AEM

Journals.ASM.org

Activation of Histidine Kinase SpaK Is Mediated by the N-Terminal
Portion of Subtilin-Like Lantibiotics and Is Independent of Lipid II

Tobias SpieB, Sophie Marianne Korn, Peter Kotter, Karl-Dieter Entian

Institute for Molecular Biosciences, Goethe University, Frankfurt, Germany

The biosynthesis of the lantibiotic subtilin is autoinduced in a quorum-sensing mechanism via histidine kinase SpaK. Subtilin-
like lantibiotics, such as entianin, ericin S, and subtilin, specifically activated SpaK in a comparable manner, whereas the struc-
turally similar nisin did not provide the signal for SpaK activation at nontoxic concentrations. Surprisingly, nevertheless, nisin if
applied together with entianin partly quenched SpaK activation. The N-terminal entianin,_,, fragment (comprising N-terminal
amino acids 1 to 20) was sufficient for SpaK activation, although higher concentrations were needed. The N-terminal nisin,_,,
fragment also interfered with entianin-mediated activation of SpaK and, remarkably, at extremely high concentrations also acti-
vated SpaK. Our data show that the N-terminal entianin,_,, fragment is sufficient for SpaK activation. However, if present, the
C-terminal part of the molecule further strongly enhances the activation, possibly by its interference with the cellular mem-
brane. As shown by using lipid II-interfering substances and a lipid II-deficient mutant strain, lipid II is not needed for the sens-

ing mechanism.

inear lantibiotics like subtilin from Bacillus subtilis ATCC

6633, ericin S from B. subtilis A1/3, entianin from B. subtilis
DSM 15029, nisin from Lactococcus lactis (see Fig. 1), epidermin
from Staphylococcus epidermidis, and gallidermin from Staphylo-
coccus gallinarum, form a class of peptide antibiotics (bacterio-
cins) with high antimicrobial potential (1-6). Members of this
special bacteriocin class are ribosomally synthesized and subse-
quently posttranslationally modified, yielding characteristic lan-
thionine ring structures from which the names for the lantibiotics
are derived (1). The lanthionine structures are derived from de-
hydration of the amino acid residues serine and threonine, fol-
lowed by the nucleophilic intramolecular addition of a neighbor-
ing cysteine. Both the dehydration and the cyclization are
mediated by a multimeric synthetase complex consisting of the
enzymes LanB and LanC as well as LanT, important for transport
of the lantibiotic molecule out of the cell (7, 8). LanB catalyzes the
dehydration reaction (9), and LanC catalyzes cyclization (10).

Nisin has been shown to bind the cell wall precursor lipid II
(11, 12) by forming a unique lipid II-binding motif with the well-
conserved N-terminal rings A and B of the nisin and subtilin sub-
family of type A lantibiotics (13). Binding to lipid II enables the
lantibiotic to permeabilize the cytoplasmic membrane. This pore
formation seems to be the primary mode of action for this class of
lantibiotics. Structural data revealed that the pyrophosphate moi-
ety of lipid II seems to be the binding target for linear lantibiotics
like nisin and subtilin, thus differing from other peptide antibiot-
ics that target lipid II, such as vancomycin, which binds to the
dipeptide p-Ala-D-Ala moiety (14, 15), and bacitracin, which pre-
vents the recycling of lipid IT upon binding to undecaprenyl pyro-
phosphate (16, 17). For ramoplanin, which like nisin and subtilin
also recognizes the pyrophosphate moiety of lipid II (18, 19), a
prevention of nisin-induced membrane poration was demon-
strated (11), underlining the competitive nature of the two anti-
biotics.

Biosynthesis of subtilin is subject to a dual-control mechanism
based on two independent regulatory systems (20). A two-com-
ponent system (TCS) consisting of histidine kinase SpaK and re-
sponse regulator SpaR (21) is activated by subtilin in a quorum-
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sensing-like mechanism (20), which has also been described
previously for nisin (22, 23). Whereas the TCS NisRK is constitu-
tively expressed (24), the TCS SpaRK is under the control of the
major transition state regulator AbrB (20, 25, 26) and the alterna-
tive sigma factor H (27, 28). Therefore, in contrast to nisin, sub-
tilin synthesis is growth phase dependent (29). Furthermore, re-
cently published data demonstrated that subtilin synthesis is also
retarded in the presence of high glucose concentrations (30).

