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A collection of pediocin AcH amino acid substitution mutants was generated by PCR random mutagenesis
of DNA encoding the bacteriocin. Mutants were isolated by cloning mutagenized DNA into an Escherichia coli
malE plasmid that directs the secretion of maltose binding protein-pediocin AcH chimeric proteins and by
screening transformant colonies for bactericidal activity against Lactobacillus plantarum NCDO955 (K. W.
Miller, R. Schamber, Y. Chen, and B. Ray, 1998. Appl. Environ. Microbiol. 64:14-20, 1998). In all, 17
substitution mutants were isolated at 14 of the 44 amino acids of pediocin AcH. Seven mutants (NSK, C9R,
C14S, C14Y, G37E, G37R, and C44W) were completely inactive against the pediocin AcH-sensitive strains L.
plantarum NCDO95S, Listeria innocua Linll, Enterococcus faecalis M1, Pediococcus acidilactici LB42, and
Leuconostoc mesenteroides Ly. A C24S substitution mutant constructed by other means also was inactive against
these bacteria. Nine other mutants (K1N, W18R, 126T, M31T, A34D, N41K, H42L, K43N, and K43E) retained
from <1% to ~60% of wild-type activity when assayed against L. innocua Linl1. One mutant, K11E, displayed
~2.8-fold-higher activity against this indicator. About one half of the mutations mapped to amino acids that
are conserved in the pediocin-like family of bacteriocins. All four cysteines were found to be required for
activity, although only C9 and C14 are conserved among pediocin-like bacteriocins. Several basic amino acids
as well as nonpolar amino acids located within the hydrophobic C-terminal region also were found to be
important. The mutations are discussed in the context of structural models that have been proposed for the

bacteriocin.

Pediocin AcH (same sequence as pediocin PA-1) is a ribo-
somally synthesized bacteriocin that is produced by certain
strains of Pediococcus acidilactici (24, 27). Synthesis is con-
ferred by the papABCD operon, which encodes the pediocin
AcH structural gene (papA) and ancillary genes used for pro-
duction (4, 26). The bacteriocin is translated as a 62-amino-
acid preprotein and is converted by the PapD protein to a
44-amino-acid mature form by enzymatic processing of an 18-
amino-acid leader peptide (4, 33). The PapC and PapD pro-
teins belong to the ABC export system family of proteins (11).
Although an ABC export system is used for production in
Pediococcus, the mature sequence region of pediocin AcH can
be secreted via the Escherichia coli sec machinery when its N
terminus is fused to the E. coli secretory protein maltose bind-
ing protein (MBP) (25). These results indicate that PapD is
necessary for recognition and processing of the leader peptide
rather than for accommodating the mature region as it passes
through the membrane. Once secreted, pediocin AcH becomes
fully active after the formation of two intramolecular disulfide
bonds (14, 19).

Independent studies performed with pediocins PA-1 and
AcH have begun to reveal their mode of action and structural
requirements for activity. These bacteriocins kill susceptible
bacteria by permeabilizing the cytoplasmic membrane, causing
leakage of ions and small molecules (2, 5, 7, 19). The interac-
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tion of pediocin PA-1 with membranes is promoted by acidic
phospholipids (5), and positively charged amino acids in this
cationic peptide appear to be important for membrane binding
(6, 19). In fact, both lysines and histidines may mediate mem-
brane binding in the low-pH environment (pH, =5.0) in which
Pediococcus strains can grow (3, 19, 35). Other pediocin-like
bacteriocins, such as sakacin P (32) (same as sakacin 674) (17),
leucocin A (13), and curvacin A (31) (same as sakacin A) (16),
also are cationic and may rely in part on electrostatic interac-
tions between basic amino acids and negatively charged phos-
pholipid head groups for membrane adsorption.

Pediocins PA-1 and AcH contain two structurally distinct
sequence regions (5, 12, 19). The N-terminal 20 amino acids
are polar and are highly conserved among pediocin-like bac-
teriocins. Located within this region is a -Y3-G4-N5-G6-V7-
sequence that is present in all family members. While the
function of this sequence is unknown, its deletion from pedi-
ocin AcH completely inactivates the molecule (25). Based on
secondary structure analysis of pediocin PA-1, it has been
proposed that the first 18 amino acids fold into a two-strand
hairpin that is stabilized by a 8 turn at position -G4-N5-G6-V7-
(5) and the C9—C14 disulfide bond (5, 14). Solution nuclear
magnetic resonance analysis of a related bacteriocin, leucocin
A, indicated that its conformation indeed is ordered near the
C9—C14 disulfide bond, but specific H-bond interactions ex-
pected for a B-hairpin structure were not detected (28). Per-
haps due to the short length of these molecules, regions of
defined secondary structure may not form until after they have
adsorbed to a membrane (20).

