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ABSTRACT. Dynamic aspects of structural relationships among class lla bacteriocins, which are antimicrobial
peptides from lactic acid bacteria (LAB), have been examined by use of circular dichroism (CD), molecular
dynamics (MD) simulations, and activity testing. Pediocin PA-1 is a potent class lla bacteriocin, which
contains a second C-terminal disulfide bond in addition to the highly conserved N-terminal disulfide
bond. A mutant of pediocin PA-1, ped[M31Nle], wherein the replacement of methionine by norleucine
(Nle) gives enhanced stability toward aerobic oxidation, was synthesized by solid-phase peptide synthesis
to study the activity of the peptide in relation to its structure. The secondary structural analysis from CD
spectra of ped[M31Nle], carnobacteriocin B2 (cbn B2), and leucocin A (leuA) at different temperatures
suggests that the-helical region of these peptides is important for target recognition and activity. Using
molecular modeling and dynamic simulations, complete models of pediocin PA-1, enterocin P, sakacin
P, and curvacin A in 2,2,2-trifluoroethanol (TFE) were generated to compare structural relationships among
this class of bacteriocins. Their high sequence similarity allows for the use of homology modeling
techniques. Starting from homology models based on solution structures of leuA (PDB code 1CW®6) and
cbnB2 (PDB code 1CWS5), results of2 ns MD simulations in TFE and water at 298 and 313 K are
reported. The results indicate that these peptides have a common helical C-terminal domain in TFE but
a more variablg3 sheet or coiled N terminus. At elevated temperatures, pediocin PA-1 maintains its
overall structure, whereas peptides without the second C-terminal disulfide bond, such as enterocin P,
sakacin P, curvacin A, leuA, and cbnB2 experience partial disruption of the helical section. Pediocin
PA-1 and ped[M31Nle] were found to be equally active at different temperatures, whereas the other peptides
that lack the second C-terminal disulfide bond are-80 times less antimicrobially potent at 310 K (37

°C) than at 298 K (25C). These results indicate that the structural changes in the helical region observed
at elevated temperatures account for the loss of activity of these peptides. The presence of C-terminal
hydrophobic residues on one side of the amphipathic helix in class lla bacteriocins is an important feature
for receptor recognition and specificity toward particular organisms. This study assists in the understanding
of structure-activity relationships in type lla bacteriocins and demonstrates the importance of the conserved
C-terminal amphipathic. helix for activity.

Fermentation of lactic acid bacteria (LAB}¥ an age-old effect of LAB is partially due to the fermentation of sugar,
method for prolonged safe storage of food. The preservativewhich results in the production of large amounts of lactic
acid (1). The resulting low pH environment effectively
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Table 1: Amino Acid Sequences of Some Class lla Bacteriécins

Bacteriocin Amino acid Sequence Ref.

Pediocin PA-1
Enterocin P

Sakacin P
Mesentericin Y105
Leucocin A
Camobacteriocin B2
Curvacin A

KYYGHNGVTCG KHSCSVDWGK
ATRSIGHGVYCN NSKCWVNWGE
KYYGNGVHCG KHSCTVDY
KYYGNGVHCT KSGCSVI
KYYGNGVHCT KSGCS
VNYGNGVSCS KTHCSVH
ARSYGNGVYCN NKKCWVNRGE

(23)
(24)
(25)
(16)
(5)

IAWATGGHOG NHEC
M GH

SVASG AGSIGRRE

Y (28)
ASGLAGM

127}

aYGNGV motif (bold) and residues in the C-terminal domain
forming the amphipathia helix (red) are highlighted.

An important group of these antimicrobial peptides are
the pediocin-like, class lla bacteriocins produced by LAB
(3, 4). We reported the purification and primary structure of
the first of this class, leucocin A (leuA)5), but in the

Kaur et al.

can only be substituted with another hydrophobic residue
and not with any polar residue. However, beyond the helical
region, some replacement of residues with polar or hydro-
phobic amino acids can be tolerated. This indicates that
maintaining the hydrophobicity of the amphipathic helix is
critical for activity.

Many studies have focused on identifying the domains and
amino acid residues responsible for activity in these peptides
(28—32). However, only a few have been aimed at identify-
ing the location and kind of interaction with the target cell
of this class of bacteriocin88—35). Class lla bacteriocins
mainly display a narrow and strain-specific spectrum of
activity. The minor differences in phospholipid composition
between strains of the same species or between related

meantime, over 20 such peptides have been identified. Thesespecies cannot explain such a highly specific spectrum of

heat-stable, cationic peptides typically have-&8 amino

activity. An enantiomer of leuA, in which all amino acids

acid residues and display potent antilisterial activity. Class havep configuration, was found to be completely lacking
Ila bacteriocins contain at least one conserved disulfide bond,in antimicrobial activity, thereby demonstrating that a chiral
a highly conserved N-terminal YGNGV sequence, and a interaction is required at the target-cell surface for the

variable hydrophobic C-terminal domain (Table 1). They are
believed to exert their antibiotic activity by forming pores
in the cell membrane of sensitive bacte®a®). They show
high levels of specificity for a particular target organisms

bacteriocin to display its effect86). As discussed in that

report 386), synthetico enantiomers of natural peptides (e.g.,
mellitin and magainin) that do not require chiral interaction
with a receptor molecule and work directly by membrane

among closely related groups. Although many interesting disruption will display full biological activity. This is not

aspects of these peptides have been investigd{e3+10),
including regulation of production, target-cell sensitivity,

the case with the type lla bacteriocin leuA. This points
toward the involvement of a receptor protein as a target

immunity, and resistance, the exact details of interaction with molecule in sensitive bacterial cells. Recently, a mannose

the target cell at the molecular level are still unknown.