Biosynthesis of subtilin was followed using a P,,s-lacZ re-
porter fusion (31) which senses histidine kinase SpaK-mediated
autoinduction of subtilin-like lantibiotics such as subtilin, ericin
S, and entianin (see Fig. 1). This reporter system allows the quan-
tification of SpaK activation by means of a simple 3-galactosidase
activity assay. Despite a high similarity between subtilin and nisin,
the activation of the TCSs is highly specific for the respective lan-
tibiotic (31), which implies that a unique recognition site must
exist within the respective histidine kinases.

In this report, we show that the N-terminal entianin,_,, frag-
ment (comprising the N-terminal amino acids 1 to 20) is sufficient
for activation of SpaK histidine kinase and that lipid II is not
needed for the autoinduction of subtilin-like lantibiotic biosyn-
thesis.
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TABLE 1 Strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or

oligonucleotide Description” Source or reference”
Strains
B. subtilis
B15029 Wild type (Ent™) DSM 15029
B6633 Wild type (Sub™) ATCC 6633
B6633.MB1 AspaS amyE::P,,s-lacZ (Spec” Cm" Sub ™) 31
PDC204 W168 trpC2 QspoVD::Erm P, -murE (Ery") 34
B168.AUT3 PDC204 pyrD::Kan" P, px-spaRK (Ery" Kan") This work
B168.AUT5 B168.AUT3 thrC:Spec’ P,,,s-lacZ (Ery" Kan" Spec”) This work
E. coli DH5« recAl endAl gyrA96 thi hsdR17(ry~ my ") relAl supE44 Laboratory stock
$80AlacZAM15 A(lacZYA-argF)U169
Plasmids
pXT bla thrC' Spec 'thrC 35
pPyr-kan bla pyrD' Kan 'pyrD 36
pSB5 bla amyE' P, ,s-lacZ Cm 'amyE 20
pAUT1 pXT P,,s-lacZ This work
pAUT2 pPyr-kan P, zx-spaRK This work
Oligonucleotides
AUT1 CGATCAATTGAATTCTGGAAGG This work
AUT2 TAGCAAGCTTTCACGCAGAATTAAAT This work
AUT3 GCATGGATCCGCATGAAATAAATTCAGGGGTATTG This work
AUT4 GCTAGAGCTCGAAGATGGATCAGTTCAC This work

“Ent™, entianin producer; Sub™, subtilin producer; Cm", chloramphenicol resistant; Spec’, spectinomycin resistant; Kan', kanamycin resistant; Ery", erythromycin resistant.
? DSM, German Resource Centre for Biological Material; ATCC, American Type Culture Collection.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains used in this study are
listed in Table 1. B. subtilis wild-type strains B15029 and B6633 were
grown in medium A (32, 33) for increased production of the respective
lantibiotic and its succinylated version. B168.AUT3 and B168.AUTS5 are
derivates of strain PDC204 (34) and can be converted from rod-shaped
cells to cell wall-deficient L-forms by cultivation on osmotically stabilized
medium. For rod-shaped cells, strains were inoculated in nutrient broth
medium (Oxoid) or streaked onto nutrient agar (Oxoid), each supple-
mented with 0.5% xylose. For selection, the antibiotic concentrations
used were as follows: erythromycin, 1 ug ml~'; spectinomycin, 100 pg
ml™'; kanamycin, 10 g ml ™~ '. When selection was done with two or more
antibiotics simultaneously, the concentrations were reduced to half. The
cultivation of L-form cells was performed under nonselective conditions
and in the absence of xylose in nutrient broth medium or nutrient agar
plates supplemented with 20 mM MgCl, and 0.5 M sucrose and buffered
with 20 mM maleic acid (MSM medium) for osmotic stabilization. Esch-
erichia coli DH5a strains with recombinant plasmids were grown in TB
medium (12 g tryptone, 24 g yeast extract, and 4 ml glycerol with the
addition of 900 ml H,O plus 100 ml KPP buffer [0.17 M KH,PO,, 0.72 M
K,HPO,]), containing 100 ug ml ™' ampicillin.

Plasmid construction. All plasmids and oligonucleotides used in this
study are listed in Table 1. The plasmid pAUT1 was constructed after
digestion of pXT (35) with Mfel/EcoRI and ligation of the construct P, ,,s-
lacZ that had been PCR amplified from pSB5 with oligonucleotides AUT1
and AUT?2 digested with the same enzymes. pAUT2 was constructed after
digestion of pPyr-kan (36) with BamHI/SacI and ligation of the construct
P ,arx-spaRK that had been PCR amplified from chromosomal DNA of
B6633 with oligonucleotides AUT3 and AUT4 digested with the same
enzymes. Recombinant plasmids were isolated by an alkaline extraction
procedure (37).

