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The biosynthesis of the lantibiotics subtilin and nisin is regulated by autoinduction via two-component systems. Although subti-
lin is structurally closely related to nisin and contains the same lanthionine ring structure, both lantibiotics specifically autoin-
duce their biosynthesis. Subtilin and also the subtilin-like lantibiotics entianin and ericin autoinduce the two-component system
SpaRK of Bacillus subtilis, whereas the biosynthesis of nisin is autoinduced via the two-component system NisRK of Lactococcus
lactis. Autoinduction is highly specific for the respective lantibiotic and therefore of major importance for the functional expres-
sion of genetically engineered subtilin-like lantibiotics. To identify the structural features required for subtilin autoinduction,
subtilin-nisin hybrids and specific point mutations of amino acid position 1 were generated. For subtilin autoinduction, the N-
terminal tryptophan is the most important for full SpaK activation. The failure of subtilin to autoinduce the histidine kinase
NisK mainly depends on the N-terminal tryptophan, as its single exchange to the aliphatic amino acid residues isoleucine, leu-
cine, and valine provided NisK autoinduction. In addition, the production of subtilin variants which did not autoinduce their
own biosynthesis could be rescued upon heterologous coexpression in B. subtilis DSM15029 by the autoinducing subtilin-like
lantibiotic entianin.

Lantibiotics are ribosomally synthesized and posttranslationally
modified peptides with antimicrobial activity (1, 2). Members

of the class I linear lantibiotics are the subtilin-like lantibiotics,
produced by several Bacillus subtilis strains, and nisin, produced
by various Lactococcus lactis strains (3–6). They exhibit strong an-
timicrobial activity against multiresistant pathogens, including
methicillin-resistant Staphylococcus aureus (MRSA) and vanco-
mycin-resistant enterococci (VRE) (3, 7). The presence of the
modified amino acids meso-lanthionine and 3-methyllanthionine
are name giving for lantibiotics (lanthionine-containing antibiot-
ics) (1). The lantibiotic producers B. subtilis and L. lactis share a
similar composition of genes within the lantibiotic gene cluster.
The genes lanBTC code for a modification and transport machin-
ery forming a multimeric synthetase complex (8, 9). This complex
catalyzes the dehydration of serine and threonine residues (lanB)
followed by a nucleophilic intramolecular addition of neighbor-
ing cysteine residues (lanC) (10, 11). The genes lanIFEG code for a
self-immunity system consisting of an immunity protein and an
ABC transporter (12–15). The genes lanRK code for a two-com-
ponent system composed of a histidine kinase and a response
regulator (12, 16).

Subtilin and nisin act as autoinducers for their own biosynthe-
sis via a two-component system (TCS) (17–19). Upon sensing the
extracellular lantibiotic subtilin or nisin, the respective histidine
kinase gets phosphorylated. The phosphate group is transferred to
the response regulator, which in turn induces the transcription
of the operons within the lantibiotic cluster. In the case of subtilin,
the SpaRK TCS induces the operons spaBTC and spaIFEG and the
subtilin structural gene spaS itself (18); in the case of nisin, the
NisRK TCS induces the operons nisABTC and nisIFEG (20). In L.
lactis, the expression of NisRK is constitutive (20), and nisin bio-
synthesis is induced with increasing extracellular nisin concentra-
tions. In B. subtilis, subtilin biosynthesis is under dual control
(18). In addition to the regulation by SpaRK, biosynthesis is
growth phase dependent (21), since the expression of SpaRK is
under the control of the major transition state regulator AbrB and
the alternative sigma factor H (22, 23). Additionally, as described

previously, expression can be influenced by the glucose concen-
tration independently of the growth phase (24).

The subtilin-like lantibiotics (subtilin, ericin S, and entianin)
as well as nisin A from L. lactis share a highly similar ring structure.
Subtilin-like lantibiotics are closely related and can activate SpaK
(25) but cannot activate NisK. Conversely, nisin A is the activator
of the NisRK TCS but cannot activate the subtilin TCS, SpaRK (19,
26). Recently, we showed that the N-terminal entianin fragment
from amino acids 1 to 20 is sufficient to activate SpaK and that
nisin quenches subtilin SpaK activation (25).

Due to the increasing number of multiresistant pathogenic
bacteria, there is a strong need for the development of new anti-
biotics. Lantibiotics such as nisin and subtilin provide excellent
tools to genetically engineer new lantibiotics, as they are ribo-
somally synthesized and the structural genes can be easily modi-
fied genetically. Whereas many such mutations have been gener-
ated for nisin in recent years, there were no attempts to engineer
subtilin-like lantibiotics (19, 27–32). Knowing the structural fea-
tures of the class I lantibiotics subtilin and nisin needed for auto-
induction is an important prerequisite for genetic engineering and
the improvement of their antimicrobial activities.

Here we describe an in vivo expression system that enables the
expression of subtilin variants and subtilin-nisin hybrid peptides
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which were used for the investigation of SpaK/NisK specificity.
The N-terminal tryptophan is decisive for SpaK activation and
further prevents NisK activation. Subtilin-nisin hybrids which
were able to activate both the SpaK and the NisK histidine kinases
could be generated.