phosphotransferase system (PTS) permeas@{ihas been

Class lla bacteriocins are essentially unstructured in water proposed to be a target molecule for mesentericin Y105 and

but become partly structured in the presence of 2,2,2-

trifluoroethanol (TFE) or membrane-mimicking environ-
ments such as detergent micelles or vesiclds-(L6). TFE

leuA (33—35). Hechard et al.34, 35) proposed E{Ma" to
be the target receptor for all class lla bacteriocinkigteria
monocytogene$nterococcus faecaliand other sensitive

has become a common solvent for structure elucidation of bacteria. An additional extracellular domain present in the
hydrophobic peptides, especially ones that act on membraneMptD subunit of El[M3" compared to other mannose PTS
bound protein receptors. Although the mechanism by which Ell sequences is suggested to be involved in class lla
TFE induces defined conformations in small peptides is not bacteriocin sensitivity. An in-frame deletion of this section
completely understood, a number of studies suggest that theof mptD led to resistance of. monocytogene® mesen-

stabilizing effect of TFE is due to the preferential aggregation
of TFE molecules around the peptide, providing a low
dielectric constant and hydrophobic environmetii<19).
Structural studies including the NMR solution structure of
leuA (11), carnobacteriocin B2 (cbnB2)18), and sakacin P
(sakP) 20) and circular dichroism (CD) structural studies
of pediocin PA-1 (pedPA-1)14) in TFE or membrane-
mimicking conditions (e.g., dodecyl phosphocholine (DPC)

tericin Y105, showing its connection with sensitivity to this
peptide 85).

pedPA-1 is a very active class lla bacteriocin with an
additional C-terminal disulfide bond that makes its structure
particularly interesting. In the present study, we chemically
synthesize a mutant of pedPA-1, ped[M31Nle], wherein the
replacement of methionine by norleucine (Nle) gives en-
hanced stability toward aerobic oxidation. We then examine

micelles) show the presence of one common structural featurethe structure and activity of the mutant, as well as the parent

in these peptides, namely, 3@5% o-helical content. The
Edmundson helical wheel analysiglj of most of these
peptides indicates that they form amphipathibelix in the
C-terminal domain. The exact function of this helical domain,
which is important for recognition and/or activity, is not yet

pedPA-1 and compare it to related bacteriocins without the
C-terminal disulfide bond such as leuA, cbnB2, enterocin P
(entP), sakP, and curvacin A (curA) using CD and molecular
dynamics (MD) simulations at different temperatures. The
antimicrobial activities of pedPA-1, ped[M31NIle], leuA, and

clear. However, replacement of a hydrophobic residue Phe33cbnB2 were monitored as a function of the temperature

with a polar Ser in ther-helical region of cbnB2 completely
abolished antimicrobial activity and drastically altered its
retention time on reverse-phase HPLZ2) In contrast,

against two strainslisteria innocuaATCC 33091 and
Carnobacteriocin diergens.VV13. Homology-modeled struc-
tures of additional representative type lla bacteriocins,

substitution of certain polar residues in the C terminus pedPA-1, entP, sakP, and curA were generated, and their
beyond the helical region (e.g., Arg46 to Gly) had little or behavior in TFE and water was monitored using MD
no effect 2). Similarly, replacement of Trp33 within the simulation at 298 and 313 K. The secondary structural
helix in sakP with the hydrophobic residues Leu or Phe had information obtained from the CD data analysis correlates
marginal effects on activity, whereas replacement with the to the temperature effects and relationships obtained from
more polar Arg reduced activity 561000 times 28). Thus, the antibiotic activity studies and the MD simulations. The
the hydrophobic residues in the amphipaiiibelical region results confirm the importance of maintaining the structural
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integrity of the o-helical region for optimal activity and  was confirmed by HPLC and MALBD{TOF mass spectrom-

molecular recognition by the target receptor. etry (4607.3, MH).
Production, Isolation, and Purification of pedPA-Ihe
MATERIALS AND METHODS fermentation oPediococcus acidilactidPAC 1.0 was done

o ) o as reported previouslyld) with some modifications in the
Pediocin (M31Nle) Synthesis, Purification, and Charac- igp|ation and purification procedures. Isolation and purifica-
terization. Stepwise synthesis of synthetic pediocsyrt tion was done by a rapid three-step procedure. The cells were
pediocin) with a point mutation at residue 31 (Met31NIe) removed from 14-h cultures by centrifugation, and the
was done manually on a 0.3-mmol scale of Wang resin (1.0% gypernatant was loaded directly onto an Amberlite XAD-16

