a well-structured three-stranded
antiparallelâ-sheet conformation (stabilized by the 9 to 14
disulfide bridge), whereas this region in carnobacteriocin B2
was disordered. Both peptides contained a central amphiphilic
R-helix, whereas the C-terminal tail was found to be rather
unstructured for both peptides (14, 15).

Information on the role and position of the apparently
unstructured C-terminal tail that varies considerably in the
different subgroups may be deduced from studies dealing
with the second disulfide bridge that is present in the
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C-terminal region in a few pediocin-like AMPs, such as
pediocin PA-1. This C-terminal disulfide bridge connects the
C-terminal end with the centralR-helical region. Fimland et
al. showed that the introduction of the C-terminal disulfide
bridge into sakacin P particularly broadened the target cell
specificity and increased the potency at elevated tempera-
tures, while removing the C-terminal disulfide bridge in
pediocin PA-1 by Cys to Ser mutations decreased its potency
and stability (12). This raised the question whether the
pediocin-like AMPs in fact adopt in their C-terminal region
a more structured and compact conformation than has
previously been detected by NMR analysis. To obtain more
insight into the structure of pediocin-like AMPs, in this study
we have analyzed by NMR spectroscopy the three-dimen-
sional structure of both sakacin P and a sakacin P variant,
termed sakP[N24C+44C], in which an activity- and structure-
stabilizing C-terminal disulfide bridge has been inserted.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. Lactobacillus
sakeNCDO 2714 was used as indicator strain in the activity
assays and was cultured in MRS broth (Oxoid) at 30°C. L.
sake Lb790/pMLS114 (16) was used for production of
sakacin P, andL. sakeLb790/pGF10 was used for production
of sakP[N24C+44C]. pGF10 is a pMG36e derived plasmid
(17) containing the sakP[N24C+44C] gene (sppA) and
sakacin P immunity gene (spiA) (16) fused to the genes
encoding the secretion apparatus of pediocin PA-1 (papC
and papD) (4). Cultures producing bacteriocins were started
by inoculating 2 L of MRSbroth (supplemented with yeast
extract (Merck) and glucose to final concentrations of 6 and
10 g/L, respectively) with cells that had been stored at-80
°C. The inoculated medium was first incubated at 30°C for
12 h to initiate cell growth and then transferred to room
temperature (about 22°C) and incubated for 24 h, after which
the cultures had reached stationary phase and were ready
for AMP purification.

Purification of AMPs and AMP Assay.Sakacin P and
sakP[N24C+44C] were each purified to homogeneity from
approximately 10 L of culture by applying the bacteria
culture directly on a cation exchanger followed by reverse-
phase chromatography, as described previously (18). The
primary structures and purity of the peptides were confirmed
by mass spectrometry using a MALDI-TOF Voyager-DERP
mass spectrometer (Perseptive Biosystems) withR-cyano-
4-hydroxycinnamic acid as matrix, by analytical reverse-
phase chromatography using aµRPC SC 2.1/10 C2/C18

column (Amersham Biosciences) on the SMART chroma-
tography system (Amersham Biosciences), and by capillary
electrophoresis using an untreated silica capillary (75µM
× 20 cm; Beckman P/ACE system 2050). Peptide concentra-
tions were calculated from the absorbance at 280 nm using
the molar extinction coefficients (6).

AMP activity was determined using a microtiter plate
assay system, essentially as described earlier (6).

CD Spectroscopy.CD spectra were recorded using a Jasco
J-810 spectrometer calibrated with ammonium D-camphor-
10-sulfonate. Both peptides were solubilized in water with
0.1% (v/v) TFA. The measurements were performed at
temperatures from 12 to 52°C in the presence of TFE (0-
90% v/v) or DPC (2-14 mM) with a peptide concentration

of 0.1 mg/mL. A quartz cuvette with a path length of 1 mm
was used. Samples were scanned three to six times at 20
nm/min with a time constant of 2 s and a slit width of 2 nm,
over the wavelength range 190-260 nm. The data were
averaged, and the spectrum of a protein-free control sample
was subtracted, thus giving the mean residual ellipticity of
the peptide.

TheR-helical contents of the peptides at various temper-
atures and solvent conditions were calculated from the mean
residual ellipticity at 222 nm ([θ]222) by using the formula

where×c4H represents theR-helical content andn represents
the number of peptide bonds (19). All measurements were
conducted at least twice, and crucial measurements were
repeated several times, until the standard deviations in the
percentage of helicity were below 2%.

