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The biosynthetic genes of the nisin-producing strain Lactococcus lactis 6F3 are organized in an operon-like
structure starting with the structural gene nisA followed by the genes nisB, nisT, and nisC, which are probably
involved in chemical modification and secretion of the prepeptide (G. Engelke, Z. Gutowski-Eckel, M.
Hammelmann, and K.-D. Entian, Appi. Environ. Microbiol. 58:3730-3743, 1992). Subcloning of an adjacent
5-kb downstream region revealed additional genes involved in nisin biosynthesis. The gene nisI, which encodes
a lipoprotein, causes increased immunity after its transformation into nisin-sensitive L. lactis MG1614. It is
followed by the gene nisP, coding for a subtilisin-like serine protease possibly involved in processing of the
secreted leader peptide. Adjacent to the 3' end of nisP the genes nisR and nisK were identified, coding for a
regulatory protein and a histidine kinase, showing marked similarities to members of the OmpRIEnvZ-like
subgroup of two-component regulatory systems. The deduced amino acid sequences of nisR and nisK exhibit
marked similarities to SpaR and SpaK, which were recently identified as the response regulator and the
corresponding histidine kinase of subtilin biosynthesis. By using antibodies directed against the nisin
prepeptide and the NisB protein, respectively, we could show that nisin biosynthesis is regulated by the
expression of its structural and biosynthetic genes. Prenisin expression starts in the exponential growth phase
and precedes that of the NisB protein by approximately 30 min. Both proteins are expressed to a maximum in
the stationary growth phase.

Many lactic acid bacteria have antimicrobial activity which
can be attributed to the production of bacteriocins (28).
Bacteriocins are a heterogeneous group of bactericidal pro-
teins produced by gram-negative and gram-positive bacteria.
Some bacteriocins are small peptides, whereas others are
complex proteins with several distinct subunits having molec-
ular sizes sometimes in excess of 106 Da and are often found
associated with carbohydrates or lipids.
One subgroup of bacteriocins, the lantibiotics, have received

increased interest in the last few years. Lantibiotics belong to
the small peptide group of bacteriocins, although they have a
broader activity spectrum than most other bacteriocins and in
that respect are more similar to antibiotics. Additionally, they
differ from the other types of bacteriocins because of their
chemical structure. They contain unusual amino acids such as
dehydroalanine, dehydrobutyrine, lanthionine, and 3-methyl-
lanthionine. The most prominent lantibiotics are nisin (17),
subtilin (16), and epidermin (1). The number of members
belonging to this group is steadily growing (for a review, see
reference 23). Lantibiotics are ribosomally synthesized as
prepeptides and posttranslationally modified (53). A scheme
for posttranslational modification has been proposed by In-
gram (22). The formation of these unusual amino acids could
be explained by posttranslational dehydration of peptide serine
and threonine residues, with subsequent addition of neighbor-
ing cysteine sulfur to the double bonds of the dehydroamino
acids. The primary transcript of lantibiotic structural genes is a
prepeptide which consists of an N-terminal leader peptide
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followed by a C-terminal propeptide from which the lantibiotic
is matured. This gene structure was first described for epider-
min (53) and was also found for subtilin (5), nisin (6, 11, 24),
gallidermin (52), Pep5 (26), and cinnamycin (25).

Principal research interest has focused on nisin, as it is the
only lantibiotic that has found practical application. It occurs
naturally in dairy products (7) and is occasionally used in food
production as an additive to dairy products to prevent spoilage
by gram-positive bacteria, especially clostridia, staphylococci,
bacilli, and listerias (20). Nisin has two natural variants, nisin A
and nisin Z, which differ in a single amino acid residue at
position 27 (histidine in NisA is replaced by asparagine in NisZ
[9, 41]). The structural genes nisA (6, 11, 24) and nisZ (41)
have been cloned several times from different sources. These
were attributed to the 70-kb conjugative transposon Tn5276
(44) and are genetically linked to the genes for sucrose
fermentation (45). On the assumption that the genes for
biosynthesis, secretion, and immunity are clustered on the
same transposon, several kilobases of DNA downstream of the
structural gene nisA were cloned and sequenced (12). Three
genes, designated nisB, nisT, and nisC, which were homologous
to the respective genes of the subtilin (30) and epidermin
operons (51) were identified.
Gene deletion experiments proved that the genes spaB,

spaC, and spaT are essential for subtilin biosynthesis (30).
Adjacent to these genes, two additional open reading frames,
spaR and spaK, were identified recently (29). These genes were
also essential for subtilin biosynthesis and encoded a regula-
tory protein and a histidine kinase, representing a typical
two-component regulatory system responsible for the regula-
tion of subtilin biosynthesis.
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For epidermin, five open reading frames, epiB, elpiC, epiD,
epiP, and epiQ, adjacent to the epiA structural gene have been
identified (51). The genes epiB and epiC are homologous to
niis.B and nisC, and their essential function in epidermin
biosynthesis has been proven by mutant complementation (4).
Transformation of all epi genes into Staphylococcius carrnoslus
enabled heterologous epidermin production (51). Gene epiD is
specific for epidermin biosynthesis. It encodes a flavoprotein
involved in the formation of the characteristic C-terminal
2-aminovinylcysteine of the epidermin prepeptide (34). Gene
epiP codes for a subtilisin-like serine protease which might be
involved in cleavage of the leader peptide after secretion of the
modified prepeptide.

In this study we report on the identification of four addi-
tional open reading frames, nisI, nisP, nisR, and nisK, of the
nisin operon of Lactococcius lactis 6F3 which are involved in
immunity against nisin, processing of the posttranslational
modified prenisin, and regulation of nisin biosynthesis. Previ-
ously genes ,ZisP and niisR have been also isolated from
transconjugant strain L. lactis NIZO R5 and the essential
function of nisR for nisin biosynthesis has been shown (63).