bvB cross—llnked) following the standarq Fmoc solid-phase (BDH Chemicals) column (2.5 12 cm) preequilibrated with
peptide chemistry as described previousBE)( Fmoc-  jliQ water and sequentially washed with 30% ethanol and
protected L-amino acids were used, and the following side- 7o 2-propanol (pH 2.0) at a flow rate of 15 mL/min. The
chain protection was used Asn(Trt), Asp(tBu), Cys(Acm), most active fraction (70% 2-propanol) was concentrated in
Cys(Trt), Glu(tBu), His(Trt), Lys(Boc), Ser(tBu), Thr(tBu),  yacuo at 30°C to 15 mL. It was then applied onto a C18
Trp(Boc), and Tyr(tBu). The four cysteine residues that form MegaBond Flash Column (Varain) preequilibrated with
two disulfide bonds were orthogonally protected [residues milliQ water and sequentially washed with water (50 mL),
9 and 14 Cys(Acm) and residues 24 and 44 Cys(Trt)]. From 3004 EtOH (50 mL), 20% 2-propanol (40 mL), 40%
residue 15 onvyard;l—methylpyrrolidinqne (NMP) was used 2-propanol (40 mL), and finally 70% 2-propanol at pH 2.0
as a solvent in place of DMF during deprotection and (100 mL). The most active fraction (70% 2-propanol) was
coupling stepsJ7). To facilitate the coupling of difficult  concentrated to 1 mL and was further purified by HPLC as
residues (Asn, lle, and most of the residues after position described by Watson et all4). From a culture media of 3
15) elevated temperatures of up to®¥D(37, 38) and magic | apout 1 mg of pure pedPA-1 was obtained (4625, )IH
mixture (37, 38) solvents were employed. A test cleavage  antimicrobial Actbity. Bacteriocin activity was measured
was performed after each five residues were coupled, andsing an assay system essentially as described by Fimland
the desired product was confirmed by MALBTOF mass ¢t a|. 08). Tubes containing culture medium (2 mL), with
spectrometry. Each test peptide was cleaved from the resiny5cteriocin (pedPA-1, ped[M31Nle], leuA, or cbnB2) frac-
with a mixture of 87.5% TFA, 5% phenol, 5% water, 2.5% tjons at 2-fold dilutions and the indicator strainsinnocua
dlthlothreltol, and 2_.5% anls_ole for 90 min at room temper- ATcC 33091 andC. divergensLV13 at an ODRg of about
ature with mechanical shaking. 0.01, were incubated at 25 and 3C. After 14-16 h, the
The completed peptide resin was stored-20 °C under culture media (20QuL) was transferred into wells of a
argon, with the N-terminal Fmoc group still attached. Prior microtiter plate and growth of indicator strain was measured
to all oxidative transformations and/or acid cleavages or spectrophotometrically at 590 nm with a microtiter plate
deprotections, N-terminal Fmoc was removed by treatmentreader (Thermomax, Molecular Devices). The minimal
with piperidine-NMP (4 x 5 mL, 5 min), followed by inhibitory concentration (MIC) was defined as the concentra-
washes with DMF and 2-propanol. The peptide chain was tion of bacteriocin that inhibited the growth of the indicator
released from support, with concomitant removal of acid- strain by 50%. Each sample was done three times, and the
labile side-chain protecting groups using the same procedureexperiments were repeated at least twice. leuA and cbnB2,
as used for the test cleavages. The filtrate from the cleavageprepared in our laboratory previousti/l( 13), were purified
reactions was collected, combined with TFA washes (3 using analytical HPLC prior to use. Their purity was further
min, 1 mL), and concentrated in vacuo. Cold diethyl ether confirmed by MALDI-TOF mass spectrometry. The con-
(~15 mL) was added to precipitate the crude cleaved peptide.centration of bacteriocins was determined by measuring UV
After trituration for 2 min, the peptide was collected upon absorption at 280 nm, which was converted to protein
centrifugation and decantation of the ether. The crude peptideconcentration using molecular extinction coefficients. The
precipitate dissolved in 40% MeCN was purified on a molecular extinction coefficients were calculated from the
preparative Zorbax RX-C8 HPLC column (24 250 mm, contribution of individual amino acid residues. Class lla
flow rate= 8 mL/min, monitored at 220 nm) using a gradient bacteriocins are unstructured in watéd,(14), and it has
of 10—-40% MeCN in 0.05% aqueous TFA over a period of been previously shown that the UV method is fairly reliable
1 h. The fractions showing the desired mass of 4751.3f{MH for concentration determinatio3g).
reduced peptide with 2 Cys(Acm)] were collected and CD SpectroscopyAll CD measurements were made on a
lyophilized. The dried fractions were dissolved in TFE/water Jasco J-720 spectrophotometer in a thermally controlled
(2:1, viv), buffered to pH 7.6 with ammonium bicarbonate, quartz cell with a 0.02-cm path length over 960 nm.
and stirred overnight under,@t room temperature. At this  For the first set of experiments, CD spectra of pedPA-1 and
stage, the reaction mixture was acidified with HCI (1 M) ped[M31Nle]in 0 and 90% TFE in 0.1% aqueous TFA (pH
and vacuum-evaporated followed by dissolution in acetic ~2.0) at 25°C were collected. The concentrations of
acid/water (4:1, v/iv). Removal of Acm groups along with pedPA-1 and ped[M31Nle] used were 40 and @M,
the disulfide-bond formation was achieved by stirring the respectively. The second set of experiments was performed
reaction mixture with 4 (0.1 M in methonal) under argon  using ped[M31Nle], leuA, and cbnB2 in 90% TFE (0.1%
for 2 h. The oxidation was quenched by the addition of aqueous TFA) at 25 and 3T. The final concentrations of
aqueous ascorbic acid (1 M), and the crude product wasthe peptides were obtained by amino acid analysis. Data were
purified by reverse-phase HPLC. The fractions were collected collected every 0.05 nm and were the average of 8 scans.
and lyophilized to give a yield of 18 mg of pure synthetic The bandwidth was set at 1.0 nm and the sensitivity, at 50
pediocin (M31Nle) (calculated overall yield of 3.8%). Purity mdeg. The response time was 0.25 s. In all cases, baseline
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scans of aqueous buffer were subtracted from the experi-using the Berendsen algorithm at 1 bar with a coupling
mental readings. Results were expressed in units of molarconstantp = 4 ps, using a compressibility of liquid TFE of
ellipticity per residue (deg cfrdmol™) and plotted versus  1.22x 10* and 1.34x 104 kJ™* mol nn¥ at 298 and 313
the wavelength. Analysis of the CD spectra involved K, respectively 48). For simulations in watemp was 0.5 ps
quantitative curve fitting using the CDPro software analysis and a compressibility of 4.5 107% kJ-* mol nn® was used.
program 40). This software uses three programs to perform The electrostatic and van der Waals interactions were
the protein secondary structure analysis from CD spectra.truncated at a cutoff distance of 1.2 nm. The integration time
An input file for all three programs is created using step was 2 fs, and the coordinates and velocities were saved
CRDATA (provided in CDPro), which converts molar every 2 ps. The LINCS algorithm was used to restrain all
ellipticity values into molar CD per residua¢/n]. A set of bond lengths §1).

48 reference prOtEinS from 5 different sources is used in this All bacteriocins were considered to have positive|y and