Bacillus transformation. An overnight culture of the preferred B. sub-
tilis strain was inoculated to an optical density at 600 nm (ODy,) of 0.1 in
10 ml MNGE medium, which consisted of 9.2 ml 1 X MN medium (136 g
K,HPO,-3 H,0, 60 g KH,PO,, 10 g Na citrate-2 H,0, add 1 liter), 1 ml
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20% glucose, 50 pl 40% K glutamate, 50 ml Fe(III)-ammonium-citrate
(2.2mgml 1), 100 wltryptophan (5 mgml '), and 30 ul 1 M MgSO,. For
strains carrying an insertion in the thrC or pyrDlocus, 100 pl threonine (5
mgml ') or 100 pl uracil (4 mg ml 1), respectively, was added. The cells
were grown to an ODg, of 1.1 to 1.3 at 37°C with an agitation of 200 rpm.
For transformation, 400 pl cells was transferred in a small glass test tube
containing 1 to 5 pg of linearized plasmid. The culture was further incu-
bated as described above. After 1 h, 100 .l expression mix (500 wl 5%
yeast extract, 250 pl 10% Casamino Acids, 250 pwl H,0, and 50 pl trypto-
phan [5mgml~']) wasadded. The cells were further cultivated for 1 hand
thereafter plated on selective medium. The protocol was provided after
personal communication with Thorsten Mascher, TU Dresden.

L-form strain construction. Transformation of PDC204 and deri-
vates was performed as described above by additional supplementation of
0.5% xylose. Transformation of PDC204 with pAUT2 linearized with Scal
resulted in strain B168.AUT3, and transformation of B168.AUT3 with
PAUT1 linearized with Spel resulted in strain B168.AUT5 containing
Pari-spaRK and P, s-lacZ fusions (Table 1).

Purification of entianin and subtilin and N-terminal fragments.
Strain B15029 or B6633 was grown in 50 ml medium A at 37°C for 48 h
under permanent shaking at 155 rpm. The supernatant was harvested by
centrifugation. Afterwards, a modification of previously published puri-
fication procedures was used (33, 38, 39). To the supernatant, 0.5 volume
of precooled n-butanol was added, and the mixture was stirred for 1 to 2.5
h at 4°C. The emulsion was transferred in chilled polypropylene centri-
fuge tubes and subsequently centrifuged for 30 min at 4°C at 20,400 X g.
The butanol phase was collected, and subsequently 2 volumes of pre-
cooled (—20°C) acetone were added. The solution was briefly mixed and
stored overnight at —20°C. The next day, the solution was centrifuged for
30 min at 4°C at 20,400 X g and the supernatant was carefully removed.
The pellet was dried under vacuum and stored at —20°C until further
processing. For the final purification step, the pellet was resuspended in 1
ml high-performance liquid chromatography (HPLC) eluent A (20% ace-
tonitrile [HPLC grade], 0.1% trifluoroacetic acid [TFA]) per 50 ml super-
natant. The solution was loaded in portions onto a semipreparative re-
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FIG 1 Structures of subtilin-like lantibiotics subtilin, entianin, and ericin S, produced by diverse B. subtilis strains, and nisin A, produced by diverse Lactococcus
lactis strains. Amino acid residues of ericin S, entianin, and nisin A that differ from those in subtilin are highlighted in gray. Amino acid position 20 is
indicated by aa 20. A-S-A, meso-lanthionine; Abu-S-A, 3-methyllanthionine (Abu refers to a-aminobutyric acid); Dha, 2,3-didehydroalanine; Dhb,

2,3-didehydrobutyrine.

versed-phase (RP) HPLC column (Gemini, 5 wm, NX-C18, 110-4, 250-
by 10-mm LC column [Phenomenex, Torrance, CA]). Entianin and sub-
tilin and their succinylated variants S-entianin and S-subtilin were sepa-
rated with a linear gradient of 17% to 29.5% eluent B (99.9% acetonitrile
[HPLC grade], 0.1% TFA) within 13 min. The N-terminal fragments en-
tianin,_,, and S-entianin,_,, could be isolated similarly. To isolate entia-
nin,_,;, and S-entianin,_,,, a linear gradient of 19.5% to 22% eluent B
within 28 min was used. The absorbance was monitored at 214 nm and
280 nm. The collected fractions were dried under vacuum and resus-
pended in 5% acetonitrile for an in vivo test or in 30% acetonitrile—0.1%
TFA for identification by mass spectrometry. Entianin, subtilin, and the
N-terminal fragments were quantified via their absorption at 214/280 nm,
as described previously (30).