MATERIALS AND METHODS

Strains, media, and plasmids. The nisin-producing strain L.
lactis 6F3 (kindly provided by T. Horner, University of Tubin-
gen) and plasmid-free, nisin-nonproducing L. lactis strains
MG1363 and MG1614 (15) were grown at 30°C in M17 broth
(60) supplemented with 0.5% sucrose (M175) or with 0.5%
glucose (M17G). L. /actis KS100 is a transconjugant obtained
from mating the nisin A-producing strain L. /actis 6F3 and
nisin nonproducer MG1614. For overproduction of nisin and
nisin prepeptide detection, CM medium (10), containing 1%

sucrose, 1ic peptone (Difco), 1Cc yeast extract (Difco), 0.2%
NaCl, 0.002Cc MgSO4 - 7H,O, and I%c KHI-PO4, pH 6.8, was

used. Micrococcus luteuls ATCC 9341 was used as an indicator
strain in halo assays.

For subcloning of DNA fragments the Escherichia coli
strains RRI (F- hsdS20 [rB i3B1 supE44 ara-14proA2 lacY1
galK2 rpsL20 xyl-5 mt/-1) and DH5o (supE44 AlacU169 [(80
lacZAM 15] lisdRI7 recA I endA1 gyrA96 thi-] relA 1) were used.
E. coli strains were grown at 37°C in Luria-Bertani broth or

agar (GIBCO, Neu Isenburg, Germany). The vectors pUCl9
(68) and pBSKRII (Stratagene, Heidelberg, Germany) were

used for cloning purposes. If antibiotics were used, the follow-
ing concentrations were employed: ampicillin, 40 jig/ml; eryth-
romycin, 150 pLg/ml; chloramphenicol, 20 gLg/ml for E. coli and
5 jg/ml for L. /actis.

Molecular biology techniques. Established molecular biol-
ogy protocols were followed (47). DNA was cleaved according
to the conditions recommended by the commercial supplier of
the restriction enzymes (Boehringer GmbH, Mannheim, Ger-
many). Restriction endonuclease-digested DNA was eluted
from 0.7% agarose gels by the freeze-squeeze method (59).

Cloning of the nisin operon. Total DNA from L. /actis 6F3
was isolated as described elsewhcre (12). DNA was digested
with appropriate restriction enzymes, and restriction sites were
mapped according to the method of Southern (57) with
appropriate DNA fragments as probes. For isolating additional
DNA fragments, the 3'-terminal 0.3-kb Hindlll-EcoRI seg-
ment of the 4.2-kb EcoRI fragment (12) was used as a

hybridization probe to identify an overlapping adjacent 1.7-kb
HinidIII DNA fragment. The downstream 2.9-kb EcoRI DNA
fragment was isolated similarly by chromosome walking with
an appropriate DNA probe.

DNA sequencing. Oligonucleotides used as primers in se-
qucncing reactions were synthesized with the model 391 DNA
synthesizer of Applied Biosystems (Weitcrstadt, Germany).
Sequencing was carried out on a model 373A DNA sequencer
(Applied Biosystems) using a Taq DyeDeoxy Terminator Cycle
sequencing kit (Applied Biosystems), according to the protocol
of the commercial supplier.
Computer analyses of DNA and analyses of amino acid

sequences were performed with the DNASIS/PROSIS version
7.0 program (Pharmacia, Freiburg, Germany). For protein
homology searches the data bases SWISS-PROT R23.0 (Au-
gust 1992) and NBRF-PIR R33.0 (June 1992) were used with
the TFASTA algorithm of Lipman and Pearson (37). Hydro-
phobicity plots were created according to the methods of Kyte
and Doolittle (35).

Prenisin detection. L. lactis cells were harvested by centrif-
ugation at 5,000 x g at 4°C for 10 min and resuspended in 100
,ul of loading buffer (5% sodium dodecyl sulfate [SDS], 30%
glycerol, 0.01% bromphenol blue, 25 mM Tris-HCl, 0.01%
3-mercaptoethanol, pH 6.8). After heating (10 min, 100°C)
and short centrifugation (1 min, 14,000 x g) the protein
content of the supernatant was measured (69). The samples
were applied to a discontinuous SDS-polyacrylamide gel elec-
trophoresis system according to established methods (50) using
15Cc acrylamide tricine gels. Proteins were electroblotted onto
Immobilon-P membranes (Millipore; 0.45-,um pore size) by
using a discontinuous buffer system (LKB 2117, Multiphor II
Elektrophoresis System; Pharmacia-LKB, Freiburg, Germany)
as recommended by the commercial supplier. As a reference
the lane with standard proteins (Boehringer) was stained with
amido black solution (0.5% amido black, 50% methanol, 10%
acetate) and washed again with destaining solution (45Cc
methanol, 10% acetate). The sheets were incubated in 20%
fetal calf serum (GG-free fetal calf serum; GIBCO BRL, Life
Technologies GmbH, Eggenstein, Germany) in phosphate-
buffered saline for 20 min. Antibody-containing sera were
diluted 1:1,000 with 20% fetal calf serum. Membranes were
exposed to antibody solution on a rotary shaker overnight and
thereafter washed three times at room temperature for 10 min
with TBST (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.05%
Triton X-100). Incubation was continued for 2 h with anti-
rabbit immunoglobulin G solution (1:5,000 in TBST; alkaline
phosphatase conjugate; Sigma, Munich, Germany) followed by
three washes with TBST. Thereafter filters were washed for 10
min with AP buffer (100 mM Tris-HCl [pH 9.5], 100 mM NaCl,
5 mM MgCl,) and then incubated in AP buffer containing
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phos-
phate for the detection of positive bands. Quantification of
prenisin was performed by scanning the stained immunoblot
with a Personaldensitometer (Molecular Dynamics, Krefeld,
Germany).

Detection of NisB protein. L. lactis cells were grown over-
night in CM medium at 30°C. Cells were harvested by centrif-
ugation and resuspended in 0.2 ml of STET buffer (25 mM
Tris-HCl, 10 mM EDTA, 50 mM glucose, pH 8.0) containing
2 mM phenylmethylsulfonyl fluoride. Lysozyme (0.5 mg) was

added, and after 2 min of incubation the cell suspension was
boiled for 1 min. After the suspension was cooled on ice, 0.5 g
of glass beads (0.1-mm diameter) was added, and the suspen-
sion was mixed on a laboratory shaker (Heidolph REAX
2000). SDS-polyacrylamide gel loading buffer (0.01% brom-
phenol blue, 15% sucrose, 6% P-mercaptoethanol, 7.5% SDS)
was added, and after centrifugation (1 min, 14,000 x g)
aliquots were applied to SDS-polyacrylamide gel electrophore-
sis on 7.5Cc acrylamide gels. The protcin content was deter-
mined after chloroform-methanol precipitation according to
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FIG. 1. Map of the nisin operon of L. lactis 6F3 with all known genes and restriction sites used for subcloning. Numbers indicate kilobases.

the method in reference 69. Western blot (immunoblot) anal-
ysis for detection of NisB was performed as previously de-
scribed (12).