software package. The three CD analysis programs CONTIN/ negatively charged N-terminal N and C-terminal COO
LL, SELCONS3, and CDSSTR use a different algorithm for groups, respective|y_ Asp, LyS, Arg' and Glu residues were
analyzing a given protein CD spectrum. Output data for each considered to be charged, whereas His residues were kept
of the three programs were given in terms of fractions of peutral. pedPA-1, entP, sakP, and curA had a total final
six different secondary structure classes, namely, regular  charge of+3e, +1e, +2e, and-+3e, respectively. Preliminary
helix, distorteda helix, regular strand, distorte@ strand, calculations were also done with pedPA-1 in a fully
turns,_ and unordered. Because the same set of referen_c%rotonated state (pH-2), and no significant structural
proteins was used by each of the three programs, theirgifferences were observed from the charge arrangement
fractional secondary structures could be averaged. Fordescribed above (data not shown). Simulation systems were
convenience of data interpretation, the regular and distortedgenerated by peptide insertion into a cubic box with an edge
components oft helix andp strand and turns and unordered |ength of ca. 6 nm, followed by solvation of the protein using
structural elements were added to give overall helical, strand, TEE or SPC water molecules. The system was initially
and coil structures, respectively. The final secondary structuresypjected to 1000 steps of the steepest descent energy
elements were the average from the triplicate samples for minimization. The protein coordinates of the resulting
each peptide, and the standard error was calculated for eackystems were then restrained, while allowing solvent mol-
of them. Each was also examined separately using the threescuyles to relax their positions and optimize interactions with
analysis programs mentioned above, and the standard errothe protein during a 200-ps simulation. After initial equilibra-
was calculated for each of them. The latter results are all tion, 2—4 ns MD simulations were run. The peptides in TFE
within the experimental error given. and water showed a stationary behavior of the potential
Modeling and Simulation Method$he sequences corre-  energy after about 200 ps. Snapshots of the peptide structures
sponding to pedPA-1, entP, sakP, and curA were searchecextracted from the last 1 ns of the MD simulation were
against the SWISSPRORY) and Protein Data Banki) averaged and minimized further using a conjugate gradient
databases using both FASTAJ) and BLAST @4). All algorithm. Simulations were analyzed using GROMACS
bacteriocins showed high sequence identity with leuA (PDB routines. Secondary structures were analyzed using VADAR

code 1CW6) or chnB2 (PDB code 1CWS5) for which the (52). SwissPDB Viewer45) and WebLab ViewerLite%3)
three-dimensional NMR structure in TFE has been deter- were used to visualize and Superimpose the structures.

mined previously 11, 13). Multiple amino acid sequence
alignments and initial homology-based structures were doneRESULTS
using the “magic fit” module of Swiss-PdbViewer 3 45j.
These homology-based structures were chosen as the starting Synthetic Pediocin (M31NIleped[M31Nle] was synthe-
structures for Subsequent MD simulations. MD simulations sized with a mutation at Met31, the Single methionine residue
of solvated bacteriocins in TFE or water were performed in pedPA-1. This residue is prone to oxidation, and oxidized
using a parallel version of the GROMACS 3.1 MD simula- Pediocin has been shown to be 100 times less antimicrobially
tion package (GROMOS96 force field4®) on a dual active than the unoxidized form toward most of the indicator
Pentium IIl personal computer processor machine running strains 9). Thus, this stable mutant was made to allow
LAM-MPI version 6.5.4 47). The parallelized MD code accurate activity and structural studies on this bacteriocin.
reduced the computational time by approximately 50% Ped[M31Nle] was synthesized using Fmoc/tBu chemistry
compared to the serial version of GROMACS. TFE solvent With orthogonal protection of four cysteine residues to
was parametrized according to Fioroni et &8)( which facilitate proper disulfide-bond formation. The proper folding
attributes the following charges to the TFE atoms:=F of the C-terminal disulfide bond (between residues 24 and
—0.17e, C = 0.452, CH2 = 0.273, OA = —0.62%, and 44) was achieved by oxidizing it in buffered TFE®I (pH
HO = 0.41Ge (where OA and HO are the hydroxylic oxygen 7.6) under an @environment. NMR studies have shown
and hydrogen atoms, respectively, for the GROMOS force that these peptides adopt a well-defined tertiary structure in
field). Water molecules were represented by means of thesolvents such as TFE and DPC micell&s, (13). lodine was
SPC model, which attributes a charge of @4hd—0.82 used as the oxidizing agent to form the short N-terminal
to the hydrogen and oxygen atoms, respectivé@_( disulfide bond (between residues 9 and 14) A total of 18
All systems were simulated in the NPT ensemble at 298 Mg of pure ped[M31Nle] was obtained for activity and
or 313 K using periodic boundary conditions. Weak coupling Structural studies.
of the protein to a solvent bath of constant temperature was Comparisons of Antimicrobial Aeity. The activity spectra
maintained using the Berendsen thermos&q) (with a of pedPA-1 and ped[M31Nle] were found to be quite similar.
coupling constant ofr = 0.1 ps. The pressure was controlled Replacing Met by Nle protected the peptide from oxidation,
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Table 2: Activity of Class lla Bacteriocins as a Function of Table 3: CD Analysis of the Secondary Structure Fractions of
Temperature Native pedPA-1 and Synthetic ped[M31Nle] in TFE and Water at
MIC ("M) + SEMP 25°C
L. innocua C. diergens bacteriocin solvent o helix /3 sheet coll
o o o 5 pedPA-1 aqueous 0.08 0.23 0.69
25°C src 25°C sree 90% TFE  0.35 015 050
pedPA-1 1403 53+04 33+02 29.5+0.7 ped[M31Nle] aqueous 0.06 0.38 0.57
ped[M31Nle] 2.7+0.6 7.7+£09 4.6+08 209t1 90% TFE 0.32 0.19 0.50
leuA 1.1+04 350+1 1.0+£0.3 335+09 — —
cbnB2 74£06 334+10 87+05 450+ 20 a All samples were acidified to pH2.5 by addition of TFA (0.1%

final concentration).

a Bacteriocin activity was measured as described under the Materials
and Methods. The indicator strains used in the bacteriocin assay were
L. innocua ATCC 33091 andC. divergensLV13.°MIC is the
concentration of bacteriocin that inhibited growth of the indicator strain
by 50%. The values are results of at least three independent
measurements.