Purification and digestion of nisin. Since purified nisin is not com-
mercially available, we isolated nisin from lyophilized milk powder con-
taining 2.5% nisin (balance, sodium chloride and denatured milk solids)
(Sigma). Thirty micrograms of milk powder was dissolved in 1 ml 50 mM
lactic acid, pH 3, and filtered through a 0.45-pwm membrane filter. The
nisin solution was loaded in 500-pl portions onto a semipreparative
RP-HPLC column (as described above). The elution buffers consisted of
5% acetonitrile and 0.1% TFA (eluent A) and 99% acetonitrile and 0.1%
TFA (eluent B). Nisin was separated with a linear gradient of 15% to 30%
eluent B within 40 min. The absorbance was monitored at 214 nm. The
collected fractions were handled as described above. Nisin,_,, was ob-
tained by digestion of nisin with a-chymotrypsin as described previously
(40) and could be isolated with a linear gradient from 0% to 100% eluent
B within 19 min. Since the nisin molecules do not contain a tryptophan,
the concentration of nisin and nisin,_,, could be determined via the ab-
sorption of the peptide bonds at 214 nm as described previously (30).

Measurement of induction capacity by B-galactosidase assay. For
time kinetic studies, a fresh overnight culture of the subtilin reporter
strain B6633.MB1 was inoculated to an optical density of 0.1 at 37°Cin TY
medium containing 0.3 M NaCl (31). After 30 min, 2 ml of culture was
transferred into small test tubes, containing different concentrations of
(S-)entianin or (S-)subtilin. After various time points, samples were
taken, and the cells were harvested by centrifugation and stored for the
B-galactosidase assay at —20°C.
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For rapid-induction capacity comparison, a fresh overnight culture of
the subtilin reporter strain B6633.MB1 was inoculated to an optical den-
sity of 0.1 in TY medium containing 0.3 M NaCl as described above. The
cells were grown to an optical density of approximately 1.0 and subse-
quently transferred in 2-ml portions into small test tubes containing dif-
ferent concentrations of entianin or nisin or the N-terminal fragments.
After 1 h, samples were taken and handled as described above. The same
procedure was used in the experiments when two substances, e.g., baci-
tracin (Applichem), ramoplanin (Sigma), or vancomycin (Applichem),
were applied simultaneously.

The induction of P ¢-lacZ in lipid II-deficient cells was investigated
using strain B168.AUT5. B168.AUTS5 was cultivated as rod-shaped cells or
in the L-form state, as described above. Investigation of P, ,,s-lacZ induc-
tion in rod-shaped cells of B168.AUT5 was performed just like for re-
porter strain B6633.MB1. The L-form cells were incubated at 30°C with
gentle shaking. L-form cells were induced in the mid-log phase and har-
vested after 6 h, which corresponds to approximately one generation time.

The activity of the promoter P, was monitored by quantification of
the B-galactosidase activity using the reporter strain B6633.MB1 (P,
lacZ) or strain B168.AUTS5 (P,,,s-lacZ). Cell pellets were resuspended in
working buffer (20 mM B-mercaptoethanol, 60 mM Na,HPO,, 40 mM
NaH,PO,, 10 mM KClI, I mM MgSO,, pH 7), and cell lysis was achieved
by addition of 0.2 mg ml ™" lysozyme and subsequent incubation at 37°C
for 30 min. The 3-galactosidase activity was measured as described pre-
viously, with normalization to cell density (41).

RESULTS

S-subtilin and S-entianin autoinduce subtilin biosynthesis at
high concentrations. Subtilin-like lantibiotics have only minor
and conservative differences in their primary sequences (Fig. 1).
Using a AspaS P,,,s-lacZ reporter strain (B6633.MB1), we have
recently shown that subtilin-like lantibiotics have the same effi-
cacy to induce all promoters in the subtilin cluster. Therefore, we
consider all subtilin-like lantibiotics as autoinducers of subtilin
biosynthesis (3, 31, 42). In contrast to other linear lantibiotics,
such as nisin, epidermin, and gallidermin, subtilin-like lantibiot-
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Error bars represent the standard deviation between results for samples from two separate cultures (n = 2); measurements were carried out in triplicate.

ics are succinylated to a major extent at their N-terminal trypto-
phan residue. The level of succinylation is strain and carbon
source dependent (30). To investigate the influence of N-terminal
succinylation on autoinduction, we compared the induction ca-
pacities of homogeneously purified and quantified subtilin, entia-
nin, and their succinylated versions, S-subtilin and S-entianin.
Furthermore, the kinetics of the autoinduction were followed
(Fig. 2).

