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The lantibiotic nisin is produced by several strains of Lactococcus lactis. The complete gene cluster for nisin
biosynthesis in L. lactis 6F3 comprises 15 kb of DNA. As described previously, the structural gene nisA is
followed by the genes nisB, nisT, nisC, nisl, nisP, nisR, and nisK. Further analysis revealed three additional open
reading frames, nisF, nisE, and nisG, adjacent to nisK. Approximately 1 kb downstream of the nisG gene, three
open reading frames in the opposite orientation have been identified. One of the reading frames, sacR, belongs
to the sucrose operon, indicating that all genes belonging to the nisin gene cluster of L. lactis 6F3 have now been
identified. Proteins NisF and NisE show strong homology to members of the family of ATP-binding cassette
(ABC) transporters, and nisG encodes a hydrophobic protein which might act similarly to the immunity
proteins described for several colicins. Gene disruption mutants carrying mutations in the genes nisF, nisE,
and nisG were still able to produce nisin. However, in comparison with the wild-type strain, these mutants were
more sensitive to nisin. This indicates that besides nisI the newly identified genes are also involved in immunity
to nisin. The NisF-NisE ABC transporter is homologous to an ABC transporter of Bacillus subtilis and the
MbcF-MbcE transporter of Escherichia coli, which are involved in immunity to subtilin and microcin B17,

respectively.

Lantibiotics are lanthionine-containing antimicrobial pep-
tides produced by gram-positive bacteria. Nisin produced by
Lactococcus lactis 6F3 belongs to the subgroup designated type
A lantibiotics, which are linearly shaped (17) and which com-
prise subtilin (3), epidermin (1), gallidermin (40), and Pep5
(19). Lantibiotics have a high antimicrobial activity against
several gram-positive bacteria, such as Propionibacterium ac-
nes, staphylococci, streptococci, and clostridia. They contain
unusual amino acids, such as dehydroalanine, dehydrobu-
tyrine, lanthionine, and 3-methyl-lanthionine (41).

The biosynthesis of lantibiotics involves posttranslational
modifications of ribosomally synthesized precursor peptides
(41, 48). For all known lantibiotics, the primary transcript of
the nisin structural gene nisA is a prepeptide. It consists of a
23-residue leader peptide followed by a C-terminal 34-residue
propeptide region from which the lantibiotic is matured. Bio-
synthesis via posttranslational modifications of ribosomally
synthesized prepeptides clearly distinguishes lantibiotics from
peptide antibiotics synthesized by multienzyme complexes
(gramicidin and valinomycin) and nonpeptide antibiotics,
which are products of the secondary metabolism (24).

Nisin is the most prominent lantibiotic. It is used as a food
preservative in several countries. It occurs naturally in dairy
products (8) and is used as an additive to dairy products or
canned food to prevent spoilage by gram-positive bacteria,
especially clostridia, listeria, bacilli, and staphylococci (16).
Since the realization of the potentially harmful effects of ni-
trate, which is also used against clostridia in canned food, there
has been an increasing interest in nisin and its biosynthesis.
Since direct addition of nisin during fermentation is costly and
prohibited in many countries, the use of nisin-producing start-
ers is the obvious strategy. A prerequisite for this strategy is the
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basic understanding of how biosynthesis and immunity are
accomplished by nisin-producing strains.

Nisin occurs in two natural variants, nisin A and nisin Z.
They are encoded by the genes nisA and nisZ, which have been
cloned several times from different strains. Both variants con-
tain dehydrated amino acids and lanthionine rings, and they
differ only in a single amino acid residue at position 27 (histi-
dine in NisA instead of asparagine in NisZ) (9, 29). The genes
for nisin biosynthesis are located on a 70-kb conjugative trans-
poson (10, 31) which also contains the genetic information for
sucrose metabolism. Several genes encoding proteins which
are involved in the biosynthesis of different lantibiotics have
been described. Assuming that the genes for biosynthesis, se-
cretion, and immunity are clustered on the same transposon,
approximately 12 kb of DNA downstream from the structural
gene nisA has been cloned and sequenced. The genes nisB,
nisT, nisC, nisl, nisP, nisR, and nisK have been found to be
homologous to the corresponding genes of the subtilin or epi-
dermin gene clusters (2, 23, 38, 39). Gene deletion experiments
with the genes spaB, spaC, spaT, spaR, and spaK in Bacillus
subtilis have proven that they are essential for subtilin biosyn-
thesis (20, 22, 23). Like epiP of Staphylococcus epidermidis, nisP
codes for a subtilisin-like serine protease which is involved in
processing of the posttranslationally modified prenisin (12, 39,
47).

As shown for nisin and PepS5, the mode of action of these
amphiphilic cationic peptides is based on the formation of
voltage-dependent pores (42). This causes an efflux of ions and
molecules of low molecular weight, leading to the breakdown
of the membrane potential and depletion of the proton motive
force (35). According to this mode of action, the membranes of
lantibiotic-producing strains are also sensitive to their own
lantibiotics. However, producing strains are much less sensitive
than nonproducing strains, and it is of great interest how pro-
ducer strains accomplish immunity to the synthesized lantibi-
otic. Immunity seems to be specific for the particular lantibiotic
produced, but the molecular basis for immunity is not yet
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FIG. 1. Restriction map of the L. lactis 6F3 nisin gene cluster and open reading frames. Numbers indicate kilobases.
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understood. For nisin, involvement of the nis/ gene in immu-
nity has already been proved (12, 26). Recently three genes
were shown to be involved in immunity to subtilin produced by
B. subtilis (21). In addition to spal, which codes for a putative
lipoprotein similar to that encoded by nisl, the genes spaF and
spaG seem to be necessary to provide full immunity. For Pep5,
a 69-amino-acid gene product of the pepl gene provides im-
munity to the channel-forming action of Pep5 in S. epidermidis
in the presence of the structural gene pepA (33, 34).

In the present study, we report the identification of three
further open reading frames belonging to the nisin gene cluster
of L. lactis 6F3 which may also be involved in immunity to
nisin. In a manner similar to that of the subtilin gene cluster,
the encoded proteins, NisF, NisE, and NisG, possibly form an
ATP-binding cassette (ABC) transporter.