15

~~
.
)v

10

which reduces the activity of pedPA-1 with time, and had
only very minor effects on initial bacteriocin activity. Both
the peptides were found to be almost equally potent against
indicator strainsL. innocuaand C. divergens(Table 2).
Previously, Johnsen et al. have shown that replacing Met , , \ ,
by Ala, lle, or Leu at position 31 of pedPA-1 by site-directed 195 210 225 240
mutagenesis did not alter the activity spectrum of this peptide Wavelength (nm)
for most indicator strains3@). When assayed at 25 and 37
°C, pedPA-1 and ped[M31Nle] had nearly the same potency
(3—4 times less activity) at two temperatures with the
exception of pedPA-1 againg. divergens(9 times less
active). The loss in activity of pedPA-1 at higher tempera-
tures is almost certainly due to more rapid oxidation of Met
at elevated temperatures to generate the much less-active
methionine-sulfoxide-containing derivative. Johnsen et al.
have shown that during storage conditions pedPA-1 changes
to a less-active form (100-fold less active) with an increase
in the molecular mass by 16 Da3). leuA and cbnB2, which
lack the C-terminal disulfide bond and do not have methion-
ine residues, lost their activity up to 3@0 times at higher Wavelength (nm)
temperatures (Table 2). T T T T
CD SpectroscopyCD spectroscopy was used to compare 30}
the structures of native pedPA-1 and ped[M31Nle]. As
mentioned above, the formation of the C-terminal disulfide
bond in ped[M31Nle] was achieved in TFE/water conditions.
This was done to assist the formation of this bond with the
correct folding and thereby to maintain its structure as close
as possible to native pedPA-1. Spectra for both the peptides
were collected in water and 90% TFE containing 0.1% TFA N
(pH 2.5). In water, these peptides were significantly unstruc- 20} .
tured, but at a high TFE percentage (90%), the helical 195 210 225 240
structure was induced. This concentration of TFE has been Wavelength (nm)

hown previousl| in he maximum str re in thi . , .
sho previously to induce the maximum structure in this Ficure 1: CD spectra in 90% TFE (0.1% TFA final concentration,

cl_as_s of_ bacteriocinsl(, 14). Quantitative analy_sis of the pH 2.5) at 25°C (—) and 37°C (+++) of (a) ped[M31Nle], (b)
distribution of secondary structure showed that in 90% TFE |euA, and (c) cbnB2. The ellipticity was expressed as the mean

both peptides were equally structured (Table 3) with-32  residue molar ellipticity @) in deg cn? dmol-. The secondary
35% helix in each of them. ped[M31Nle] was used for further structure composition was estimated by deconvolution, as imple-
CD experiments at different temperatures because of itsMented by the CDPro softwaréQ.

stability toward oxidation. Spectra for ped[M31NIle], leuA, quantitative analysis of the secondary structure distribution
and cbnB2 were collected in 90% TFE at 25 and°B87 In consistently showed a slight but significant decrease in the
all three peptides, significant helical structure was induced helical content for leuA and cbnB2 at higher temperatures,
as indicated by the appearance of distinct negative bands atvhereas the structure of ped[M31Nle] remained essentially
206—209 nm, negative shoulders near 220 nm, and positive the same (Table 4). On the basis of the mean values and the
bands at 195 nm (Figure 1). Spectra at 25 anti3dppeared  standard error estimates, it is apparent that the secondary
quite similar on initial inspection. This is because there is structure elements are different for leuA and cbnB2 at two
partial, but not complete, loss ofhelix structure. However,  temperatures. Thus, in contrast to the peptides, such as leuA
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Table 4: Effect of Temperature on the Secondary Structure Elements Determined by CD Analysis of Various Class lla Bacteriocins in TFE

bacteriocif temperature°C)° o helix* +£ SEM /3 sheet+ SEM coif + SEM
ped[M31Nle] 25 0.329: 0.006 0.180+ 0.006 0.49Gt 0.009
37 0.325+ 0.005 0.188t+ 0.007 0.483t+ 0.008
leuA 25 0.320+ 0.005 0.17H-0.003 0.508+ 0.004
37 0.226+ 0.009 0.249+ 0.004 0.52Gt+ 0.009
cbnB2 25 0.443t 0.008 0.117A 0.007 0.44+ 0.01
37 0.379+ 0.007 0.15+ 0.01 0.47+0.01

a All samples were prepared three times in TFEIH9:1, v/v) containing 0.1% TFA (pH-2.5).? Samples were allowed to equilibrate for at
least 10 min at a particular temperature before taking CD sé&8®&condary structure determination from CD data was done using CDPro software
(40) as described in the Materials and Methods.

Table 5: Bacteriocins Simulations

sequence total number of duration final Co. RMSD,
bacteriocin template identity? solvent moleculés (ns) all residues (nnf)
pedPA-1 leuA (1CW6) 15:21 (71%) 1509 TFE 4 0.30
6926 HO 4 0.92
entP cbnB2 (1CWS5) 13:19 (68%) 1502 TFE 4 0.25
sakP leuA (1CW6) 15:21 (71%) 1514 TFE 4 0.25
6948 HO 4 0.62
curA cbnB2 (1CWS5) 13:21 (62%) 1509 TFE 4 0.24
6943 HO 3 131

aMost of the sequence identity was present in the N-terminal region. Overall sequence identity was between 32 and 35% for these peptides.
b Solvent molecules present in a cubic box at a volume of 21% hRor all Ca. atoms of the bacteriocin averaged over the last 1 ns of simulation.

