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ABSTRACT: The 3D structure of the membrane-permeabilizing 41-mer pediocin-like antimicrobial peptide
curvacin A produced by lactic acid bacteria has been studied by NMR spectroscopy. In DPC micelles,
the cationic and hydrophilic N-terminal half of the peptide forms an S-shapedâ-sheet-like domain stabilized
by a disulfide bridge and a few hydrogen bonds. This domain is followed by twoR-helices: a hydrophilic
6-mer helix between residues 19 and 24 and an amphiphilic/hydrophobic 11-mer helix between residues
29 and 39. There are two hinges in the peptide, one at residues 16-18 between the N-terminal S-shaped
â-sheet-like structure and the central 6-mer helix and one at residues 26-28 between the central helix
and the 11-mer C-terminal helix. The latter helix is the only amphiphilic/hydrophobic part of the peptide
and is thus presumably the part that penetrates into the hydrophobic phase of target-cell membranes. The
hinge between the two helices may introduce the flexibility that allows the helix to dip into membranes.
The helix-hinge-helix structure in the C-terminal half of curvacin A clearly distinguishes this peptide
from the other pediocin-like peptides whose structures have been analyzed and suggests that curvacin A
along with the structural homologues enterocin P and carnobacteriocin BM1 belong to a subgroup of the
pediocin-like family of antimicrobial peptides.

Many Gram-positive bacteria produce ribosomally syn-
thesized antimicrobial peptides (AMPs),1 generally termed
bacteriocins. These peptides are usually membrane-perme-
abilizing and cationic and contain between 25 and 60 residues
(1, 2). AMPs with these characteristics are also produced
by plants and animals, including humans, and are thus widely
distributed in nature. AMPs produced by “food grade” lactic
acid bacteria (LAB) have especially been the focus of
extensive studies because of their potential application as
nontoxic food preservatives and therapeutic agents for
gastrointestinal infections in mammals. Nisin is an example
of a LAB AMP that is approved in over 40 countries for
use as a food additive (3).

One important group of AMPs produced by LABs is the
pediocin-like peptides, also termed class IIa bacteriocins.
More than 20 pediocin-like peptides have been characterized
so far (2, 4-30). They have anti-Listeria activity and kill

target cells by permeabilizing the cell membrane (31, 32).
In their N-terminal region they all have a disulfide bridge
and a common YGNGV/L sequence motif (see Figure 1).
They have very similar amino acid sequences, especially in
their cationic and hydrophilic N-terminal half. The sequences
of their hydrophobic/amphiphilic C-terminal half are some-
what more diverse, and the peptides have as a consequence
been grouped into three subgroups according to sequence
similarities and differences in the C-terminal half (5, 33; see
also Figure 1).

The three-dimensional structures of peptides from each
of the three subgroups have been analyzed by NMR
spectroscopy (34-36). All of the peptides are unstructured
in water but become structured when exposed to membrane-
mimicking environments. Sakacin P and leucocin A belong
to subgroups 1 and 2, respectively. In the presence of
membrane-mimicking environments, both peptides form an
N-terminal three-stranded antiparallelâ-sheet-like structure
that is stabilized by the disulfide bridge present in the
N-terminal half of all pediocin-like AMPs (34, 36). This
N-terminalâ-sheet-like region is in both peptides followed
by a central amphiphilicR-helix and this in turn by a rather
extended C-terminal tail that folds back onto the central
R-helix, thereby creating a hairpin-like structure in the
C-terminal half (36). There is a flexible hinge (at the
conserved Asp/Asn17 in subgroup 1 and 2 peptides; Figure
1) between theâ-sheet-like N-terminal and the hairpin-like
C-terminal regions, and one thus obtains two domains that
may move relative to each other (36). The cationic N-
terminalâ-sheet-like domain appears to mediate binding of
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the pediocin-like peptides to the target-cell surface through
electrostatic interactions (37, 38), whereas the more hydro-
phobic/amphiphilic C-terminal hairpin-like domain penetrates
into the hydrophobic part of the target-cell membrane,
thereby mediating leakage through the membrane (33, 39).
The hinge apparently provides the structural flexibility that
enables the C-terminal hairpin-like domain to dip into the
hydrophobic part of the membrane (33).