The induction kinetics for subtilin and entianin were similar,
with minimal concentrations for autoinduction of 3 nM and a
maximum reached at 15 nM (Fig. 2A and B). With concentra-
tions above 15 nM, no further increase of the subtilin- or en-
tianin-mediated induction was observed. With 15 nM and 60
nM, B-galactosidase activity reached its maximum after 400
min. The succinylated variants still activated SpaK and reached
maximal P,,s-lacZ expression but at much higher concentra-
tions (Fig. 2C and D). In the case of the succinylated versions,
aminimal concentration of 300 nM S-subtilin or S-entianin was
needed for detectable 3-galactosidase activity, whereas 3 nM sub-
tilin or entianin was sufficient for a comparable activity. For max-
imal B-galactosidase activity, 750 nM S-subtilin or S-entianin was
necessary, whereas 15 nM subtilin or entianin was needed for
maximum [3-galactosidase activity after 400 min.

Purification of entianin fragments from culture superna-
tants from B15029. Supernatants from the entianin-producing
strain B15029 were analyzed by RP-HPLC (Fig. 3). In addition to
entianin and S-entianin, an N-terminal fragment comprising
amino acids 1 to 20 (entianin,_,,) and an N-terminal succinylated
variant (S-entianin,_,,) were also identified and purified to ho-
mogeneity. A slight alteration of the elution gradient also showed
an N-terminal fragment comprising amino acids 1 to 19 (entia-
nin,_,,) and a succinylated N-terminal fragment (S-entianin,_,,)
to be present in B15029 supernatants (data not shown). The cor-
rect masses of entianin ([A + H]" 3,347.6), entianin, ,, ([A +
H]™ 1,921.8), and entianin, ,, ([A + H]* 2,069.04) as well as
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their 100.0-Da-larger succinylated variants were verified by ma-
trix-assisted laser desorption ionization—time of flight mass spec-
trometry (MALDI-TOF) analysis. Unfortunately, the correspond-
ing C-terminal fragments could not be detected.

Induction mediated by N-terminal entianin fragments. The
N-terminal entianin fragments provided an excellent tool to in-

2000 a.-1-20 entianin, B-1-20 S-entianin, €-entianin,
1800 \-S-entianin, 1/x - unidentified fragments
1600
E 1400
[t
A 1200
&L 1000
o
= 800
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=
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FIG 3 RP-HPLC chromatogram of 100 pl of supernatant from entianin-
producing strain B15029 cultivated in 50 ml of medium A for 30 h, recorded at
214 nm. The zoomed area from 7.5 to 15 min shows the entianin-related peaks
(o, entianin,_,,; B, S-entianin,_,; €, entianin; \, S-entianin). Peaks T and
eluting behind S-entianin could not be unambiguously identified to contrib-
ute to entianin fragments by means of the detected mass/charge (m/z) ratio.
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cultures (n = 3); measurements were carried out in duplicate.

1500

vestigate the possible importance of the C-terminal part for SpaK
activation. Since subtilin- and entianin-mediated induction levels
were very similar, we focused on the entianin fragments. In these
experiments, entianin fragments were added to exponentially
growing cells and lacZ induction was followed after 60 min of
incubation.

Remarkably, entianin,_,, as well as entianin,_,, fragments ac-
tivated SpaK. Compared to full-length entianin, in which case 15
nM provided maximum induction of P,,s-lacZ, a 10-fold-higher
level of entianin,_,, (150 nM) was needed to reach a comparable
B-galactosidase activity (Fig. 4A). The smaller entianin,_,, frag-
ment also activated SpaK; however, a 100-fold-higher level (1.5
uM) was needed to result in a (3-galactosidase activity similar to
that of entianin (Fig. 4A).

As already observed for S-entianin, maximal values were also
reached with the S-entianin,_,, fragment; however, this needed
much higher concentrations of 1.5 pM. The S-entianin,_,, frag-
ment also showed a minor SpaK activation at concentrations of
1.5 uM (Fig. 4B).

Our results clearly show that the N-terminal part of entianin is
sufficient for SpaK activation; however, with respect to the
amount needed, activation is strongly enhanced if the C-terminal
part of the lantibiotic is also present.

Specificity of SpaK histidine kinase activation. To follow the
activation specificity of SpaK by subtilin or entianin, we used the
structurally very similar nisin for activation experiments. Even a
2-fold-higher level of nisin (12 nM) compared to entianin (6 nM)
did not result in any activation of the B-galactosidase reporter
system (Fig. 5). Higher concentrations of nisin, which retard
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FIG 5 Influence of nisin on entianin-mediated P,,,s-lacZ induction. The
B-galactosidase activities of P, ,,s-lacZ in reporter strain B6633.MB1 are shown
after 60 min of induction. Error bars represent the standard deviation between
results for samples from two separate cultures (n = 2); each measurement was
carried out in duplicate.

growth due to their toxicity and possibly distort the B-galactosi-
dase assay, were not applied. These data show that the lantibiotic-
mediated activation of SpaK seems highly specific for the respec-
tive lantibiotic.

