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ABSTRACT Lantibiotics subtilin and nisin are produced by Bacillus subtilis and Lac-
tococcus lactis, respectively. To prevent toxicity of their own lantibiotic, both bacteria
express specific immunity proteins, called Spal and Nisl. In addition, ABC transporters
SpaFEG and NisFEG prevent lantibiotic toxicity by transporting the respective pep-
tides to the extracellular space. Although the three-dimensional structures of Spal
and Nisl have been solved, very little is known about the molecular function of ei-
ther lipoprotein. Using laser-induced liquid bead ion desorption (LILBID)-mass spec-
trometry, we show here that subtilin interacts with Spal monomers. The expression
of either Spal or Nisl in a subtilin-nonproducing B. subtilis strain resulted in the re-
spective strain being more resistant against either subtilin or nisin. Furthermore,
pore formation provided by subtilin and nisin was prevented specifically upon the
expression of either Spal or Nisl. As shown with a nisin-subtilin hybrid molecule, the
C-terminal part of subtilin but not any particular lanthionine ring was needed for
Spal-mediated immunity. With respect to growth, Spal provided less immunity
against subtilin than is provided by the ABC transporter SpaFEG. However, Spal pre-
vented pore formation much more efficiently than SpaFEG. Taken together, our data
show the physiological function of Spal as a fast immune response to protect the
cellular membrane.

IMPORTANCE The two lantibiotics nisin and subtilin are produced by Lactococcus
lactis and Bacillus subtilis, respectively. Both peptides have strong antimicrobial activ-
ity against Gram-positive bacteria, and therefore, appropriate protection mechanisms
are required for the producing strains. To prevent toxicity of their own lantibiotic,
both bacteria express immunity proteins, called Spal and Nisl, and in addition, ABC
transporters SpaFEG and NisFEG. Whereas it has been shown that the ABC transport-
ers protect the producing strains by transporting the toxic peptides to the extracel-
lular space, the exact mode of action and the physiological function of the lipopro-
teins during immunity are still unknown. Understanding the exact role of lantibiotic
immunity proteins is of major importance for improving production rates and for
the design of newly engineered peptide antibiotics. Here, we show (i) the specificity
of each lipoprotein for its own lantibiotic, (ii) the specific physical interaction of sub-
tilin with its lipoprotein Spal, (iii) the physiological function of Spal in protecting the
cellular membrane, and (iv) the importance of the C-terminal part of subtilin for its
interaction with Spal.

KEYWORDS antibiotic resistance, Bacillus subtilis, entianin, immunity, LILBID,
Lactococcus lactis, lantibiotics, nisin, subtilin

he investigation and further development of new antimicrobially active substances
has become a challenging field due to the rising amount of multidrug resistances
in human pathogens like methicillin-resistant Staphylococcus aureus (MRSA) and
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vancomycin-resistant enterococci (VRE). Furthermore, negative effects of antibiotics on
the bacterial flora due to long-term application cannot be ruled out at this point (1, 2).
Besides the commonly used broad-spectrum antibiotics, ribosomally synthesized and
posttranslationally modified peptides (RiPPs) are being considered as an alternative (3).
In contrast to nonribosomal antibiotics, RiPPs are accessible to easy genetic manipu-
lation to improve their antimicrobial activities.

Ribosomally synthesized peptides include the large group of lantibiotics, which are
produced by Gram-positive bacteria. Lantibiotics have been intensively investigated
during the last decades. The characteristic nonproteinogenic amino acid 3,3'-
thiodialanine, also called lanthionine, represents the monosulfide analog of cysteine
and is composed of two alanine residues which in turn are cross-linked on their
B-carbon atoms via a thioether. The chemical formula of lanthionine is [HOOC-CH(NH,)-
CH,-S-CH,-CH(NH,)-COOH]. Due to their composition, the lanthionine-containing pep-
tides (lantibiotics) exhibit high stability and also unique biological activities. Based on
their characteristic chemical structure and their antibiotic activity, the nomenclature
proposed by Schnell et al. (4) summarized these peptides as lantibiotics (lanthionine-
containing antibiotics). Epidermin was the first lantibiotic for which the ribosomal
synthesis was proven (4). Shortly after, there was a great increase in the published
number of structural genes encoding other lantibiotics, such as spa$ for subtilin (5), nisA
for nisin (6, 7), gdmA for gallidermin (8, 9), pepA for Pep 5 (10), and cinA for cinnamycin
(11). Today, more than 95 different lantibiotics have been identified, and many of them
are potent candidates for antibiotic applications (12, 13).