The C-terminal hairpin-like structure is in some subgroup
1 and 2 peptides stabilized by a disulfide bridge between a
C-terminal cysteine residue and a cysteine residue in the
middle of the R-helix (33, 40). Most of the peptides in
subgroups 1 and 2, however, lack these two cysteine residues
but instead contain a tryptophan residue near the C-terminal
end of the peptide (Figure 1). This tryptophan residue is
believed to position itself in the membrane-water interface
along with the well-conserved central tryptophan residue (in
position 18 in most subgroup 1 and 2 peptides; Figure 1),
thereby stabilizing the hairpin-like structure in subgroup 1
and 2 peptides that lack the structure-stabilizing disulfide
bridge in the C-terminal domain (33).

It is unclear whether the subgroup 3 peptides form the
same overall three-dimensional structure as the subgroup 1
and 2 peptides. Structural analysis of the subgroup 3 peptide
carnobacteriocin B2 revealed only a centralR-helix, whereas
the N-terminal half and the C-terminal tail lacked any clear
structuring (35). The lack of structuring in the N-terminal
half was unexpected, since aâ-sheetlike structure is predicted
on the basis of the high sequence similarity in this region in
all pediocin-like peptides (Figure 1). The structure of the
C-terminal half of subgroup 3 peptides is difficult to predict.
Subgroup 3 peptides differ conceptually in their C-terminal
sequence from subgroup 1 and 2 peptides. The subgroup 3
peptides lack both the hairpin-stabilizing disulfide bridge and

the well-conserved hairpin-stabilizing tryptophan residue near
the C-terminal end (Figure 1). The structure of the C-terminal
half is of special interest, since this membrane-penetrating
region is specifically recognized by the immunity protein
that protects the AMP-producing bacteria from being killed
by their own AMP (39, 41). Moreover, the C-terminal half
is also the major specificity determinant of the pediocin-
like peptides, since hybrid peptides constructed by joining
N- and C-terminal halves from different pediocin-like
peptides have target-cell specificities similar to the peptide
from which the C-terminal half is derived (39). In this study,
we have analyzed the three-dimensional structure in lipid
micelles of the subgroup 3 peptide curvacin A. Whereas the
N-terminal half formed an S-shapedâ-sheet-like structure,
the C-terminal half formed a helix-hinge-helix structure
that clearly differed from the hairpin-like C-terminal domain
that appears to be typical for subgroup 1 and 2 peptides.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. Lactobacillus
sakeNCDO 2714 (type strain) was used as the indicator
strain in the activity assays and was cultured in MRS broth
(Oxoid) at 30°C. Lactobacillus curVatusLTH1174 (24) was
used for production of curvacin A and was grown to the
stationary phase in MRS broth at 30°C.

Purification of CurVacin A. Curvacin A was purified to
homogeneity from approximately 14 L of culture by applying
the bacteria culture directly on a SP-Sepharose fast-flow
cation exchanger (GE Healthcare; 500 mL of culture/5 mL
of SP-Sepharose), washing the column with 100 mL 20 mM
sodium phosphate (pH 6), followed by 30 mL of 0.15 mM
NaCl in 20 mM sodium phosphate (pH 6), eluting the peptide
with 40 mL of 1 M NaCl in 20 mM sodium phosphate (pH

FIGURE 1: Alignment and grouping of 24 pediocin-like peptides. The common YGNGV/L is shown in bold face. The disulfide bridge-
forming cysteines are shown in red, and tryptophans are shown in blue. The C-terminal residues in the vicinity of the secondR-helix that
are common for curvacin A, enterocin P, and carnobacteriocin BM1 are shown against a yellow background.
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6), and then purifying the peptide by reverse-phase chro-
matography using a Resource RPC column (GE Healthcare),
all as described previously (42).