and cbnB2, that lack the C-terminal disulfide bond, the (Table 5). A box with the volume of 216 rihper peptide
presence of the additional C-terminal disulfide bond in ped- was chosen to keep the concentration as close as possible to
[M31NIle] helps maintain the integrity of the helical structure the experimental samples mM as used for NMR solution
at elevated temperatures. structure elucidation). MD simulations were also performed
Homology ModelingMultiple sequence alignment of class in an aqueous environment for these peptides. In these
Ila bacteriocins shows that there is about &80% sequence  simulations, the peptide was placed in a cubic box with the
identity in the N-terminal region and a 3@0% overall volume of 216 nri and was solvated with SPC water
sequence identity among these peptides. The high sequenceolecules 49). Table 5 lists the number of TFE or water
identity of pedPA-1, entP, sakP, and curA to leuA and molecules present per peptide in the cubic box.
cbnB2, for which the solution structure is known, allows for A measure of the overall peptide stability was obtained
the use of homology-based techniques for this class of by plotting the root-mean-square deviation (RMSD) of the
peptides (Table 5). Although the NMR solution structure of peptide structure fitted onto its initial structure as a function
sakP became available very recenf)) we have used the  of time (Figure 2a). Peptides, in general, were stabilized after
homology-based structure of sakP for MD studies. A 1—2 nsin TFE without much further drift. Figure 2b shows
comparison of these structures shows that the modeledRMSD values for pedPA-1, sakP, curA, and cbnB2 in TFE
structure and NMR structure of sakP in TFE are in good at 313 K. The initial structure used in this case to calculate
agreement. sakP forms f&sheet-like structure in the N RMSD was the final MD structure from the 4 ns of
terminus (residues -117) and an amphipathic-helical simulation for pedPA-1, sakP, and curA and the NMR
structure in the central region toward the C terminus (residuesstructure for conB2. The RMSD values suggest that raising
18—34). Residues 34 to the C-terminal form a coil-like the temperature did not alter the structure substantially from
structure that folds back on the helical region. All bacteriocin its initial conformation. However, simulations in water
models were generated in two stages: (i) modeling the typically destabilized these peptides (see below). Table 5 lists
structure by fitting to the template (ii) creating the C-terminal the final RMSD for all @ atoms of the bacteriocin, averaged
disulfide bond (in the case of pedPA-1) by bringing the over the last 1 ns of the simulations in water and TFE. It is
C-terminal residue (Cys44) close to the Cys24 using different evident from the RMSD values that in each case the peptide
loop structures available in the Swiss Model loop database.remained closer to its starting conformation in TFE than in
The loop structure that allowed the formation of the disulfide water.
bond with minimum perturbation of the C-terminal helix was Figure 3 shows the structures of pedPA-1 in TFE and water
chosen for energy minimization and subsequent MD simula- at 298 K. Figure 4 shows the structures of entP, sakP, and
tions. curA in TFE at 298 and 313 K. Details of the helical
MD Simulation.MD simulations of pedPA-1, entP, sakP, structures of pediocin and curvacin are shown in Figure 5.
and curA were done using TFE as a solvent. A recently Finally, in Figure 6, we compare the structures of cbnB2 in
reported TFE model by Fioroni et al. for condensed phase TFE at 298 and 313 K. Figure 3a and parts a, ¢, and e of
simulations was used). The parametrization of this model Figure 4 show an energy-minimized average of the configu-
is based on GROMOS96 force field with the methylene rations taken every 50 ps froa 1 ns osimulation trajectory
group treated as a united atom. Multi-nanosecond MD at the end of the simulation for pedPA-1, entP, sakP, and
simulations were performed on these peptides placed in thecurA, respectively, at 298 K. In all peptides, some increase
center of a cubic box fully solvated with TFE molecules in the overall helical content was observed as compared to
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FiGure 2. (a) Gu RMSD with respect to the minimized initial
structure of pedPA-1 (black), entP (green), sakP (blue), and curA
(red). These simulations were performed at 298 K. (b)RMSD

with respect to the final MD structure from the 4 ns of simulation (C)
of pedPA-1, sakP, and curA and NMR solution structure of cbnB2 e

(green). These simulations were performed at 313 K. %

the starting structure. Although TFE was found to be ’ ”mj i

uniformly present around the peptide throughout the trajec- N

tory, the interactions between the peptide and TFE did not

seem to displace interactions within the peptide. The simula-

tion shows that the peptides maintain a well-defined structure .. (e)

with an o helix toward the C-terminal region andsasheet i '\;\

or random coil in the N-terminal region throughout the r )

trajectory. A closer look at the. helices (Figure 5) shows ‘ ( ; o

that all of them form the amphipathic helix with hydrophobic ~ ‘M

residues facing out and hydrophilic residues facing in toward \

the N-terminal$ sheet or the coil. Upon increasing the

temperature of the system from 298 to 313 K, the structure Ficure 4: Minimized average structure over the last 1 ns of

of pedPA-1 remained intact while, the C-terminal amphi- Zg?g”;%o?d')n;l';EKTo;n%ntcirf g?)(ez)gggegngn(g)(g13?>1:|))<,K§akP at ()

pathic helix region of other peptides, namely, entP, sakP,

curA, and cbnB2 started uncoiling as shown in parts b, d, rendered them globular. Cooling them back to 298 K for 1

and f of Figure 4 and Figure 6b, respectively. The comparison ns did not rescue the secondary structure, suggesting their

of the secondary structure of various class lla bacteriocins lack of being structured in water. However, peptides in TFE

in TFE at two temperatures, 298 and 313 K, is shown in returned to their original structure upon cooling (not shown

Table 6. here). Simulations in water were typically run for 2 ns at
MD simulation of these peptides in water showed that 298 K, followed by 1 ns at 313 K, and finally 1 ns at 298 K.

water had a destructive effect on their structures. Raising An average of the snapshots from the last 1-ns trajectory

the temperature from 298 to 313 K for 1 ns removed all of was further minimized to get the final structure. Structures

the secondary structural features from the peptides andof sakP and curA shown in the Supporting Information
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(a) or alteration of a single amino acid near the C terminus (e.g.,
removal of terminal tryptophan from mesentericin Y105 or
generation of F33S mutant of cbnB2) can render them
completely inert22). Although the above studies show that
most of the amino acid residues in these peptides are essential
for maximal activity, the key structural features necessary
for recognition of the target receptor molecule in three-
dimensional space remained elusive. Detailed knowledge of
the structures of these bacteriocins and the effects of altering
their geometries is essential for understanding their interac-
tion with a protein receptor. Therefore, a primary goal of
{ this study was to compare, under varying conditions, the
Lys20 * three-dimensional structures and antimicrobial activity of
representative class lla bacteriocins, namely, pedPA-1, entP,
(b) ) sakP, curA, leuA, and cbnB2.
Certain class lla bacteriocin like pedPA-1, diversion V41,
entA contain a second C-terminal disulfide bor&3, (56,
57) in addition to the conserved N-terminal disulfide bond.
This second disulfide bond generally affords enhanced
potency and broader activity spectra compared to single
disulfide peptides such as sakP and cuBA 39) and, when
removed or reduced, drastically decreases in pote8ty (
58). Moreover, when a second C-terminal disulfide bond is