Nisin represents the most prominent member of the lantibiotics, and this peptide is
frequently employed as a food preservative, better known as E234 (14, 15). Major
advantages of lantibiotics are their stability against heat and oxidation and, for their
application in food industry, their early proteolytic degradation within the human
stomach. However, since lantibiotics are unable to pass the human alimentary tract,
their medical application is restricted compared to conventional antibiotics.

The biosynthesis of the linear lantibiotics nisin and subtilin occurs at multimeric
protein complexes (lanthionine synthetase). These localize at the cellular membrane
and consist of SpaB (NisB), SpaC (NisC), and the ABC transporter SpaT (NisT). All three
proteins are embedded as dimers in the respective lanthionine synthetase complexes
(16-18). As shown for nisin, NisB encodes the lanthionine dehydratase that eliminates
water from either serine or threonine (19), whereas the lanthionine cyclase NisC
catalyzes the biosynthesis of a sulfur bridge (20, 21). As already postulated by Schnell
et al. (4), the leader peptide was shown to be essential for lantibiotic maturation (22).
Whereas the nisin leader peptide is removed by the specific protease NisP (23, 24),
several proteases are needed for the removal of the leader peptide during subtilin
biosynthesis (25).

Generally, the respective Gram-positive bacteria produce lantibiotics in a nanomolar
range to provide growth advantages against bacterial competitors in close proximity.
However, as lantibiotics would also be active against their producing organisms, these
strains possess immunity genes that protect the lantibiotic producer from the toxic
effects of its own antibiotic. These immunity genes are specific for lantibiotics and, thus,
are different from various broad-range protection systems, such as the Psd, Bce, or Lial
systems that are expressed by many bacteria for their defense against toxic peptides
(26-28).

As first shown for nisin and subtilin, two kinds of immunity proteins were discov-
ered, comprising a lipoprotein (Spal for subtilin-like lantibiotics and Nisl for nisin) and
an ABC transporter (SpaFEG and NisFEG) (29, 30). This is different for epidermin- and
gallidermin-producing strains (Staphylococcus epidermidis and Staphylococcusgallina-
rum), which contain unique genes called epiH and gdmH (LanH). These genes encode
accessory factors for the ATP-binding cassette transporters, and gdmH provides strong
immunity against gallidermin in combined expression with gdmT (31). LanH contains
three transmembrane helices, and a similar protein has also been described for the
lantibiotic gene cluster of nukacin ISK-1 (32, 33). For Pep5 immunity, the immunity
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protein Pepl seems to be completely different from the lantibiotic immunity genes
described above. Pepl is located outside the cytoplasm and consists of 69 amino acids,
of which the 20 C-terminal amino acids containing 8 positively charged residues are
needed for immunity. The molecular mechanism of Pepl immunity has not been solved
so far, but due to the fact that Pepl and lantibiotic Pep5 contain similar amounts of
positively charged amino acids, a mechanism is discussed where Pepl competes with
Pep5 for a so-far-unknown anionic compound which is needed for Pep5-mediated pore
formation (34).

In the case of nisin produced by Lactococcus lactis and subtilin produced by Bacillus
subtilis, full self-protection is only achieved when Nisl and the NisFEG transporter are
both expressed, although each system is able to confer partial immunity (29, 35-40).
The question of whether Nisl (Spal)- and NisFEG (SpaFEG)-mediated immunities are
additive or cooperative still remains controversial (36, 37, 41). The LanFEG-type ABC
transporters generally consist of two permeases, LanE and LanG, which both contain six
transmembrane helices, as well as the ATPase LanF (42). Immunity mediated by the ABC
transporter is based on the transport of the lantibiotic molecules to the extracellular
space (37), thereby causing a change in the distribution equilibrium between the
target-associated and the free peptide (43, 37, 38, 44, 45). The exact immunity mech-
anism of Lanl is still poorly understood. Nevertheless, it is known that Lanl-type
immunity proteins are proceeded by an N-terminal leader sequence and a consensus
lipobox motif, L[A/S][G/A]C (46), in front of the core peptide (47, 24, 29, 48).