The C-terminal sequence region of pediocins PA-1 and AcH
(residues A21 to C44) is much less polar and conserved than
the N-terminal sequence region (19). The C-terminal region is
proposed to contain a hydrophobic membrane interaction do-
main (12), and analysis of the properties of hybrid peptides
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TABLE 1. Bacterial strains and plasmids

Strain” or plasmid

Characteristics

Reference or source

Strains
Enterococcus faecalis M1
Escherichia coli E609L

Escherichia coli JM109

Escherichia coli TG1

Escherichia coli XL1-Blue
Lactobacillus plantarum NCDO955
Leuconostoc mesenteroides Ly
Listeria innocua Linl1

Pediococcus acidilactici 1.B42

Pediocin AcH sensitive

E609 Ipp::Tnl0, periplasmic leaky Tc" host for
malE-papA plasmids

Host for pMBR1.0-type plasmids 36

Host used for M13 mutagenesis

Host used for DNA sequencing

Pediocin AcH sensitive

Pediocin AcH sensitive

Nonpathogenic, pediocin AcH sensitive

Pediocin AcH sensitive

Our isolate
Henry C. Wu

Amersham

Stratagene

3

Our isolate

Jean Richard, Institut National de la
Recherche Agronomique, Paris, France

Our isolate

Pediococcus acidilactici 1.B42-923 Pediocin AcH producer 26
Plasmids

pMBR1.0 papABCD operon in pHPS9, Cm" Em" 4

pMCS9, pMCS14, pMCS24, and pMCS44 pPMBR1.0 cysteine substitution mutant This study

plasmids, Cm" Em"

pPR682
pPR6821
pKN1, pNKS, and so forth

malE plasmid, Ap"

malE-papA plasmid, Ap"
malE-papA substitution mutant plasmids, Ap"

New England BioLabs
25
This study

“ The wild-type and mutant MBP-pediocin AcH chimeric proteins were tested against 11 other bacterial strains (gram positive and gram negative) that were either
sensitive or insensitive to pediocin AcH. None of the mutants acquired activity against resistant strains.

constructed from pediocin-like bacteriocins (12) and MBP-
pediocin AcH chimeric proteins (25) supports this hypothesis.
It also has been shown that the membrane interaction domain
becomes amphipathic if folded into an « helix (12). While it is
well established that membrane binding is promoted by am-
phipathic « helices (9, 20), it should be noted that the
C24—C44 disulfide bond which is unique to pediocins PA-1
and AcH (19) bends the C-terminal region into a loop, and it
is unknown whether an amphipathic structure can be formed in
the presence of the loop.

To facilitate analysis of the structure and mode of action of
pediocin AcH, we generated a collection of pediocin AcH
substitution mutants that display altered bactericidal activity.
Mutants were produced and detected with the E. coli MBP-
pediocin AcH chimeric protein secretion system and colony
overlay screening methods (25). Over one third of the amino
acids in pediocin AcH were found to be important for activity.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Plasmid pMBR1.0 carries the
papABCD operon from the P. acidilactici 1LB42-923 plasmid pSMB74. pMBR1.0
derivatives encoding pediocin AcH cysteine substitution mutants were con-
structed as described below. E. coli JM109 served as the host for these plasmids
and was grown at 37°C in Luria-Bertani (LB) broth or agar containing 30 ng of
chloramphenicol per ml. Plasmid pPR682 was used to construct mutant malE-
papA translational fusion genes. Transcription of the chimeric genes was con-
trolled by the isopropyl-p-p-thiogalactopyranoside (IPTG)-inducible fac pro-
moter. E. coli E609L was used as the host for the malE-papA plasmids, and
transformed E609L strains were grown at 37°C in LB broth or agar containing
12.5 pg of tetracycline and 100 wg of ampicillin per ml. MBP-pediocin AcH
mutants were tested for activity against the bacterial indicator strains listed in
Table 1. Lactic acid-producing bacterial strains were grown in tryptone-glucose-
yeast extract (TGE) broth without Tween 80 (3, 35). Listeria innocua Lin11 was
grown in tryptic soy broth (Difco) at 30°C.

Construction of mutagenized malE-papA plasmids. Base substitutions were
introduced into the papA gene by PCR random mutagenesis (22) (Fig. 1).
Mutagenesis reaction mixtures contained 25 U of Tag DNA polymerase
(GIBCO-BRL) per ml, 0.1 ng of pPR6821 template per ml, 5 mM MgCl,, 0.5
mM MnCl,, 10 mM 2-mercaptoethanol, 10% dimethyl sulfoxide, 10 mM each
nucleoside triphosphate, and 0.07 pg of each primer per ml. A 30-cycle repeated
protocol consisting of 90 s of strand denaturation at 94°C, 60 s of primer
annealing at 55°C, and 60 s of primer extension at 72°C was used to amplify papA
DNA. The 5" PCR primer (5'-CGGGGATCCATCGAGGGTAGG-3") binds

immediately upstream of the papA gene residing in pPR6821 and primes DNA
synthesis beginning with the K1 codon of the mature sequence region. A BamHI
restriction endonuclease digestion site is contained in the primer and was used
for cloning purposes. The 3" PCR primer (5'-CAAGCTTGCCTGCAGGTCGA
CCTA-3’) binds immediately downstream of codon C44 of the papA gene and
contains a Sall restriction endonuclease digestion site. Amplified papA DNA
fragments were treated with the Klenow fragment of E. coli DNA polymerase I
to repair ragged ends, digested with BamHI and Sall restriction endonucleases,
gel purified, and ligated into BamHI-Sall-digested pPR682 (29). Fusion genes in
which the malE and mutagenized papA coding sequences were joined in frame
were created by ligation.