NMR Sample Preparation.For analyses in DPC, the
peptides were dissolved in 700µL of 250 mM deuterated
DPC (CDN Isotopes) and 10% deuterated water (Cambridge
Isotope Laboratories) to a final concentration of 1 mM. The
sample was acidified by adding TFA to a final concentration
of 0.1%, thus obtaining a pH of about 2.8. For analysis in
TFE, sakacin P was dissolved in 90% TFE, 0.1% TFA, and
10% deuterated water to a final concentration of 1 mM.

NMR Spectroscopy.NMR spectra of sakacin P and sakP-
[N24C+44C] in DPC were acquired at 25°C on either a
Bruker DRX500 or DRX600 spectrometer equipped with a
cryoprobe. Supplementary information was obtained by
recording spectra at 35 and 45°C to resolve spectral overlap.
TOCSY spectra were measured using the DIPSI-2rc sequence
(20). Water suppression was achieved by applying the
WATERGATE pulse sequence (21). A series of mixing times
between 40 and 65 ms was used for the TOCSY spectra;
NOESY spectra were acquired with a 150 ms mixing time
for structure calculation and a 200 ms mixing time to
facilitate sequential assignment. In the case of sakacin P,
additional NOESY and TOCSY spectra were obtained in
90% TFE at 25°C with mixing times of 150 and 200 ms
(NOESY) and 64 ms (TOCSY), respectively.

Spectral data were recorded with 512 to 800 increments
in the t1 dimensions, 2048 complex data points in t2, and
16-32 scans. Prior to Fourier transformation, the data matrix
was zero-filled to 2K× 1K complex points and multiplied
by a Gaussian (F2) or sine bell (F1) window function. Data
were processed using the Bruker XWIN-NMR software
(version 2.6) and analyzed with XEASY (22). Integration
of NOE correlations observed in NOESY spectra with a 150
ms mixing time was obtained in XEASY using the “maxi-
mum integration“ mode of XEASY. Hydrogen bond re-
straints (range 1.8-2.8 Å) were included in the structure
calculations at a later stage. These restraints were determined
on the basis of structural NOE patterns in theR-helical region
and comprised the range of residues 18-33.

Restraints and Structure Calculation.Structure calculation
was performed with a simulated annealing protocol using
CNS (version 1.1) (23) and the standard protocol of ARIA
(version 1.2) (24). The “parallhdg.pro” force field (version
5.3) was used to describe the covalent and nonbonded
interactions for the polypeptide (25). The structures were
calculated using a simulated annealing profile comprising

×c4H ) [θ]222/[-39500(1- 2.57/n)]
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four stages: a high temperature conformational search phase
in torsion angle dynamics (50 ps at 10 000 K with a 45 fs
time step), two cooling phases (10 000 to 2000 K in 25 ps
with torsion angle dynamics, and 1000 to 50 K in 20 ps with
Cartesian dynamics, each with a 5 fstime step), and a final
minimization phase. Floating chirality assignment of prochiral
groups was applied as described (25). A total of 50 structures
were generated in the final calculation, of which the 20 best
structures were further refined in water. We used a total of
599 distance restraints (280 intraresidual, 184 sequential, 91
medium range, and 44 long range) for sakP[N24C+44C],
349 distance restraints (194 intraresidual, 90 sequential, 43
medium range, and 22 long range) for sakacin P in DPC
micelles, and 522 distance restraints (292 intraresidual, 109
sequential, 82 medium range, and 39 long range) for sakacin
P in 90% TFE plus additionally 13 bond restraints, that were
derived from the pattern of interresidue NOEs shown in
Figure 1 for the final calculation of conformers.

Restrained simulated annealing was performed on the 10
lowest energy structures of each sakP[N24C+44C] in DPC,
sakacin P in DPC, and in 90% TFE using the SANDER
module of the AMBER 6 package (26). Both ambiguous and
unambiguous NOE-derived distance restraints were employed
with an energy constant of 32 kcal mol-1 Å-1 using the
standard AMBER flat bottom NOE potential defined with
the parabolic region extending to 0.5 Å below/above the
lower/upper distance bounds. The simulated annealing

protocol consisted of rapid heating to 1200 K in the first
200 ps. This was followed by slow cooling to 200 K for
800 ps and rapid cooling to 0 K for 200 ps. A generalized
Born solvation model was used with a modified set of Bondi
radii and screening parameters adopted from the Tinker
programs (27). A nonbonded electrostatic cutoff of 20 Å was
employed.

The structures were superimposed onto the secondary
structure backbone heavy atoms of the lowest energy
structure. The structural models were visualized with the
program MOLMOL (28).