MATERIALS AND METHODS
Bacterial and yeast strains. The strains and plasmids used in the present
study are listed in Table 1. The oligonucleotides used for construction of
the plasmids are listed in Table 2.

pTSp10 was constructed for the deletion of the etnS structural gene in
B. subtilis B15029. Therefore, pRS416 (33) was linearized with BamHI and
transformed into Saccharomyces cerevisiae CEN.PK2 (34) together with
the PCR products TSp26/27 (upstream etnS region), TSp28/29 (down-
stream etnS region), and TSp30/31 (spectinomycin resistance cassette,
amplified from ECE74 [35]). Plasmid pBS09 was constructed for the in-
tegration of mutated spaS genes into the amyE locus of B. subtilis. There-
fore, gusA of plasmid pMLK83 (36) was removed by EcoRI restriction,
resulting in plasmid pSD27. Plasmid pRS426 (37) was linearized with
EcoRI and transformed into CEN.PK2 together with the PCR product
BS53/54 (the amyE locus integration region with the neomycin resistance
cassette, amplified from pSD27), resulting in plasmid pBS09. Plasmid
pTSp16 was constructed by the transformation of linearized pBS09
(EcoRI) and the PCR product of TSp45/19 (PspaS-spaS fragment) into
CEN.PK2. The mutations W1I, W1I/K2T, W1I/K2T/E4I, W1IK2T/E4I/
V12K, and W1I/K2T/E4I/V12K/Q17M of spaS were introduced step by
step by oligonucleotides via in vitro mutagenesis PCR (Table 2), resulting
in plasmids pTSp25, pTSp33, pTSp34, pTSp45, and pTSp49, respectively.
For pCG02 construction, pBS09 was linearized with EcoRI and trans-
formed into CEN.PK2 together with the PCR products TSp45/CG1
(PspaS-BamHI) and CG02/TSp19 (the 3= region downstream spaS). Plas-
mid pCG02 was henceforth used as the backbone for the integration of
various mutated spaS genes. For example, pTSp99 was created by trans-
formation of BamHI-linearized pCG02 together with the universal
oligonucleotides CG11 and CG12 and the oligonucleotide TSp195 into
CEN.PK2 (Table 1). Plasmids with mutated subtilin structural genes were
transformed into B15029.TSp01. Plasmid pAUT3 was constructed after
restriction of pNZ8148 (38) and the PCR product NN16/17 (lacZ, ampli-
fied from pSB5 [18]) with NcoI/HindIII and subsequent ligation into
Escherichia coli. The plasmid pAUT3 was transformed into L. lactis
NZ9800 (39), resulting in nisin reporter strain NZ9800.AUT1.

Transformation for gap repair in Saccharomyces cerevisiae strain
CEN.PK2 was performed as described by Schiestl and Gietz (40). Isolation
of recombinant plasmids from CEN.PK2 was performed as described by
Robzyk and Kassir (41). Plasmids isolated from CEN.PK2 were trans-
formed into E. coli DH5� for further amplification. Isolation of recombi-
nant plasmids from E. coli was carried out by an alkaline extraction pro-
cedure (42). Transformation of B. subtilis was performed as described
previously (25).

Growth conditions for bacterial and yeast strains. B. subtilis strain
B15029 derivatives were grown at 37°C in medium A (43, 44) for opti-
mized production of subtilin and subtilin variants. The autoinduction
reporter strain was grown in TY medium containing 0.3 M NaCl (26). For
selection, the following antibiotics were used at the indicated concentra-
tions: spectinomycin, 100 �g ml�1; neomycin, 15 �g ml�1; and chloram-
phenicol, 5 �g ml�1. When selecting with two or more antibiotics simul-
taneously, the concentrations were reduced to half. L. lactis strains were
grown in M17 medium (Fluka) supplemented with 0.5% glucose (GM17)
at 30°C. E. coli DH5� strains with recombinant plasmids were grown at
37°C in TB medium (25) containing 100 �g ml�1 ampicillin. S. cerevisiae
was grown at 30°C in YPD medium (1% yeast extract, 2% peptone, 2%
glucose) or in synthetic dropout medium (0.5% ammonium sulfate,
0.17% yeast nitrogen base, 2% glucose) without uracil for plasmid marker
selection.

Autoinduction plate assay. For the rapid detection of lantibiotic pro-
duction and autoinduction capacity, a simple plate assay was established.
In that assay, a fresh overnight culture of subtilin reporter B6633.MB1 was
inoculated to an optical density at 600 nm (OD600) of 0.1 and incubated at
37°C until an OD600 of 1 was reached. Subsequently, 100 �l culture was
used to inoculate 100 ml cooled down LB agar medium supplemented
with 4 mg 5-bromo-4-chloro-3-indoxyl-�-D-galactopyranoside (X-Gal).
Thereafter, 10 �l of a fresh overnight culture of the strain of interest was
spotted onto the plate. The plate was incubated overnight at 37°C.