The primary structure and purity of the peptide were
confirmed by mass spectrometry using a MALDI-TOF
Voyager-DERP mass spectrometer (PerSeptive Biosystems)
with R-cyano-4-hydroxycinnamic acid as matrix and by
analytical reverse-phase chromatography using aµRPC SC
2.1/10 C2/C18 column (GE Healthcare) on the SMART
chromatography system (GE Healthcare). Peptide concentra-
tions were calculated from the absorbance at 280 nm using
the molar extinction coefficient 13940 M-1 cm-1 (43). AMP
activity was determined using a microtiter plate assay system,
essentially as described earlier (44).

Circular Dichroism (CD) Spectroscopy. CD spectra were
recorded by using a Jasco J-810 spectropolarimeter (Jasco
International Co., Ltd., Tokyo, Japan) calibrated with am-
monium D-camphor-10-sulfonate (Icatayama Chemicals,
Tokyo, Japan). All of the measurements were performed at
a constant peptide concentration of 0.15 mg/mL with DPC
concentrations varying from 0 to 16 mM (CDN Isotopes,
Quebec, Canada). Measurements were performed at 20-55
°C using a quartz cuvette (Starna, Essex, England) with a
path length of 0.1 cm. Samples were scanned five times at
50 nm/min with a bandwidth of 1 nm and a response time
of 1 s, over the wavelength range 190-260 nm. The data
were averaged, and the spectrum of sample-free control was
subtracted. TheR-helical content of the various peptides was
determined by application of spectral fitting methods in the
CDpro package (45).

NMR Sample Preparation.For NMR structure elucidation,
6.8 mg of curvacin A was dissolved in 750µL of 360 mM
deuturated DPC (CDN Isotopes), a water solution with 10%
D2O (Cambridge Isotope Laboratories), and 0.1% trifluoro-
acetic acid (pH 2.8). The final concentration of the sample
was 2.1 mM.

NMR Spectroscopy.The NMR spectra of curvacin A were
obtained at 25, 30, and 35°C on an 800 MHz Varian INOVA
800 NMR spectrometer with four channels and a 5 mm1H
{13C,15N} pfg probe. Natural abundance15N HSQC (46),
TOCSY (47), and NOESY (48, 49) experiments included in
the BIOPACK were performed to assign the peptide. Spectra
with mixing times of 48, 64, and 80 ms were acquired in
the TOCSY experiment, and 100 and 150 ms were acquired
in the NOESY experiment. Watergate water decoupling was
applied in the HSQC, TOCSY, and NOESY experiments
(46). A total of 1024K complex data points were obtained
in the direct dimension and 512 in the indirect dimension of
TOCSY and NOESY while 64 points were taken in the
indirect dimension of the HSQC. A sine-bell function was
applied to data, and it was zero-filled 2-fold prior to Fourier
transformation. All postprocessing was done with the ap-
plication of NMR Pipe (50), while spectral assignments and
integration were done manually using SPARKY (T. D.
Goddard and. D. G. Kneller, University of California, San
Francisco). NOE restrictions were obtained from the structure
assignment of the molecule. DSS was used as a chemical
shift standard, and15N data were referenced using frequency
ratios as described by Wishart et al. (51).

Restraints and Structure Calculation.The NOESY spec-
trum of the molecule was manually assigned using standard
methods for analyzing NOESY and TOCSY spectra (49). A

total of 567 NOE distance constraints were obtained after
removal of the redundant NOE’s, out of which 244 were
interresidue and 323 were intraresidue NOE restraints. The
244 interresidue restraints were 24 long-range NOE restraints
(more than four residues apart), 78 medium-range restraints
(between two and four residues apart), and 142 sequential
NOE’s. 15N chemical shift values were obtained from
analysis of the HSQC spectrum. Dihedral angle restraints
were obtained from the chemical shift values by the use of
the TALOS program (52). A total of 36 torsion angle
restraints were obtained. The structure was calculated and
annealed by the application of the structure calculation
program CYANA (53, 54). Six hydrogen bonds were
introduced in the final structure calculation, one between
Glu21 and Ser25 and five in the C-terminal helix, between
Ile31 and Ala35, Ser32 and Ser36, Gly33 and Gly37, Trp34
and Leu38, and Ala35 and Ala39. The standard CYANA
structure calculation procedure was followed (53). The
addition of hydrogen bonds did not change the overall fold
of the structure but improved the backbone RMSD values.

