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A bacteriocin produced by Pediococcus acidilactici has been purified to homogeneity by a rapid and simple four- 
step purification procedure which includes ammonium sulphate precipitation, chromatography with a cation- 
exchanger and Octyl Sepharose, and reverse-phase chromatography. The purification resulted in an 
approximately 80000-fold increase in the specific activity and about a 6-fold increase in the total activity. The 
amino acid composition and sequencing data indicated that the bacteriocin contained zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43-44 amino acid residues. 
The predicted M, and isoelectric point of the bacteriocin are about 4600 and 8-6, respectively. Comparing the 
amino acid sequence of this bacteriocin with the sequences of leucocin A-UAL 187, sakacin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP and curvacin A 
(bacteriocins produced by Leuconostoc gelidurn, Lactobacillus sake and Lactobacillus curvatus, respectively) 
revealed that all four bacteriocins had in their N-terminal region the sequence Tyr-Gly-Asn-Gly-Val-Xaa-Cys, 
indicating that this concensus sequence is of fundamental importance for this group of bacteriocins. The 
bacteriocin from P. acidilactici and sakacin P were very similar, having at least 25 common amino acid residues. 
The sequence similarity was greatest in the N-terminal half of the molecules zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 17 of the first 19 residues were 
common - indicating the fundamental importance of this region. Leucocin A-UAL 187 and curvacin A had, 
respectively, at least 16 and 13 amino acid residues in common with the bacteriocin from P. acidilactici 

Introduction 

Bacteriocins are proteinaceous compounds that are 
lethal to bacteria which are closely related to the 
bacteriocin-producing species (Tagg et al., 1976). These 
compounds are produced by various lactic acid bacteria, 
such as lactobacilli, lactococci and pediococci (Klaen- 
hammer, 1988). There has been much interest in 
bacteriocins produced by lactic acid bacteria, in part due 
to their potential use as antibacterial agents for improv- 
ing the safety of feed and food fermentation products. 

Although a number of bacteriocins produced by lactic 
acid bacteria have been described (Klaenhammer, 1988), 
only a few have been extensively characterized. Nisin 
and lactococcin A, produced by Luctococcus lactis subsp. 
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Abbreviation : BU, bacteriocin unit. 

The amino acid sequence data reported in this paper have been 
submitted to PIR and have been assigned the accession number 
A41823. 

lactis and subsp. cremoris, respectively, are perhaps the 
most thoroughly studied. Their primary structures have 
been determined (Gross & Morell, 1971; Hurst, 1981; 
Holo et al., 1991), their genes have been cloned and 
sequenced by several groups (Buchman et al., 1988; 
Dodd et al., 1990; Kaletta & Entian, 1989; Holo et al., 
1991 ; van Belkum et al., 1989,1991 a), and their mode of 
action has to some extent been elucidated (Sahl et al., 
1987 ; van Belkum et al., 199 1 b). Leucocin A-UAL 187, a 
bacteriocin produced by Leuconostoc gelidum, was 
recently characterized and the gene encoding the 
bacteriocin was cloned (Hastings et al., 1991). Amongst 
lactobacilli, bacteriocins which have been purified to 
homogeneity and sequenced, and/or whose genes have 
been cloned and sequenced, are lactocin S (Mnrrtvedt et 
al., 1991), lactacin F (Muriana & Klaenhammer, 
1991 a, b), and helveticin J (Joerger & Klaenhammer, 
1990). 

In recent years a number of reports dealing with 
bacteriocins in pediococci have been published. One 
report describes a plasmid-linked bacteriocin, which was 
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termed pediocin PA-1, from Pediococcus acidilactici 

(Gonzales zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Kunka, 1987). An antimicrobial peptide 
designated pediocin AcH was purified and characterized 
from P .  acidilactici, but no information on the amino acid 
sequence was presented (Bhunia et al.,  1988). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
Pediococcus pentosaceus strain has also been reported to 
produce a bacteriocin, termed pediocin A (Daeschel & 
Klaenhammer, 1985). Pediocin A was claimed to be 
associated with a 13.6 MDa plasmid. 