Purification of lantibiotics. Culture supernatants of subtilin and sub-
tilin variant producers were prepurified according to a modified protocol
described previously (25). Subtilin and subtilin variants were separated on
a semipreparative reverse-phase (RP) high-performance liquid chroma-
tography (HPLC) column (5 �m, 110 Å, 250 by 10 mm; Gemini-NX C18

liquid chromatography [LC] column [Phenomenex, CA, USA]) using
eluents A (20% acetonitrile [HPLC grade], 0.1% 2,2,2-trifluoroethanoic
acid [TFA]) and B (99.9% acetonitrile [HPLC grade], 0.1% TFA). Subtilin
and subtilin variants could be separated with a linear gradient of 22% to
26% eluent B within 40 min. Nisin purification was performed as de-
scribed previously (25). The absorbance was monitored at 214 nm. The
collected fractions were dried under vacuum and resuspended in 5% ace-
tonitrile for in vivo tests or in 30% acetonitrile, 0.1% TFA for identifica-
tion by mass spectrometry.

Quantification of subtilin, subtilin variants, and nisin. Subtilin and
subtilin variants were quantified as described previously (24).The absorp-
tion of various dilutions of a subtilin stock solution (purified and mass
spectrophotometrically confirmed) was monitored at 280 nm. Molarities
were calculated using the molar extinction coefficient of subtilin (ε280 �
5,750 liter mol�1 cm�1; ProtParam; ExPASy). Different dilutions were
prepared from this stock solution and analyzed by use of an analytical
RP-HPLC column (5 �m, 250 by 4.6 mm; Gemini-NX). The absorbances
of the samples were recorded at 214 nm and 280 nm. The peak areas were
recorded using an Agilent 1200 series ChemStation for LC three-dimen-
sional systems offline program and used to form equations (x � peak area;
y � micrograms of lantibiotic), resulting in y � 1,195.8x � 370.97 and y �
77.684x � 7.4 for 214 nm and 280 nm, respectively. Solutions of subtilin
variants and nisin were analyzed by analytic RP-HPLC at 214 nm, the peak
areas were recorded, and concentrations were determined by using the
equation y � 1,195.8x � 370.97.

Measurement of induction capacity by �-galactosidase assay. Sam-
ples for �-galactosidase assay were harvested as described previously (25).
In short, a fresh overnight culture of subtilin reporter strain B6633.MB1
was inoculated to an OD600 of 0.1 in TY medium containing 0.3 M NaCl.
The strain was grown to an optical density of approximately 1.0. There-
after, 2 ml of the culture was transferred into small test tubes containing
different concentrations of lantibiotics. After 1 h, samples were taken and
cells were harvested by centrifugation and stored at �20°C for �-galacto-
sidase assay. The �-galactosidase activity was measured as described pre-
viously and normalized to the cell density (45). The nisin reporter strain
NZ9800.AUT1 was grown at 30°C in GM17 medium supplemented with
25 �g ml�1 chloramphenicol and handled as described above.

Antibiotic activities of lantibiotic variants and hybrids. The lowest
concentration that prevented the growth of cells of the lantibiotic-sensi-
tive indicator strain Kocuria rhizophila (formerly called Micrococcus lu-
teus) ATCC 9341 (46) was determined to be the MIC. K. rhizophila was
cultivated at 37°C in LB medium. A fresh overnight culture was inoculated
to an OD600 of 0.001. For MIC determination, 2-fold serial dilutions of the
lantibiotics were made and added to 2 ml culture, resulting in end con-
centrations of between 0.6 nM and 19.2 nM. The results were evaluated
after 12 h of incubation.

RESULTS AND DISCUSSION
Subtilin-nisin hybrids show reduced SpaK induction but trigger
NisK induction. Class I lantibiotics like subtilin and nisin act as
peptide pheromones and induce their biosynthesis in a quorum-
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype or descriptiona Source or referenceb

Strains
B. subtilis

B15029 Wild type (Ent�) DSM15029
B6633 Wild type (Sub�) ATCC 6633
B6633.MB1 �spaS amyE::PspaS-lacZ (Specr Cmr Sub�) 26
B15029.TSp01 �etnS (Specr Ent�) This work
B15029.TSp03 �etnS amyE::PspaS-spaS (Specr Neor) This work
B15029.TSp05 �etnS amyE::PspaS-spaS(W1I) (Specr Neor) This work
B15029.TSp10 �etnS amyE::PspaS-spaS(W1I/K2T) (Specr Neor) This work
B15029.TSp11 �etnS amyE::PspaS-spaS(W1I/K2T/E4I) (Specr Neor) This work
B15029.TSp24 �etnS amyE::PspaS-spaS(W1I/K2T/E4I/V12K) (Specr Neor) This work
B15029.TSp32 �etnS amyE::PspaS-spaS(W1I/K2T/E4I/V12K/Q17 M) (Specr Neor) This work
B15029.TSp57 �etnS amyE::PspaS-spaS(W1E) (Specr Neor) This work
B15029.TSp58 �etnS amyE::PspaS-spaS(W1Y) (Specr Neor) This work
B15029.TSp59 �etnS amyE::PspaS-spaS(W1F) (Specr Neor) This work
B15029.TSp60 �etnS amyE::PspaS-spaS(W1G) (Specr Neor) This work
B15029.TSp66 �etnS amyE::PspaS-spaS(W1A) (Specr Neor) This work
B15029.TSp67 �etnS amyE::PspaS-spaS(W1D) (Specr Neor) This work
B15029.TSp68 �etnS amyE::PspaS-spaS(K2T/E4I/V12K/Q17M) (Specr Neor) This work
B15029.TSp69 �etnS amyE::PspaS-spaS(W1H) (Specr Neor) This work
B15029.TSp71 �etnS amyE::PspaS-spaS(W1K) (Specr Neor) This work
B15029.TSp72 �etnS amyE::PspaS-spaS(W1R) (Specr Neor) This work
B15029.TSp81 �etnS amyE::PspaS-spaS(W1L) (Specr Neor) This work
B15029.TSp82 �etnS amyE::PspaS-spaS(W1V) (Specr Neor) This work
B15029.TSp89 amyE::PspaS-spaS(W1E) (Neor) This work
B15029.TSp90 amyE::PspaS-spaS(W1D) (Neor) This work
B15029.TSp91 amyE::PspaS-spaS(W1A) (Neor) This work
B15029.TSp98 amyE::PspaS-spaS(W1K) (Neor) This work