Generally, four different mechanisms for Spal-mediated immunity are conceivable:
(i) protection of the membrane from lantibiotic insertion by binding and sequestering
the peptides, (ii) protection of the membrane from lantibiotic insertion by binding and
sequestering of lantibiotic-lipid Il complexes prior to pore formation, (i) a shielding
mechanism that closes subtilin/lipid Il pores, and (iv) a mechanism where the lipopro-
tein could also act as a substrate-binding protein for the ABC transporter LanFEG (49).
All these mechanisms presume a direct interaction of Lanl with the respective lantibi-
otic, which, however, has only been shown for Nisl and nisin so far (50).

The structure of the B. subtilis Lanl protein Spal was recently solved, revealing a
novel three-dimensional (3-D) fold (49). Since Lanl proteins share very weak sequence
homology (identity of ~11% and similarity of approximately ~20%) (Fig. S2 in the
supplemental material) and, furthermore, differ significantly in their molecular weights
(16.8kDa for Spal and 25.8kDa for Nisl), it was most surprising that the overall
structures of Spal and Nisl were very similar (50). As a unique feature, the lipoprotein
Nisl is composed of two separate domains with different pl values of 6 (C-terminal
domain) and 9 (N-terminal domain). The domains are separated by a linker region. Nisin
binds to the C-terminal part of Nisl, which is most likely oriented away from the
membrane due to its negative charge. In contrast, the more basic N-terminal domain
of Nisl binds to membranes but does not bind nisin (50).

In this work, we show that the lipoprotein Spal recognizes the C-terminal part of the
antimicrobial peptide and mediates specific immunity against it. Furthermore, we
provide evidence that the Lanl protein, in contrast to the ABC transporter, provides a
fast immunity response within the first seconds to minutes, whereas the protective
effect of the ABC transporter occurs with some delay.

RESULTS

Subtilin specifically interacts with the B. subtilis immunity protein Spal.
Whereas an interaction of nisin from L. lactis with its respective immunity protein Nisl
was proven previously (39, 50), all attempts to show a physical interaction of the
immunity protein Spal with subtilin were not successful so far, as the different pl values
of Spal and subtilin made it impossible to keep both proteins in solution within the
same buffer (49). Currently, only cross-linking experiments suggested a direct in vitro
interaction between Spal and subitilin (38). As an alternative physical method to analyze
the interaction of subtilin with its immunity protein Spal, we applied the recently
established biophysical method called laser-induced liquid bead ion desorption
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FIG 1 LILBID analysis of the interaction between the truncated immunity protein Spal,z_,,; and class |
lantibiotics subtilin and nisin Z. Compendium of the measurements of Spal,g_,,5 (black), Spal,g_,.5 plus
nisin Z (blue), and Spal,z_,5 plus subtilin (red). The zoomed area points out the complex of Spal;g_,5
plus subtilin (red) or nisin Z (blue). The spectra shown were recorded at low laser intensity (15 mJ, soft
mode) and high laser intensity (20 mJ, harsh mode). Instrumental settings and protein concentrations
were identical for all measurements. Lantibiotics were applied in 3-fold excess (48 uM) over the
concentration of Spal (16 uM), and spectra are averaged out of 500 single measurements.

(LILBID). During LILBID analysis, biomolecules are desorbed by laser pulses from liquid
microdroplets, and by varying the laser intensity, both the masses of entire protein
complexes (low laser intensity) and the subunits from the disassembled complex (high
laser intensity) can be detected.