Surprisingly, the addition of nisin together with entianin di-
minished entianin-mediated induction of P,,,s-lacZ in the re-
porter strain B6633.MB1. Whereas the addition of 6 nM entianin
resulted in a P-galactosidase activity of approximately 4,500
Miller units, the simultaneous addition of nisin decreased entia-
nin-mediated induction significantly (Fig. 5). Even concentra-
tions lower than 1.5 nM nisin caused a slight decrease in entianin-
mediated induction of P,,,s-lacZ (data not shown). Equimolar
concentrations of nisin and entianin reduced entianin-mediated
induction to 50%; nisin in 2-fold excess reduced entianin-medi-
ated induction to 40%. Due to their antimicrobial activities,
higher concentrations of entianin and nisin became lethal and
could not be applied.

To better understand the nisin interference with entianin-me-
diated SpaK activation, we tested whether nisin also had an influ-
ence on SpaK activation mediated by the N-terminal entianin,_,,
fragment, and vice versa, we tested whether an N-terminal frag-
ment of nisin, which also comprises the first 20 N-terminal amino
acids (nisin,_,,), affected entianin-mediated SpaK activation.

Indeed, nisin also interfered with entianin,_,,-mediated acti-
vation of SpaK to an extent similar to that observed for full-length
entianin (Fig. 6A). Using equimolar concentrations of entianin
and nisin,_,, no significant difference in 3-galactosidase activities
was observed. However, in 10-fold excess (60 nM), the nisin,_,,
fragment also interfered with SpaK activation by entianin and
reduced the entianin-mediated B-galactosidase activity to half,
which suggested a direct competition between the two molecules.
As nisin,;_,, was not toxic and did not inhibit growth (data not
shown), higher concentrations could also be tested. Surprisingly,
increasing nisin,_,, concentrations to 600 nM did not show a fur-
ther decrease in entianin,_,,-mediated induction of P,,,s-lacZ.
This is explained by the observation that nisin,_,, alone also
caused a moderate increase in [3-galactosidase activity at concen-
trations of 60 nM, which further increased with higher concentra-
tions (Fig. 6B). This shows that nisin;_,, also has some ability to
activate the TCS. Taken together, our results suggest that the N-

aem.asm.org 5339


http://aem.asm.org

Spiel3 et al.

A 3500 A B 5000 1
3000 A
£ I £ 4000 il _I_
B 2500 - 3 _
(S SRy
Q= ©E 3000 -
25 2000 1 25
28 1500 E
o= ] o= J
g s g s 2000
g 1000 - g 1000
@ 500 - ﬂ @
o0 L= L 0 | Ij
entianin,_. entianin
[nM] 20 0 120 120 [nM] 6 6 6 6 0 0 0
nisin nisiny .
(M) 0 0 12 [nM]1 20 0 6 60 600 6 60 600

FIG 6 Influence of nisin on entianin,_,,-mediated P

activities of P s

spaS

terminal part of entianin is sufficient to provide the specificity for
SpaK activation and that the presence of the C-terminal part of
entianin strongly enforces the activation.

To further validate the importance of the N-terminal part of
entianin for SpaK activation and to elucidate the influences of the
respective C termini, we examined the competition between en-
tianin,_,, and nisin,_,, in equimolar concentrations. As shown in
Fig. 7, equimolar concentrations of nisin,_,, reduced entianin,_,,
autoinduction by 50%. This further confirms that the N-terminal
part of entianin is crucial for the specific SpaK activation.

Lipid II is not needed for SpaK activation. The current data
show that the entianin-mediated activation of SpaK is strongly
reduced by adding either nisin or its N-terminal fragment nisin;_,.
Therefore, a competition of the two molecules at the sensory bind-
ing site of the SpaK histidine kinase seems likely.
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FIG 7 Influence of nisin,_,, on entianin,_,,-mediated P_,,s-lacZ induction.
The B-galactosidase activities of P_,,s-lacZ in reporter strain B6633.MB1 are
shown after 60 min of induction. Error bars represent the standard deviation
between results for samples from two separate cultures (n = 2); measurements
were carried out in duplicate.
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-lacZ induction (B). The -galactosidase
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As the subtilin-like lantibiotics and nisin interact with lipid II
at the pyrophosphate moiety (13) with a high affinity (binding
constant = 2 X 10" M~ ") (12), we asked if a lipid I interaction is
also a prerequisite for the SpaK activation or if subtilin-like lan-
tibiotics activate SpaK independently from lipid II. To test this, the
effect on entianin-mediated activation of SpaK was monitored
using antimicrobial substances which directly interact with the
lipid IT molecule or interfere with the recycling intermediates of
lipid II.