The mutagenized pool of malE-papA plasmids was transformed into strain
E609L, and transformants were selected by plating on LB agar containing 12.5
ng of tetracycline and 100 g of ampicillin per ml. Because the indicator strain
Lactobacillus plantarum NCDO955 is sensitive to these antibiotics, the activity of
chimeric proteins synthesized by the clones could not be screened directly on the
primary transformant plates. Instead, E609L colonies were collected by scraping
into LB medium containing antibiotics and were grown overnight at 37°C. On the
following day, cells were pelleted by centrifugation and resuspended in LB broth
without antibiotics. Aliquots of the suspension containing ~100 cells were plated
on 5 ml of TGE soft agar as described previously (25). The plates were incubated
for 24 h at 37°C until colonies had formed and then were overlaid with 5 ml of
TGE soft agar containing ~10° cells of L. plantarum NCDO955 and 1 mM IPTG.
Overlaid plates were incubated for an additional 24 h until zones of growth
inhibition had formed around E609L producer colonies. Nonproducer mutant
colonies were picked from the plates and grown in LB medium containing
antibiotics, and plasmid DNA was isolated for transformation into E. coli XL1-
Blue to obtain sequencing-quality DNA. Dideoxy terminator double-stranded
DNA sequencing was performed with Sequenase T7 DNA polymerase (Amer-
sham). Mutagenized plasmids were designated based on the location of the
substitution site, e.g., pKN1, pNKS5, and so forth.

Construction of pediocin AcH cysteine substitution mutant plasmids. Cysteine
substitution mutations were introduced into the papA gene of plasmid pMBR1.0
by three different methods. The C9S and C24S codon changes were created by
use of a phosphorothioate oligonucleotide-directed in vitro mutagenesis proce-
dure (30). An M13mp18 bacteriophage vector (36) containing the subcloned
papA sequence served as the mutagenesis template. The sequences of oligonu-
cleotides used to create cysteine codons were 5'-GGGGTTACTAGTGGCA
A-3" (oligo C9S) and 5'-CTACCACTAGCATAATC-3" (oligo C24S); bases
changed from the wild type are underlined. After in vitro mutagenesis proce-
dures, modified double-stranded bacteriophage DNAs were transformed into E.
coli TG1, and cysteine substitution mutants were identified by plaque hybridiza-
tion with the 3?P-labeled mutagenic oligonucleotides that were used to screen
nitrocellulose filters (29). The sequences of mutagenized papA inserts were
confirmed by single-stranded DNA sequencing with Sequenase T7 DNA poly-
merase. The C9S and C24S papA genes were excised from the replicative forms
of the bacteriophage vectors by digestion with Mscl and Bpu1102I restriction
endonucleases and were cloned into pMBR1.0, replacing the wild-type papA
coding region. The papA sequences of the resulting pMBR1.0 cysteine substitu-
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FIG. 1. Construction of mutagenized malE-papA plasmids. papA DNA fragments were synthesized by PCR amplification under random mutagenesis conditions with
plasmid pPR6821 as a template. Subsequently, pap4 DNA fragments were digested with BarmHI and Sall restriction endonucleases and ligated into plasmid pPR682
to construct malE-papA translational fusion genes. Plasmids containing mutant MBP-pediocin AcH chimeric proteins were identified by colony overlay screening, as
explained in the text. Plasmids were named based on the location of the mutation, e.g., plasmid pKN1 contains the KIN mutation (indicated by an asterisk).
Abbreviations: amp”, gene encoding B-lactamase; lacl4, gene encoding the lac repressor; lacZ', gene encoding truncated B-galactosidase; malE, gene encoding MBP;

mcs, multiple cloning site; ori, origin of replication; P,,., fac promoter.

tion mutant plasmids (named pMCS9 and pMCS24; Table 1) were subjected to
double-stranded DNA sequencing to confirm the swap of mutant for wild-type
DNA.

The C44S substitution mutation was created in the papA gene by PCR ampli-
fication with pMBR1.0 as a template. The C44S codon change was incorporated
at the underlined base into the 3’ PCR primer (5'-CAGCTCAGCATAATGCT
AGCTTTTATG-3') used in the amplification reaction. The primer also contains
a Bpul1102I restriction endonuclease digestion site for cloning into pMBR1.0.
The 5" PCR primer (5'-AGAAATGGCCAATATCATTGGTGGTAAA-3")
used in the amplification reaction contains an Mscl restriction endonuclease
digestion site. The reaction conditions used to synthesize the C44S papA DNA
fragment have been described before (25). The C44S DNA product was treated
with the Klenow fragment of DNA polymerase I, digested with Mscl and
Bpu1102I restriction endonucleases, gel purified, and ligated into pMBR1.0. The

substitution of the mutant for the wild-type sequence in the resulting plasmid,
pMCS44, was confirmed by double-stranded DNA sequencing.