For LILBID experiments, we used the N-terminally truncated Spal,5_,,5 variant for
which the 3-D structure was determined via nuclear magnetic resonance (NMR), as
these studies showed that the N-terminal amino acids of Spal are flexible and, thus, a
target for proteolytic degradation (49). Spal,g_,,3 Was measured in the absence of
lantibiotic (Fig. 1, black) and in the presence of nisin (Fig. 1, blue) or subtilin (Fig. 1, red).
Indeed, the truncated Spal,g_,,5 protein provided two distinct LILBID signals with
comparable intensities, corresponding to the Spal,g_,,5 monomer of ~15 kDa and the
Spal,g_q145 dimer of ~30kDa. If subtilin was added, additional signals occurred at
~18 kDa and ~33 kDa. The ~18-kDa signal corresponded to a Spal-subtilin complex
consisting of the Spal monomer and subtilin. Interestingly, the ~33-kDa signal corre-
sponded to a complex consisting of the Spal dimer with only one subtilin molecule. By
increasing the laser intensity (harsh mode), the Spal dimer-subtilin complex could be
dissociated, whereas the Spal monomer-subtilin complex remained stable. The addition
of nisin to Spal,5_,5 resulted in a potentially weak signal at ~34 kDa (Fig. 1, Spal +
nisin Z, black arrow), close to the noise signals. To show the significance of the 34-kDa
peak, repeated measurements with optimized settings for the detection of higher
masses (15 mJ) were performed (Fig. S5). Spectra averaged from 1,000 single measure-
ments confirmed the weak binding of nisin to Spal. Analysis of Spal,g_45 using LILBID
revealed masses/signals indicative of a Spal,g_,45; molecule with two (*a) or even three
(*b) nisin Z molecules, possibly as a result of a nonspecific/weaker bond. Higher laser
intensity (20 mJ) removed double and triple bound nisin-Spal complexes, and only a
single nisin molecule bound to the Spal monomer remained stable (Fig. S5). These data
showed that a significant Spal-nisin complex was built, although its amount was much
less than that of Spal-subtilin.

In summary, our data show the direct interaction of immunity protein Spal with its
ligand subtilin using a physical method, which mimics the native situation more closely
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FIG 2 Nisl- and Spal-mediated immunity against class | lantibiotics entianin and nisin. Percental growth increase after 0.5
h of incubation with entianin (A) and nisin (B) normalized to the results for a control without (w/o) lantibiotic (blue, control
strain B168.KO; yellow, Nisl-expressing strain B168.SB1; red, Spal-expressing strain B168.5B2). The hatched bars indicate
decreases in optical density, presumably due to cell lysis. Values provided are the means of three independent
experiments.

than other methods used so far. However, the amount of Spal-subtilin complexes
detected was still low. Due to the method applied, this does not provide any hint to the
affinity of subtilin for Spal, as laser intensities also interfere with the stability of the
Spal-subtilin complex. In conclusion, LILBID analyses clearly confirmed the results of our
previous cross-linking analysis (38), showing that the monomeric state of the Spal
protein is sufficient for subtilin binding and no dimeric state is required.

Cellular protection mediated by Spal and Nisl. The cross-linking and the LILBID
measurements both represent in vitro test systems, and surprisingly, LILBID measure-
ments also showed a very weak interaction between Spal and nisin. For this reason, we
established in vivo test systems to assess the efficiencies of Spal- and Nisl-mediated
immunity. The respective immunity proteins were expressed in a non-lantibiotic pro-
ducer (B. subtilis strain 168) under the regulation of a xylose-inducible promoter. The
results in Fig. 2 show the levels of immunity mediated by Spal (B168.SB2) and Nisl
(B168.SB1) compared to that of a negative control without Lanl (B168.KO). Due to its
simplified purification, we applied the recently described subtilin-like lantibiotic entia-
nin, which differs from subtilin in three amino acid positions (6, 15, and 24) (Fig. S1). The
Etnl protein of entianin producer B. subtilis DSM 15029 shares sequence similarities of
95% with Spal. Therefore, it was not surprising that Spal also mediated specific
immunity against entianin (51, 49).

As expected, the negative-control strain B168.KO without Lanl showed strong
susceptibility against both lantibiotics. The addition of 90 nM entianin and 12 nM nisin
already resulted in a drastic effect on growth. In contrast, Spal (Fig. 2, B168.5B2, red
bars) and Nisl (Fig. 2, B168.5B1, yellow bars) conferred immunity against the corre-
sponding lantibiotics. The immunity provided by Spal was directed specifically against
subtilin, and that of Nisl was particular against nisin. Due to the increased activity of
nisin against Bacillus, lower nisin concentrations provided inhibition effects similar to
those of subtilin (Fig. 2 and Table S1).