RESULTS

CD Measurements.The sequences of sakacin P and the
sakacin P variant, sakP[N24C+44C], in which an activity-
and structure-stabilizing disulfide bridge has been inserted
by adding a cysteine residue at position 44 and replacing
Asn24 in sakacin P with a cysteine residue can be derived
from Figure 1. To find optimal conditions for recording NMR
spectra, the two peptides were first analyzed by CD
spectroscopy at various temperatures in various membrane-
mimicking environments. The analysis revealed that both
peptides are unstructured in water but tend to become
structured in the presence of TFE and membrane-mimicking
agents such as DPC. There was a gradual increase in helicity
upon increasing the TFE concentration to 50% in the case

FIGURE 1: Pattern of interresidue NOEs observed at a 150 ms mixing time for (A) sakP[N24C+44C] and (B) sakacin P in DPC micelles.
Open boxes show areas where spectral overlap prevented unambiguous assignment. Below, the deviation of the HR chemical shifts from
random coil values is shown for each peptide. Asterisks (/) mark those residues whose HΝ frequency could not be determined due to
spectral overlap. Due to spectral overlap, NOEs of the type HN-HN(i, i+2) could not be determined for sakacin P. (C) Sakacin P in 90%
TFE. Since the pattern of interresidue NOEs is comparable to that of sakP[N24C+44C], only the deviation of the HR chemical shifts from
random coil values is shown.
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of sakacin P and to 75% in the case of sakP[N24C+44C].
No further significant alterations in the helicity were observed
upon increasing the TFE concentration to 90%. Interestingly,
sakP[N24C+44C] had a higherR-helical content than
sakacin P at all TFE concentrations tested (38% helicity as
compared to 33% in 50% TFE, and 48% helicity as compared
to 33% in 75% TFE; all at 22°C). DPC at concentrations
above the critical micelle concentration (1 mM) also induced
R-helical structuring in both peptides. Again a higher degree
of helicity was observed for sakP[N24C+44C] than sakacin
P (29% helicity as compared to 14% in 2 mM DPC, and
34% helicity as compared to 22% and 24% in 8 and 14 mM
DPC, respectively; all at 22°C). DPC was preferentially used
for structure determination by NMR, since it forms micelles
and is thus a better membrane-mimicking agent than TFE.
NMR spectra of sakacin P in 90% TFE/10% D2O were,
however, also recorded to account for the observed differ-
ences in theR-helical content. It also turned out that TFE
was more optimal for structuring theâ-sheetlike structure
found in the N-terminal half of sakacin P and sakP-
[N24C+44C].

Since several NMR spectra had to be taken at elevated
temperatures (35, 45, and 55°C) in order to solve ambiguities
due to overlapping peaks, CD analysis was also used to
investigate to what extent the peptides preserved their
structuring upon increasing the temperature. When going
from 12 to 52°C in the presence of 5.5 mM DPC (which
corresponds to the amount of DPC relative to the amount of
peptide used in the NMR experiments), the helical content
was gradually reduced from 26 to 12% for sakacin P and

from 37 to 21% for sakP[N24C+44C]. The same temperature
shift in the presence of 90% TFE (concentration used in the
NMR experiments) gradually reduced the helical content
from 33 to 23% for sakacin P and from 51 to 38% for sakP-
[N24C+44C]. Thus, some structuring was retained even at
52 °C, especially in sakP[N24C+44C].

SakP[N24C+44C] in DPC: Assignment of the Proton
Resonances.Using the standard procedure for sequential
assignments based on homonuclear TOCSY and NOESY
spectra, essentially all of the residues in the N- and
C-terminal parts of sakP[N24C+44C] could be assigned.
Resonance assignments for theR-helical part, however, posed
problems due to the fact that the HR and HN resonances were
close to each other. In cases of overlapping resonances,
comparison of spectra recorded at different temperatures
resolved most ambiguities. The spectra of sakP[N24C+44C]
did not change much up to 52°C (data not shown), although
NOE cross-peaks arising from aromatic side chains gradually
disappeared, reflecting the increased flexibility of the peptide
chain. Line broadening for some of the amide proton
resonances, especially pronounced for the amide proton of
Ile22, was observed, possibly due to chemical exchange
between more than one conformation (structured peptides
bound to micelles and unstructured ones detached from
micelles).