L. lactis
NZ9800 NZ9700 derivative �nisA 39
NZ9800.AUT1 NZ9800 containing pNZ8148 PnisA-lacZ (Cmr) This work

E. coli DH5� recA1 endA1 gyrA96 thi hsdR17(rK
� mK

�) relA1 supE44 	80�lacZ�M15 �(lacZYA-argF)U169 Laboratory stock
Kocuria rhizophila

K9341
Test strain for MIC determination ATCC 9341

S. cerevisiae CEN.PK2 MATa/� ura3-52/ura3-52 trp1-289/trp1-289 leu2-3,112/leu2-3,112 his3�1/his3�1 MAL2-8c/MAL2-8c

SUC2/SUC2
34

Plasmids
pRS416 bla URA3 shuttle vector 33
ECE74 pCm::Spc 35
pMLK83 amyE integrative plasmid (BGSC accession no. ECE103) 36
pSD27 pMLK83 removal of gusA by EcoRI This work
pRS426 bla URA3 shuttle vector 37
pTSp10 bla etnS= Specr =etnS This work
pTSp16 bla amyE= PspaS-spaS Neor =amyE This work
pTSp25 bla amyE= PspaS-spaS(W1I) Neor =amyE This work
pTSp33 bla amyE= PspaS-spaS(W1I/K2T) Neor =amyE This work
pTSp34 bla amyE= PspaS-spaS(W1I/K2T/E4I) Neor =amyE This work
pTSp45 bla amyE= PspaS-spaS(W1I/K2T/E4I/V12K) Neor =amyE This work
pTSp49 bla amyE= PspaS-spaS(W1I/K2T/E4I/V12K/Q17 M) Neor =amyE This work
pCG2 bla amyE= PspaS BamHI Neor =amyE This work
pTSp99 bla amyE= PspaS-spaS(W1E) Neor =amyE This work
pTSp100 bla amyE= PspaS-spaS(W1Y) Neor =amyE This work
pTSp101 bla amyE= PspaS-spaS(W1F) Neor =amyE This work
pTSp102 bla amyE= PspaS-spaS(W1G) Neor =amyE This work
pTSp108 bla amyE= PspaS-spaS(W1D) Neor =amyE This work
pTSp109 bla amyE= PspaS-spaS(W1A) Neor =amyE This work
pTSp110 bla amyE= PspaS-spaS(K2T/E4I/V12K/Q17M) Neor =amyE This work
pTSp112 bla amyE= PspaS-spaS(W1H) Neor =amyE This work
pTSp115 bla amyE= PspaS-spaS(W1K) Neor =amyE This work
pTSp116 bla amyE= PspaS-spaS(W1R) Neor =amyE This work
pTSp124 bla amyE= PspaS-spaS(W1L) Neor =amyE This work
pTSp125 bla amyE= PspaS-spaS(W1V) Neor =amyE This work
pNZ8148 Vector carrying nisA promoter Cmr 38
pSB5 bla amyE= PspaS-lacZ Cmr =amyE 18
pAUT3 pNZ8148 PnisA-lacZ This work

a Ent�, entianin producer; Ent�, entianin nonproducer; Sub�, subtilin producer; Sub�, subtilin nonproducer; Cmr, chloramphenicol resistant; Specr, spectinomycin resistant;
Neor, neomycin resistant. Letters in parentheses indicate the amino acid residues exchanged (corresponding to the IUPAC abbreviation), and numbers in parentheses indicate the
positions of the exchanged amino acids in the respective subtilin variants. BGSC, Bacillus Genetic Stock Center.
b DSM, German Resource Centre for Biological Material; ATCC, American Type Culture Collection.
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TABLE 2 Oligonucleotides used in this study