MATERIALS AND METHODS

Strains and media. The plasmid-free non-nisin-producing strain L. lactis
MG1614 (13a) and the nisin-producing strains L. lactis 6F3 (18) and L. lactis
KS100 (12) were grown at 30°C in M17 broth, supplemented with 0.5% (wt/vol)
sucrose (SM17) or with 0.5% (wt/vol) glucose (GM17). Micrococcus luteus ATCC
9341 was used as a test strain for nisin activity. M. luteus was also grown at 30°C
in GM17 medium. Recombinant plasmids were amplified in Escherichia coli RR1
(F~ hsd-520 supE44 ara-14 proA2 lacY] galK2 rpsL20 xyl-5 mtl-1) and DH5a
(supE44 AlacU169 [$80 lacZAMI15] hsdR17 recAl endA1 gyrA96 thi-1 relAl). E.
coli strains were grown at 37°C in Luria-Bertani medium (GIBCO, Neu-Isen-
burg, Germany). If antibiotics were used, the following concentrations were
employed: ampicillin, 40 pg/ml; erythromycin, 150 wg/ml for E. coli and 5 pg/ml
for L. lactis; and chloramphenicol, 20 wg/ml for E. coli and 5 pg/ml for L. lactis.

Plasmids. The vectors pUC19 (49) and pBSKRII (Stratagene, Heidelberg,
Germany) were used for the purpose of cloning in E. coli. The plasmid pSI19 (12)
was used for cloning in L. lactis.

Molecular biological techniques. Established protocols for molecular biolog-
ical techniques were followed (36). DNA was cleaved according to the conditions
recommended by the commercial supplier of the restriction enzymes (Boehr-
inger GmbH, Mannheim, Germany). Restriction endonuclease-digested DNA
was eluted from 0.7% agarose gels by the freeze-squeeze method (45).

Plasmid isolation and PCR. The procedure of Birnboim and Doly (5) was used
to isolate the plasmids of E. coli. When necessary, these were purified by use of
an ultramicrocentrifuge (Beckman TL 100; rotor, TLA 100.2) at 80,000 rpm for
12 h, with a CsCl gradient and ethidium bromide. Plasmid DNA from L. lactis
was isolated as described previously (12). PCR was carried out according to
standard procedures (36) in an Eppendorf Microcycler E apparatus. By using
Taq DNA polymerase (Boehringer), 35 cycles were performed for 20 s at 94°C
followed by 20 s at 55°C and finally by 2.5 min at 72°C.

Southern hybridization. Southern blotting was carried out according to the
method of Southern (44). For Southern hybridization, double-stranded DNA
fragments were labelled by nick translation with [*?P]ATP and DNA polymerase
I (Boehringer), as described by Sambrook et al. (36).

Cloning of chromc 1 DNA frag ts. Total DNA from L. lactis 6F3 was
isolated as described elsewhere (12). DNA was digested with appropriate re-
striction enzymes, and restriction sites were mapped according to the method of
Southern (44) with appropriate DNA fragments as probes. For isolation of
additional DNA fragments, a 3'-terminal fragment of a previously isolated clone
containing the genes nisR and nisK (12) was used as a hybridization probe to
identify the adjacent DNA fragment. The isolated 5.6-kb DNA fragment was
obtained from a Bcll digestion of chromosomal DNA from L. lactis 6F3 and
cloned in the plasmid pUC19 to yield pSI30. In a similar way, a 6.7-kb HindIII
DNA fragment was isolated. For DNA sequencing, subclones were constructed
in the E. coli vector pBSK.

DNA sequencing. Oligonucleotides used as primers in sequencing reactions

were synthesized with the model 391 DNA synthesizer of Applied Biosystems
(Weiterstadt, Germany). Sequencing was carried out on a model 373A DNA
sequencer (Applied Biosystems) by using a Tag DyeDeoxy Terminator Cycle
sequencing kit (Applied Biosystems), according to the protocol of the commer-
cial supplier (37).

Computer analysis of DNA and analysis of amino acid sequences were per-
formed with the DNASIS/PROSIS version 7.0 program (Pharmacia, Freiburg,
Germany). For protein homology searches, the databases SWISS-PROT R23.0
and NBRF-PIR R33.0 were used with the FAST A algorithm of Lipman and
Pearson (28). Hydrophobicity plots were created according to the method of
Kyte and Doolittle (27).

Transformation of L. lactis. L. lactis strains were transformed by electropora-
tion as described by Holo and Nes (14) with the following modifications. Cells
were grown in GM17 broth supplemented with 0.5 M sucrose and 2% glycine.
Selection was carried out on GM17 plates containing antibiotic. Sucrose was
omitted from the selection plates. Electroporation was performed with a Gene
Pulser apparatus (Bio-Rad) by using a single pulse of 12.5 kV/cm, a capacity of
25 wF, and a resistance of 200 ).

Nisin bioassay. Test strain M. luteus ATCC 9341 was grown to an 455 of 0.8,
0.3 ml was added to 500 ml of molten GM17 agar, and the solution was mixed
and poured into petri dishes (20 ml). L. lactis was spread on the agar surface. The
plates were incubated overnight at 30°C, and the diameter of the zone of M.
luteus growth inhibition around the colonies was determined.

Plate diffusion bioassay for nisin sensitivity. To test nisin immunity, 1 ml of an
overnight culture (stationary-phase cells) of a particular L. lactis strain grown in
GM17 medium (containing the appropriate antibiotic, if required) was added to
250 ml of molten GM17 agar and the solution was mixed and poured into petri
dishes (20 ml). Nisin immunity was determined by dissolving purified nisin in 0.02
N HCI and applying various amounts to filter disks on the agar surface. (The
stock solution used contained 5 mg of nisin per ml, which is 1.3 M purified nisin.)
The agar plates were incubated overnight at 30°C, and the diameter of the
inhibition zone was determined.

Nucleotide sequence accession number. The sequence data published here
have been submitted to GenBank and are listed under accession number
U17255.