A total of 100 structures were calculated out of which the
20 lowest energy structures were selected for further evalu-
ation. The target function gave an average potential energy
of 1.71× 10-1 ( 9.43× 10-2 kJ mol-1. The structures were
visualized and RMSD values calculated with the MOLMOL
program (55).

RESULTS

Structural Analysis by CD Spectroscopy:R-Helical Struc-
turing of CurVacin A upon Exposure to DPC Micelles. For
CD and NMR structural analysis, curvacin A was purified
to homogeneity by cation-exchange and reverse-phase chro-
matography to a yield of 0.5 mg/L of culture. Three different
full spectrum methods [CONTINN/LL (56), CDSSTR (57),
and SELCON 3 (58)] that belong to the CDpro package (59)
were applied to determine the helical content from CD
spectra. The three methods gave similar values for the
R-helical content in curvacin A. CONTINN/LL gave,
however, generally the smallest standard deviations and was
consequently used to calculate the helical content presented
in Table 1. Consistent with earlier studies on other pediocin-
like peptides (36), the CD results revealed that curvacin A
lacked helical structure in water but became structured, with
anR-helical content between 16% and 40%, upon exposure
to DPC micelles (Table 1). Increasing the temperature from

Table 1: Secondary Structure of Curvacin A Determined by CD
Spectroscopy

CONTINN/LL analysis

DPC conc (mM) % helixa % â-sheetb % turn

0 6 32 22
1 5 31 23
2 16 29 19
4 21 26 18
8 31 23 17

12 34 19 18
16 40 25 14

a Helix is the sum ofh(r) + h(d) values obtained from CONTINN/
LL representing the right and distorted helical fraction.b â-Sheet is
the sum ofs(r) + s(d) values obtained from CONTINN/LL representing
the right and distortedâ-sheet fraction.
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20 to 55°C resulted in only a slight reduction in theR-helical
content (from 31% to 25% in 8 mM DPC), indicating that
the helical structuring of curvacin A was not very temperature
dependent in this temperature range.

Three-Dimensional Structure of CurVacin A Determined
by NMR Spectroscopy.The fingerprint region of the NOE
spectrum used in structure calculations is shown in Figure
2. The observed intramolecular NOE’s and predicted torsion
angles for curvacin A exposed to DPC micelles are shown
in Figure 3A. According to structure predictions based only
on chemical shift indexes, a series of four or more-1
indexes indicate anR-helix (60, 61). This was observed from
(and including) Ala22 to (and including) Ser25, indicating
an R-helix in this region (Figure 3B). Similarly, anR-helix
was predicted from (and including) Met30 to (and including)
Ser36, as negative indexes were associated with all of these
residues except Gly33 (Figure 3B). Analysis of the chemical
shift data using the TALOS program (52) showed that most
of the residues in the C-terminal half of curvacin A (from
residue Gly29 and on) were in a coil/turn orR-helix type of
structure. The reliable results obtained from this analysis are
indicated with symbols for theφ and ψ values in Figure
3A. Triangles pointing up indicate that theφ andψ are in
agreement with what is expected for anR-helix. The
observed NOE connectivities NN(i,i + 2), RN(i,i + 3) ,and
Râ(i,i + 3) (Figure 3A) also clearly indicate the presence of
a C-terminal helix stretching from (and including) Ile31 to

(and including) Ala39 and a central helix stretching from
(and including) Arg19 to (and including) residue Thr23.