The C14S codon change was introduced into the papA gene by extension
overlap PCR mutagenesis (15). The papA coding sequence first was amplified as
two DNA fragments in which the 3’ end of the upstream fragment overlapped
the 5" end of the downstream fragment. The targeted C14 codon resided in the
overlapping region. Plasmid pMBR1.0 served as a template, and PCR conditions
were the same as those used for synthesis of the C44S DNA fragment. The
primers used to synthesize the upstream DNA fragment were 5'-AGAAATGG
CCAATATCATTGGTGGTAAA-3' (5' PCR primer) and 5'-CCAGTCAACA
GAGCTGGAATGTTTG-3' (3" PCR primer), and the primers used to synthe-
size the downstream DNA fragment were 5'-CAAACATTCCAGCTCTGTTG
ACTGG-3' (5' PCR primer) and 5'-ATTGATGCCAGCTCAGCATAATGCT
A-3' (3" PCR primer); the bases changed to create the C14S substitution in the
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region of overlap are underlined. After the two primary PCR products were
synthesized, they were gel purified and combined at a concentration of 0.1 pg/ml
each in the extension overlap PCR mixture. Conditions used to synthesize the
extension overlap secondary PCR product were identical to those used to syn-
thesize the primary products, except that only the two outermost primers were
used. The extension overlap pap4 DNA fragment was treated with the Klenow
fragment of DNA polymerase I, digested with Mscl and Bpu1102I restriction
enzymes, gel purified, and ligated into pMBR1.0. Again, transfer of the mutant
sequence to the resulting plasmid, pMCS14, was confirmed by double-stranded
DNA sequencing.

Comparison of MBP-pediocin AcH chimeric protein synthesis levels. E. coli
E609L cells transformed with the mutant malE-papA plasmids were grown at
37°C in LB medium containing tetracycline and ampicillin. At the mid-log phase,
IPTG (1 mM final concentration) was added to induce the synthesis of chimeric
proteins. After 3 h of continuous growth, culture broths were subjected to
trichloroacetic acid precipitation, and precipitated proteins were solubilized in
sample loading buffer containing 3% sodium dodecyl sulfate (SDS), boiled, and
analyzed on 10% acrylamide-bisacrylamide-SDS gels (21). Proteins were visu-
alized by Coomassie brilliant blue dye staining, and relative levels of synthesis of
wild-type and mutant chimeric proteins were compared by scanning densitome-
try with a Bio-Rad Gel Dock laser densitometer (1, 25).

Measurement of the bactericidal activities of MBP-pediocin AcH chimeric
proteins. Chimeric protein-expressing strains were grown at 37°C in LB medium
without antibiotics and induced at the mid-log phase for 3 h by the addition of
1 mM IPTG. Culture broths were boiled, and aliquots were tested against the
indicator strains listed in Table 1. Two types of activity tests were performed. The
first assay (the well assay) was used to establish if the mutants exhibited any
activity. In this assay, 100-ul aliquots of the culture broths were placed into wells
cut in TGE agar plates on which soft-agar lawns of the indicator bacteria had
been spread. Plates were incubated overnight and examined for zones of growth
inhibition around the wells. The second assay (the titration assay) was used to
determine the activity levels of mutants that were shown by the well assay to be
partially active. In this assay, aliquots of boiled, 3-h IPTG-induced culture broths
were applied to plates containing an overlay of L. innocua Linll, and the
minimum volume necessary to produce a zone of growth inhibition in the lawn
was determined (3, 35). It should be noted that 1 pl of a boiled, 3-h IPTG-
induced culture broth from the wild-type MBP-pediocin AcH-producing strain
(E609L/pPR6821) was sufficient to form a small zone of growth inhibition against
L. innocua Linl1. After titration of the activities of the broths, the activities of
mutant chimeric proteins relative to that of the wild-type MBP-pediocin AcH
chimeric protein were calculated. Activities were corrected for differences in
culture optical density at 600 nm (ODg) and the relative levels of proteins in
the culture broths.

Analysis of pediocin AcH sequence hydrophobicity, amphipathicity, and
B-turn potentials. The average sequence hydrophobicities and average sequence
hydrophobic moments of wild-type and mutant pediocin AcH sequence regions
were calculated by use of the normalized amino acid hydrophobicity scale and
hydrophobic moment calculation method of Eisenberg et al. (9). B-Turn poten-
tials of selected pediocin AcH sequence regions also were calculated by use of
published methods (18).

RESULTS

Isolation of MBP-pediocin AcH chimeric protein random
mutants. An MBP-pediocin AcH chimeric protein secretion
system (25) was used for the generation and detection of pe-
diocin AcH mutants. Mutations were introduced into DNA
encoding the mature sequence region of the papA gene
(codons K1 to C44) by PCR random mutagenesis (22). The
conditions used typically create about 1 base substitution per
100 bp of DNA. Subsequently, mutagenized papA DNA frag-
ments were cloned into the pPR682 malE expression plasmid
(Fig. 1), and the pool of plasmid DNAs was transformed into
the periplasmic leaky E. coli host, E609L. About one third of
the MBP-pediocin AcH chimeric proteins synthesized by this
strain are secreted into the periplasm and released into the
culture medium (25). All chimeric protein substitution mutants
described in this study were isolated by colony overlay screen-
ing against the pediocin AcH-sensitive indicator strain L. plan-
tarum NCDOO955 (3, 35).

Approximately 2,500 colonies were obtained from transfor-
mation of E609L with the pool of mutagenized plasmid DNAs.
Of these transformants, about one half displayed reduced or
no activity. Plasmid DNAs from 53 mutant colonies were se-
quenced, and 17 unique substitution mutations affecting 14
codons in the papA gene were identified (Table 2). Two sub-

TABLE 2. Substitution sites and bactericidal activities of MBP-pediocin AcH chimeric protein mutants

Activity” of mutants” with the indicated mutation in the following sequence:

K Cus

H

N

GHQG

ATG
D,

INNGA MAW
T31

T26

CG KHS C,SVD WGKATTGC,I
R9 Ell RIS

NGVT

K, YYG
N,

Strain

Ly Eys Wi
Nz

Ky

E37
R37

Si4
Y,

5
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4+ +

++++

++ 4+

++++

L. plantarum NCDQ955
P. acidilactici 1.B42
L. mesenteroides Ly

E. faecalis M1

+

+

+

+

L. innocua Linl1

¢ Activity was tested with 100 wl of IPTG-induced (3 h) culture broths from the substitution mutant strains. The five indicator strains are sensitive to wild-type pediocin AcH and to the wild-type MBP-pediocin AcH

chimeric protein. The relative activity levels of mutants retaining activity (indicated by +) are presented in Table 3; inactive mutants are indicated by —.