Use and
oligonucleotide Sequence Descriptiona

Amplification
TSp26 CATCGAACTTTGACATATTG
TSp27 GGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGAAGACATTACCGTAGATGG
TSp28 GTCTATTGCAAACTTGCTTC
TSp29 AGCTCCACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCATTGTTTCAGATGTATCG
TSp30 AGGTATTGAAAGGAGGTGACCAATATGTCAAAGTTCGATGGGATCGATCTGTATAATAAAG
TSp31 TTACAAGTGATTGTTTGAAGGAAGCAAGTTTGCAATAGACGTTTATAAGTGGGTAAACCGTG
BS53 GGCCAGTGAGCGCGCGTAATACGACTCACTATAGGGCGAACCATCATTGATGGTTTCTTTC
BS54 GATTACGCCAAGCGCGCAATTAACCCTCACTAAAGGGAACAAGCGGAAGAATGAAGTAAG
TSp19 TTCAGGTGCTTTTTTTATTTTATAAACTCATTCCCTGATCGCCTAAAATGTTAACACTTC
TSp45 TCATCATCGCTCATCCATGTCGACGGTATCGATAAGCTTG CATGGTTACAGCGGTATCGGTC
CG1 ATTGGTCACCTCCTTTCAATAC
CG2 GATATTTGTCTGTTACTATTTAGGTATTGAAAGGAGGTGACCAATGGATCCGTAAAACCAT

TAGCATCACCTTGC
NN16 TCAGCCATGGGATCCCCAGCTTGTTGATACACTA
NN17 TCAGAAGCTTGGCAGACATGGCCTGCCCG

In vitro mutagenesis
TSp48 CTCCGCAAATTAAAAGTGAATCAC fw W1I
TSp49 GTGATTCACTTTTAATTTGCGGAG rv W1I
TSp73 CGCAAATTACAAGTGAATCAC fw W1I/K2T
TSp74 GTGATTCACTTGTAATTTGCG rv W1I/K2T
TSp75 GCAAATTACAAGTATTTCACTTTGTACACC fw W1I/K2T/E4I
TSp76 GGTGTACAAAGTGAAATACTTGTAATTTGC rv W1I/K2T/E4I
TSp76_1 GGATGTAAAACTGGTGCATTGC fw

W1I/K2T/E4I/V12K
TSp76_i GCAATGCACCAGTTTTACATCC rv W1I/K2T/E4I/V12K
TSp69 GGTGCATTGATGACTTGCTTCCTTC fw Q17 M
TSp70 GAAGGAAGCAAGTCATCAATGCACC rv Q17 M

Gap repair
CG11 ACTTGCTTCCTTCAAACACTAACTTGTAACTGCAAAATCTCTAAATAAGTAAAACCATTAGCA

TCACCTTGCTCTGACTCCTTGCACT
Universal

oligonucleotide
CG12 TTATTTAGAGATTTTGCAGTTACAAGTTAGTGTTTGAAGGAAGCAAGTTTGCAATGCACCAG

TTACACATCCTGGTGTACAAAGTGATTCACTTTT
Universal

oligonucleotide
TSp191 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAAGCAAAAAGTGAATCACTTTGTA

CACCAGGATGTGTAACTGGTGCATTGCAA
W1A

TSp192 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAATTCAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1F

TSp193 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAATATAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1Y

TSp194 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAAGATAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1D

TSp195 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAAGAGAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1E

TSp196 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAACATAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1H

TSp197 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAAAAAAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1K

TSp198 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAAAGAAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1R

TSp208 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAATGGACAAGTATTTCACTTTGTA
CACCAGGATGTAAAACTGGTGCATTGATG

K2T/E4I/V12K/Q17 M

TSp209 TTATTTAGAGATTTTGCAGTTACAAGTTAGTGTTTGAAGGAAGCAAGTCATCAATGCACCAG
TTTTACATCCTGGTGTACAAAGTGAAATACTTGT

K2T/E4I/V12K/Q17 M

TSp225 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAACTTAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1L

TSp226 TGTGAAAGTCTCTAAACAAGACTCAAAAATCACTCCGCAAGTAAAAAGTGAATCACTTTGTA
CACCAGGATGTGTAACTGGTGCATTGCAA

W1V

a Letters indicate the amino acid residues exchanged (corresponding to the IUPAC abbreviation), and numbers indicate the positions of the exchanged amino acids in the respective
subtilin variants. fw, forward; rv, reverse.
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sensing manner via the respective two-component system (TCS).
Subtilin and nisin share a highly similar lanthionine ring struc-
ture, but their sequences differ at 14 amino acids (Fig. 1). The
activation of the corresponding histidine kinase resulting in signal
transduction is highly specific for its own cluster-derived lantibi-
otic (19, 25, 26).

At nontoxic concentrations, nisin cannot activate SpaK,
whereas at low concentrations, subtilin provides strong SpaK ac-
tivation (Fig. 2). This is also the case vice versa, where low nisin
concentrations provide a strong NisK response, whereas subtilin
cannot activate NisK (Fig. 3).

Knowledge of the structural features of the class I lantibiotics

subtilin and nisin needed for autoinduction is an important pre-
requisite for genetic improvement of their antimicrobial activities.

To investigate the specificity of SpaK autoinduction, the N-ter-
minal amino acids of subtilin were gradually adapted to those of
nisin (Fig. 1). The resulting hybrid lantibiotics were expressed in
B15029, where the etnS structural gene encoding entianin, a
subtilin-like lantibiotic, was deleted. Entianin-producing strain
B15029 was used instead of the subtilin producer B6633, as
B15029 is easier to transform and to handle. The lantibiotic gene
clusters in the two strains are nearly identical and behave abso-
lutely similarly with respect to autoinduction, as shown previously
(3, 25). After HPLC purification and quantification as previously
described (24, 25), the autoinduction capacities of the hybrid lan-
tibiotics were followed using subtilin reporter strain B6633.MB1
(Fig. 2).