Several medium- and long-range NOE’s were found in
the N-terminal part of curvacin A that indicated the folding
of residues 2-4 close to residues 8 and 9 and, therefore, an
N-terminal three-stranded antiparallelâ-sheet, extending from
(and including) Arg 2 to Trp16. These NOE’s include, among
others, Arg2 Hγ to Tyr9 HR, Arg2 Hγ to Tyr9 Hâ, Ser3 Hâ

to Tyr9 Hδ, Ser3 Hâ to Tyr9 Hε, Ser3 HN to Val8 Hγ, Ser3
HΝ to Tyr9 Hδ, Ser3 HR to Tyr9 Hδ, Tyr4 HN to Val8 Hγ,
Tyr9 Qδ to Trp16 Hε, and Asn11 Hâ to Cys15 HN. The
NOE’s that go to the HN protons are shown in Figure 2.
Two turns were found between Gly5 and Val8 and between
Asn 11 and Lys14, respectively. The latter is stabilized by a
disulfide bridge between Cys10 and Cys15.

The annealing macro that is a part of the program CYANA
(53) was used to calculate 100 structures on the basis of the
angular and distance restraints obtained from analysis of the
NMR data. The 20 lowest energy structures were chosen
for further investigation. In Figure 4A the structures are
superimposed. The high freedom of movement of different
regions relative to each other makes it difficult to observe
any well-defined structure when the structures were super-
imposed over the entire length of curvacin A, the backbone
(CR, C, and N) RMSD value being 6.56( 1.88. An S-shaped
structure was, however, clearly identified in the N-terminal
half (residues 2-15) when the structures of that region of
curvacin A were superimposed (Figure 4B), the backbone
(CR, C, and N) RMSD value being 1.99( 0.69. Although
it was not possible based on the experimental data to assign
a perfectâ-sheet structure to this domain, the S-shape clearly
indicates aâ-sheet-like structure (36). The structure was a
less perfectâ-sheet than that found in the N-terminal domain
of the subgroup 1 and 2 peptides sakacin P and leucocin A
(34, 36) but was much more ordered and well-defined than
the unstructured N-terminal region of the subgroup 3 peptide
carnobacteriocin B2 (35).

As discussed above, the chemical shift indexes and NOE
interactions (Figure 3) indicate that there is anR-helix in
the center of the peptide following the S-shapedâ-sheet-
like structure in the N-terminal half and anR-helix near the
C-terminal end. Superimposing the structures over the two
respective helical regions (Figure 4) reveals that the central
helix stretches from (and including) Gly19 to (and including)
Gln24, whereas the C-terminal helix extends from (and
including) Gly29 to (and including) Ala39, the backbone
(CR, C, and N) RMSD values being 0.70( 0.35 and 0.18
( 0.08, respectively. The lack of a well-defined structure
when the structures were superimposed over the entire length
of curvacin A (Figure 4A) indicates that the N-terminal
S-shaped domain, the central helix, and the C-terminal helix
may move relative to each other and that these three regions
are consequently separated by hinge regions. The results of
PROCHECK (62) on the structure of curvacin A showed
that 67% of all residues were in the most favored, 19% were
in additionally allowed, 10% were in generously allowed,
and 3% were in disallowed regions. A cartoon drawing of
the overall structure of curvacin A is shown in Figure 5,
with arrows indicating the hinge separating the S-shaped
N-terminal domain and the central 6-mer helix and the hinge
separating the latter helix and the 11-mer C-terminal helix.
It was not possible to determine an exact angle between the

FIGURE 2: Fingerprint region of the NOESY spectrum of curvacin
A in the presence of 100 mM DPC (150 ms mixing time).
N-Terminal long-range and selected C-terminal intermediate-range
NOE cross-peaks are identified.
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two helices and between the two domains due to the
flexibility the two hinges introduce in the structure of the
peptide.