Trp18

Asn18

' GIn24 introduced into sakP, target-cell specificity broadens and
Glu21 Ser32 activity at higher temperatures increasg9)( Very recently,
FicUrRe 5: Amphipathic helical section of (a) pedPA-1 and (b) curA, the NMR solution structures of sakP and its mutant sakP-
highlighting some of the residues. [N24C+44C], having an additional disulfide bond in the

) o . . . C-terminal region, were determined(j. Interestingly, the

display similar behavior as pedPA-1 in water (Figure 3b). jntroduction of the second disulfide bond in sakP did not
cause any major structural rearrangements. Thus, this second

DISCUSSION disulfide bond must function to make the conserved C-

Antimicrobial peptides (bacteriocins) from LAB disrupt terminal domain structure more constrained and less ame-
membranes of target bacteria and lead to leakage of cellularnable to change such as disruption of the helix.
contents 80, 54). It is becoming increasingly evident that Comparison of CD Spectra and Adgty. Pure pedPA-1
class lla bacteriocins act on the target organism by receptor-readily transforms under aerobic conditions to a much less-
mediated recognition56), whereby these antimicrobial active derivative via oxidation of methionine 31 to the
peptides interact with a putative receptor protein in the corresponding sulfoxide. Therefore, a mutant of pedPA-1,
membrane of the target cell, with possible subsequent poreped[M31Nle], was synthesized by solid-phase peptide syn-
formation. Alternative hypotheses have been proposed forthesis using orthogonal protection of four cysteine residues.
the importance of different parts of these peptides. On the Special measures were taken during the chemical oxidation
basis of the amino acid sequence, the N-terminal region of of these cysteines to form the disulfide bonds with correct
these peptides is conserved, whereas the C-terminal regiorgeometry. In particular, the formation of the second disulfide
is highly variable. In contrast, NMR structural studies of bond, which spans most of the C-terminal helical region was
leuA, cbnB2, and sakP in TFE show that the C-terminal done in TFE/water to ensure proper folding. A comparison
region is structurally conserved as arhelix, whereas the  of secondary structural elements by CD showed that the
N-terminal region is structurally more variable because of synthetic pediocin mutant, ped[M31Nle] and native pedPA-1
the effect of a few key amino acid substitutiodd,(13, 20). are very similar as shown in Table 3. In a recent CD study,
Earlier studies emphasized recognition of the highly ho- Watson et al.14) reported that pedPA-1 contains 66% helix
mologous N-terminal region by the target organisbé)( in 90% TFE (1 mM KMES buffer at pH 6). In our study,
However, more recently, Fimland et &29) have shown that  this peptide showed only 35% helix in 90% TFE (0.1% TFA
the interchange of large domains of different class Ila at pH 2.5). This difference in overall helical content could
bacteriocins, such as pedPA-1, sakP, and curA, givesbe a consequence of the buffer, solvent, or peptide aggrega-
chimeric peptides whose antimicrobial specificity for par- tion as mentioned by the authors themselves. In other solvent
ticular target organisms corresponds to the C-terminal region.conditions, like 5 mM SDS, 5 mM DPC, a mixture of SBS
In a related study, it has been shown that a C-terminal DPC, and membrane vesicles derived frbmnnocua all
fragment of pediocin (residues 2@4) specifically inhibits buffered to a pH of 6 with 1 mM KMES, the same authors
pedPA-1 activity. However, this short peptide is not anti- found pedPA-1 with 3238% helical structure.
microbially active and does not significantly inhibit closely In terms of antimicrobial activity, synthetic ped[M31Nle]
related bacteriocins, such as leuA, sakP, and cG0\ These is equally potent to native pedPA-1 (Table 2). Previous site-
results suggest that the C-terminal region is involved in specific mutagenesis experiments to generate small quantities
receptor recognition. Interestingly, large fragments of type of peptides indicated that replacing Met31 by hydrophobic
Ila bacteriocins are inactive, and in certain cases, deletionresidues, such as Ala, lle, or Leu, maintained the activity of
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Ficure 6: (a) NMR structure of cbnB2 in TFE at 298 KJ). (b) Minimized average structure over the last 1 ns of simulation in TFE for
cbnB2 at 313 K.

Table 6: Comparison of the Secondary Structure of Various Class Effect of Temperature on StructufBfE is a solvent that

lla Bacteriocins in TFE at Different Temperatures can induce defined conformations in small peptides that
secondary structure normally exhibit no stable secondary structure in aqueous
bacteriocin  determination  temp°C) a helix B sheet coil 39|Uti0n_s- Experimental evidence suggests that the low
pedPA-1 cp 25 035 015 049 dlelec_tnc constant an_d h_ydroger_l—bondlng effects play_key
MD 25 034 0.15 050 roles in the TFE-peptide interaction and that the resulting
MD 40 0.34 0.15 0.50 peptide structures are likely to approximate those in lipid
entP MD 25 043 0 056 environments18, 19). Hong et al. found that SDS micelles-
sakP 'YRIRD gg g.gels g. 10 %‘%‘5 dependent conformational transitions of melittin, a 26-residue
MD 25 037 020 042 amphiphilic peptide from honeybee venom, resemble those
MD 40 0.30 0.18 0.51 induced by TFE. Our earlier NMR studies show that leuA
curA MD 25 041 0 0.58  and cbnB2 adopt a well-defined tertiary structure in TFE,
leUA '\I\/JII\DARab gg ggg 8.18 %‘376 whereas these peptides are essentially unstructured in water
MD 25 035 020 0.44 or aqueous DMSO1(1—13). Moreover, the structure of leuA
MD 40 0.27 027 045 in TFE—water closely resembles that in DPC micelles and,
. in the C-terminabi-helical region, is nearly superimposable
cbnB2 ,&‘g"m gg 8'22’ 8 8'25 in the two solvent systems. The RMSD (backbone atoms
MD 40 037 0 0.62 only, N, Ca, carbonyl carbon) for the superimposition of

o-helical residues in leuA in DPC and TFE, leuA in DPC,
2CD and NMR samples were in TFE/@ (9:1, v/v) containing 0.1%  and cbnB2 in.TFE qf 0.44 and 1._26_ A, respectively,_indicates
TFA (pH 2.5).° Values for leuA, cbnB2, and sakP were taken from that thea-helix region is very similar in the two different
refs11, 13, and20, respectively. media. More recently, Uteng et al. have shown that the
overall appearance of the sakP NMR spectra in DPC and