Surprisingly, with subtilin W1I, the first amino acid exchange
to isoleucine already resulted in a drastic 50% reduction of the
induction capacity. Additional amino acid exchanges did not fur-
ther significantly reduce the induction capacity. However, when
the N-terminal tryptophan was recombined with other exchanges,
e.g., hybrid peptide K2T/E4I/V12K/Q17M, the induction capacity
was completely restored. These results clearly show the impor-
tance of the N-terminal tryptophan residue for the activation of
SpaK.

In a corresponding experiment, NisK autoinduction was fol-
lowed by the subtilin-nisin hybrid lantibiotics described above in
the nisin reporter strain NZ9800.AUT1 (Fig. 3).

In contrast to the findings for subtilin, which mediated no
NisK activation in nisin reporter strain NZ9800.AUT1, all hybrids
where the N-terminal tryptophan of subtilin was replaced by iso-
leucine mediated moderate NisK activation. NisK activation was
already detectable at concentrations of 6 nM (data not shown) and
further increased at a higher concentration of 24 nM with respect
to the level of activation by all other hybrid peptides (Fig. 3).
Exchange of the first 4 amino acid residues of subtilin for those of
nisin (subtilin W1I/K2T/E4I) slightly improved the level of auto-
induction compared to that achieved with subtilin W1I, whereas a

FIG 1 Structures of the lantibiotics subtilin, produced by B. subtilin ATCC
6633; nisin A, produced by several L. lactis strains; and gallidermin, produced
by Staphylococcus gallinarum. The amino acids of nisin and the first 12 N-ter-
minal amino acids of gallidermin that differ from those in subtilin are
highlighted in gray. Abbreviations: A-S-A, meso-lanthionine; Abu-S-A,
3-methyl-lanthionine; Abu, �-aminobutyric acid; Dha, 2,3-didehydroalanine;
Dhb, 2,3-didehydroburyrine.

FIG 2 Induction response of the subtilin reporter B6633.MB1 upon addition of subtilin-nisin hybrid peptides with changes at the N termini. �-Galactosidase
activities were measured after 60 min of induction. Error bars represent the standard deviations for samples from two separate cultures (n � 3). Each
measurement was carried out in duplicate. Control, no lantibiotic was added.
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further adaptation of the N-terminal amino acids to residue 17
(subtilin W1IK2T/E4I/V12K/Q17M) did not result in an addi-
tional increase in �-galactosidase activity. This shows that the first
4 amino residues of nisin, which has 3 differences in amino acid
composition compared to that of subtilin, are an important trig-
ger for NisK activation. However, NisK activation by subtilin hy-
brid peptides W1I/K2T/E4I, W1IK2T/E4I/V12K, and W1IK2T/
E4I/V12K/Q17M in NZ9800.AUT1 was still less efficient than that
by nisin, and concentrations 4 times higher (24 nM) were needed
to reach 70% of the entire level of autoinduction achieved with
nisin. This shows that the C-terminal part of nisin with a further
seven amino acid substitutions and the two additional amino ac-
ids, histidine and valine, compared to the sequence of subtilin also
contributes to full nisin autoinduction.

To further prove the importance of isoleucine at position 1, the
level of autoinduction achieved with the subtilin-nisin hybrid
K2T/E4I/V12K/Q17M with tryptophan at the N terminus was
measured. This hybrid peptide also failed to activate NisK in the
reporter strain NZ9800.AUT1, which is in accordance with previ-
ous findings, in which replacement of the isoleucine at nisin posi-
tion 1 by tryptophan abolished nisin autoinduction (19).

Importance of N-terminal amino acids for SpaK and NisK
activation. Our current results indicate that the tryptophan N
terminus seems to be of major importance for SpaK activation.
Therefore, the N-terminal tryptophan was replaced by small
amino acids, aromatic amino acids, and charged amino acids. The
mutated spaS genes were expressed in B15029 with an etnS dele-
tion and tested in the autoinduction plate assay for color forma-
tion on X-Gal plates (see Fig. S1 in the supplemental material).
Most subtilin peptides with N-terminal mutations showed auto-
induction. Very weak color formation was observed when alanine
and positively charged amino acids were at the N terminus of
subtilin, whereas strains with peptides with glycine and negatively
charged amino acids at the N termini completely failed to form
color.

Obviously, peptides with glycine and negatively charged amino

acids at the N termini either did not autoinduce or were not ac-
cessible for the lantibiotic biosynthesis machinery.

To compare the autoinduction capacities of the mutated
lantibiotics, the respective peptides were HPLC purified to ho-
mogeneity and quantified, and their autoinduction was fol-
lowed (Fig. 4).