DISCUSSION

By use of CD spectroscopy, aâ-sheet content of 20-30%
was observed in the subgroup 3 peptide curvacin A, and this
was in reasonable agreement with what one would expect if
its N-terminal domain forms a three-stranded antiparallel
â-sheet-like structure as found in the subgroup 1 peptide
sakacin P (36) and the subgroup 2 peptide leucocin A (34).
The NMR experiments also revealed an S-shapedâ-sheet-
like structure in the N-terminal half of curvacin A when
exposed to DPC micelles. Thisâ-sheet-like structure was,
however, not as distinct as that found in sakacin P (36) and
leucocin A (34), but the N-terminal half was nevertheless
much more structured than the N-terminal half of the
subgroup 3 peptide carnobacteriocin B2 (35). One may
speculate that the N-terminal half in all pediocin-like peptides
adopts a well-defined structure, perhaps a more perfect
three-stranded antiparallelâ-sheet, when it interacts

FIGURE 3: (A) Pattern of interresidue NOE’s observed in the NOESY experiment (150 ms mixing time) with curvacin A in the presence
of 100 mM DPC. The thickness of the lines shown are relative to the size of the NOE cross-peak intensities. The triangles indicate where
TALOS found dihedral angle restraints that typically are forR-helices, stars indicate dihedral angles that can be for bothR-helices and
â-sheets, and circles indicate angles that are not found in either helices orâ-sheets. (B) CSI indexes (60, 61) observed by analysis of the
HR and N chemical shift values of curvacin A.

FIGURE 4: Backbone superposition of the 20 best structures of curvacin A. The peptide is shown with the N-terminal end pointing to the
left and the C-terminal end to the right. The structures were superimposed over backbone atoms of the entire peptide (A), over residues
2-16 (B), over residues 19-24 (C), and over residues 29-39 (D).

FIGURE 5: Cartoon drawing of curvacin A. Hinge regions between
the S-shaped domain and first helix and between the first and second
helix are indicated by arrows, and the orientation of the three regions
relative to each other is consequently not well defined.
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with its docking site on the target-cell surface and that, in
the absence of such a docking site, the region has some
structural flexibility, varying somewhat from peptide to
peptide and restricted to some extent by the conserved
disulfide bond.

The C-terminal half is the helical region of curvacin A,
as it is for all other pediocin-like peptides whose three-
dimensional structure has been analyzed. The helical content
in curvacin A determined by NMR analysis is in good
agreement with the CD results that showed a helical content
of about 40%. Superimposing the 20 lowest energy structures
over various regions of curvacin A revealed a relative high
freedom of movement of different regions relative to each
other, and this was apparently due to two hinges. One hinge
was in the vicinity of residues 16-18 between the N-terminal
S-shapedâ-sheet-like structure and the central 6-merR-helix
stretching from residue 19 to 24. This central helix is
relatively hydrophilic (the only really nonpolar residue being
an Ala22) and is thus expected to remain on or near the
target-cell surface, as is the case for the cationic S-shaped
â-sheet-like N-terminal domain. The second hinge appears
to be between residues 26 and 28, and it separates the central
R-helix and the 11-mer C-terminalR-helix stretching from
residue 29 to 39. An Edmundson helical wheel presentation
shows that an amphipilic helix might have been formed from
Gly24 to Thr34. However, such a helix is unlikely since two
Gly residues in a row (Gly28 and Gly29) would form a
flexible region. The observed C-terminalR-helix is somewhat
amphiphilic, the polar side consisting of Gly29, Ser32, Gly33,
Ser36, and Gly37. The presence of this latter helix is in good
agreement with the structure obtained upon modeling cur-
vacin A (see Figure 4f in ref63). This helix is the only
hydrophobic/amphiphilic part in curvacin A and is thus the
only part that may penetrate into the hydrophobic phase of
target-cell membranes. The hinge between the two helices
may introduce the flexibility that enables the C-terminal helix
to bend into the hydrophobic part of membranes.