Nisin bioassay. An overnight culture (0.3 ml) of M. luteus
ATCC 9341 (adjusted to an optical density at 600 nm of 0.6)
was added to 500 ml of molten Luria-Bertani agar, mixed, and
poured into petri dishes (10 ml). Filtered 1-ml aliquots of
culture fluid, harvested at various times during the growth of
the nisin-producing strain, were lyophilized and redissolved in
200 p.l of water. Different volumes of this concentrate (recip-
rocal to the optical density at 600 nm of the culture) were

applied with filter disks on the agar surface, and the zone of
growth inhibition of M. luteus surrounding the filter disk was

determined.
Expression of nisI in L. lactis MG1614. Lactococcal vector

pGKI2 (32) was used to construct the expression vector pSI19.
The unique SnaBI site of pGK12 was used to introduce the
multiple cloning site of pBluescript SK -. The multiple cloning
site of pBluescript SK- was obtained as a 0.173-kb BssHII
fragment (blunt ended by Klenow enzyme treatment) and
cloned into pBluescript SK-/SnaBI. The resulting plasmid,
pSI12, was used to generate a gene expression vector by
inserting a 0.12-kb DNA fragment of plasmid pMG36e con-
taining the strong constitutive lactococcal promoter P32 (62)
into the multiple cloning site. A DNA fragment containing
promoter P32 was synthesized via PCR amplification, digested
with EcoRI-BamHI, and cloned into vector pSI12 to obtain
pSI19. A 0.8-kb fragment of plasmid pGEN3 (12) containing
the ribosomal binding site and the entire nisI gene was isolated
by PCR amplification, digested with restriction enzymes XbaI-
BamHI, and inserted into expression vector pSI19. The result-
ing plasmid, designated pSI22, was introduced into L. lactis
MG1614 by electroporation (19).
PCR and plasmid isolation. Plasmid DNA from L. lactis was

isolated according to a method previously described (36). PCR
was carried out by following standard procedures (47) in an

Eppendorff Microcycler E apparatus. By using Taq DNA
polymerase (Boehringer), 35 cycles were performed with
20 s at 94°C followed by 20 s at 55°C and finally by 2.5 min at
720C.

Plate diffusion bioassay for nisin sensitivity. To examine the
effect of nisI gene expression on immunity to nisin, 1 ml of an

overnight culture (stationary-phase cells) of different L. lactis
strains grown in M17SG medium (containing the appropriate
antibiotic if required) was added to 200 ml of molten M17SG
agar, mixed, and poured into petri dishes (20 ml). Nisin
immunity was determined by dissolving purified nisin in 0.02 N
HCl and applying various amounts (0.1 to 20 jig) to filter disks
on the agar surface. The agar plates were incubated overnight
at 30°C, and the diameter of the inhibition zone was deter-
mined.

Nucleotide sequence accession number. The sequence data

published here were submitted to the EMBL sequence data
bank under accession number X76884.

RESULTS

Downstream from the nisin structural gene nisA we recently
identified three genes (nisB, nisT, and nisC) which are neces-

sary for nisin biosynthesis and transport through the cellular
membrane (13) (Fig. 1). Further cloning and sequencing of 5
kb downstream from nisC revealed four additional genes
involved in nisin biosynthesis of L. lactis 6F3.

Nisin immunity gene, nisI. The nisI gene was identified
downstream from nisC, and its open reading frame overlaps
with the TGA stop codon of the gene nisC. The nisI gene starts
with a ATG codon (position 67, Fig. 2), which is preceded by
a potential ribosome-binding site (TGAAAGGAGG) with
nearly perfect homology to the consensus ribosome-binding
site for L. lactis (TGAAAGGAGGT) (61). The nisI gene
probably encodes a protein of 245 amino acids with a theoret-
ical calculated molecular size of 27.8 kDa. The entire NisI
protein showed no significant similarities to other proteins,
except that the sequence of its N terminus strongly resembles
that of N-terminal signal peptide sequences of lipoproteins
from gram-negative E. coli as well as from gram-positive
Bacillus species and L. lactis. Bacterial lipoproteins are a group
of exported proteins that are anchored to the cellular or outer
membrane by lipid moieties. The lipids are covalently linked to
the cysteine residue at the distal N terminus of the secreted
protein (67). Comparison of the N terminus of NisI with other
known lipoprotein signal peptides shows that there is signifi-
cant similarity to the typical consensus sequence (Leu-X-Gly/
Ala i Cys-X) of the cleavage site (arrow) for lipoproteins
(Table 1). Additionally, the N-terminal part of NisI has the
typical tripartite structure of signal peptides, with a positively
charged NH2 terminus, a hydrophobic core, and a cleavage
region, which is also found for signal sequences of bacterial
lipoproteins (64). This suggests that the NisI protein is a
membrane-bound lipoprotein located on the outside of the cell
membrane.
To date no genes similar to nisI have been found in the other

lantibiotic operons. Because of its singularity and its putative
location as a lipoprotein on the outside of the cellular mem-
brane, we thought that it is not directly involved in nisin
biosynthesis and tested its possible role in immunity. The nisI
gene was fused to the constitutive promoter P32 (62) and
expressed in the nonimmune nisin-negative strain L. lactis
MG1614. The same strain was also conjugated with strain L.
lactis 6F3, resulting in nisin-producing strain L. lactis KS100. L.
lactis MG1614 was highly sensitive to exogenously supplied
nisin, showing a weak inhibition zone if 0.1, 0.5, or 1.0 ,ug of
nisin was applied and a strong inhibition zone with 5, 10, or 20
[Lg of nisin (Fig. 3). In contrast to this, the transconjugant
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10 20 30 40 50 R.B.S.60 70 80 90 100
CAATTTTACTTATTGGAGACAAG]CACGTCT3TTACsTT =AGAl 99AACAqGGTTTAATAGTGGCCTTAA
N F T Y W R Q A L L L F D D F L K G G K R Kap