Similar to the activity obtained with hybrid peptide subtilin
W1I, the peptides with leucine and valine showed reduced �-ga-
lactosidase activity that was approximately 50% of that of native
subtilin. Replacement of tryptophan by other aromatic amino ac-
ids (F, Y) did not restore the full autoinduction of native subtilin,
and histidine further reduced the level of autoinduction to 10% of
that of native subtilin. The amount of peptide produced when the
positively charged lysine was at the N terminus was too small for
HPLC purification. The peptide with arginine at the N terminus
could be purified, but nearly no autoinduction was measured.
When these results are taken together with the failure to express
SpaS mutations consisting of negatively charged amino acids at
the N terminus, these data show that charged residues at the N
terminus prevent autoinduction. This also coincides with the
strong diminished autoinduction achieved with histidine (pKa of
the side chain [pKR] � 6.0) in subtilin W1H, which also had a
moderate charge under our experimental conditions.

Most remarkable was the very weak autoinduction obtained
with subtilin W1A and the failure of subtilin W1G to activate
SpaK, whereas the autoinduction capacity of peptides with valine,
leucine, and isoleucine at position 1 was 50% of that of native
subtilin. Obviously, the larger aliphatic side chain is advantageous
for SpaK activation.

In a corresponding experiment, subtilin peptides with the N-
terminal mutations were also tested with the nisin reporter
NZ9800.AUT1 (Fig. 5), where 24 nM subtilin with the W1I mu-
tation provided NisK activation that was 40% of that achieved
with 6 nM nisin.

As was also found for SpaK, the subtilin peptides with changes
to leucine and valine activated NisK, whereas the peptide with

FIG 3 Induction response of the nisin reporter NZ9800.AUT1 upon addition of subtilin-nisin hybrid peptides with changes at the N termini. �-Galactosidase
activities were measured after 60 min of induction. Error bars represent the standard deviations for samples from two separate cultures (n � 2). Each
measurement was carried out in duplicate. Control, no lantibiotic was added.
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alanine failed to significantly activate NisK. Interestingly, with a
decreasing size of the aliphatic side chain, autoinduction becomes
more diminished (the levels of autoinduction achieved with pep-
tides with I, L, or V at the N terminus were 40%, 30%, and 20% of
those achieved with the native peptide). As was also observed for
SpaK, the positively charged arginine at the N terminus of subtilin
did not provide NisK activation, and in contrast to the activation
of SpaK by peptides with aromatic amino acids and histidine at the
N terminus, all peptides with these amino acids at the N terminus
failed to activate NisK.

Our results show that amino acid residues with larger aliphatic
side chains can activate SpaK and NisK as well and that any charge
at the N terminus of subtilin prevents the activation of both auto-
induction systems. For SpaK, aromatic side chains and, prefera-
bly, tryptophan at the N terminus provide activation, whereas for
NisK, aromatic side chains are not effective.

A functional analysis to support the findings presented above
was performed by determination of the antimicrobial activity of
some hybrids and variants against the lantibiotic-sensitive indica-
tor strain Kocuria rhizophila ATCC 9341. All hybrids and variants
showed MICs similar to those of subtilin and nisin for K. rhizo-
phila (subtilin and nisin MICs, 4.8 nM), with the MICs of sub-
tilin W1L, W1Y, and W1R, K2T/E4I/V12K/Q17M being 4.8

nM and those of subtilin W1I and W1I/K2T/E4I/V12K/Q17M
being 9.6 nM.

Correlation of autoinduction and lantibiotic production.
Many subtilin variants and hybrid peptides were produced in re-
duced amounts. This raised the question of whether the biosyn-
thetic machinery or a reduced autoinduction efficiency was re-
sponsible for the decreased levels of production. Therefore, we
tested the correlation between lantibiotic production and autoin-
duction capacity. Using analytical HPLC, we determined the
amount of lantibiotic in the culture supernatants of variant pep-
tide producers in comparison to that in the culture supernatant of
the wild-type subtilin producer (24). Thereafter, we compared the
autoinduction capacities of the purified subtilin variants and sub-
tilin. As aliphatic or aromatic amino acid residues at position 1
caused a reduction in autoinduction capacity to about 50% of that
of native subtilin, the amounts of the variants with these changes
at position 1 produced was reduced to about 70% of that of sub-
tilin (data not shown). This shows that autoinduction and not
the biosynthetic machinery is the strongest determinant of the
amount of lantibiotic produced.

The amounts of peptides with positively charged amino acid
residues and the small amino acid residue alanine at the N termi-
nus produced were drastically reduced, and peptides with nega-

FIG 4 Induction response of the subtilin reporter B6633.MB1 upon addition of peptides with variations at subtilin position 1. �-Galactosidase activities were
measured after 60 min of induction. Error bars represent the standard deviations for samples from two separate cultures (n � 2). Each measurement was carried
out in duplicate. CTL, control to which no lantibiotic was added.

FIG 5 Induction response of the nisin reporter NZ9800.AUT1 upon addition of peptides with variations at subtilin position 1. �-Galactosidase activities were
measured after 60 min of induction. Error bars represent the standard deviations for samples from two separate cultures (n � 2). Each measurement was carried
out in duplicate. CTL, control to which no lantibiotic was added.
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tively charged residues at the N terminus were not produced at all.
To test if a failure of autoinduction was responsible for the lack of
peptide production, the respective subtilin variants were coex-
pressed in a wild-type subtilin-like lantibiotic producer. Hence,
the genes coding for subtilin W1A, subtilin W1K, and subtilin
W1E were introduced under the control of PspaS into the amyE
locus of wild-type strain B15029.