This helix-hinge-helix structure in the C-terminal half
of curvacin A clearly differs from the C-terminal hairpin-
like structure present in the subgroup 1 and 2 peptides.
Curvacin A and the other subgroup 3 peptides are in fact
not expected to form the C-terminal hairpin-like structure,
as they have neither the hairpin-stabilizing tryptophan residue
found near the C-terminal end in most subgroup 1 and 2
peptides nor the hairpin-stabilizing disulfide bridge found
in other subgroup 1 and 2 peptides. The helix-hinge-helix
structure in the C-terminal half of curvacin A and the
C-terminal hairpin-like structure present in the subgroup 1
and 2 peptides may nevertheless be functionally equivalent,
as both structures constitute the part of pediocin-like peptides
that penetrates into the target-cell membrane, thereby mediat-
ing leakage through the membrane. Moreover, they constitute
the part that is specifically recognized by the four-helix
bundle immunity protein that protects the peptide-producing
bacteria from being killed by their own peptide (39, 41, 64),
and they are the major target-cell specificity determinants
of these peptides (39).

A chiral interaction with a target-cell receptor appears to
be necessary for pediocin-like peptides to exert their
antimicrobial activity, since theD-enantiomeric form of the
pediocin-like peptide leucocin A is inactive (65). The fact
that the membrane-penetrating C-terminal half is important

in determining the target-cell specificity, combined with the
observation that peptide fragments starting from the central
hinge and going toward the C-terminal end inhibit pediocin-
like peptides in a specific manner (66, 67), suggests that this
region of the C-terminal domain (i.e., the helical region)
interacts with a receptor in the interface and/or hydrophobic
region of the membrane (65). A protein complex that might
act as a receptor is the membrane-bound mannose phospho-
transferase system permease, as a subunit of this complex
must apparently be expressed in order for cells to be sensitive
to pediocin-like peptides (68-73). Results from recent
activity studies with peptides that have been altered in the
N-terminal domain suggest that the N-terminal three-stranded
â-sheet-like domain associates with anionic membranes
through ionic interactions and thereby positions itself in the
membrane interface in a manner that allows the C-terminal
domain to dip into the more hydrophobic part of the
membrane and to engage in chiral interactions with mem-
brane components (Fimland et al., submitted for publica-
tion).

The sequence similarities in the C-terminal half of curvacin
A and the two subgroup 3 peptides enterocin P and
carnobacteriocin BM1 (Figure 1) suggest that the two latter
peptides are structurally similar to curvacin A. Immunity
proteins discriminate pediocin-like peptides by specifically
recognizing the peptides’ C-terminal half (39). The fact that
the immunity proteins for curvacin A, enterocin P, and
carnobacteriocin BM1 have a much higher sequence similar-
ity to each other than to the immunity proteins for other
pediocin-like peptides (74) suggests that these three peptides
have similar three-dimensional structures in their C-terminal
half. Moreover, the fact that both the curvacin A immunity
protein and the enterocin P immunity protein specifically
recognize the C-terminal half of both curvacin A and
enterocin P (but not other subgroup 1 and 2 peptides that
were tested) (74) also indicates that curvacin A and enterocin
P have similar three-dimensional structures in their C-
terminal half. Also, earlier studies showing that curvacin A
and enterocin P have similar target-cell specificities (26, 43)
suggest that these two peptides have similar structures in
their C-terminal half, since this half is important in determin-
ing the target-cell specificity of pediocin-like peptides (39).
Edmundson helical wheel analysis of carnobacteriocin BM1
and enterocin P shows that from residue 30 to 43 and from
residue 26 to 44, respectively, they may form a C-terminal
amphiphilic helix similar to that found in curvacin A. From
residue 18 to 24 and from residue 21 to 24, respectively,
they may also form a central polar helix as is found in
curvacin A. The sequence alignments (Figure 1) do not show
such a marked sequence similarity between curvacin A,
carnobacteriocin B2, and bacteriocin 31 as between curvacin
A, enterocin P, and carnobacteriocin BM1. We consequently
suggest that subgroup 3 should presently be restricted to
curvacin A, carnobacteriocn BM1, and enterocin P and that
bacteriocin 31 and carnobacteriocin B2 thus should be
transferred to a fourth subgroup.
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SUPPORTING INFORMATION AVAILABLE

Chemical shift and NOE assignments. This material is
available free of charge via the Internet at http://pubs.acs.org.
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