> All mutants are single-amino-acid-substitution mutants.

¢ Both mutants at position 14 and position 37 were inactive. The two mutants at position 43 were partially active. The mutant at position 34 showed a loss of activity against two of the five indicator strains.
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stitution mutations (G37R and C44W) occurred frequently
(>10 times each), perhaps due to a tendency of Tag DNA
polymerase to misincorporate bases at these codons under the
mutagenesis conditions used. Only a few multiple-substitution
mutants were obtained (data not shown), confirming the bias
of the technique for generating single base substitutions in
short DNA sequences (22). Other mutants might have been
recovered if more of the inactive clones in the pool had been
sequenced.

About one half of the mutations (KIN, N5K, C9R, K11E,
C14S/Y, W18R, and A34D) mapped to amino acids that are
conserved in the pediocin-like family of bacteriocins (19).
Other mutations (I26T, M31T, G37E/R, N41K, H42L,
K43N/E, and C44W) affected amino acids that either are not
conserved or are minimally conserved. As expected, the side
chains of substituted amino acids typically differed substan-
tially from those of wild-type residues. Because mutations of-
ten mapped to conserved residues and residues such as cys-
teines that are known by experimental means to be important
for activity (7, 19), we concluded that the mutagenesis and
screening procedures were highly effective in identifying im-
portant amino acids in the pediocin AcH sequence.

Analysis of the bactericidal activities of MBP-pediocin AcH
chimeric protein mutants. The mutants listed in Table 2 were
tested for activity against the gram-positive pediocin AcH-
sensitive strains L. plantarum NCDQOO955, P. acidilactici 1.B42,
Leuconostoc mesenteroides Ly, Enterococcus faecalis M1, and
L. innocua Linll. Five strains were used to determine how
broadly the mutations inactivated pediocin AcH. In this re-
gard, a mutation that interferes with a fundamental property
such as membrane binding could inactivate pediocin AcH for a
variety of bacteria.

The mutants first were classified as inactive or active by well
assay testing against the five indicator strains. Examples of
plates on which mutants were tested against L. innocua Linl1
and E. faecalis M1 are presented in Fig. 2. Based on testing
against the five indicator strains, 7 mutants (N5K, C9R, C14S,
C14Y, G37E, G37R, and C44W) were classified as inactive and
10 mutants (KIN, K11E, W18R, 126T, M31T, A34D, N41K,
H42L, K43E, and K43N) were classified as partially to fully
active compared to the wild type (Table 2). The test strains
were uniformly sensitive or insensitive to all mutants except
A34D. The A34D mutant retained some activity against L.
plantarum NCDQOO955, E. faecalis M1, and L. innocua Linl1 but
was inactive against P. acidilactici LB42 and L. mesenteroides
Ly with the method used. Note that a 100-ul sample of the
wild-type E609L/pPR6821 culture broth contained ~100-fold
more chimeric protein than was necessary to inhibit the growth
of these bacteria.

The active mutants subsequently were subjected to titration
assays to measure levels of activity relative to that of the wild-
type chimeric protein. As shown in Table 3, the active mutants
retained from <1% (K1N, W18R, M31T, and A34D) to ~60%
(K43N) wild-type activity against L. innocua Lin11. The K11E
mutant actually exhibited 2.75-fold-greater activity than the
wild-type protein against this strain. L. innocua Linl1 was used
in titration assays because it is relatively more sensitive to
pediocin AcH than the other strains. The level of activity of the
wild-type culture broth was calculated to be 1,000 activity
units/ml because 1 pl was sufficient to produce a small zone of
growth inhibition against this indicator strain (Table 3). The
activities of the mutants were corrected for differences in the
optical densities of cultures and levels of chimeric proteins in
culture broths. Relative protein synthesis levels varied by about
twofold (Table 3), based on an analysis of SDS-polyacrylamide
gels like the one shown in Fig. 3. Protein synthesis levels were
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FIG. 2. Well assay analysis of MBP-pediocin AcH substitution mutant and
pediocin AcH cysteine substitution mutant antibacterial activities. Screening was
performed against L. innocua Linll (A) and E. faecalis M1 (B) with 100 pl of
boiled, IPTG-induced (3 h) culture broths (chimeric protein strains) or 100 pl of
boiled, overnight-grown culture broths (pediocin AcH cysteine substitution mu-
tant strains) per well. The analysis of only culture samples 1 to 12 is shown for
E. faecalis M1. Samples: 1, E609L; 2, E609L/pPR6821; 3, E609L/pKN1; 4,
E609L/pNKS; 5, E609L/pCRY; 6, E609L/pKE1L1; 7, E609L/pCS14; 8, E609L/
pCY14; 9, E609L/pWR18; 10, E609L/pIT26; 11, E609L/pMT31; 12, E609L/
pAD34; 13, E609L/pGE37; 14, E609L/pGR37; 15, E609L/pNK41; 16, E609L/
pHLA42; 17, E609L/pKE43; 18, E609L/pKN43; 19, E609L/pCW44; 20, JM109/
PMBRI.0; 21, JM109/pMCS9; 22, IM109/pMCS14; 23, IM109/pMCS24; 24,
JM109/pMCS44; 25, 1 pl of boiled P. acidilactici LB42-923 culture broth con-
taining wild-type pediocin AcH. E609L/pKN1 and E609L/pAD34 had very slight
activities against both indicator strains.

lowest for the K11E and H42L mutants and highest for the
126T, M31T, and A34D mutants.