Spal and Nisl prevent pore formation in a specific manner. After binding to the
cell wall precursor lipid II, the class I lantibiotics nisin and subtilin form stable pores in
the membrane of Gram-positive bacteria (52-56). The respective pore complexes
consist of eight lantibiotic molecules in combination with four lipid Il molecules (57, 58).
With a diameter of approximately 2 to 2.5 nm (59), these pore complexes cause the
leakage of small molecules and, finally, the collapse of the membrane potential.
The resulting breakdown of the membrane potential (60) can be visualized by following
the leakage of the fluorescent dye DiSC5(5) (3,3'-dipropylthiadicarbocyanine iodide).
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Upon its addition, DiSC5(5) inserts into the membrane, accelerated by the membrane
potential gradient, thereby quenching its own fluorescence. After the addition of
pore-forming peptides, the membrane potential is disturbed and the fluorescent dye is
released (61). For more detailed information, see reference 62. As a positive control,
membrane dissipation can be followed using the depsipeptide valinomycin, which
selectively transports K* ions across the membrane, thereby destroying the membrane
potential and resulting in the release of DiSC5(5).

The addition of entianin, as well as nisin, to B. subtilis cells expressing no lantibiotic
immunity genes (B168.KO) led to an immediate breakdown of the membrane potential
(Fig. 3A). After the addition of 100 nM entianin, an instant increase in fluorescence,
comparable to that caused by valinomycin, was observed. Even entianin concentrations
of 30nM dissipated the membrane to a similar extent. Comparable results were
obtained with nisin using concentrations of 105 nM and 30 nM. The expression of Spal
(B168.SB2) provided an increased resistance against entianin. After the addition of
30 nM entianin, almost no increase in fluorescence was observed, and the addition of
100 nM entianin had only a moderate effect. The addition of 210 nM entianin caused
maximal relative fluorescence units (RFU) of approximately 1.8 X 106 RFU, comparable
to the value obtained using 1 uM valinomycin; however, the slope was significantly
lower. Only a concentration of 300 nM entianin led to the immediate release of the
fluorescent dye. No increased resistance against nisin was provided by immunity
protein Spal (Fig. 3B). In an experiment performed vice versa, the Nisl-expressing strain
B168.SB1 tolerated higher nisin concentrations, and even the addition of 210 nM nisin
decelerated the fluorescence increase compared to the results for the valinomycin
control. In summary, these findings mainly confirmed the growth test results (Fig. 2).
Moreover, the DiSC5(5) diffusion assay clearly proved that Spal and Nisl prevent pore
formation and, thus, diminish the impact of entianin and nisin on the membrane.

To analyze the importance of lipid Il for subtilin- and nisin-mediated pore formation,
the lipodepsipeptide ramoplanin (63-66) was applied together with the respective
lantibiotics in the DiSC,(5) diffusion assays (Fig. 4). Ramoplanin recognizes the
N-acetylmuramic acid (MurNAc)-Ala-Glu pyrophosphate unit of lipid Il (67) and, thus,
competes with entianin and nisin for the same lipid Il binding site (55, 68). Ramoplanin
itself does not lead to a breakdown of the membrane potential. When it was applied
in equimolar concentrations with entianin (Fig. 4A), the collapse of the membrane
potential was prevented to a major extent. After the addition of ramoplanin in a 5-fold
excess, the entianin-mediated effect was completely suppressed (Fig. 4A). This clearly
indicated the important role of lipid Il for the antibiotic activity of subtilin-like lantibi-
otics.

To ensure that the suppression of entianin toxicity by ramoplanin was due to its
binding to lipid Il and not due to any interference with lipid Il biosynthesis, we used
bacitracin, a cyclic peptide that prevents the recycling of lipid Il upon binding to
undecaprenyl pyrophosphate (69, 70). The DiSC5(5) diffusion assay clearly showed that
bacitracin had no influence on the entianin-mediated breakdown of the membrane
potential even if applied in 1,000-fold excess (Fig. 4B). To exclude any competition for
the target site, entianin was added 50 s after the addition of bacitracin.

Spal recognizes the C-terminal part of the lantibiotic. To identify structural
constraints that are important for the specific recognition by the respective immunity
proteins, we used the previously described subtilin-nisin hybrid peptide consisting of
the N-terminal part of nisin up to amino acid position 17 and the C-terminal part of
subtilin comprising amino acid positions 18 to 32 (nisin,_,,-subtilin,g_5,) (Fig. 5A) (71).