NiuI > X R R Y L I L I V A L
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TAGATAACATTTATCAGGGTGTTATCAAACAAGTCATAAAAAGGTGACG3TTTGA CGTA
I G I T G LS GC Y Q T S H K K V R F D E G S Y T N F I Y D N K S Y
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iiTIGTAACTGATAAGGAGATTCTCAGGAAACACAATTCTCATAAAAGT AACTTTTA

F V T D K E I P Q E N V N N S K V K F Y K L L I V D M K S E K L L
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TACTCCAGAGTGATAAGCC AGATTACAAACITGTGAC=TAC A TATGATAATTTTGT TATTGATAAAAA
I L P E S D K G A V K A L R L Q N F D V T S D I S D D N F V I D K N
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TGEATTCACTGCAAYG ATTTCGAACGGACACCAC __STGKA
D S R K I D Y M G N I Y S I S D T T V S D E E L G E Y Q D V L A E
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GTACGTGTGIIGATTCAGTTAGTGGCAAAAGTATCCCGAGTCTGAATGGG<GG ATTGATAAGGATGGTTCAAATTCCAAACAGAGTACGGAT
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710 720 730 740 750 760 770 HindIII 790 k.D.S.800
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910 920 930 940 950 960 970 + 980 990 1000
AAATATATTATACG^ATTATTA CATAATGCIAATTCATlTATCTTCAACAGAGGGTCAGACTGAACGATTAATCTAaGGGGCGCAGTCA
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1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
GGATTGAATAGTGCAATAAGGAGAAGT^TeGCCTACAGCCTCAAAGAAAATTTCTGTTGGAATTATTGATTCAGGAATCATGGAAGAA
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1610 1620 1630 1640 1650 1660 1670 1680 1690 1700
CAT TTTToT CCACATG
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1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
ATATTGTCGACAAAATGGACACGGA GTCGCAGGTCAATTAC
D I V D K M G N- G T E V A G Q I T A N G N I L G V A P G I T V N I Y

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
CAGAGTA7TTGTAAGATCATTTCGAAATGAATTAGC AGAGCAATAAGAAGCGTGTGGACAAGGTCATCAATATAAGTGCTGGA
R V F G E N L S K S E W V A R A I R R A A D D G N K V I N I S A G

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
CAG)TATCTTATGTlTCIrAGGzATCGTATATGAIGGATACAAATGATTATCAAGAOCTATCTTAATTATAAGTCAGAAAAATTCAACAAAAG)GAA
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ATGAGTTGATACTGTAGATTATGTAATAITGITAATAATGCGAGCGGAT
K V V D A P S V F E D V I A V G G I D G Y G N I S D F S N I G A D

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
GCATTTATGCTCCTGCGGCACAA
A I Y A P A G T T A N F K K Y G Q D K F V S Q G Y Y L K D W L F T

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
CTACTAATACTGGcTGGTACCAATATGTTATAGCAACT'CA CTACTCCTAAAGTCTGGGGCATAAATATGAATAAA
T T N T G W Y Q Y V Y G N 5* F A T P K V S G A L A L V V D K Y G I K

2410 2420 2430 EcoRI 2450 2460 2470 2480 2490 Hi
CUATCCTAACCAACTAAAAAGGTlTT TCTAATGAAAlTCCAGAGTTGAATAATG]AAl>AAAUrYAA
N P N Q L K R F L L M N S P E V N G N R V L N I V D L L N G K N K

Continued on following page

FIG. 2. Nucleotide sequence of cloned 5.0-kb region downstream from nisC (12) with open reading frames nisI, nisP, nisR, and nisK. Possible
ribosome-binding sites (R.B.S.), restriction sites, and inverted repeats are underlined. Open reading frames are designated by a one-letter code.
Arrows indicate the putative signal peptide cleavage sites of NisI and NisP; the putative membrane anchor sequence (13) of NisP is underlined.
Conserved, functional, and active-site amino acids are written in boldface letters and marked by asterisks.
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GGTATAGTGTGTATCTCAATCCTTGGTATATFGAAAAGAAAGACTAAAAATTQLTAGATTATATTTCTTCAGAATGAATGGTATAATGAAGTAATGAGTA
G I V C I S I L G I L K E K T K N op

2910R.B.5.2920 2930 2940 2950 2960 2970 2980 2990 3000
CTAAACAATCGGTAATT

Nl3 > VVVY K I L I V D D* D Q E I L K L M K T A L E M R N Y
3010 3020 3030 3040 3050 3060 3070 EcoRV 3090 3100

GAAGlEYGCGCGC GATCAA CATTTCACTTCCTGG TATTACTGATTTTATG CAAATATTGAAG
E V A T H Q N I S L P L D I T D F Q G F D L I L L D* I M M S N I E

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
GGACAGAAATTTGTAAAAGGATTCGCAGAGAAATATCAACTCCAATTATCTrIGTrAGTGCGAAAGATACAGAAGAGGATAITATAAACGGCTTAGGTAT
G T E I C K R I R R E I S T P I I F V S A K D T E E D I I N G L G I

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
TGGTGCG3GATGACTATATTACTAACCCTTTTAGCCTACGTGTCAATGACATAAC3AGA3ATACTCGT
G G D D Y I T X* P F S L K Q L V A K V E A N I K R E E R N K E A V

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
CATGTTTTTTCAGAGATTCGTAGAGATTTAGGACCATAATTTTGAAAGGGCTGTGTCAATGGTCAAACAATTCCACTGACTTGTC
H V F S E I R R D L G P I T F Y L E E R R V C V N G Q T I P L T C

3410 3420 5430 3440 3450 3460 3470 3480 3490 3500
GTGAATACGATATTCTTGAATTACTATCACAACGAACTTCTAAAGTTTATACGAGAGAGGATATTTATGATGACGTATATGATGAATATTCTAATGCACT
R E Y D I L E L L S Q R T S K V Y T R E D I Y D D V Y D E Y S N A L

3510 3520 3530 3540 3550 3560 3570 3580 R.5.S. 3600
=TCTGGTCAATCTCGGAGTATAT7lEAATsAnATTCCAAGTTTATTCCGATAAAAACGGITCGGGGACTTG9-UATCAGTGG
F R S I S E Y I Y Q I R S K F A P Y D I N P I K T V R G L G Y Q W