RESULTS

Seven genes (nisB, nisC, nisT, nisl, nisP, nisR, and nisK)
downstream of the nisin structural gene nis4 of L. lactis 6F3
have been identified so far (11, 12, 26). Further cloning and
sequencing of an adjacent DNA fragment revealed additional
genes belonging to the nisin gene cluster in L. lactis 6F3 and
further open reading frames in the opposite direction.

Isolation of an adjacent DNA fragment and nucleotide se-
quence of the identified open reading frames. A 3'-terminal
1.3-kb EcoRV fragment of the previously isolated 2.9-kb
EcoRI fragment containing the genes nisR and nisK (12) was
used as a hybridization probe to determine adjacent restriction
sites in the chromosome of L. lactis 6F3. A 5.6-kb Bcll frag-
ment was cloned and sequenced. To prove that the isolated
DNA really reflects the genomic situation, a 6.7-kb HindIII
fragment was isolated in parallel as a control.

Approximately 12 kb downstream of the nisin structural
gene nisA, further genes, nisF, nisE, and nisG, were found (Fig.
1). The nisF gene encodes a protein of 225 amino acids with a
theoretical calculated molecular mass of 24.7 kDa (Fig. 2). The
nisF reading frame starts at a distance of 102 bp downstream of
the end of nisK. An inverted repeat consisting of 16 bp within
the noncoding region between the two open reading frames
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10 20 30 IR-2 50 IR-2 20 %0 100 2570 2580 2600
coT GAAGTTATCCTARAA TTAGTAATCTCTAAGGATTACTTTTTTTGTTTCTGAATAGATTCT TTET CaLat: rIAAR
TTTTTCCACCCCGTCTTCAAT TTTTTCATTARATCAT CTAATH GACTTATCTAAGACTTTTAACA  TATTTTCTCTTTTAATTTGTTACTTTTTAGGTTCATATITATGAACCT: CTATCTGTATATTT TTT
P QKGGAETVYVTITLEKTIEKKoe 2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
-35 110 120 -10 130 R.B.S. 150 160 170 180 190 200 AGATGTATCGTTGATAATAATAAAATGAACCAAAGCAAAACTGACGTTAAGTCA c TTATTTTAN
TTTATATACTTTTTTTARAC T TTCABAATCTTTCTAARACATAT: GGTGCTACAA  TCTACATAGCAA TATTTTACTTGGTTTCETTTTGACTGCAATTCAGTTAARTAATCTCAGTTTTT "ATAAATAARATTC
TATAT TTGTATTTTATTTCACTCCTTTATATTACGTCCATTTTTAAGTTT TTTGTATATTTCTTTTCGTCCACGATATT op T
NisF>M 0 V K I Q NL 8 KT YXKETKG® QYVTLQ 2710 2720 2730 2740 2750 2760 2770 2780 2730 2800
EcoRV 210 220 230 240 250 260 270 280 290 300  TGATTTCTTTTTCAAATTGATT CCTACACTTTGATGGATTCGTTTTGAAT TCARTAT: TCTGATA
TATCAGTTTT TCTGGAACAGTCTGTGGTTTATT TTAACGETG T TTTGTT TT  ACT) TTTAACTAATCCGCATTCTATGGGATGTGARACTACCTARGCARAACTTARTATTTTCC TCTTTTATGAGACTAT
CTATAGTCAARAC TTAGACCTTGTCAG TAATCCTCAATTGCCACGTCCTTTTAGTTGAARCTACTTTTARARCARACCARATTARA I EXKEFQNGPTLYGYSQEHTIRESNTYTFRAETILIY®W FTIS QY
DI s FDIK G TV CGLLGYNGHRZGEXSTLMETLLTFGTI LTI 2810 2820 2830 2840 2850 2360 2870 2880 2850 2500
PstI 310 320 330 340 350 360 370 380 390 400 GGCTTCTTCARAGTTCTTATATTTAARTTGATAGACCCACTCTCTTITTARATGTCCATGCCAAGATTCAAGACTGGCATTAT ceTTA
CTGCAGATACTS TTTTTTGAT TAATCARCTTGCAGCCTTAATCCAGGCTCCAGE! TTATCTGE  CC TTT TTTAACTATCTGGGT TTTACAGGTACGETTCTAAGTTCTGACCGTAATACTATTCCTATCGGGAAT
GACGTCTATGAC CTACCTGTTCTTTTCTGTTTATTAGT CTCG CGAGGTC AEEFNKYEKTFOVYV VWK EREKLEHGHUWSETLSAaANTESTYFPZYG K
$ ADTGKTITFFDGOQETE KTNTU LeaLIERATPATILTYHMENTLSA 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

110 420 430 440 450EcoRI 460  Xbal 468 430 500  CGACT ATTC TTTTTTATTGTCTCTTCATACTCATGACTCGTATACTGACTTCCTTGETCAGAATGARGCATCACAGCTTCTG
TTTCGATAATCTTAAAACTAAGGCTTTGCTTTTTGGART TTCAGATAAGAGAATTCATGARACTC! c GCTGACTTCCTCACTC: <TC) ¥ TACTGAGCATATG: CAGTCTTACTTCGTAGTGT
RGO TTAGAN T MG AT TCCGAAA COAAAAACC T AN AT TATICTCTTARGTACTT TGAGATCTTCACTAACCARACCOTCTTTGTCCTTICTT. R S F § H T M 6 8 N K 1 T 5 & ¥ B 7 8 7 % @ $ ¢ QDS HELMYRETEP

FDNLEKTE K® ATLTLF LEVIGLAETG GEKK 3010 1020 2020 3040 3050 3060 3670 3080 3090 3100

510 520 530 540 550 560 570 580 590 600  GATI TGATTCCATTGCCTTATTCARAGTCCTTTGCACTARTTCTAGAGTCATTCGCTTTCCTARAT CCCARGCARTGACT TTTTIAGTATAACS
GAGC TCTCTTT TGARACAACGTTTGGCAATTGRTATGACTATTCTTACAGAACCTCARTT T T TAATTCTTGATGAACCTACTARTG  CTATT, CTABGGTAACUGAATAAGTTTC) v TAAGATCTCAGTAAGCG: TAGGGTTCGTTACT( ATATTGC
TCTCGTCCTTT CCTACTTTGT! CCCTTAACCAT; TTGGAGTTAARAAT CTACTTGGATGATTAC Y ¥ o8 EMAKNLTERGQVLELTM®REKG GLD®WAaTITVEKETZYR
R AGKFSLGMEKG QRLGTIGMATILTETPOTFILTITELDETP?THN 3110 3120 2130 3140 3150 3160 3170 3180 3190 3200

BamHL 620 630 540 650 660 670 580 690 700  ATCCATAATGGTT CCCAGCCTTGTT AGTTGCCH CTTATTTATCTTTTTAGGCTCATTTTCTT.