As shown by the results in Fig. 3, the addition of 30 nM nisin to the Spal-expressing
strain resulted in immediate pore formation. In contrast, a concentration of 30 nM of
the nisin,_,,-subtilin,g_5, hybrid peptide did not lead to any increase in fluorescence
(Fig. 5Q). If the same hybrid peptide was added to the Nisl-expressing strain (B168.5B1)
(Fig. 5D), already a concentration of 30 nM of the hybrid peptide led to a clearly
measurable increase in fluorescence comparable to that without the immunity protein
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FIG 3 DiSC,(5) diffusion assay for analysis of Spal- and Nisl-mediated immunity against entianin and nisin. Cells were incubated
with the fluorescent dye DiSC;(5), and fluorescence was monitored (emission, 670 nm; excitation, 544 nm). Asterisks indicate
the time of 2.5 uM DiSC,(5) addition, and plus signs indicate the time when either entianin (red), nisin (yellow), or valinomycin
(blue) was added to control strain B168.KO (A), Spal-expressing strain B168.5B2 (B), and Nisl-expressing strain B168.5B1 (C).

(Fig. 5B). The DiSC4(5) diffusion assay of the nisin,_;,-subtilin,s_5, hybrid peptide
clearly showed that Spal recognizes the C-terminal part of subtilin, thus mediating
specific immunity against the nisin,_,,-subtilin,5_5, hybrid peptide. With respect to the
antibiotic activity against the indicator strain Kocuria rhizophila ATCC 9341, the hybrid
molecule was nearly (~6 to 12 nM) as effective as wild-type entianin (subtilin) and nisin
(~3 to 6 nM). To further test whether the C-terminal lanthionine rings are important for
Spal immunity, mutants that lack either lanthionine ring D or E were analyzed (62).
Surprisingly, Spal also mediated immunity against these constructs comparable to that
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FIG 4 Impact of ramoplanin (A) and bacitracin (B) on entianin-mediated breakdown of the membrane potential using the DiSC;(5) diffusion assay.
B168.KO (without immunity proteins) cells were incubated with the fluorescent dye DiSC;(5), and fluorescence was monitored (emission, 670 nm;
excitation, 544 nm). Asterisks indicate the time of 2.5 uM DiSC,(5) addition. (A) Ramoplanin applied in equimolar concentration with entianin
(130 nM, left) and in 5-fold excess (650 nM, right). +7, time when entianin (red), valinomycin (blue), or ramoplanin (green) was added; +2, time
of addition of entianin to cells preincubated with ramoplanin (purple). (B) Bacitracin applied in 1,000-fold molar excess with entianin (130 nM).
+1, time when entianin (red), valinomycin (blue), or bacitracin (green) was added; +2, time of further addition of entianin to cells preincubated
with bacitracin (purple).

observed with entianin and the nisin,_,,-subtilin,s_5, hybrid peptide (Fig. S3). This
shows that neither ring D nor ring E alone is essential for Spal recognition. Notably, the
antibiotic activities of ring D and E mutants against K. rhizophila were comparable to
that of entianin (62). Unfortunately, mutants lacking both rings (D and E) could not be
obtained (62).

Interaction of Spal with the B. subtilis immunity transporter SpaFEG. To further
elucidate the role of Spal and SpaFEG for immunity against entianin, both Spal and
SpaFEG were expressed in the subtilin-nonproducing strain B168 either alone or in
combination with each other. The respective strains were subsequently tested for their
immunity against entianin and nisin (Fig. 6 and Fig. S4).

The growth curves of the Spal-expressing strain (B168.5B2) and the control strain
without immunity (B168.KO) showed a dramatic difference after entianin addition.
While the Spal-expressing strain tolerated lantibiotic concentrations of 300 nM, the
control strain already showed drastic growth inhibition at concentrations of 150 nM.
This observation confirmed that Spal was able to protect the cells from externally
added entianin. However, the protection efficiency of SpaFEG (B2470.TM1) was much
higher, conferring a tolerance of up to 1,000 nM, which is about three times higher than
that of the Spal-expressing strain. If Spal was expressed in addition to SpaFEG, no
additional effect of Spal could be detected due to the strong immunity provided by
SpaFEG alone.