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700

H G o*
>K G K K Y S M R R R I W Q A V I E I I I G T C L L I L L L L G L T
N±.K 3710 3720 3730 3740 3750 3760 3770 3780 EcoRV3790 3800
TTC:TTTCTACGACAAATTGGACAAATCAGTGGTTCAGAAACTATTCGTTTATCTTITAGATTCAGATAATTTAACTATTTCTgEATgGAAC3rGATATGA
F F L R Q I G Q I S G S E T I R L S L D S D N L T I S D I E R D M

3810 3820 3830 3840 3850 3860 3870 3880 3890 3900
AACACTACC GGCATTATGTCAAGTCGGATGTACCTAGTTTTGTAGCTTCAAA
K H Y P Y D Y I I F D N D T S K I L G G H Y V K S D V P S F V A S K

3910 3920 3930 3940 3950 3960 3970 3980 3990 4000
GGGAGAAATTACTATACTTATTCAAGCAATAAGCATTTTTCAGTTGTTTTAAGACAAAACAGTATGCCTGAATTT

Q S S H N I T E G E I T Y T Y S E N K H F S V V L R Q N E M P E F
4010 4020 4030 4040 4050 4060 4070 4080 4090 4100

ACAAATCATACGCTTCGTTCAATTTCTTATAATCAATTTACTTACCTTrT'iTTTCTTGGTGAAATAATACTCATTATTrrTCTGTCTATCATCTCA
T N H T L R S I S Y N Q F T Y L F F F L G E I I L I I F S V Y E L

4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
TTAGAGATTTTAAGAATTTTCAAGC ACTYNAGTGTTTAlwT CAAACAAATTATGA
I R E F E K N F Q A V Q K I A L K M G E I T T F P E Q E S8 K I I E

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
ATTGATCAGGTTCTGAATAACTTATATTCGAAAAGTAAGGAGTTAGCTTTCCTTATTGAAGOGGAGCGTCATGAAAACATGATTTATCCTTCCAGGTT

F D Q V L N N L Y S K S K E L A F L I E A E R H E K E D L S F Q V
4310 4320 4330 4340 4350 4360 4370 4380 4390 4400

GCTG3CACTTTCACATGATG3TTAAGACACCTTAATTTAAAAAACGTGaAI 3AAGTAAATGiACAACAAGCTCATTTTA
A A L S K* D V K T P L T V L K G N I E L L E M T E V N E Q Q A D F

4410 4420 4430 4440 4450 4460 4470 4480 4490 4500
TTGAGT CAAAGCGAC
I E S M K N S L T V F D K Y F N T M I S Y T K L L N D E N D Y K A T

4510 4520 4530 4540 4550 4560 4570 4580 4590 4600
AATCTC GATSCAACXATTATCAAGTGIGATTATCAGCTAGTTAAAAAAACAGATTTA

I S L E D F L I D L S V E L E H L S T T Y Q V D Y Q L V K K T D L
4610 4620 4630 4640 4650 4660 4670 4680 4690 4700

ACCACTTTTTACGGAAATACATTAGCTTTAAGTCGAGCACTTATCAATATCTTTGTTAATGC CTGTCAAGTAGTG AA TAGTCAFT
T T F Y G N T L A L S R A L I N I F V N A C Q Y A K E G E K I V S

4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
TGAGTATTTATGATGATGAAAAATATCTCTATTTIA.AATCTGGAATAATOGTCATCCTTTTTCTGAAC
L S I Y D D E K Y L Y F E I W N N G H P F S E Q A K K N A * K L F F

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900
CACAGAAGACPGGACGTAAGTGGGAACCAGATACTGGGATCTGGACrTCITrrGCICAGGTGTAGCIAAC CATCAAACTTAATTCTCAGTAAT
T E D T Q R S G* K H Y * I G L S F A Q a V A L K H Q G- N L I L S N

4910 4920 4930 iR 4950 4960 IR 4980 4990 5000
CCTvA WAIACTMTAA AG ATTTAGTAATTCTUAAGGA TTAC- G CTGAATAGATTCTGAAAATTG
P Q K aG * A E V I L K I K K .

FIG. 2-Continued.
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strain L. lactis KS100 and transformant strain L. lactis
MG1614/22 (harboring the constitutively expressed nisI gene)
were not sensitive to 0.1, 0.5, or 1.0 ,ug of nisin and showed only
weak inhibition of growth with 5, 10, or 20 ,ug of nisin.
Although the transconjugant strain KS100 was slightly less
sensitive to nisin compared with the nisI transformant strain
MG1614/22, nisI conferred increased immunity to the nisin-
sensitive, nonproducing strain MG1614.

Nisin processing. The gene nisI is followed by the nisP gene
within 1 bp of the end of the nisI open reading frame. The nisP
gene possibly starts with a GTG codon (position 806, Fig. 2)
preceded by a potential ribosome-binding site (AGGA) within
6 bp of the GTG start codon and ends with a TGA stop codon
(position 2852, Fig. 2). It encodes a putative protein of 682
amino acid residues, corresponding to a calculated molecular
size of 74 kDa. Examination of data bases for homologous
proteins showed that NisP has characteristic similarities to
serine proteases, especially with the group of subtilisin-like
serine proteases. Members of this group are, for example, the
major intracellular serine protease ISP-I from Bacillus subtilis
(31) and thermitase from Thermoactinomyces vulgaris (38).
The characteristic conserved amino acid motifs of the active
and catalytic sites of this group are also strongly conserved in
NisP. The three active-site residues Asp, His, and Ser and the
oxyanion hole residue Asn are essential for the function of
these proteins (56); in NisP these catalytic residues are pre-
dicted to be Asp-259, His-306, Ser-512, and Asn-407, respec-
tively (Fig. 2). The nisP gene from L. lactis 6F3 is almost
identical to the nisP gene from L. lactis NIZO R5 which was
recently described and shown to cleave synthetic prenisin when
expressed in E. coli (63). The only difference is a threonine
residue at position 500 in L. lactis 6F3 instead of the reported
alanine residue.
NisP is also very similar to EpiP, a serine protease from the

epidermin operon which may be involved in processing the
posttranslationally modified, secreted prepeptide of the lan-
tibiotic epidermin (51). The catalytic domain of NisP (amino
acid residues 220 to 570) shows great similarity in sequence
and length to the corresponding segment of EpiP (41%)
(amino acid residues 220 to 462). In contrast to EpiP, the
N-terminal pre-pro sequence of NisP differs considerably in
size (220 versus 110 residues), and the C-terminal extension
with the possible membrane anchor (Fig. 2) found in NisP is
completely absent in EpiP.