Figure 2A shows the NOESY fingerprint region of sakP-
[N24C+44C]. An upfield shift is observed for the methyl
groups of Val16 that resonate at 0.6 and 0.2 ppm (see
Supporting Information) and for one of the Asn28 Hâ

resonances. Multiple sequence alignment has shown that the

FIGURE 2: NOESY fingerprint region of the spectra of (A) sakP[N24C+44C] and (B) sakacin P in 250 mM DPC micelles at 25°C. The
mixing time was 150 ms each. NOE cross-peaks that indicate that the C-terminal tail folds back are boxed. The assignment inω1 is marked
with a straight line for the two spectra; the corresponding assignment inω2 is found next to the peaks.
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tryptophans at positions 18, 33, and 41 belong to the
conserved residues (6). Trp41, in particular, specifies a
subgroup of pediocin-like AMPs that is distinct from those
closely related to pediocin PA-1 who contain an additional
disulfide bridge in their C-terminal half (6). A comparison
of the chemical shifts of the three tryptophans of sakP-
[N24C+44C] shows that the resonances of the aromatic ring
protons of Trp18 and Trp41 are almost identical. The protons
of the ring system of Trp33 are clearly distinguishable from
those of Trp18 and 41 even though the differences are not
high.

SakP[N24C+44C] in DPC: Identification of Secondary
Structure Elements.The N-terminal part of sakP[N24C+44C]
showed some medium- and long-range NOEs that indicated
the presence of a three-stranded antiparallelâ-sheet, extend-
ing from (and including) Lys1 to (and including) Val16.
These NOEs include Lys1 Hâ to Cys9 HN, Tyr3 HN to His8
HR, Val7 HR to Asn17 HN, His8 HN to Val16 HR, Cys9 Hâ

to Cys14 Hâ, Thr10 HN to Cys14 HR, Thr10 HR to Ser12
HN, and Val7 Hγ to Val16 CγH3. Some of these NOEs were,
however, found in overlapping regions and could therefore
not be unambiguously assigned. Turns were found to be
between Gly4 and Val7 and between Thr10 and Ser13, the
latter turn being stabilized by the disulfide bridge between
Cys9 and Cys14.

The central region of sakP[N24C+44C], from (and
including) Trp18 to (and including) Trp33, isR-helical
according to the HR-HN(i, i+3), HR-Hâ(i, i+3), and HN-
HN connectivities. A pattern of interresidue NOEs for sakP-

[N24C+44C] is shown in Figure 1A. Typical upfield
deviations from random coil values are found for the HR

chemical shifts of residues 18 to 35 and confirm the extension
of the R-helix.

Although sequential connectivities of the formdNN(i, i+1)
were found from residue 34 to residue 44, characteristic
NOEs indicative ofR-helical structure, likedRN(i, i+3), dRN-
(i, i+4), anddRâ(i, i+3), were not observed for this region
of the peptide. A few long-range NOEs were observed for
the C-terminal half, confirming that the tail is tied up to the
R-helix via the disulfide bridge between Cys24 and Cys44.
These connections include NOEs from Ile25 CγH3 and CδH3,
Ala29 CâH3 and Asn28 Hâ to resonances of the ring of Trp
41, respectively, as indicated in Figure 2A. The turn at the
C-terminal end of theR-helix appeared to be between Trp33
and Gly36, as indicated for instance by the NOE between
Asn32 HR and Gly37 HΝ.

SakP[N24C+44C] in DPC: Structure Description.We
calculated 50 structures for sakP[N24C+44C], of which the
20 best structures were chosen (Table 1 and Figure 3A-C).
To test the influence of the hydrogen bond restraints on the
quality of the structures, the 10 best structures were subjected
to an additional molecular dynamics calculation in the
AMBER force field which contains an explicit electrostatic
component of the force field (26). This showed that the
omission of the hydrogen bond restraints did not change the
structure. A structural ensemble of the 10 best structures
calculated in AMBER is shown in Figure 3 superimposed
over the backbone atoms of (A) all residues, (B) the helical

Table 1: Structural Statistics for the Final 20 Structures of sakP[N24C+44C] and Sakacin P in DPC Micelles and Sakacin P in 90% TFE

sakP[N24C+44C] in DPC micelles sakacin P in DPC micelles sakacin P in 90% TFE

Number of NOEs
intraresidual 280 194 292
long range 44 22 39
medium 91 43 82
sequential 280 194 109
H-bonds 13 13 13

Root-Mean-Square Distances from Ideal Values
bonds (Å) 4.90× 10-3 ((0.44× 10-3) 3.82× 10-3 ((0.96× 10-3) 4.27× 10-3 ((0.29× 10-3)
angles (deg) 0.66 ((0.07) 0.54 ((0.05) 0.61 ((0.05)
impropers (deg) 2.04 ((0.28) 1.45 ((0.21) 1.81 ((0.17)
van der Waals (kcal/mol) 77.11 ((20.01) 44.71 ((10.80) 52.42 ((14.78)