T TCGTATT TTGTTARACTTAATCTTAAAACTTAAAGCTAAAGGTGTGACAATCTTGATTTCTAGTCATCAGTTGCACGAAAT  TAGGTATTACCAACTCTCTATTTGEGT CAACTCATCCTTATATTCATTATAGTCAACGGGTTT CGAGTAAAACAATT
CARACCTAGGACTACCATARCGCCTCAACARTTTGANTTAGAATTTTGAATTTCGATTTCCACACTGTTAGRACTAARGATCAGTAGTCARCSTOCTTTA. D ;1 I T S L Y V W G @ @ T P I Y T I D T W A vV K N I K K P E N Q<ISKE
¢LDPPDGIAETLTLSNTLTITLEKTELEKATE KG GVYTTILTISSHOQLEHEI oc L M K N I
720 730 740 750 760 770 780 790 800 3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
AAGTAAAGTAGCTAGTCAAATTATTATTTTGAACARAGGTARGATT CGTGCGAAC) CGACATTG: TCTTTARG TACCATCA(.'I.TACGGAGTGTCCGGGTTTAAATTTTTTAAGGACGACGGAC'H‘GAGCT TTGTTTCATAATTTTTTGTACGAGCTTTATCCCEACTTT
TTCATTTCATCCATCAGTT CTTGTTTCCATTCTAAG CGCTTETTATTTCTTCTGCTGTAACTTGTY TTC AT CTCACAGGCCCARRTTT: CTGCTGCCTGAACTCGACTTC! CATGCTC
AS @I I ILNZ XGEXTIRTYINSRANENTEKTETDTDTIEG® QTLTFFK 6D s VS HGPKFERKEKTLVYV S LoLoQEKMTIKOVYTLE XTIGSVEK

810 X.B.5.820 230 840 850 860 870 880 890 200 3310 3320 3330 3340 3350 3260 3370 3380 690 3400
ATTGTGCATGGAGGA? PANTAGCATCAGAAG TCAGGRACTCTT, CCTTIT  TTCCCCTTGATTGAGT: TGANTCTTAGETGC TCCCCGATTCGCCTT TTGGTCAATCTTCAGTGCCAAGTGTTGTCTT
TAACACGTACCTCCTTACACTATACTTTTCTTATTATCGTAGTCTTCGTTATTTTAATTTTTTTAGTCCTTGAGANTCTAACCATAAT CTAACTCATTCTCCACTACTTAGAATCCACY ATCTAAGGGGCTAAGCGGAACTTTT CAACCAGT TAGAAGTCACGETTCACAACAGAR
I VHGG Mop EGQNLLLHEHTIEKTPR ZGYTIGRNA AT KTFTLG ODTIEKTELA ATLTES®OQHER

NieE>M K R I I A S EA I KL KKSGTLRLYVLTITITEPF 3410 3420 3430 3440 3850 3450 3470 3480 3450 3500

910 920 930 240 950 960 570 980 930 1000  CTTAATTGAGTTTTGGATGGGCRTCGATTGATTCTCTC TTGCTTC CACCAAGCAGTTGGCAACTGAGTCTGACATTGAGTGCTARAG
GTGACTCTATT TTTCTTATGGATGEARTACAGATTTTTAGTCTTTTTTCAATTTAT CCTTTTGATGAGTT ~ GARTTAACT CCTACCCECAGET: TATT TCCTTGTGGTTCGTCAACCGTTGACTCAGACTGTAACTCACGATTIC
CACTGAGATAAATATC TACCCACCTTATGTC CTTTG TACTCAA R L @ T K S P R RN I RE Y Y S AEGPV GLLGEQCSETLRY LT
VTLFIAFLMGGTIOQTIFSVYFSTIYUWWETGTFTLTFLTLHMS

Loto 1050 1030 Lod0 Toso o0 1070 T0s0 1050 1100 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
TGCTTTTTCTTTAT e AGCTGGAAATTTT T AGTTGGAAAATTCATTTGACCARAATGry  TTTTARTCGTTT GCAGCACTCACATCTTTTTCTCGGCGAATATGGTCARTACTTTT T TAAGATGTCTCOTTCTTCCTTAACTTTAGCCA
c TTTAGTCTCCTCGTTCACK TTTACACTTTACCTTTTTCGACTCAACCTTT GGTTTTACRA TIAGCARACTC -G COUTTATACC] = TGAARTCGET
L LFLYDTIZ KSETEO QAGNTFOQNVIZ XUW¥ZEKTZ KTELSWEKTIHTLATEKHNTL K I T o s I DAASYDEKETRURTIUHDTIS K<Isxa

1110 1120 1130 1140 1150 1180 1170 1180 1150 1200 3610 3620 3630 3640 3658 3660 3670 3680 2690 3700
S— AGCUAGCATAGTCTT P ITATTTGOTTGCTTTTGTGTTT et rrrrare  GCTGTCTTTTTAATTCTAGAAAATCATCTTTAGAGACTCAGCTTTCATTAGACT TCCATTTATARATCETTCCAGGAGCCACECT
CAACTARACCGATTCTCCA CCTCGTATCAG CGARAACACARAGTTCCATAACATCACCACCTARAAT: G TTRAGRTCTTT TCTGACTCGARAGTAATCTGAATCTTATCTCCAGE TTAGCARCGTCCTCGETGCEE
L IWLEGILAST VLI TILLOYELYaFVFPOGIYVYYYDEFEH 3710 3720 3730 3740 3750 3760 3770 3780 3750 3800