the bacteriocin, whereas replacement by Asp was highly TFE is quite similar 20). The RMSD over the backbone
deleterious 2). This key residue falls in the amphipathic atoms for theo-helical residues (1833) in DPC and TFE
C-terminal helix region, and in oxidized pedPA-1, the for sakP is 0.75 A. Thus, aqueous TFE was chosen as a
alteration of the electronic and possibly steric properties of Solvent to perform CD and MD simulations of the bacte-
the hydrophobic suface may cause deviation from the correctfiocins studied in this paper. CD analysis of peptides with
spatial position necessary for receptor recognition and an additional C-terminal disulfide bond such as ped[M31Nle]
activity. This suggestion is further supported by the fact that @nd peptides without the C-terminal disulfide bond such as
pedPA-1 and ped[M31Nle] show similar activity at 25 and leuA and c_an_Z at _dlfferent temperatures |nd|c§ited that the
37°C, whereas the single disulfide-containing peptides such former maintained its secondary strugture at'dn‘ferent tgm-
as leuA and cbnB2 that have a flexible C-terminal helical Peratures. However, the later peptides with a flexible
region d|sp|ay decreased activity at 3Z as Compared to C'te.rm"']al reg|0n ShOWed a decrease |n¢hbel|cal content

25 °C. Previously, Fimland et al. reported that sakP was at higher temperatures (3T). A closer look at the three-

about 10-40 times less potent at 3T than at 20°C (59). dimensional structures of these peptides using MD simula-
In the same study, the authors showed that a mutant oftions further supported these results.
pedPA-1, ped[C248C44S], wherein the C-terminal disul- MD structures of pedPA-1, entP, and curA along with

fide bond is removed, is less-active at elevated temperaturessolution structures of leuA, cbnB2, and sakP suggest that
However, an N24@44C sakP mutant with an additional the C-terminal region in all of these bacteriocins is structur-
C-terminal disulfide bond introduced into the helical region ally conserved despite extensive differences in the amino
had similar activity at 20 and 37C. acid sequence. All peptides form an amphipathieelix that



9018 Biochemistry, Vol. 43, No. 28, 2004 Kaur et al.

spans from the center toward the C terminus 28 CONCLUSION

residues). As shown in Figures 4, 5, and 6, the hydrophobic  cjass |1a bacteriocins formasheet or coil-like structure
side of the amphipathic helix faces away from the more i, the N-terminal domain and am-helical structure in the
hydrophilic side, which in general faces the polar and charged ¢_terminal domain. We have studied the structemetivity
residues from the N-terminglsheet or the coil region. Trp33 relationship among these peptides using pedPA-1, which has
is one of the conserved residues present in the hydrophobicy additional C-terminal disulfide bond, and peptides such
face of the amphipathic helix of pedPA-1, sakP, and curA. a5 entP, sakP, curA, leuA, and cbnB2, which do not contain
It has been shown that the Trp33 residue of sakP can beghe C-terminal disulfide bond. A more stable M31Nle mutant
replaced by any hydrophobic residue while maintaining full of pedPA-1 was synthesized to study the importance of the
activity of the bacteriocing8). MD simulations at a higher  _nelix content in relation to the activity of the peptide. Using
temperature (313 K) showed that peptides, such as entPcp and MD simulations, the structures of these peptides were
sakP, curA, and cbnB2, without the C-terminal disulfide compared at different temperatures. In this study, we have
bond, experienced some unfolding of the conserved he|'0a|generated MD structures of four class lla bacteriocins,
region. In general, the uncoiling of the helix occurred in the pedPA-1, entP, sakP, and curA in aqueous TFE and water.
middle of the helical region or toward the N-terminal side The simulations show that the structures of these peptides
of the helix. MD simulation structures at 313 K for entP, 516 more stable in TEE compared to water. In agueous TFE,
sakP, curA, and cbnB2 are shown in parts b, d, and f of they maintain a conserved amphipathic helix in the
Figure 3 and Figure 5b, respectively. In contrast, the pedPA-1 c_terminal region and @ sheet or random coil in the
structure did not change during the entire simulation trajec- N.terminal region. The C-terminal disulfide bond in pedPA-1
tory at 313 K. The presence of the C-terminal disulfide bond pe|ps in maintaining the tertiary structure of the peptide in
in pedPA-1 provides its structure with less flexibility and TEg even at higher temperatures, whereas peptides such as
corresponding temperature stability. These results combinedentp, sakP, curA, leuA, and cbnB2, without the C-terminal
with the antimicrobial activity results at 25 and 32 support  gisulfide bond, experience significant structural perturbation
the idea that the hydrophobic residues on this helix must iy the amphipathic helix region. The hydrophobic residues
directly interact with the receptor protein. All of the of the C-terminal helical domain orient themselves on one
experiments consistently show that slight perturbation in the sjqe of the helix, thereby facilitating specific interaction with
structure in this domain causes a decrease in the antimicrobiaty,g receptor protein (probably a region of the mannose PTS
activity. Uteng et al. reported CD studies showing that & gypynit 1ID) on the target cell. These studies provide a
variant of sakP, sakP[N24B44C], with an additional  strctural basis to help elucidate the receptor-mediated
C-terminal disulfide bond, does display a marked decreaseygcognition mechanism of action of class lla bacteriocins.
in the helical content when the temperature is raised from gy thermore, we found that the helical structure as well as
12-52 °C (20). At very high temperatures such as 32 he activity of pediocin-like peptides with the second (C-
(as opposed to 37C), itis possible that the second disulfide  terminal) disulfide bond remained the same at 25 and 37
bond is no longer capable of sufficiently restraining the oc_However, for peptides without the C-terminal disulfide
conformation of the helical region at the C terminus. bond, there was a loss in the helical content as well as activity

~ Mechanism of ActiorRecent studies support the interac- at elevated temperatures. These results suggest that the
tion of class lla bacteriocins acting with a specific receptor helix is critical for activity.

protein on the target celB@—36). The additional domain
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