Distance Restraints
all distance restraints 4.46× 10-2 ((1.89× 10-2) 2.80× 10-2 ((0.31× 10-2) 5.48× 10-2 ((4.73× 10-2)
hydrogen bonds 2.63× 10-2 ((0.80× 10-2) 2.15× 10-2 ((0.94× 10-2) 5.27× 10-2 ((2.11× 10-2)

Nonbonded Energies
electronic (kcal/mol) -1452.5 ((51.4) -1432.1 ((51.1) -1461.3 ((48.9)
van der Waals (kcal/mol) -237.3 ((51.4) -264. 1 ((37.4) -274.8 ((21.8)

Ramachandran Deviationa,b (%)
most favored 57.6 62.5 62.5
additionally allowed 33.3 28.1 25.0
generously allowed 0.0 0.2 0.0
disallowed 9.1 3.1 12.5

Global Root-Mean-Square Distancea,c (Å)

sakP[N24C+44C] in DPC micelles sakacin P in DPC micelles sakacin P in 90% TFE

all atoms backbone (N,CR,C′) all atoms backbone (N,CR,C′) all atoms backbone (N,CR,C′)
1-43 4.13 3.13 4.58 3.74 5.40 4.47
18-33 1.17 0.34 1.32 0.39 1.22 0.45
6-16 2.67 1.45 2.81 1.73 2.81 1.31
1-17 3.41 1.95 3.41 2.51 3.00 1.84
a Ramachandran and global root-mean-square deviations were determined for the set of 10 structures that were refined in AMBER.b Determined

by PROCHECK.c Calculated using MOLMOL.

NMR Structure of Sakacin P Determined in DPC Micelles Biochemistry, Vol. 42, No. 39, 200311421



part (residues 18-33), and (C) the N-terminal part (6-16).
The structure of sakP[N24C+44C] can be divided into three
parts, the N-terminal part extending from residues 1 to 17,
the centralR-helix (residues 18-33), and the C-terminal part
from residues 34 to 44.

In the presence of DPC, the cationic N-terminal region
(residues 1-17) of sakP[N24C+44C] has an S-shaped
appearance that is reminiscent of a three-stranded antiparallel
â-sheet, although the large rmsd (1.95 Å over the backbone
atoms, see Table 1) for this region indicates that the structure
is relatively poorly defined. Interestingly, the positively
charged residues (Lys1, His8, Lys11, and His12) in the
N-terminal region are in close contact (Figure 4) and these
residues, especially Lys11 and His 12, are of importance for
the binding of the peptide to target cells (11).

The centralR-helix is well defined with an rmsd of 0.34
Å over the backbone atoms (Table 1), a fact that reflects the
high number of NOEs obtained for this part. The residues
along the helix are arranged in an amphiphilic pattern, with
Trp18, Ala21, Ile22, Ile25, Ala29, and Trp33 lying along
one hydrophobic side, which is extended by Val16 and Val7
into the N-terminal part (Figure 5A). The other two ridges
of the helix are formed by glycine and alanine residues (19,
23, 26, 30) along one side and polar residues (20, 24, 27,
28, and 32) along the third (Figure 5A). Together with this
helix, the C-terminal tail (residues 34 to the C-terminus)
forms a hairpin-like structure, since the tail folds back onto
the helix, with Trp41 being buried in the interface to the

helix. It is in hydrophobic contact with Ile25 and partially
conceals it, as well as the neighboring Ala29 and the side
chain of Asn28, from the solvent. The Hâ protons of Asn28
are located above the ring of Trp41 and upfield shifted. This

FIGURE 3: Backbone superposition of 10 structures. The structures were superposed over the backbone atoms of (A) residues 1-44, (B)
residues 18-33, and (C) residues 6-16 for sakP[N24C+44C] in DPC micelles. Comparable superpositions for sakacin P in DPC micelles
are shown in D-F, and those for sakacin P in 90% TFE are shown in G-I. The N- and C-termini are marked.

FIGURE 4: Details of the N-terminal part. The positively charged
side chains of Lys1, Lys11, His12, and His8 are in close vicinity.
Val16 and Trp18 interact via their hydrophobic side chains and
restrict the motion between the N-terminal and the C-terminal part.
Side chains are colored in green for hydrophobic (Trp, Ile, Ala,
Val), magenta for polar (Asn, Thr, Ser), red for acidic (Glu), and
blue for basic (Lys, His) residues. Cysteines are colored in yellow,
and tyrosines, in cyan.
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interaction masks the second half of the amphiphilic helix
(Figure 5B) and renders it somewhat bulky. The lack of long-
range NOEs between theâ-sheetlike structure of the
Ν-terminal region and the hairpin-like structure formed by
the centralR-helix and the C-terminal tail suggests that there
is a hinge at the highly conserved Asp17 residue. Motion
between the two parts of the molecule is, however, partially
restricted by the interaction of Val16 with Trp18, whose
methyl groups are located above the ring of Trp18, as
demonstrated by their upfield shift.