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300  GTATICTTT GCTGIGTGACGGAT GTCTTTAAATTCTIGT TGTTTTTAT

TTGATTGOTATATTACTACCAGCTTCTTGGAAT T TACCCTTTATATACTTGATTTT TAATACTTACGTATTGTTA GARATCTTTCRACACACTGCCTAACGGGTCTTACTATCTTCAGCTCTTCCCACAGARATTT: CRCTCATCGCARRACCAT) TAGG
TR TTCACACCOTAMCTANGEAT, O TCGAAGARCCTTARAT ATATO, TCACCT: TAACAATC 3810 3820 3830 3840 3850 3860 3870 3880 3890 3900
Kvs vVALTIAMTILLARBGS U WNILOPP I YL IFPEKMWINTEY Y LL T TCTAAN T TATACAATAGGACT CTAAGAATTAACGATAGCATCACAGTOTCTTIT CTATACCATAATGTAG

1310 1320 1330 1340 2350 1350 1370 1380 1390 1400 TATGTTATCACTGAGATTCTTAATTCCTATCGTAGTGTCAC TTCTTCATTT TAGATATGGTATTACATC
CTGCGARTACCTTGATTTGTTTAATTGTTGCCCCTTTTGT TCCACARACTCCAGTATGETTCTTGCTACCATACACTTATCACTATARAGTTACAGARAG 3310 2920 3930 3940 3950 3960 3970 3980 3990 4000
CACGCTTATGOAACTARACARATTARC T TGAGGTCATACCARGAAC T ATOTGANTAGTGATATTTCANTOTOTTTe  CTGAAC TGATATGTAATGTCARTCTTATCTCCATCAATTTTTCGTATGATTARATCAACT! TTCCGCTARATCATTTATIGETTGCTTT
AANTLICLTIVYVAPFPYVAQTPVWFLLPTYTYEHTYEKVTE s OrTTGICCTTCAACTATACATTACAGTT: GCAT: TAGTTGATTCT CAAC

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500 opN I P Q K
TTTGTTAMATATCARACCATCAGGAGATTTGT TTCAGTATTTGGGAAGTTTTATTACCATTTGGACTTTCCATAGTTGTARCG 4010 4020 4030 4040 4050 4060 4070 4080 4090 4100
AAACARTTTATAGTTTGGTAGTCCTCTARACAATTGTCCCTICTATTTAAAGTCAT: CITCAAAATAATGGTARACCTGARAGGTATCARCATTGE ~ ATCOTTGTTAGGT TTT CAGTTCCATC CCTACCACATTAAGTGATTTT COAGATCTTTTACTA

L LNTEKTPB®SGGDLLTKTGINTFSETI1OM4WESTVTLLO PP GL S 1 v v 7  TAGCAACANTCCANTCCTATCAT TTARGT TAGTTTTGGATGETGTAATTCACTA, TCCGCTCT AT

1510 1520  R.B.S. 1540 1550 1560 1570 1580 1590 160 1 T T L XNPYYNETZIFET®GDFGYVYNLSEKEKELNS®ALDREKUVL

b T TGTCTCARATT: TAGCTTAGCGTTTTATTIAGTTTTTCTCITT 4110 2120 4130 4140 4150 4160 4170 1180 4190 4200
TATCCTCARAG TOAATTTCCTCACTATCTTGTACTATTCTTCACTTAC T T TATCGARTCOCABANTAAATCARRAAGAGARA  ATATAGCTGTTAAATCATCTGTACAARATACACCATCARAATCETTGTTTTCTAGTATTTTTTTGATCTCAACTTTTTT CATTGAGA
I GV 8 YLLEKGGTY IEEHTD EEoep TATATCGACAATT TTTTATGTGGTAGTTT c c TCTTCTCAGGTAACTCT
MsG >M I R 8 E ¢ L KL K ¥ S L GF YL VGFTLF I ATLDDTOGCFVGDFDNONETLTIEKTEKTIET VE KTE RLLTUWHROS

1610 1620 1630 1640 1es0 Leo 1670 1680 1690 1700 4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
ACTTTATTAGA AACGGTTCCTATTTATTTAGCTTT CATGTTTCAATGACTGATTTATCGCTCATGATTTTTTTGTTTTTTCCGT TTTTTATTATATGAGTCT T TAATIGATT TCTTTCTAGCTCAAGCAGRTATCCATCACGCCTTARRTAT TATTATCGTTCCC
TGAAATAATCTCOARAATTGCCAAGGATARAT ARAT COARRACCTTCTTCAGTACAARGTTACTGACTARAT; TACT c TCCTT: TAATATACTCAGAAATTAACT: TCGAGTTCGTC GGAATTTATACATCCTCTTAACCATAATAGCARGEGT
T L L EL LTV P I YL A G R § H Y SMOTODLSTL MI1ICFLTFTEFEo®P PIKIIHTXLOQNERETLETLTLYGDRERLYTESNTNTDTI G

1710 1920 1730 1740 1750 1760 1970 1780 1790 1600 4310 4320 4330 4340 4350 4360 4370 4380 4350 4400
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TAGTTTCGATTATCATCACK GITACTAG CCTCARRGTGTCCGTCATCCCGTTGTTCCTTACTAC AT TTSCCAGTTTTCGTTGTTATSC TTTANTACT TGARCCARTCT
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CTTTTGEAGTTATTGETCTCAAGCTCAT TTCTTTAAAGCATATAACATTTTTAA TT TTTCTAT
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FIG. 2. Nucleotide sequence of cloned 5.0-kb region downstream of nisK (12) with open reading frames nisF, nisE, and nisG and with ISXA4, ISXB, and sacR in the
opposite orientation. Possible ribosome-binding sites (R.B.S.), restriction sites, promoter regions, and inverted repeats (IR) are underlined. Start codons and stop
codons are printed in boldface. oc, ochre; op, opal. For protein sequences, the one-letter code is used.

has been identified. This unusual DNA sequence, possibly
forming a stem-loop structure, may serve as a terminator of
transcription at the end of nisK. The left part of the possible
stem-loop structure overlapped with four of the C-terminal
amino acids of NisK, possibly preventing their translation. The
nisF gene was preceded by a putative ribosome binding site at
an appropriate distance from the ATG start codon. Upstream
of nisF, a —10 and —35 promoter region similar to others
previously described for L. lactis was present (46). This indi-
cates that nisF has its own promoter.