Regulation of nisin biosynthesis. The nisP gene is followed
by two additional open reading frames, nisR and nisK. The nisR
open reading frame starts 49 bp distant from the end of the
nisP stop codon with a GTG codon (position 2923, Fig. 2),
which is not unusual for L. lactis. It is preceded by another
GTG codon; it is thus unclear which of these codons functions
as the original start codon. However, the second GTG codon is
the correct distance (7 bp) from a consensus lactococcal
ribosome-binding site (GGAGGT). Assuming that the second
GTG functions as the start codon, nisR encodes a protein of
228 amino acids with a calculated molecular size of 27 kDa.
The nisR open reading frame overlaps with a further open
reading frame, nisK. It starts with an ATG codon (position
3702, Fig. 2), ends with TAA as a stop codon (position 4943,
Fig. 2), and probably encodes a protein of 447 amino acids with
a deduced molecular size of 51.3 kDa.
The two proteins, NisR and NisK, have strong similarities to

proteins of two-component regulatory systems. For NisR the
highest similarity was observed with members of the subfamily
of the OmpR-like response regulators, e.g., PhoP (39) from
Salmonella typhimurium (25.0% identity), PhoB (3) from
Pseudomonas aeruginosa (32% identity), PhoP (55) from B.

10pg nisin

FIG. 3. Bioassay for detection of immunity against nisin: effect of
different amounts of nisin on growth of the nisin-producing transcon-
jugant L. lactis KS100, the nisin nonproducing, nisin-sensitive strain L.
lactis MG1614, and L. lactis MG1614/22 transformed with the nisI gene
(bottom).

subtilis (31.2% identity), and OmpR (8) from E. coli (31.4%
identity). The maximum degree of homology (41.3%) was
found between NisR and SpaR (29), the response regulator of
subtilin biosynthesis (Fig. 4). The region with the highest
similarity in all response regulators is the N terminus, where
phosphorylation of a conserved Asp residue by the correspond-
ing histidine kinase takes place (48, 49). It is the location of
three active-site residues, the site of phosphorylation included,
which are conserved in all members of the family and, by
sequence identity, in NisR are predicted to be Asp-10, Asp-53
(site of phosphorylation), and Lys-102.

VOL. 60, 1994
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TABLE 1. Comparison of the signal peptide sequence of NisI with other known lipoprotein signal peptide sequences

Protein Source Signal peptide" Reference

Braun's lipoprotein E. coli MKATKLVGAVILGSTLLAG CS 42
r-Lactamase Bacillus licheniformis MKLWFSTLKLKKAAAVLLFSCVALAG CA 43
3-Lactamase Bacillus cercus MFVLNKFFTNSHYKKIVPVVLLSCATLIG CS 21
3-Lactamase Bacillus sp. (alkalophilic) MIVPKKFFHISHYKKMLPVVLLSCVTLIG CS 27
PrsA B. subtilis MKKIAIAAITATSILALSA CS 33
PAL-related protein" B. subtilis MRYRAVFPMLIIVFALSG CT 18
PrtM" L. lactis MKKKMRLKVLLASTATALLLLSG ICQ 65
NisI" L. lactis MRRYLILIVALIGITGLSG ICY This paper

I, cleavage site for signal peptidase II (the consensus cleavage site has been written in boldface).
"The lipoprotein character of the protein is deduced only from similarity.

NisK shows significant similarity to the histidine kinases of
two-component regulatory systems, which act as membrane-
located sensors of environmental signals (for a review, see
reference 58). Sequence similarity among histidine kinases is
restricted mainly to the C-terminal part, which is located on
the inside of the cytoplasmic membrane. This section contains
a conserved histidine residue (His-238 in NisK) where auto-
phosphorylation takes place (48), a conserved asparagine
residue (Asp-349 in NisK), and a glycine-rich stretch at the
C-terminal end (amino acid 380 to the extreme C-terminal
end, Fig. 2). NisK was similar to EnvZ (8) from E. coli (19.2%
identity) and to SpaK (21.4% identity), necessary for the
regulation of subtilin biosynthesis in B. subtilis (Fig. 5). The
similarity to other histidine kinases, such as PhoR (54) from B.
subtilis (18.4% identity) or PhoM (2) of E. coli (19.3% identi-
ty), is limited to the C-terminal region of the protein contain-
ing the conserved histidine residue, which plays a role in signal
transduction to the response regulator. Beside similarity at the
amino acid level, a characteristic histidine kinase hydrophobic-
ity plot was determined for both NisK and SpaK (Fig. 6). Two

hydrophobic regions at the N terminus are interrupted by a
hydrophilic stretch, and the C-terminal part is also hydrophilic.
The two hydrophobic regions are possibly transmembrane
domains, and the hydrophilic region in between may corre-
spond to the extracellularly located sensor domain. The hydro-
philic C-terminal region might be the signal-transducing do-
main with kinase activity.
To confirm the regulation of nisin biosynthesis, we moni-

tored the growth-dependent expression of both prenisin and
NisB, which is probably involved in the modification reactions
(12). Prenisin expression was monitored by using polyclonal
antibodies directed against the leader sequence (Fig. 7a). Its
expression strongly increased when cells reached the mid-
logarithmic growth phase (Fig. 7c), reaching a maximum in the
early stationary growth phase. In the stationary phase, prenisin
expression decreased slowly, with approximately 60% residual
activity remaining after 26 h in the stationary phase. The NisB
protein was very poorly expressed in the first 4 h after
inoculation and thereafter strongly increased in the late loga-
rithmic growth phase, reaching its maximum in the stationary

* +

NisR 2- VYKILIVDDDQEILKLMKTALEMRNYEVATHQNISLPLDITDFQGFDLILLDIMMSNIEG
.: .. . .. .. ...