Sakacin P in DPC and TFE: Assignment of the Proton
Resonances and Structure Description.The NOESY and
TOCSY spectra of sakacin P in DPC had lower resolution
(due to increased line widths) than the corresponding spectra
of sakP[N24C+44C] (Figure 2B). The assignment of the
proton resonances for sakacin P in DPC was thus only
possible when the resonances of sakP[N24C+44C] were
known. The proton chemical shifts of sakacin P were,
consequently, to a large extent assigned by comparing the
spectra of sakacin P with the spectra of sakP[N24C+44C].
This strategy allowed us to identify the HN and HR resonances
and many of the side chain frequencies, although some
assignments still remained unclear. The strategy was espe-
cially used to identify several of the structure-determining
long-range NOEs involving connections between the side
chains, the resonance frequencies of which were not other-
wise sufficiently resolved to allow unambiguous assignments.
For instance, the connection between Ile25 and Trp41 was
identified in this manner (Figure 2B) and used to determine
the approximate orientation of the C-terminal tail. The
characteristic NOE pattern together with the HR secondary
shifts confirms anR-helical conformation for residues 18 to
33 (Figures 1B). On the basis of 349 distance restraints as
well as 13 hydrogen bonds from residue 18 to 33, we

calculated the structure of sakacin P. Figure 3D and E shows
that the overall structure of the wild type resembles that of
sakP[N24C+44C]. The C-terminus adopts a similar orienta-
tion as that in sakP[N24C+44C], maintained by the inter-
action between Trp41 and Ile25, even though with higher
conformational variability (Figure 3E and Table 1). The
upfield shift of one of the Hâ protons of Asn28 is no longer
visible (Figure 2B), indicating again the weakened inter-
action.

Spectra with higher resolution were obtained in 90% TFE
(CD analysis showed that structuring was high at this
concentration) than in DPC, and resonance assignments in
TFE were consequently straightforward. The overall appear-
ance of the spectra in DPC and TFE was similar (data not
shown), although several of the HN resonances varied in their
relative positions. This most probably reflects some differ-
ences in the hydrogen bond pattern at the end of theR-helix
or the level of theâ-sheet, but it may also be due to a
different arrangement of the aromatic rings or exchange
phenomena. In spectra recorded in the presence of TFE, the
chemical shifts of the protons in the aromatic rings in the
three tryptophan residues were hardly distinguishable from
each other. The HR resonances of His8, Cys9, and Cys14
were downfield shifted compared to the DPC spectra (Figure
1C and also Supporting Information). This, together with
the presence of NOE cross-peaks between the Val7 HR and
Val16 HR, Cys9 HR and Cys14 HR, Val16 HR and His8 HN,
and His8 HR and Tyr3 HN, indicates that the N-terminal part
might fluctuate around a three-stranded antiparallelâ-sheet
conformation, although it is not well defined in terms ofφ

andψ angles. The structures of sakacin P in TFE are shown
in Figure 3 (G-I). Interestingly, the C-terminal part bends
in the same direction as that in the structures determined in
DPC micelles, but without a connection between Trp41 and
Ile25 it loses a coherent conformation after the first turn
(Figure 3H).

DISCUSSION

Despite the fact that pediocin-like AMPs share between
40 and 90% sequence homology, they each display a distinct
antimicrobial spectrum of activity (3, 9-11). How minor
sequence changes result in such a variety of target cell
specificity still remains an unsolved question. Possibly, these
AMPs adopt a common three-dimensional fold where subtle
changes in amino acid composition result in a distinct surface
charge distribution and different intramolecular stabilizing
interactions determine the strength of the interaction with
the membrane. Among the family of AMPs, pediocin PA-1,
enterocin A, coagulin, and divercin V41 are unique in the
sense that they possess an extra disulfide bond involving a
second pair of cysteine residues located in the C-terminal
region (a multiple sequence alignment can be retrieved from
ref 6). At least for pediocin PA-1 it is known not only that
it is active at higher temperatures than those for sakacin P
but also that it has a broader antimicrobial spectrum (9) A
mutant of sakacin P that contained an engineered extra
C-terminal disulfide bridge comparable to pediocin PA-1 was
recently shown to be likewise more tolerant against temper-
ature and have a broader antimicrobial spectrum (12). The
structural comparison of the wild type versus the mutant
allows us to understand the subtle changes that occur upon
exchange of single residues.