Therefore, P,,,s-lacZ induction was followed after the simulta-
neous addition of entianin and the cyclic peptide ramoplanin that,
like entianin and nisin, binds to the pyrophosphate moiety of lipid
II (18, 19). In addition, it has been shown that pretreatment of
Micrococcus luteus cells with ramoplanin prevented nisin-induced
leakage through pore formation by depletion of lipid II molecules
(11). Furthermore, we used the cyclic polypeptide bacitracin,
which binds to undecaprenyl pyrophosphate, thereby inhibiting
the recycling of the lipid carrier (16, 17), and as a negative control
the glycopeptide vancomycin, which specifically interacts with the
D-Ala-D-Ala moiety of the pentapeptide chain of lipid II (43, 44).

A 7-fold excess of ramoplanin (44 nM) did not influence the
entianin (6 nM)-induced B-galactosidase activity, which shows
that the pyrophosphate moiety of lipid II is not important for
entianin-mediated SpaK activation (Fig. 8A). This was also the
case for a 10-fold excess of vancomycin (Fig. 8B) and a 12,000-fold
excess of bacitracin (Fig. 8C).

L-form B. subtilis mutant strains show wild-type entianin-
mediated activation of SpaK. Analysis of lipid II-interacting an-
tibiotics did not indicate any importance of lipid II for entianin-
mediated activation of SpaK. To finally exclude that the sublethal
concentrations used were not sufficient to deplete lipid II, we in-
vestigated entianin-mediated activation of SpaK in L-form B. sub-
tilis strain PDC204. In PDC204, the expression of the murE
operon, which contains four essential cell wall biosynthesis genes,
is expressed using a xylose-inducible promoter (34). Therefore,
these strains are conditionally unable to synthesize essential cell
wall precursors, including lipid I and lipid II. To analyze subtilin
or entianin-mediated activation of SpaK, we introduced the P,,s-
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lacZand P, xi-spaRK constructs into the PDC204 mutant strain,
resulting in the L-form reporter strain B168.AUT5. Subtilin-me-
diated activation of SpaK was monitored in rod-shaped and L-
form cells, which were verified by microscopy. Various concen-
trations of subtilin (0, 3, and 15 nM) were added in the
logarithmic growth phase, samples were taken after 6 h, and 3-ga-
lactosidase activities were measured (Fig. 9). Rod-shaped and L-
form cells showed comparable subtilin-mediated P, s-lacZ in-
duction. This clearly confirmed that lipid II is not needed for
subtilin-mediated activation of SpaK.

DISCUSSION

The biosynthesis of class I lantibiotics such as subtilin, entianin,
nisin, and related peptides is regulated via a two-component reg-
ulatory system (TCS) (21, 45). The related lantibiotics themselves
act as pheromones and activate their corresponding histidine ki-
nase/response regulator signal transduction system (LanRK) (20,
21, 45, 46). This results in the transcription of the respective lan-
tibiotic operons, including the structural genes, the biosynthetic
gene cluster, and the immunity genes.

The histidine kinase SpaK of the subtilin producer B6633 is

o

Orod-shape
mL-form

N w »
1 1

-
L

relative autoinduction factor

I H! |

Subtilin [nM]

o

FIG 9 Induction assay of P, by subtilin in rod-shaped cells and the corre-
sponding L-form cells of the reporter strain B168.AUT5. Rod-shaped cells and
L-form cells were induced in the mid-log phase and harvested after 6 h of
induction. The promoter activities were calculated as relative induction factors
in comparison to the B-galactosidase activities of the control experiment with-
out subtilin. Error bars represent the standard deviation between results for
samples from two separate cultures (n = 2); measurements were carried out in
duplicate.
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also capable of sensing the closely related entianin in the same
range as subtilin (3). Furthermore, significant activation of SpaK
was mediated by the N-terminal fragments entianin,_,, and en-
tianin,_,o. This is in accordance with previous investigations,
where nisin and a 10-fold excess of nisin,_,, stimulated nisin im-
munity to similar extents (47). The less efficient activation of SpaK
mediated by entianin fragments suggests that the C-terminal part
of the molecule supports SpaK activation. For nisin, it has been
shown that its C-terminal region is responsible for the interaction
of nisin with the target membrane (48). Therefore, we suggest the
hypothesis that the C terminus might bring the lantibiotic in close
vicinity to the histidine kinase, due to its interaction with the
membrane.