For all three strains, expression of the additionally introduced
subtilin variant gene could be shown via analysis of the respective
culture supernatants by HPLC (Fig. 6). This shows that the pro-
duction of mutated subtilin can be restored by coexpression of
entianin and excludes the possibility that the lanthionine synthe-
tase complex is not able to interact with and modify the respective
precursors. Moreover, the additional amount of the subtilin vari-
ants produced did not interfere with the total amount of entianin
produced. In each case, the amount of entianin produced was not
altered from the amount produced in wild-type strain B15029.
Surprisingly, the amount of each subtilin variant produced was
significantly higher than the amount of entianin produced, sug-
gesting a higher rate of transcription of the mutated gene intro-
duced ex loco. Thus, the turnover limit of the lanthionine synthe-
tase complex was not reached, which is in accordance with
previous findings, where an AbrB deletion strain exhibited a
6-fold-increased subtilin production rate (24).The higher ex loco
transcription rate is also in accordance with the previously found
discrepancy between autoinduction capacity and the amounts of
variants with aliphatic or aromatic amino acid residues at position
1 produced.

As reported previously, subtilin-like lantibiotics are succiny-
lated at the N terminus (S-subtilin) to a certain extent. Succinyla-
tion depends on the medium composition and is also strain

dependent (24). Remarkably, the amount of succinylation is dif-
ferent for the three subtilin variants (Fig. 6).

Gallidermin quenches entianin-mediated induction. In ad-
dition to the importance of tryptophan at the N terminus, the
N-terminal ring structure of subtilin also seems to be important
for SpaK activation. As recently shown, the subtilin-like lantibiot-
ics entianin and nisin and their corresponding N-terminal frag-
ments compete at the sensory binding site of the histidine kinase
SpaK, which suggests that the three N-terminal lanthionine rings
are also involved in SpaK activation (25). Gallidermin and epider-
min, which are the shortest class I lantibiotics (1, 47, 48), share an
identical ring structure with respect to the first two N-terminal
lanthionine rings. The third ring of gallidermin and epidermin,
however, is very different from that of subtilin and nisin (Fig. 1)
and also contains the C-terminal 2-aminovinyl ring structure (47,
49). Thus, gallidermin provided an excellent tool to verify the
importance of the third ring for the assumed SpaK interaction.

As shown in Fig. 7, similar to the results obtained with nisin,
gallidermin quenches entianin autoinduction to 70% of the level
of autoinduction mediated by entianin alone when the lantibiotics
are used at equimolar concentrations (6 nM). If gallidermin was
applied in 5-fold excess (30 nM), the entianin-mediated auto-
induction was reduced to 30% of the level of autoinduction
mediated by entianin (6 nM) alone; however, a higher concen-
tration of gallidermin (60 nM) did not further reduce �-galac-
tosidase activity. No SpaK activation was observed with the
addition of 60 nM gallidermin alone.

Quenching of subtilin autoinduction by gallidermin clearly
showed that the first two lanthionine rings of subtilin-like lantibi-
otics are sufficient for an interaction with the SpaK sensory bind-
ing site.

FIG 6 Coexpression of subtilin variants. Shown are comparative RP-HPLC chromatograms of subtilin variant producers and wild-type entianin producer
B15029. The y axes of all chromatograms display the same intercepts. Greek letters indicate the corresponding lantibiotic, verified by mass spectrometry analysis.
S-subtilin, succinylated lantibiotic molecules. (A) RP-HPLC chromatograms of B.15029.TSp66 �etnS spaS (W1A), B15029 entS�, and B15029.TSp91 etnS� spaS
(W1A). (B) RP-HPLC chromatograms of B15029.TSp57 �etnS spaS (W1E), B15029 etnS�, and B15029.TSp89 etnS� spaS (W1E). (C) RP-HPLC chromatograms
of B15029.TSp71 �etnS spaS (W1K), B15029 etnS�, and B15029.TSp98 etnS� spaS (W1K). mAU, milli-absorbance units.
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Taken together, our results show that subtilin-mediated auto-
induction via SpaRK is significantly different from nisin-mediated
autoinduction via NisRK. Surprisingly, a subtilin peptide with an
N-terminal alanine failed to activate SpaK and NisK, whereas pep-
tides with aliphatic side chains with increased sizes activated SpaK
and NisK to certain extents. Whereas the size of the I, L, and V side
chains had no effect on the activation of SpaK, the activation of
NisK was more efficient with side chains of increasing sizes. These
data show that hydrophobic interactions support SpaK and NisK
activation. A major difference from those findings was observed
for peptides with N termini with aromatic amino acids. Whereas
tryptophan is needed for full SpaK activation, the affinity pocket
of NisK is obviously not accessible to any aromatic side chain.

In summary, the structural constraints of tryptophan at the N
terminus and the first two lanthionine rings should be considered
for future genetic engineering of subtilin-like lantibiotics with re-
spect to their efficient autoinduction and expression in B. subtilis.
More than that, the successful coexpression of variants which do
not autoinduce provides additional possibilities for the genetic
engineering of subtilin-like lantibiotics and opens new possibili-
ties to improve the antimicrobial activity of lantibiotics and their
efficient production in B. subtilis.
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