This study describes the purification and characteriza- 
tion of a bacteriocin produced by a P .  acidilactici strain. 
After submitting this manuscript we were informed that 
purification and amino acid sequencing of pediocin 
PA-1 had been done by J. T. Henderson and co-workers 
(Henderson et al., 1992). The primary amino acid 
sequence of pediocin PA-1 reported by Henderson et al. 

(1992) is identical to the bacteriocin discussed in this 
paper. Therefore, we have also termed our bacterioccin 
pediocin PA-1 in order to avoid confusion. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Methods 

Bacterial strains and media. The pediocin PA- 1 producer, Pediococcus 

acidilactici, was isolated from commercial starter cultures obtained 
from Chr. Hansen Laboratories, Denmark. The indicator organism 
used in pediocin PA-1 assay, Pediococcus pentosaceus FBB61, was 
obtained from M. Daeschel, North Carolina State University, Raleigh, 
USA. Both strains were grown at 30°C in MRS broth (Oxoid). 
Lactococcus lactzs subsp cremoris IL 1403 was grown in M17 broth 
(Oxoid) and wasobtained from M. C .  Chopin, INRA, Rennes, France. 

Bacteriocin assay. Pediocin PA-1 was quantified in a microtitre plate 
assay system (Geis et al., 1983). Each well of the mictotitre plate 
contained 200 pl of MRS broth, bacteriocin fractions at twofold 
dilutions, and the indicator organism (OD,,, 0.1). The microtitre plate 
cultures were incubated for about 3 h at 30 "C, after which growth 
inhibition of the indicator organism was measured spectrophoto- 
metrically at 600nm with a Dynatech Microplate Reader. One 
bacteriocin unit (BU) was defined as the amount of bacteriocin which 
inhibited growth of the indicator organism by 50% (50% of the 
turbidity of the control culture without bacteriocin). 

Bacteriocin purification. Pediocin PA-I was purified from 1 -1itre 
cultures of P. acidilactici grown to the stationary phase. The cells were 
pelleted by centrifugation at 4000g for 15 min at 4 "C, after which 
400 g of ammonium sulphate per litre culture supernatant was added. 
The protein precipitate was pelleted by centrifugation at 7000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg for 
20 min and solubilized in 20 mM-sodium phosphate buffer, pH 6-8 
(buffer A, 250 ml per litre culture) (fraction I). Fraction I was applied to 
a 7 ml S-Sepharose Fast Flow cation-exchange column equilibrated 
with buffer A, and after washing the column with 20 ml of buffer A, 
pediocin PA-1 was eluted with 40 ml 1 M-NaC1 in buffer A (fraction 11). 
Ammonium sulphate (lo%, w/v, final concentration) was added to 
fraction 11, after which the fraction was applied to a 2 ml Octyl- 
Sepharose CL-4B column equilibrated with 10% (w/v) ammonium 
sulphate in buffer A. The column was then washed with 8 ml of buffer 
A, and pediocin PA-1 activity was eluted with 10 ml70% (v/v) ethanol 
and 30% buffer A (fraction 111). Fraction I11 was diluted to 50 ml with 
H ?O containing 0.1 % (v/v) trifluoroacetic acid (TFA) and subsequent- 
ly applied to a CZ/Cl8 reverse-phase column, PepRPC HR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA515, 

equilibrated with 2-propanol/H,O (10 :90, v/v) containing 0.1 % TFA. 
Pediocin PA-1 was eluted with a linear gradient ranging from 20 to 
40% 2-propanol containing 0.1 7; TFA (fraction IV). All the purifica- 
tion steps were performed at room temperature, and all the 
chromatographic equipment was obtained from Pharmacia-LKB 
Biotechnology . 