SpaR 1- MAKILAVDDEKDILVLIQNILRRDQHQVDILDHVH-GQPPDVFQGYDLILLDVMMPDIDG
OmpR4-R RR.L. . .... ..R

OmpR 4- NYKILVVDDDMRLRALLERYLTEQGFQVRSVANAEQMDRLLTRESFHLMVLDLMLPGEDG

NisR

SpaR

OmpR

TEICKRIRREIST-PIIFVSAKDTEEDIINGLGIGGDDYITKPFSLKQLVAKVEANIKRE
..

. : .: . .:

FELCKQIRPLVDC-PILFLTAKTEEEAIVKGLITGGDDYITXPFGVRELSARVNAHLRRE

LSICRRLRSQSNPMPIIMVTAKGEEVDRIVGLEIGADDYIPKPFNPRELLARIRAVLRRQ

NisR ERNKHAVHVFSEIRRDLGPITFYLEERRVCVNGQTIPLTCREYDILELLSQRTSKVYTRE

SpaR RRDKHQSK------RVISGFLFHFDSKEVFINNNKLNLTKNEYKICEFLAQHKGRTFSRE

OmpR ANELPGAPSQEEAVIAFGKFKLNLGTREMFREDEPMPLTSGEFAVLKALVSHPREPLSRD

NisR DIYDDVYDEYSNALFRSISEYIYQIRSKFAPYDINP--IKTVRGLGYQWHG -229

SpaR QIYEEIYGLEGNALYSTITEFIRTIRKKCKEHNADP--IKTVWGVGYKWE -220

OmpR KLMNLARGREYSAMERSIDVQISRLRRMVEEDPAHPRYIQTVWGLGYVFVP -234

FIG. 4. Similarity of L. lactis regulatory protein NisR to SpaR, the regulator of subtilin biosynthesis from B. subtilis (29), and response regulator
OmpR from E. coli (8). Identical amino acid residues relative to NisR are indicated by colons; similar amino acid residues relative to NisR are
indicated by dots. Functional or conserved amino acid residues (Asp-10, Asp-53, and Lys-102) are marked by asterisks. The arrow indicates a
phosphorylation site.
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NisK

SpaK

EnvZ

1- !4KKYSMRRRIWQAVIEIIIGTCLLIL- -- -LLLGLTFFLRQIG-QI -SG-----SETIRLSL-

1- I4IGFKGRKTLLRELVKYMVTLCISLV-- -VLALLYIFINTIA-NN- TGFSHPANYNEREAEKL -

9- RSSFARTLLLIVTLLFASLVTTYLVVLNFAILPSLQQFNKVLAYEV- RM-----LMTKLQLE

NisK DSDNLTISDIERDNKHYPYDYI IFDNDTSKIIGGHYVKSDVPSFVASKQSSHNITEGEITYTIYSS

SpaK APKLETIDKVTADMI PDTMSYAILNKETKQKTAGTIKEKDLQLVKKKIEKKPYVNYKQKGYLVIE

EnvZ DGTQLVVPPAFRREIYRELGISLYSNEAAEEAGLRW- -AQHYEFLSHQMAQQLGGPTEVRVEVNK

NiSK NKHFSVVLRQNSMPEF-TNHTLRS- -ISYN-QFTYLF-FFLGEIILIIFSVYHLIREFSKNFQAV

SpaK RNNEYCVLQYSLRADF-SSPLLRKYLPNYELTSICIL- IILLIIVISIITITY- FANRLRKHFETL

EnvZ SSP -VVWLKTWLSPNIWVRVPLTE - -IHOG- DFSPLFRYTLAIMLLAIGGAWLFIRIQNRPLvDL

NisK QKIALK@3EITTFPEQEESKI IEFDQVLNNLYSKSXELAFLIEAERHEKHDLSFQVAALSE3VKT

SpaK NVITRYIKEQNLQFTPEFTHIKEFDDVIDSLIM4DALQSSLEALWRLEKNKKEQIGALANKEIKI

EnvZ EHAALQVGK-GIIP---- PPLREYG- -ASEVRSVTRAFNHMAAGVKQLADDRTLLMAGVSE3LRT

NisK PLTVLKGNIELLEMEVNEQQADFI ES3MSNSLTVFDKYFNTNMISYTKLLNDENDYKATISLEDFL

SpaK PITI IKGNAELLSLSMQNEEQAEYTKYILGAGNQIEQYIYQLIHLSKTEDALTIHLEKASVDELT

EnvZ PLTRIRLATEMM----SEQDGYLAESINKDIEECNAIIEQFIDY--- LRTGQE --MPMEMALN

NisK IDLSVELEELSTITYQVDYQLVKKTDLTTFYGNTLALSRALINIFVNACQYAKEGEKIVSLSIYDD

SpaK

EnvZ AVLG-EVIAAESGYEREIETALYPGSIEV1K4IPLSIKRAVANMVVNAARY----GNGWIKVSSGTE

NisK EKYLYFEIWNNGHPFSEQAKKNAGKLFFTEDTGRSGKHYGIGLSFAQGVALKHQGNLILSNPQKQ

SpaK LRYFIFL -387

EnvZ PNRAWFQVEDDGPGIAPEQRKHLFQPFVRGDSARTISGTGLGLAIVQRIVDNHNGM!LELGTSERG

NisK

EnvZ

GAEVILKIKK -447

GLSIRAWILPVPVTRAQGTTKEG -450

FIG. 5. Similarities between NisK and the histidine kinases SpaK from B. subtilis (29) and EnvZ (8) from E. coli. Identical amino acid residues
relative to NisK are indicated by colons; similar amino acid residues relative to NisK are indicated by dots. Functional histidine residue His-238
(site of phosphorylation) and conserved Asn-349 are marked by asterisks.

NisK
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phase, decreasing by approximately 50% after overnight incu-
bation (Fig. 7b). No nisin activity was observed by bioassay
within the first 5 h after inoculation. Thereafter nisin activity
strongzly increased, reaching a maximum in the stationary
growth phase. After overnight incubation nisin activity de-

.. creased to about 30% of the maximal value. Comparing the
kinetics of NisA, NisB, and nisin activity revealed that prenisin
expression clearly preceded that of NisB and nisin activity,
which on the other hand is coordinately expressed with NisB.