A further open reading frame, nisE, was located downstream

of nisF. It encodes a protein of 247 amino acids with a deduced
molecular mass of 28.2 kDa (Fig. 2). If the second ATG is
considered the start codon, the putative gene product would
consist of 242 amino acids. The DNA sequence of the fragment
was sequenced with eightfold redundancy to ensure that nisF
and nisE are distinct genes and not a result of a sequence
frameshift. This was additionally verified by direct genomic
PCR sequencing. These results were also confirmed by the fact
that a potential ribosome binding site preceded the nisE open
reading frame. Its correct distance for consensus lactococcal
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NisfF 1 MQVKIQNLSKTYKEKQVLQDISFDIKSGTVCGLLG AGRSTH IILFGLISADTGKIF

SpaF 4 VLLETKSLTKKFGKETAVADVSLTVQKNSIYGLLGP‘ AGKS'

ILTGILRKTSGEIL

NisF 61 FDGQEKTNNQL*-—GALIEAPAIYMNLSAFDNU(TKALLFGISDKRIHETLEVIGLAETG

SpaF 65 FDGHKWKRSDLQTIGSLIEAPPLYDNLTAFENVKVHATLLGLSEDRIHSVLKTVDMQHAG

B
NisF 118 KKRAGKFSLGMKQRLGIGMAILTEPQ ILDEP GLDPDGIAELLNLILKLKAKGVTIL

SpaFp

NisF 178

SpaF 185

NisF

—

McbF

IS

NisF 57

McbF 65 LKRNFSGGELVSLPQVINLSGTLRNEEVLDLICCFNKLTKKQAWTDVNHKW NDNF - FIR

B
NisF 113 LAETGKKRAGKFSLGMKQRLGIGMAI L TEPQ!

ILDEP GLDFDGIAELLNLILKLK
McbF 122 YDKIRRKRTYTVSIGEKRWLIISLMVTLCKNAR ILLDEP GIDIQYRMMLWELINKIT

NisF 171 AKGVTILISSHQLHEISKVASQIIILNKGKI RYNRANNKEDDIEQLFFKIVHGGM

McbF 182 ADGKTVFFSTHIFDELTRDKIPFYMLSKNSINRYSDMSDFIQSNNETTQKRHLLKK

B
NisE 1 MKRIIASEAIKLKKSGTLRLVLIIPFVTLFIAFLMGGIQIFSVFSIYWWETGFLFLLMSL

SpaF 240 SINYIKAENLKFKRSFSRKMIIFVALLNIGFSFLM NTQFFVPGTYNWWSIIFMPVMIAL

NisgE 61 LFLYDIKSEEQAGNFQNVKWKKLSW KIHLAKMLLIWLRGILASIVLIILLYLVAFVFQG

SpaF 300 FCSLSHQKEKKASHYNGTYSLPIDLGKLWYAKIIIIAIYSLLSQVVFLVFMLLMGFVIAD

NisE 120 IVVVDFMKVSVALIAILLAASWNLPF IYLIFKWINTYVLLAANTLICLIVAPFVAQTPV

SpaF 360 FSIISPSIVAASLL LWLTSLWQIPLCLFVAKKWGFTMAVM LNFIGTLVLGVMPASRAF

NisE 180 WFLLPYTYHYKVTESLLNIKPSGDLLTGKINF

SpaF 418 WWFIPWSWPIRMMCPTIGIHLTVCCSKTMILC

FIG. 3. Analysis of proteins NisF and NisE. (A) Comparison of proteins NisF
(L. lactis), SpaF (B. subtilis), and McbF (E. coli). (B) Comparison of proteins
NisE (L. lactis) and SpaF (B. subtilis). Dots indicate similar amino acid residues,
and colons indicate identical amino acid residues. The consensus sequences A
and B of potential ATP-binding sites are boxed.

ribosome binding sites (46) strongly favors the second ATG as
the start codon.

Another open reading frame, nisG, overlapped with the 3’
end of nisE. The nisG gene starts with an ATG codon which is
preceded by a potential ribosome binding site (AGGAGT).
The nisG gene probably encodes a protein of 214 amino acids
with a deduced molecular mass of 24.2 kDa (Fig. 2).

Homology of NisF and NisE to ABC transporters. The entire
NisF protein is 45.5% similar to the N-terminal domain of the
recently reported SpaF protein, which shares strong homolo-
gies with ABC transporters of the HisP subfamily (25). As a
common feature, the ATP-binding sites of these transporters
are located in the N-terminal part of the protein. NisF shares
two potential ATP-binding sites with proteins of this group
(Fig. 3A). The second open reading frame, nisE, encodes a
predominantly hydrophobic protein similar to the C-terminal
part of SpaF (20.2% over the entire protein) (Fig. 3B). The
hydrophobicity analysis of NisF and NisE together resembles
that of the entire SpaF protein, and this also favors a similar
function as an ABC transporter (Fig. 4). Furthermore, there is
an additional similarity of NisF and NisE to the McbF-McbE
transporter of E. coli (13) (Fig. 3 and 4). McbE appears to be
an integral membrane protein consisting of 241 amino acids
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FIG. 4. Comparison of predicted hydrophobicity profiles for NisF, NisE,
McbF, McbE, and SpaF. Positive numbers indicate hydrophobicity. aa, amino
acids. Hydrophobic domains were estimated according to the method described
by Kyte and Doolittle (27).

with a predicted molecular mass of 27.8 kDa. The mcbF gene
encodes a protein consisting of 247 amino acids with a molec-
ular mass of 28.8 kDa. McbF contains two ATP-binding sites in
a manner similar to that of NisF and other known ABC trans-
porters (6). McbF and McbE are thought to form a membrane
complex which is involved in the specific transport of microcin
B17 and in immunity to this bacteriocin. NisF is 28.6% similar
to McbF over the entire protein. The similarities of NisF-NisE
to SpaF of B. subtilis and to McbF-McbE of E. coli, which are
involved in immunity to subtilin and microcin B17, respec-
tively, suggest that NisF, NisE, and NisG may have similar
functions.