SDS-PAGE. SDS-PAGE was carried out using PhastGel homogen- 
eous 20% gels, Phast-Gel SDS buffer strips, and the PhastSystem 
(Pharmacia-LKB Biotechnology) according to the manufacturer's 
recommendations. The M ,  standards (Pharmacia-LKB Biotechnology) 
consisted of five peptides with M ,  values between 2560 and 17 200. 

Amino acid Composition and sequencing. The purified bacteriocin 
(fraction IV) was hydrolysed and analysed on an amino acid analyser as 
described previously (Fykse e f  al.,  1988). The amino acid sequence was 
determined by Edman degradation using an Applied Biosystems 477A 
automatic sequencer with an on-line 120A phenylthiohydantoin amino 
acid analyser (Cornwell et al.,  1988). The C-terminal part of the 
sequence was obtained after cyanogen bromide cleavage of pediocin 
PA-1 as described by Sletten & Husby (1974). 

Results and Discussion 

Purification zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof bacteriocin 

Pediocin PA- 1 was produced constitutively and maxi- 
mum activity was found in the culture medium in the 
stationary phase of growth. A fourfold concentration of 
pediocin PA- 1, approximately a fourfold increase in the 
specific activity, and about a 40% recovery of the 
activity, was obtained after ammonium sulphate precipi- 
tation (Table 1, fraction I). The specific activity 
increased more than 600-fold, and the recovery remained 
at about 40%, after binding pediocin PA-1 in fraction I 
to a cation exchanger and eluting it with 1 M-NaCl 
(Table 1, fraction 11). After binding pediocin PA-1 in 
fraction I1 to Octyl-Sepharose and eluting it with 70% 
ethanol, an approximately 13 000-fold increase in the 
specific activity was obtained and the recovery increased 
to 200% (Table 1, fraction 111). 

When fraction I11 was applied to the reverse-phase 
column, pediocin PA-1 activity coeluted with the major 
absorbance peak at about 28% propanol (Fig. 1). After 
this reverse-phase chromatography step the specific 
activity and the yield had increased by more than 80000- 
fold and to about 600%, respectively (Table 1, fraction 
IV). The increase in the activity after binding of pediocin 
PA-1 to Octyl-Sepharose (fraction 111, Table 1) and to the 
reverse-phase column (fraction IV, Table 1) may perhaps 
be due to an activation of pediocin PA-1 in the more 
hydrophobic milieu provided by the 70% ethanol and 
28% propanol. Judging from the chromatogram (Fig. 1 )  
pediocin PA-1 appears at this stage to be pure. The 
purification procedure is rapid, in that it may be carried 
out in less than 5 h, and it resulted in a high bacteriocin 
yield. 
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Table 1. PuriJication zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof pediocin PA-I 

Total Increase 
VOl. Total activity in Yield 

Fraction (ml) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA m *  (BU) Sp. act.? sp. act.? (%I 

Culture supernatant 1000 23 000 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo6 2 200 1 100 
Ammonium sulphate 

Binding to cation 

Binding to Octyl- 

Reverse-phase 
chromatography (fraction IV) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 1-7 300 x lo6 176 x lo6 80000 600 

precipitation (fraction I) 250 2 060 19 x lo6 9 200 4 38 

exchanger (fraction 11) 40 14 20 x 106 1.4 x lo6 640 40 

Sepharose (fraction 111) 10 3.5 100 x 106 28 x lo6 12700 200 

* Total ,4280 is the absorbance at 280 nm multiplied by the volume in ml. 
-f Specific activity is bacteriocin units (BU) divided by the A280. 

The purified bacteriocin was bactericidal against 
other pediococci, and was approximately 10000-fold 
more potent against pediococci than against Lactococcus 
lactis subsp. cremoris IL1403 (data not shown). 

Klaenhammer, 1991 a, b), lactocin S (Msrtvedt et al., 
1991), and leucocin A-UAL 187 (Hastings et al., 1991). 