As shown for nisin, two modes of action provide cellular toxicity. First, nisin binds to
cell wall precursor lipid Il, and second, nisin in complex with lipid Il forms pores in the
cellular membrane (53, 72). To test any impact of Spal on membrane integrity, we
analyzed the respective strains using DiSC5(5) diffusion assays (Fig. 7). Surprisingly, the
tolerance against subtilin after Spal expression was even stronger than that observed
after SpaFEG expression. Furthermore, if compared to the results for Spal expression,
the simultanous expression of Spal together with SpaFEG further increased the toler-
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FIG 5 Influence of nisin,_,,-subtilin,,_5, peptide on Spal-/Nisl-mediated immunity in a DiSC3(5) diffusion assay. (A) Primary structures of the lantibiotics tested
in this study. (B) Control strain B168.KO (without immunity proteins) was incubated with DiSC;(5) fluorescent dye, and fluorescence was monitored (emission,
670 nm; excitation, 544 nm) after addition of the nisin-subtilin hybrid peptide. (C and D) The Spal-expressing strain B186.5B2 (C) and the Nisl-expressing strain
B168.5B1 (D) were analyzed as described for panel B. Stars indicate the time of addition of 2.5 uM DiSC,(5) fluorescent dye. As a control, 1 wM valinomycin (red)
was added to the cells. The increase of relative fluorescence units (RFU) was monitored after addition of a 30 nM or 100 nM concentration of the hybrid molecule

nisin,_,,-subtilin,;_5, (green) at 150, indicated by a plus sign.

ance against entianin. This shows impressively that, with respect to membrane dissi-
pation, Spal has an important impact on immunity that is different from its minor
efficiency in the growth tests. For SpaFEG, the application of 500 nM entianin showed
a kinetics of DiSC,(5) release similar to that of the valinomycin control, whereas in the
SpalFEG strain, the DiSC5(5) release was delayed and 1,000 nM was needed to reach
kinetics comparable to those of valinomycin.

Surprisingly, after the addition of 100 nM entianin to the SpaFEG strain, the DiSC5(5)
release showed a two-step kinetics, starting with an immediate and drastic increase in
fluorescence, which was attenuated before the DiSC5(5) release continued, reaching a
maximal value comparable to that of the Spal-expressing strain.

Whereas analysis of the growth curves did indicate a minor impact of Spal in
lantibiotic immunity, a significant role of Spal became obvious with the DiSC5(5)
diffusion assay.

SpaFEG was also tested for its ability to confer immunity against nisin (Fig. S4).
Interestingly, in contrast to Spal, SpaFEG also mediated increased tolerance against
nisin. Unfortunately, an experiment performed vice versa with the NisFEG ABC trans-
porter was not possible, as its expression in B. subtilis caused strongly reduced growth.

DISCUSSION

B. subtilis and L. lactis strains express two defense systems that protect the produc-
ing strains from the toxicity of their own synthesized lantibiotic. These are referred to
as immunity proteins and comprise the lipoproteins Spal (B. subtilis) and Nisl (L. lactis),
as well as the ABC transporters SpaFEG and NisFEG. Whereas it has been shown for both
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FIG 6 Immunity mediated by Spal, SpaFEG, and both expressed together. Growth curves of strains B168.KO (KO, knockout: without
immunity proteins), B168.SB2 (Spal), B2470.TM1 (SpaFEG), and B2470.TM2 (SpalFEG) after addition of different concentrations of
entianin. Arrows indicate the time point of entianin addition. Experiments were performed in triplicate.