FIGURE 5: Details of the C-terminal part of sakP[N24C+44C]. (A)
The side chains of residues 18-33 are arranged in an amphiphilic
pattern along theR-helix of sakP[N24C+44C]. (B) Details of the
hydrophobic pocket of Trp41. (Side chain coloring as in Figure 4).
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Comparison of the spectra of sakacin P and those of sakP-
[N24C+44C] revealed that no major structural rearrange-
ments occur by the introduction of the second disulfide
bridge. Thus, it seems that the disulfide bridge introduced
in sakP[N24C+44C] imposes the correct conformation on
the C-terminal tail, consistent with the observation that sakP-
[N24C+44C] is even more potent than sakacin P at elevated
temperatures (12).

The observed differences in line widths for the wild type
and the mutant spectra (Figure 2A and B) cannot be
explained only by the large size of the DPC micelles that
renders conventional 2D homonuclear magnetic resonance
spectroscopy more difficult but must rely on an additional
effect that adds differently to the intrinsic line broadening
for each peptide. An exchange process between two different
conformations that occurs with a different ratio for sakacin
P and sakP[N24C+44C] would be an explanation. If we
assume that the peptides exchange between a structured form
bound to DPC micelles and a random conformation when
detached from micelles, we can explain the different line
broadening in the spectra of sakacin P and sakP[N24C+44C]
by a more stable attachment to the micelles in the case of
sakP[N24C+44C]. With this assumption, the different
amounts of helicity observed by CD for each peptide can be
explained as well, since the three-dimensional structures of
sakacin P and sakP[N24C+44C] have shown that the same
number of residues forms theR-helical part irrespective of
whether the peptides were in TFE or in DPC.

Whereas the spectra of sakacin P in DPC were only
amenable to interpretation once the sequential assignment
of sakP[N24C+44C] was available, the spectra of sakacin
P in 90% TFE displayed sharp line widths and were in
general of relatively high quality. These spectra were
especially useful for analyzing the N-terminalâ-sheet
structure, which was better defined in TFE than in DPC, as
indicated by a lower rmsd over the backbone atoms of
residues 6-16 (Table 1, Figure 3I). The C-terminal tail had,
however, no clearly defined orientation in TFE.

Comparison with Leucocin A and Carnobacteriocin B2.
Until now the only pediocin-like AMPs whose three-
dimensional structures have been solved are leucocin A, a
37-residue peptide isolated fromLeuconostoc(14), and
carnobacteriocin B2, a 48-residue peptide isolated from
Carnobacterium piscicolaLV17B (15). The general struc-
tural arrangements of these four peptides, sakacin P, sakP-
[N24C+44C], leucocin A, and carnobacteriocin B2, are
similar. Their N-terminal regions show varying degrees of
three-stranded antiparallelâ-sheet structuring, with leucocin
A and sakacin P (both in TFE) having perhaps the most well-
definedâ-sheet structure. SakP[N24C+44C] was not studied
in TFE but will presumably have the same structure in the
N-terminal region as sakacin P, since they have identical
sequences in this region. The structure of carnobacteriocin
B2 has only been reported in TFE, in which the N-terminal
region showed very little well-defined structure (15). All four
peptides have a central amphiphilicR-helix starting in residue
17/18 and ending in residue 31 in leucocin A, in residue 33
in sakP[N24C+44C] and sakacin P, and in residue 39 in
carnobacteriocin B2. The C-terminal was unstructured in
carnobacteriocin B2 and leucocin A in TFE, but it showed
a tendency to fold back onto the helix in leucocin A in DPC
(14, 15), although in a different orientation with respect to

the helix than what was observed for sakacin P and sakP-
[N24C+44C]. Whether this difference is due to the lack of
long-range NOEs in leucocin A or an intrinsic characteristic
of its sequence is unclear.