Experiments were performed to determine why the highly
active K11E mutant originally was picked up by colony overlay
screening as a null mutant. As shown in Fig. 4, zones of growth
inhibition typically do not form around E609L/pKE11 colonies
when IPTG is added to the primary plating agar instead of to
the agar overlay. This result indicates that zones of growth
inhibition typically do not form when these colonies are grow-
ing at the time at which they are exposed to IPTG. In contrast,
colonies of strains that synthesize less potent chimeric proteins,
such as the wild-type or K43N mutant proteins, actually show
larger zones of growth inhibition when IPTG is added to the
primary plating agar (Fig. 4). Taken together, the data indicate
that high-level synthesis of the K11E mutant during the growth
of colonies causes a null activity phenotype. It seems likely that
under these conditions, cells within the colony lose the plasmid
and stop synthesizing the K11E protein, which is toxic for the
host (data not shown). Possibly, the original K11E mutant
colony was recovered from a plate on which it was growing well
at the time at which it was overlaid with top agar containing
IPTG.

Analysis of the bactericidal activities of pediocin AcH cys-
teine substitution mutants. A serine was substituted for each
of the four cysteines in the native pediocin AcH molecule to
determine if C24 is important for activity and to verify that C9,
Cl14, and C44 are required in both native and chimeric pro-
teins. Substitution mutations were introduced into the papA
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TABLE 3. Relative bactericidal activities of wild-type and mutant
MBP-pediocin AcH chimeric proteins

) Activity Protein Corr}ec_:ted
Strain ODy0” units/ml of level® activity
culture broth” eve units/ml“
Wild type® 1.1 1,000 1.0 1,000
KIN 22 10 1.4 4
KI11E 0.5 1,000 0.8 2,750
WISR 23 =10 1.4 =3
126T 24 100 1.6 29
M31T 23 20 1.6 6
A34D 0.9 =10 1.8 =7
N41K 1.0 100 1.1 100
H42L 2.3 400 0.9 212
K43N 1.8 1,000 1.0 611
K43E 24 1,000 1.1 417

“ Determined for culture broths following a 3-h IPTG induction (average of
two experiments).

® Calculated by (i) determining the minimum volume (microliters) of culture
broth required to produce a zone of growth inhibition in a lawn of L. innocua
Linl1 cells and (i) dividing 1,000 AU - pl/ml by this volume (average of four
experiments).

¢ Relative protein synthesis levels were determined by laser scanning densi-
tometry of Coomassie brilliant blue-stained gels containing samples of culture
broths (average of two experiments).

4 Corrected for differences in ODy, values and relative chimeric protein levels
in wild-type and mutant culture broths.

¢ Wild-type MBP-pediocin AcH chimeric protein expressed by the E609L/
pPR6821 strain.

gene of plasmid pMBR1.0 by PCR or oligonucleotide-directed
site-specific mutagenesis. Mutant plasmids were named
pMCS9, pMCS14, pMCS24, and pMCS44 based on the loca-
tion of the substitution site. Pediocin AcH mutants were ex-

1 2 3
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pressed in E. coli IM109, in which secretion is directed via the
PapC-PapD export machinery carried by pMBR1.0 (4).

All four substitution mutant strains grew well and grew at
rates comparable to that of the wild-type JM109/pMBR1.0
strain. However, only the wild-type strain showed zones of
growth inhibition in colony overlay screening (data not shown)
and in well assay testing of culture broths (Fig. 2). These
results showed that C24 is required for activity. They also
indicated that substitution of cysteines causes the same inhib-
itory effects in native and chimeric forms of the bacteriocin.
Thus, it appears that the effects of the mutations in chimeric
proteins can be extrapolated to the native molecule. It is pos-
sible, however, that the extent of inactivation caused by some
mutations may vary between native and chimeric molecules
due to the presence of the MBP domain.

DISCUSSION

Fourteen amino acids that are important for the activity of
pediocin AcH have been identified by random mutagenesis.
The amino acids are distributed across the entire peptide
chain, indicating that little of its sequence may be dispensable
for function. Mutations were obtained at residues anticipated
to be required based on sequence conservation as well as at
residues that could not be predicted to be necessary. Some
mutations within the N-terminal region (NSK, CYR, and
C14S/Y) mapped to amino acids that are proposed to stabilize
the structure of the molecule (5, 19). Several mutations were
obtained at positively charged amino acids (K1N, H42L, and
K43N/E) and at amino acids contained within a hydrophobic
sequence in the C-terminal region (I126T, M31T, A34D, and
G37E/R) that may mediate membrane binding (5, 12, 19). In
about one half of the cases, the mutants were completely in-