FIG. 6. Comparison of the predicted hydrophobicity profiles for
NisK and SpaK. Hydrophobic putative membrane-spanning segments

*~are indicated by arrows.
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These results show that the expression of prenisin and that of
NisB are both regulated, probably by the NisK-NisR two-
component regulatory system.

DISCUSSION

Nisin is the most important member of the lanthionine-
containing peptide antibiotics now commonly referred to as

lantibiotics. Genes involved in nisin biosynthesis are organized
into an operon-like structure starting with the structural gene

43 -

FIG. 7. Growth phase-dependent kinetics of prenisin and NisB
expression and nisin production. (a) Immunoblot analysis of prenisin
expression (lane 1, 4 h; lane 2, 4.5 h; lane 3, 5 h; lane 4, 5.5 h; lane 5,
6 h; lane 6, 6.5 h; lane 7, 7 h; lane 8, 26 h). Times correspond to hours
after batch culture inoculation. Molecular size standards are given on
the left. (b) Immunoblot analysis of NisB expression (lane 1, 4 h; lane
2, 4.5 h; lane 3, 5 h; lane 4, 5.5 h; lane 5, 6 h; lane 6, 7 h; lane 7, 26 h).
Times correspond to hours after batch culture inoculation. (c) Densi-
tometric analysis of prenisin expression (squares), NisB expression
(triangles), and nisin activity (diameter of inhibition zones; circles).
The corresponding growth curve is given in the upper panel. OD60,
optical density at 600 nm.

nisA (6, 24) followed by genes nisB, nisC, and nisT, which we
described previously (12). According to the present hypothesis,
modification reactions occur on the intact prepeptide (53) by
dehydration of serine and threonine residues followed by
subsequent sulfur addition from neighboring cysteine residues.
This has been proven by the isolation of modified Pep5
prepeptides from Staphylococcus epidermidis 5 (66). NisB and
NisC could correspond to the enzymes necessary for the
modification reactions. In addition, the membrane localization
of NisB was recently shown (12). The NisT protein seems to be
involved in transport through the cellular membrane (12).
Isolation of adjacent DNA fragments downstream of nisC
revealed four further open reading frames, the first of which
was nisI. The NisI protein derived from the DNA sequence has
a leader sequence characteristic of lipoproteins, and expres-
sion of the nisI gene in a nisin-sensitive nonproducer conferred
increased nisin resistance to this strain. This clearly shows that
NisI is involved in immunity against exogenously supplied
nisin. No other genes similar to nisI have been found in other
lantibiotic operons investigated thus far. There is little infor-
mation on immunity or resistance determinants against lantibi-
otics in the literature. In the case of Pep5 from S. epidermidis
5, a gene, pepI, which conferred immunity against Pep5 to its
producer was identified (46). The pepI gene encodes a small
peptide of 69 amino acid residues which provides immunity
when expressed in conjunction with the structural gene pepA.
NisI and PepI have no sequence similarities. A gene, nsr,
conferring resistance against nisin has been isolated from
L. lactis subsp. lactis biovar diacetylactis DRC3, which is a
nisin nonproducer (14). The 318-amino-acid Nsr protein was
predicted to be membrane associated as a result of its hydro-
phobic N terminus. However, the level of resistance was only
10% of that of a nisin-producing strain. Hybridization of
an nsr gene probe with chromosomal DNA of the nisin
producer L. lactis 11454 revealed that no homologous gene was
present in the genome of this strain. These results show that
the Nsr protein led to an acquired resistance, thus differing
considerably from the immunity afforded to nisin-producing
strains.
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The mechanism of immunity remains speculative. Consider-
ing the lipoprotein-like character of Nisl, attached to the
exterior of the cellular membrane by lipid moieties, this
protein might confer resistance by floating in the membrane
and interacting directly with nisin or by disturbing the associ-
ation of nisin aggregates, thus preventing channel formation.
The regulation of nisin biosynthesis appears to be highly

complex. The first of the biosynthetic proteins to be expressed
is prenisin. Its expression precedes, by about 30 min, that of
NisB, which probably encodes one of the maturation enzymes.
Nisin activity coincides with NisB expression, which also
implicates NisB in the maturation of the prepeptide. Surpris-
ingly, even after overnight incubation in the stationary phase,
prenisin and NisB were still present at approximately 60% of
the maximum level. NisB expression in the stationary phase
indicates that modification reactions still occur, which in turn
indicates that prenisin is continuously synthesized in the
stationary phase. This finding may open new production
possibilities by using immobilized nisin-producing cells.
The expression of the biosynthetic genes is clearly regulated.

The nisin regulatory system seems to be very similar to that
recently identified for the regulation of biosynthesis of the
lantibiotic subtilin from B. subtilis (17a, 30). For B. subtilis it
was shown that gene disruption of either of the proteins SpaR
and SpaK led to a failure in subtilin production. On the basis
of the striking similarities between nisin and subtilin biosyn-
thesis, we assume that the regulatory proteins NisR and NisK
are also essential for nisin biosynthesis. Recently the NisR part
of the two-component regulatory system has also been identi-
fied in L. lactis NIZO R5 (63). However, downstream from the
cloned nisR gene from L. lactis NIZO R5 no coding informa-
tion for NisK was present. Three possibilities may explain the
lack of nisK in L. lactis NIZO R5: (i) the nisK gene was lost
during preparation of the genomic library, (ii) the nisK gene
was lost during transconjugation, or (iii) the nisK gene was not
present in the nisin producer used as a donor for transconju-
gation. According to the last two cases, another histidine
kinase could substitute the nisK function.
The NisK histidine kinase shows strong similarities to the

C terminus of all histidine kinases belonging to two-com-
ponent regulatory systems. The C terminus of histidine ki-
nases is intracellularly located and necessary for response
regulator phosphorylation. The N-terminal part is different for
histidine kinases. It is extracellularly located and acts as either
a sensor or a receptor. Interestingly, NisK shows homology
over the entire protein with SpaK of B. subtilis as well as with
EnvZ of E. coli. SpaK regulates the biosynthesis of the
lantibiotic subtilin (29), and EnvZ is involved in osmoregula-
tion (for a review, see reference 40). All three regulatory
systems have a common feature in that they respond to
environmental stimuli and could have evolved from a common
ancestral protein.
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