Amino acid composition and sequence 

SDS-PAGE analysis of purijied bacteriocin The amino acid composition of pediocin PA-1 (fraction 
IV) indicated that the peptide is 41 residues long, not 
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0 3 6 9 1 2 1 5  
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Fig. 1. Reverse-phase chromatography of fraction 111. The amount 
applied to the column was obtained from approximately 1 litre of 
culture. @- - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, Bacteriocin activity; -, A280; --- ,2-propanol 
gradient . 

Fig. 2. SDS-PAGE analysis of the bacteriocin in fraction IV. Lanes : 1 ,  
pediocin PA-1 ; 2, standards. 
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Pediocin PA-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 

Sakacin P N 

Leucocin A N 

(4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 5 10 15 20 

N Lys Tyr Tyr Gly Asn Gly Val Thr (Cys) Gly Lys His Ser zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$ Y Ser Val Asp (Trp) Gly Lys 

21 25 30 35 40 

Ala Thr Thr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 Ile Ile Asn Asn Gly Met Ala ? Ala Thr Gly Gly His Gln Gly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwf 

Lys Tyr Tyr Gly Asn Gly Val zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGYB Gly Lys His Ser !&i Ser Val Asp Lre Gly Lys 

Lys Tyr Tyr Gly Asn Gly Val His Cys Gly 

Lys Tyr Tyr Gly Asn Gly Val His Cys - 

41 

Asn His (Lys) ? ------ C 

Curv. A N Ala Cys Ser Tyr Gly Asn Gly Val 

5 

Tyr - Cys Asn 

10 15 20 

21 25 30 35 40 

Asn Gly Phe Trp C 

Curv. A 

22 26 

41 

Pediocin PA-1 Asn His k s  ? ------ C 

Sakacin P C 

Fig. 3. (a) Amino acid sequence of pediocin PA-1. Uncertain amino acids are in parentheses. Where two amino acids are shown, this 
indicates the presence of either one or the other amino acid, the upper one being the more likely. A question mark indicates an 
unidentified amino acid, the presence of Trp or Cys being the most likely. N and C indicate the N- and C-terminal ends of the peptide, 
respectively. (b) Comparison of the amino acid sequence of pediocin PA-1, sakacin P, leucocin A-UAL 187 (leucocin A), and curvacin 
A (curv. A). The numbering above the sequence refers to the position of the amino acids in pediocin PA-1, sakacin P and leucocin A- 
UAL 187, whereas the numbering beneath the sequence refers to the position of the amino acids in curvacin A. The boxes enclose 
common amino acid residues. In the cases where there was ambiguity in the amino acid determination for pediocin PA-1, as indicated 
in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a), only the most probable amino acid is included in the sequence shown in (b). The uncertain amino acids in the sequence for 
pediocin PA-1 have been underlined. The amino acid sequence for leucocin A-UAL 187 is from Hastings et al. (1991), and the sequences 
for sakacin P and curvacin A are from Tichaczek et al. (1992). 

between pediocin PA-1 and sakacin P (see discussion 
below). The identity of the amino acid residue at position 
33 and the possible presence of an amino acid residue at 
position 44 remain uncertain (Fig. 3a), although it is 
likely that they are Trp and Cys, respectively. These 
amino acids are generally more difficult to identify. The 
sequence similarity between pediocin PA- 1 and sakacin 
P (see below) suggests the presence of Trp in position 33. 
Moreover, as the amino acid composition data predict 
the presence of four Cys residues, whereas only three are 
accounted for in the sequence data, one more Cys residue 

is probably present, possibly at position 44, which then is 
likely to be the C-terminal residue. The M ,  and the 
theoretical isoelectric point of pediocin PA-1 would then 
be 4640 and 8.65, respectively. The only clear discre- 
pancy between the amino acid composition data and the 
sequence would then be that two Ile residues were found 
in the sequence, whereas only one was predicted from the 
amino acid composition data (Table 2, Fig. 3a). 