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

FIG. 3. SDS-polyacrylamide gel analysis of mutant MBP-pediocin AcH chimeric protein synthesis levels. Proteins were visualized by staining with Coomassie
brilliant blue dye. The arrow marks the position of migration of the MBP-pediocin AcH chimeric proteins. Equivalent masses of total culture proteins were analyzed
in each lane. Lanes: 1, prestained standards; 2, E609L; 3, E609L/pPR6821; 4, E609L/pKN1; 5, E609L/pNKS; 6, E609L/pCRY; 7, E609L/pKE11; 8, E609L/pCS14; 9,
E609L/pCY14; 10, E609L/pWRI18; 11, E609L/pIT26; 12, EG09L/pMT31; 13, E609L/pAD34; 14, E609L/pGE37; 15, E609L/pGR37; 16, E609L/pNK41; 17, E609L/
pHL42; 18, E609L/pKE43; 19, E609L/pKN43; 20, EG09L/pCW44. Molecular weights (in thousands) of prestained standards are shown at the left. The levels of synthesis

of chimeric proteins varied by about twofold among the strains.
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FIG. 4. Effects of timing of IPTG induction on sizes of zones of growth inhibition formed by MBP-pediocin AcH expression strains against L. innocua Linl1. IPTG
(1 mM) was added either in the primary agar containing E. coli colonies or ~24 h later (indicated by prime symbol) with the agar overlay containing the indicator strain.
Strains tested were E609L/pPR6821 (wild type; WT), E609L/pKE11 (K11E mutant), E609L/pGE37 (G37E mutant), and E609L/pKN43 (K43N mutant). The diameters
of zones of growth inhibition formed by wild-type and mutant colonies differed depending on the time of induction (see the text).

active against several bacterial strains, suggesting that the af-
fected residues play central roles in the mode of action of the
bacteriocin. Only one mutation (A34D) may have a species-
specific effect on activity.

The experiments showed that all four cysteines in pediocin
AcH are necessary for activity. It seems likely that cysteines are
required for the formation of disulfide bonds, which stabilize
the structure of this short peptide. For example, the C9—C14
disulfide bond may be required to establish the conformation
of the intervening -G10-K11-H12-S13- sequence that forms the
apex of the putative § hairpin within the N-terminal region (5).
As indicated in Table 4, this sequence exhibits weak homology
to six known types of consensus  turns (18) and therefore may
not be able to maintain an active conformation without the
assistance of the C9—C14 disulfide bond. It may be possible to
construct an active pediocin AcH molecule lacking the

TABLE 4. B-turn potentials of selected pediocin AcH
sequence regions”

% Identity to B-turn consensus
sequence of type:

Sequence
1 e VI
-G10-K11-H12-S13- 12 (12) 25 (24) 48 (47)
-Y2-Y3-G4-N5- 67 (76) 30 (30)
-Y3-G4-N5-Go- 28 (26) 97 (89)
-G4-N5-G6-V7- 79 (55) 20 (21)

“The percent identity of each sequence to six consensus-type 3 turns was
calculated according to the method of Hutchinson and Thornton (18). Values are
shown only for the most relevant types of B turns. Values in parentheses were
calculated for the K11E (relevant for the -G10-K11-H12-S13- sequence) and
N5K (relevant for the other sequences) substitution mutants.

®-Y-N-G-K-.

“-Y-G-N-T-.

4 _P-P-N-P-.

C9—C14 disulfide bond if a strong consensus B-turn sequence
is substituted for the G10-to-S13 region. There are consensus-
type B turns in which lysine frequently occurs (18). It should be
noted that the substitution of glutamate for K11 neither cre-
ates nor destroys a strong consensus {3 turn in this sequence
region (Table 4). The possible role of the C24—C44 disulfide
bond is discussed below.

The NSK mutation maps to a putative B-turn sequence
(-G4-N5-G6-V7-) (5) within the B hairpin that is 79% identical
to a type I' B turn (Table 4). We have determined that two
other sequences in this region (-Y2-Y3-G4-N5- and -Y3-G4-
N5-G6-) also have a high potential to form B turns. Of the
three sequences, -Y3-G4-N5-G6- exhibits the highest identity
(97%) to a known type of B turn, in this case, a type II' B turn
(Table 4). While the calculations do not definitively identify
the type of B turn present, they do support the hypothesis that
the N-terminal region is folded into a B hairpin, since both type
I’ and II" B turns occur frequently in these structures (18). In
addition, the calculations show that the substitution of lysine
for asparagine moderately changes the identity scores of the
three B turns (Table 4) and perhaps does not prohibit their
formation per se. However, the NSK mutation may perturb the
structure of this region due to charge repulsion between lysine
and other positively charged residues that may be located
nearby in the three-dimensional structure.

Experiments performed with magainin (34) and model pep-
tides (23) have indicated that positively charged amino acids
are particularly important for the binding of moderately hy-
drophobic peptides, such as pediocin AcH (see below), to
phospholipid bilayers. Of the four lysines and three histidines
in the molecule, three residues (K1, H42, and K43) were found
to be important for activity. As shown in Table 3, the KIN
substitution nearly fully inactivated the molecule, whereas the
HA42L and K43N/E substitutions decreased activity by ~40 to
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TABLE 5. Effects of substitution mutations on average
hydrophobicities and average hydrophobic moments of
selected pediocin AcH sequence regions”

Hydrophobic
Sequence Mutation Hydrophobicity moments
(<p>)
A21 to G37 None (wild type) 0.39 0.20
125 to G37 None (wild type) 0.45 0.30
126T 0.34 0.21
M31T 0.40 0.35
A34D 0.34 0.36
G37E 0.36 0.25
G37R 0.22 0.24
125 to H42 None (wild type) 0.22 0.30
126T 0.14 0.24
M31T 0.18 0.34
A34D 0.14 0.34
G37E 0.15 0.27
G37R 0.05 0.24
N41K 0.18 0.31
H42L 0.30 0.22

“ Values were calculated by the method of Eisenberg et al. (9). <p> values
are a measure of the amphipathicity of a sequence.