Interestingly, in comparison to entianin,_,,, the entianin,;_;,
fragment showed a dramatically reduced induction of P,,,s-lacZ.
Since both fragments possess the first three lanthionine rings (Fig.
1), the observed differences show that amino acid 20 of subtilin-
like lantibiotics is important for the sensing mechanism and en-
forces the interaction with SpaK. For all succinylated molecules, a
reduced P,,,s-lacZ induction was observed. Since succinylation
provides a negative charge to the N terminus of subtilin-like lan-
tibiotics, the interaction with either the cell membrane or SpaK is
obviously impaired. Additionally, the succinyl group could also
provide a steric hindrance for an S-entianin—SpaK interaction.

Subtilin-like lantibiotics and nisin have highly similar second-
ary structures and similar overall charges, although the charges are
differently distributed (Fig. 1). Considering the primary struc-
tures of the 20 N-terminal amino acids, subtilin-like lantibiotics
and nisin differ at 7 to 9 positions which are probably important
for SpaK activation. Additionally, the respective histidine kinases
SpaK and NisK share only 26% identity with respect to their
amino acid sequences (49). These differences are more distinct in
the extracellular sensory domains, with a negligible identity of
16%, and in the distribution of polar and nonpolar regions within
the sensory domain of the two kinases. The low homology be-
tween the two kinases and the differences in the primary struc-
tures of the lantibiotics might explain why nisin fails to activate
SpaK even in 2-fold excess. Surprisingly, entianin-mediated acti-
vation of SpaK could be significantly reduced by equimolar con-
centrations of nisin, indicating a competition of the two molecules
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for the SpaK sensory domain. However, complete quenching of
the entianin-mediated activation of SpaK was not experimentally
possible, since higher nisin concentrations were toxic.

Entianin and nisin are cationic molecules that interact with the
negatively charged membrane, and thus the SpaK/NisK sensing
mechanism could possibly be based on the interaction of electrical
charges. Such a mechanism was found for the PhoQ histidine
kinase of Salmonella species and other Gram-negative bacteria
(50-52), which sense cationic antimicrobial peptides with an am-
phipathic structure (53-55). The PhoQ periplasmic sensor do-
main contains an insertion with an acidic surface that mediates the
interaction with the cationic antimicrobial peptides. However, al-
though subtilin and nisin are similarly charged, the NisK sensor
domain is acidic (pI of 5) and the SpaK sensor domain is basic (pI
of 9) (ExPASy — Compute pI/Mw tool). This makes a charge-
dependent sensing similar to the PhoQ system unlikely.

The interference of nisin with entianin-mediated activation of
SpaK is probably mediated by the highly similar ring structures of
the two molecules, while the difference in amino acid composition
between entianin and nisin is possibly responsible for the specific
activation.

Our results suggest that the N termini of the two lantibiotics
compete for the same binding site at the SpaK histidine kinase due
to their similar ring structures. However, although nisin can pos-
sibly occupy the binding site of the SpaK histidine kinase, it cannot
trigger the autophosphorylation of the histidine kinase in a man-
ner similar to entianin. For transfer of the activation signal, the
histidine kinase needs to autophosphorylate using small-molecule
phosphor donors and to transfer the respective phosphate to the
response regulator (56). At concentrations similar to that of en-
tianin,_,, nisin,_,, obviously cannot activate SpaK but can prob-
ably prevent the access of entianin,_,, to its binding pocket. How-
ever, at very high concentrations, nisin,_,, fragments can activate
SpaK in a less specific manner, which explains that is it not possi-
ble to completely quench entianin, ,,-mediated activation of
SpaK with high nisin,_,, concentrations.

Unfortunately, so far the establishment of an in vitro test sys-
tem to study SpaK activation remains elusive, since we failed to
express and enrich the histidine kinase.

Substances that target lipid IT or interfere with its biosynthesis,
such as bacitracin, ramoplanin, and vancomycin, were not able to
interfere with the entianin-mediated activation of SpaK. This in-
dicated that the interaction of the lantibiotic with lipid II is not
necessary for activation of SpaK.

This was also confirmed with lipid II-deficient L-form cells,
which could still sense subtilin. Taken together, these results rule
out lipid II as a component involved in the activation mechanism
of SpaK and argue for a direct interaction of the N terminus of
linear lantibiotics with the respective histidine kinase.
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