Leucocin A-UAL 187, sakacin P and curvacin A, 
bacteriocins produced by Leuconostoc gelidurn, bctoba-  

cillus sake and Lactobacillus curuatus, respectively, have 
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Table 2. Amino acid composition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof pediocin PA-1 

Amino acid analysis* 

Amino Residues per Residues found 
acid nmol molecule by sequencing 

Ala zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.10 4 (5) 4 t  
Arg NP 0 0 
Asp/Asn 8.96 5 5 
CYS 7.15 4 3: 
Glu/Gln 2.13 1 1 
GlY 14-3 8 8§ 
His 6.35 3 (4) 3 
Ile 1.39 1 2 
Leu NP 0 0 
LYS 7-42 4 4 
Met 1.78 1 1 
Phe NP 0 0 
Pro NP 0 0 
Ser 3.89 2 2 
Thr 7.26 4 4 
TrP NM 1 (211) 
TYr 3.5 1 2 2 
Val 3.6 1 2 2 
Total no. 

- 

of residues 41 (43) 42 (43) 

* A 50 p1 sample, containing approximately 1 pg protein, was 
analysed to determine the amount (nmol) of each residue. The lowest 
amount (nmol) was assumed to represent one amino acid residue and 
the numbers of each amino acid residue were calculated accordingly. 

NP, Not present; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANM, not measured. 
t Including the probable presence of Ala at position 30. 
$ Including the probable presence of Cys at positions 14 and 24. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 Not including the possible presence of Gly at position 14, 24 and 

I( Including the possibility that Trp may be present at position 33. 
30. 

recently been purified and sequenced (Hastings et al., 
1991; Tichaczek et al., 1992). All three of these 
bacteriocins have in their N-terminal region the se- 
quence Tyr-Gly-Asn-Gly-Val-Xaa-Cys, which is also 
present in the N-terminal region of pediocin PA-1 (Fig. 
3b). The presence of this sequence in four bacteriocins 
produced by different bacteria suggests that this region is 
of fundamental importance for bacteriocin activity. The 
sequence may perhaps directly cause the bactericidal 
effect or it might be important in determining the 
bacteriocin’s target-cell specificity. Pediocin PA- 1 and 
sakacin P are as a whole very similar, having at least 25 
common amino acid residues (Fig. 3b). The suggestion 
above, that Cys, Cys and Ala are at positions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14, 24 and 
30, respectively, is consistent with the sequence similar- 
ity between pediocin PA-1 and sakacin P (Fig. 3 b). This 
sequence similarity also suggests that the unidentified 
amino acid residue number 33 in pediocin PA-1 may be 
Trp (Fig. 3b), and that the fourth Cys residue predicted 
by the amino acid composition analysis might be the C- 

terminal residue, at position 44. Pediocin PA-1 had at 
least 16 and 13 amino acid residues in common with 
leucocin A-UAL 187 and curvacin A, respectively (Fig. 
3 b). The number of common residues between these four 
bacteriocins may in fact be higher, since not all the 
residues have been unambiguously identified in all of 
these bacteriocins. The sequence similarity was greatest 
in the N-terminal half of the molecules. Seventeen of the 
first 19 amino acid residues were identical between 
pediocin PA-1 and sakacin P (Fig. 3b), indicating the 
importance of this part of the molecule. Determining 
whether these bacteriocins have similar target-cell 
specificities may clarify if the regions in which these 
bacteriocins are similar determine target-cell specificity. 
Constructing hybrid bacteriocins may also clarify what 
parts of the pediocin PA-1 molecule cause the bacteri- 
cidal effect and what parts determine target-cell speci- 
ficity. By constructing hybrid bacteriocin molecules it 
may also be possible to generate bacteriocins with new 
target-cell specificity spectra desirable for their use as 
antimicrobial agents. 
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