Mode of Interaction with Membranes:The positively
charged residues found on the same side of the N-terminal
â-sheet appear to mediate the electrostatic interactions
involved in the initial binding of pediocin-like AMPs to the
negatively charged bacterial phospholipid-containing mem-
brane and/or the acidic cell wall. Especially the cationic patch
in the middle of the N-terminal region (Lys11 and His12 in
sakacin P and sakP[N24C+44C]) appears to be of great
importance for binding to target cells, as judged by muta-
tional analysis (11) and peptide binding studies (29). It is
thought that, after binding to the target cell membrane via
the N-terminal region, the central amphiphilicR-helix and
the C-terminal tail (i.e. the hairpin-like structure constituting
the C-terminal half) may penetrate into the cell membrane
and thereby permeabilize the membrane (6,10, 30, 31). The
hinge between theâ-sheetlike N-terminal region and the
central helix might function to render enough structural
flexibility to enable the hairpin-like C-terminal half to dip
into the hydrophobic part of the membrane (Figure 6).

The notion that the hairpin-like C-terminal half penetrates
into the membrane is supported by mutagenesis studies which
show that hydrophilic residues are not readily introduced into
this region without greatly reducing the antimicrobial activity
(6, 13, 32, 33). Trp33 may be replaced by a leucine residue
but not by a hydrophilic or another aromatic residue,
indicating that Trp33 inserts itself in the target membrane
(6). Aromaticity at positions 18 and 41 in sakacin P was,
however, much more important than hydrophobicity. This
may indicate that Trp18 and 41 are positioned in the interface
between the hydrophobic core of the membrane and the
hydrophilic headgroups (34). Moreover, the interaction of
Trp41 with Ile25 stabilizes the hairpin, and this explains why
most pediocin-like AMPs that lack a tryptophan residue in
the C-terminal tail have instead a C-terminal disulfide bridge
similar to the one in sakP[N24C+44C] (6).

FIGURE 6: Model of the interaction of sakP[N24C+44C] with the
membrane. The hydrophobic side chains insert into the membrane
(gray), whereas the hydrophilic residues lie at the surface. The
N-terminal part may move around the hinge at Asp17 (colored in
red) and point to the aqueous outside (light blue). (Side chain
coloring as in Figure 4).
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The mechanism by which the helix may contribute to
membrane permeabilization has not been elucidated and is
the subject of much debate. Amphiphilic helices may orient
themselves parallel to the membrane surface or insert
perpendicular into the membrane to form a pore. On the basis
of our structural results, we are not able a priori to distinguish
between the two hypothesis in an unambiguous way. Three
arguments may, however, support a parallel attachment to
the membrane: (a) The observed folding back of the
C-terminus masks parts of the side chains of Ile25, Ala29,
and Trp33. This reduces the hydrophobic surface of the
amphiphilic helix and makes a perpendicular interaction with
the membrane relatively unlikely. (b) If both Trp18 and 41
have to be in the interface, this can only be achieved by a
parallel or oblique alignment with the membrane. (c) Since
theR-helix is only comprised of 15 residues, a considerable
rearrangement of the lipid bilayer would have to occur to
orient sakacin P in such a way that Trp 18 at the beginning
and Trp33 at the end of the helix are accommodated at
opposite membrane interfaces.

Interestingly, by turning sakP[N24C+44C] in such a way
that Trp18 and 41 are located at about the same level (for
instance, the membrane-surface interface), while Trp33 is
allowed to insert more deeply into the core of the membrane,
the peptide obtains an oblique orientation that would not be
very distinct from a parallel one (Figure 6). The turn starting
from residue 34 positions Thr35 in our model toward the
hydrophobic face of the peptide opposing a deeper penetra-
tion into the membrane. However, the conformation of this
turn is defined by short-range distances only, and it is
conceivable that it depends on the membrane-mimicking
agent used. An oblique orientation of the central helical
region has also been suggested on the basis of computer
modeling (30) and mutagenesis analysis (6), and it might
by itself interfere sufficiently with the close and correct
packing of membrane hydrocarbons, thereby permeabilizing
the membrane. The fact that the hairpin-like C-terminal half
of pediocin-like AMPs both interacts with the hydrophobic
core of the membrane and plays a major role in determining
their target cell specificity supports the interesting notion
that a cell’s sensitivity to these AMPs may to a large extent
be determined by the composition of the hydrophobic
membrane core rather than by the functionality of a receptor
or docking-site for the peptide on the surface of the cell.

CONCLUSION

We solved the structures of sakacin P and sakP-
[N24C+44C] by NMR. The structural comparison shows
that the two structures are alike, which implies that the
C-terminus of sakacin P folds back onto the amphiphilic
helix. The structural data may support a previously proposed
model of an oblique orientation of pediocin-like bacteriocins
with the target membrane. The structural models have been
deposited with the protein data bank and can be retrieved
under accession numbers 1OG7, 1OHN, and 1OHM for
sakacin P in TFE, sakain P in DPC, and sakP[N24C+44C]
in DPC, respectively.
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