Similarities of NisG to colicin immunity proteins. The nisG
gene encodes a predominantly hydrophobic protein. Similarly,
immunity proteins described for different colicins are also pre-
dominantly hydrophobic, with three or four potential mem-

TABLE 1. Descriptions of plasmids used

Plasmid Genetic marker and/or description Reference(s)
pSI16 2.0-kb Pyull fragment of pGEN3 in pUCI19 This work
HindIl
pSI120 Em" gene of pE194 joined to pSI16 HindIl This work, 15
pS129 6.7-kb HindIII fragment of chromosomal This work
DNA of L. lactis 6F3 in pUC19 HindIIl
pSI30 5.6-kb Bcll fragment of chromosomal DNA This work
of L. lactis 6F3 in pUC19 BamHI
pSI32 2.5-kb Xbal fragment of pSI29 in pBSK Xbal  This work
pGEN3  4.2-kb EcoRI fragment of chromosomal 12
DNA of L. lactis 6F3 in pUC19 EcoRI
pSI41 5.8-kb Clal-BstXI fragment of pSI29 in This work, 15
pBSK Clal-BstX1
pSI48 Cm' gene of pC194 in pSI41 EcoRI-Pst1 This work, 15
pSIS3 Cm" gene of pC194 in pSI32 SnaBI This work, 15
pSI62 Cm" gene of pC194 in pSI32 Nrul This work, 15
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B L lactis KS100

/ BN 10 uig nisi

40 pg nisi

L. lactis MG1614

20 pg nisin | S0/l misin
30 pg nisin

L. lactis KS100 nis!

| ug nisin 10 g nisin

[20 1 isin §

FIG. 5. Nisin sensitivity in wild-type cells and nis mutants. (A) Bioassay for
nisin production. Strains were streaked onto plates containing M. luteus as a test
organism (see Materials and Methods). (B) Nisin sensitivity assay. Different
amounts of nisin were applied to lawns of L. lactis KS100, L. lactis MG1614, and
nisl, nisF, and nisE mutants. (C) Phenotypes of nisG mutants in comparison with L. lactis KS100 nisF
that of wild-type cells (L. lactis KS100). In order to visualize the effect, the plates
were photographed with light from below.

1 pig nisin |7 \Y 10 ug nisin

brane-spanning domains. They are all believed to interact di-
rectly with the channel-forming domains of their respective
colicins (30, 43). The similarities of NisG to these proteins ; /

suggest that it has a similar function. \ /

Open reading frames downstream of nisG. Approximately 1 /

kb downstream of nisG, three more open reading frames with
the opposite orientation were observed. The largest open read-
ing frame encodes a 318-amino-acid protein. This protein
shows similarities to proteins of the class designated Lacl reg-
ulator proteins (32). It is a predominantly hydrophilic protein
containing a helix-turn-helix motif, which commonly indicates
DNA binding activity (32) (DNASIS/PROSIS 7.0; Pharmacia).
The N terminus of this protein is identical to the previously
published 27 N-terminal amino acids of the putative sucrose
regulator (SacR) (32). As reported previously, the sucrose
operon of L. lactis is located on the same transposon as the
genes for nisin biosynthesis (31). Two further reading frames,
ISXA and ISXB, showed homologies to the lactococcal inser- -

tion element I1S987 (29a). ISXA is 74% identical to the N
terminus of IS981, whereas ISXB showed 90% identity to the C =
terminus of IS981. This indicates that both reading frames
were derived from an ancestorial insertion element. However,

L. lactis KS100 nisE

' W 10 g nisin

& 40 pg nisin
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C L lactiskS100 20 pg nisin

10 ug nisin 30 pg nisin
J/ 60 g nisin

50 pg nisin

L. lactis KS100 nisG 20 pg nisin

10 pg nisin X 30ugnisin

FIG. 5—Continued.

no suitable Shine-Dalgarno sequence could be found for ISX4,
suggesting that this insertion element is not functional.
Genetic analysis of the open reading frames nisl, nisF, nisE,
and nisG. The nisin-producing, plasmid-free strain L. lactis
KS100 obtained by conjugation of L. lactis 6F3 with L. lactis
MG1614 was used to investigate the physiological importance
of the identified reading frames for nisin biosynthesis. The
respective genes were interrupted by insertion of chloram-
phenicol or erythromycin resistance markers (Table 1). The
flanking regions which allowed homologous recombination at
either side of the insertion were approximately 1 kb each. For
disruption of nisF, part of the gene was substituted by the cat
gene from plasmid pC194 (15). The resistance marker was
inserted into a PstI-EcoRI site within nisF. Digestion of plas-
mid pSI41 (a subclone of pSI29 containing the genes nisF,
nisE, and nisG) with PstI-EcoRI resulted in a deletion of 150
bp of nisF. Plasmid pSI48, obtained by insertion of the cat gene
into nisF, was used for transformation of L. lactis KS100. This
plasmid does not replicate in L. lactis. In the case of nisE,
plasmid pSI32, a 2.5-kb Xbal fragment of pSI29 cloned into
pBSK, was used. The cat gene was inserted into a single SnaBI
site within the coding region of nisE, yielding plasmid pSI53.
For disruption of nisG, the same plasmid, pSI32, was used, but
in this case the cat gene was inserted into a single Nrul site
within the nisG gene, leading to plasmid pSI62. Another gene
within the nisin gene cluster of L. lactis 6F3, nisI, which has
already been shown to be involved in immunity to nisin (12),
was also inactivated by insertion of a resistance marker. In this
case plasmid pSI16, a subclone of pGEN3 (12), was used for
HindIII digestion and insertion of the gene for erythromycin
resistance. The resulting plasmid, pSI20, was used for disrup-
tion of the nisl gene in the chromosome of L. lactis KS100.
Phenotypes of nisI, nisF, nisE, and nisG mutants. The effects
of mutations within the genes nisF, nisE, and nisG were first
assessed by means of the nisin bioassay with M. luteus as the
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test organism (see Materials and Methods). All mutants were
still able to produce nisin (Fig. 5A). This indicated that the
respective genes were not directly involved in the biosynthesis
of nisin. To investigate their possible role in immunity, the
sensitivity to increasing concentrations of nisin was tested. As
described previously, constitutive expression of the nisI gene in
L. lactis MG1614 resulted in increased immunity to nisin, even
if the cells were still more sensitive to nisin than those of the
wild-type strain L. lactis KS100 (12). To confirm these results,
the sensitivity of mutants with mutations in the nis/ gene to
increasing concentrations of exogenously applied nisin was in-
vestigated. In comparison with the wild-type strain L. lactis
KS100, the nisl mutants exhibited a marked increase of sensi-
tivity to exogenously applied nisin (Fig. 5B). The nisF and nisE
mutants were also markedly more sensitive to exogenously
applied nisin than the wild-type cells, although the increase in
nisin sensitivity was less pronounced than that for the nis/
mutants (Fig. 5B). Interestingly, mutants with mutations in the
structural gene were also slightly more sensitive to nisin than
the wild-type strain. Inactivation of nisG did not result in
markedly increased sensitivity to exogenously applied nisin,
but in comparison with the wild-type strain, the mutant exhib-
ited a different phenotype. Whereas inhibition zones were
clear with nisG mutants, they were more turbid with wild-type
cells. Additionally, in the nisin diffusion assay, a ring of cells
with reduced growth was observed with wild-type cells but not
with mutants (Fig. 5C). Possibly the growth of wild-type cells is
slowed down after application of nisin but the cells can over-
come its toxicity by adaptation. These results suggest that the
nisG mutant also became more sensitive to nisin.