80%. The results indicate that if these residues help mediate
membrane binding, then K1 plays an essential role whereas
HA42 and K43 do not. Instead, H42 and K43 may only augment
the binding of pediocin AcH to membranes. It should be pos-
sible to define the functions of these positively charged resi-
dues by performing membrane binding assays with the mu-
tants. Binding experiments have been used to show that K11
modulates the binding of pediocin PA-1 fragments to mem-
branes (6). While the experiments suggested that K11 partic-
ipates in membrane binding, the finding that high activity was
conserved when glutamate was substituted for K11 indicated
that K11 plays another, more important role in the function of
the bacteriocin.

The C-terminal sequence region of pediocin AcH was sub-
jected to hydrophobicity analysis to locate nonpolar sequences
that could mediate membrane binding. The most hydrophobic
stretch of amino acids in this region is the 13-residue 125-to-
G37 sequence, for which the average sequence hydrophobicity
is 0.45 (Table 5) (9). A 17-amino-acid sequence (A21 to G37)
is only slightly less hydrophobic (hydrophobicity, 0.39). The
hydrophobicities for both sequences are slightly higher than
those exhibited by a number of surface-active peptides and are
quite low compared to those exhibited by sequences that are
inserted individually into membranes with a transmembrane
orientation (9). However, either sequence should be suffi-
ciently hydrophobic to localize to the interior of a phospholipid
bilayer if two or more molecules are inserted into the mem-
brane together (9, 10), as may occur during the assembly of
bacteriocin pore complexes (19). While many questions remain
about the structure and function of the C-terminal region, the
mutagenesis results strongly suggest that the hydrophobicity of
this region is important for activity. In this regard, all muta-
tions within the 125-to-G37 region increased polarity (Table 5)
and resulted in a complete loss of activity (Table 3).

As mentioned above, the nonpolar C-terminal region, which
includes the 125-to-G37 sequence, would be amphipathic if it
were folded into an « helix (12). Although the C24—C44
disulfide bond may interfere with the formation of an « helix,
we nonetheless thought it might be informative to calculate
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hydrophobic moments (9) for putative a-helical sequences
within the C-terminal region (Table 5). The calculations indi-
cated that the wild-type 125-to-G37 sequence and the much
less hydrophobic 125-to-H42 sequence are moderately amphi-
pathic if they are folded into « helices. Although the hydro-
phobic moments of these sequences are fairly low compared to
those of many surface-active peptides (18), this fact would not
necessarily preclude adsorption of these « helices to a mem-
brane, since the hydrophobicities (0.75 to 0.78) of their non-
polar faces are quite high. Interestingly, all mutations fell on
one half of a helical wheel diagram representing this sequence
region and would overlap both the nonpolar and the polar
faces of the « helices (Fig. 5). In all but one case (N41K),
substitutions changed the hydrophobic moments of the se-
quences (Table 5) and therefore could change the depth or
angle of contact at which pediocin AcH adsorbs to the mem-
brane interface. While the calculations and data make it tempt-
ing to conclude that the amphipathicity of this region is im-
portant for activity, the effect of the C24—C44 disulfide bond
on the structure of this region must be determined before
conclusions about the role of sequence amphipathicity can be
drawn.

The final mutation to be discussed, W18R, occurred at a site
located between the N- and C-terminal regions of the mole-
cule. The tryptophan residue at this position is conserved in
several pediocin-like bacteriocins. W18 may penetrate into the
acyl-chain region of membrane phospholipids when the bacte-
riocin adsorbs to the interface (7). We speculate that the
WI18R mutation could alter the depth to which pediocin AcH
adsorbs to the membrane interface. In this regard, tryptophans
located near the ends of integral membrane protein transmem-
brane segments are thought to help establish the interfacial
boundaries of these segments (8).

In the future, models for the structure of pediocin AcH will
be tested further with these and related mutants. Biochemical
analysis of the mutants also should help clarify the mode of
action of pediocin AcH and may explain why it has greater
potency and spectrum of activity than other pediocin-like bac-
teriocins (19). In this regard, the structure of pediocin AcH
may differ substantially from those of other pediocin-like bac-
teriocins due to its unique C24—C44 disulfide bond. Finally,
the finding that the K11E mutation increased potency demon-

N28
T35
(L) Ha2

(T) M31

FIG. 5. Schiffer-Edmundsen helical wheel analysis of the 125-to-H42 se-
quence region of pediocin AcH. Amino acids in the wild-type sequence are
shown next to the wheel, and substitutions are indicated in parentheses. Note
that all substitution sites are located on the bottom half of the o helix and that
the sites fall on both the polar (white) and nonpolar (shaded) faces.
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strates that it is possible to improve the properties of pediocin
AcH and perhaps other bacteriocins by mutagenesis.
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