DISCUSSION

Since the isolation of lantibiotic structural genes, which
proved that lantibiotics are encoded by distinct genes, several
genes involved in lantibiotic biosynthesis near the structural
genes have been identified. The genes found near the struc-
tural genes of different producers show strong similarities, in-
dicating their similar functions in lantibiotic maturation, secre-
tion, and processing and in regulation of the biosynthesis. The
genes for the biosynthesis of nisin are clustered on a 70-kb
transposon. The gene cluster starts with the structural gene
nisA (7, 18), which is followed by the genes nisB, nisT, nisC
(11), nisI, nisP, nisR, and nisK (12, 47). The proteins NisB and
NisC are assumed to catalyze the modification reactions during
maturation of the prepeptide (11). The NisT protein seems to
be involved in transport (11). NisI has already been reported to
be involved in immunity to nisin (12, 26). NisP has been shown
to be necessary for processing of the secreted prepeptide (47).
NisR and NisK correspond to a two-component regulatory
system consisting of a response regulator (NisR) and a histi-
dine kinase (NisK), which regulate the biosynthesis of nisin
(12). The identification of three open reading frames 1 kb
downstream of nisG and in the opposite direction, of which
two show strong similarities to an insertion element and one
belongs to the sucrose operon (32), indicates that all the genes
belonging to the nisin gene cluster of L. lactis 6F3 have been
identified.

In order to make nisin acceptible for application in the food
industry, the understanding of nisin immunity is of major im-
portance. Although the nisin produced by some strains of L.
lactis is the most prominent bacteriocin of lactic acid bacteria,
little is known about nisin immunity. The self-protection nec-
essary to overcome the action of their own products by a
specific mechanism is a common feature of bacteriocin-pro-
ducing cells. For channel-forming colicins, immunity proteins
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which are predominantly hydrophobic with three or four po-
tential membrane-spanning domains have been described (43).
In the case of colicin E1 and colicin A of E. coli, specific
integral membrane proteins are presumed to interact directly
with the channel-forming domains of the respective colicins
(43). Recently, three proteins, Spal, SpaF, and SpaG, involved
in the self-protection mechanism against the lantibiotic subtilin
have been identified (21). The Spal protein is a lipoprotein
which is similar to the NisI protein, which increases immunity
to nisin after its expression in a nonproducing L. lactis strain
(12). Here we report on the identification of three genes, nisF,
nisE, and nisG, which are involved in immunity to nisin. NisF
shows strong similarity to McbF of E. coli. McbF, which also
contains two ATP-binding sites, is thought to form a mem-
brane complex together with McbE, a predominantly hydro-
phobic protein. This complex is expected to be involved in the
specific transport of microcin B17 and in immunity to this
peptide antibiotic. In the case of L. lactis, the hydrophobic
partner which forms a complex with the ATP-binding domain
(NisF) of the ABC transporter might be NisE or NisG.

Like several colicins and other linear lantibiotics, both nisin
and subtilin have a common mode of action, depolarizing the
energy-transducing cytoplasmic membrane via formation of
aqueous channels (35). As in the case of subtilin and microcin
B17, the ABC transporter could play a role in the self-protec-
tion mechanism against nisin by transport of the lantibiotic.
Since the channel-forming activity of nisin has been reported
to be dependent on the orientation of the transmembrane
potential (4), it can act only from the outside of the cells. The
active transport of mature nisin to the inside of the cells and
subsequent degradation may be a means to protect the cells
from damage caused by their own products. Another more
specific mechanism may be provided by the action of Nisl,
which might interact directly with the channel-forming mole-
cules (12).

In the case of several channel-forming colicins, immunity is
conferred by specific membrane-spanning proteins, which are
believed to interact directly with the channel-forming domains
of their respective colicins (43). For example, the hydropho-
bicity plot of the colicin N immunity protein and that of NisG
are very similar in configuration. As an alternative to the func-
tion as a hydrophobic domain in a putative ABC transporter,
NisG might act in a manner similar to that of the colicin
immunity proteins by interaction with pore-forming nisin mol-
ecules.

Our results suggest that there are different mechanisms by
which nisin-producing cells protect themselves. These mecha-
nisms involve at least the products of the genes nisl, nisF, nisE,
and nisG.
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