ABC transporters that they transport the respective lantibiotic from the membrane to
the extracellular space (73, 38), the physiological function of Spal and Nisl was poorly
understood. As shown here, both lipoproteins provide immunity to a nonproducing B.
subtilis strain in a specific manner (Fig. 2 and 3). Spal provides specific immunity against
subtilin and subtilin-like lantibiotics, whereas Nisl provides immunity against nisin. As
previously shown, the positively charged amino acids within the N-terminal part of Spal
are unstructured and bind to the membrane similarly to the binding of the basic
domain of Nisl (49). Unfortunately, thus far, no direct physical interaction between Spal
and subtilin could be shown by NMR spectroscopy, as no suitable NMR buffer was
found that kept both components together in solution (49). To follow the interaction
of Spal with subtilin, we applied LILBID-mass spectrometry (MS) (74), an emerging
biophysical tool to determine the masses of large proteins, as well as protein com-
plexes. Using LILBID analysis, we could clearly show the physical binding of subtilin to
immunity protein Spal (Fig. 1). Interestingly, monomers and dimers of Spal were
detected, and for both protein conformations, association with a single subtilin mole-
cule was shown. However, using increased laser intensities, the Spal dimer-subtilin
complex was not detectable anymore, suggesting the decomposition of this complex.
The stronger stability of the monomeric Spal-subtilin complex indicates the predomi-
nance of this complex in vivo. Furthermore, this binding was more specific for subtilin.
Although Spal was able to bind nisin in minor but detectable amounts as well (Fig. 1
and Fig. S5), Spal expression did not prevent nisin-mediated pore formation (Fig. 3).
This shows that, under physiological conditions, Spal specifically provides immunity
against subtilin but not against nisin.

Characterization of the Spal function is the last remaining puzzle in understanding

June 2019 Volume 85 Issue 11 €00534-19 aem.asm.org 10


https://aem.asm.org

Lanl-Mediated Lantibiotic Immunity in Bacillus subtilis

Applied and Environmental Microbiology

20 20 - .
1uM Valinomycin
200 nM _ )
15 % 100 M 15 4 1pM Valinomycin
500 nM
200 nM 100 nM
E 10 25 nM i 10 1
5 5 4
\\
\ \ 50 nM
e 4 N P ——
0 . + : . 04 . . . . . . .
0 100 200 300 400 0 100 200 300 400 500 600 700
time [s] time [s]
&) e SpakEG B) w100 SpalFEG
20 20
* 500 nM 1000 nM
1uM Valinomycin 500 nM
B 200 nM 15 B Ot
100 nM
100 nM
10 i 10
(4
5 5
50 nM
50 nM
0 0
0 100 200 300 400 500 0 100 200 300 400 500 600
time [s] time [s]

FIG 7 Immunity mediated by Spal, SpaFEG, and both expressed together. DiSC,(5) diffusion assay with the control strain B168.KO (without immunity proteins)
(A) and strains expressing Spal (B168.SB2) (B), SpaFEG (B2470.TM1) (C), and SpalFEG (B2470.TM2) (D). Cells were incubated with DiSC,(5) fluorescent dye, and
fluorescence was monitored (emission, 670 nm; excitation, 544 nm) after addition of membrane-active substances. Asterisks indicate addition of 2.5 uM DiSC,(5)
fluorescent dye, and plus signs indicate the time when either 1 uM valinomycin (blue) or entianin at different concentrations (green shades, 50 to 500 nM; red,

1,000 nM; gray, 25 nM) was added.

lantibiotic biosynthesis and immunity. Despite the fact that Spal and Nisl provided
increased immunity against their respective lantibiotics during growth analysis in vivo,
the immunity provided by the SpaFEG transporter was much more pronounced (Fig. 6
and 7 and Fig. S4).

As shown for nisin, cellular toxicity is based on its binding to cell wall precursor lipid
Il and, additionally, by its forming pores in the cellular membrane in complex with lipid
Il (52, 53, 75, 58, 76, 56). While the growth tests were only suitable to follow the
long-term immunity effects, the DiSC5(5) diffusion assays could directly follow the
impact of immunity proteins on pore formation. Indeed, our current results show that
delaying pore formation is the major physiological function of the lipoproteins Spal and
Nisl. As expected, this also occurs in a specific manner, as pore formation provided by
entianin was reduced upon Spal expression, and vice versa, Nisl was able to reduce
nisin-mediated pore formation. As shown with a nisin-subtilin hybrid, the C-terminal
part of subtilin/entianin is obviously important for its specific interaction with Spal.
Interestingly, neither lanthionine ring D nor ring E was important for the proper
interaction with the lipoprotein. According to our findings, we assume that the positive
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charges within the C-terminal part of subtilin are attracted by the negatively charged
membrane potential and, thus, promote its interaction with Spal. This is consistent with
our structural analysis of Spal, assuming that, upon subtilin binding to lipid Il via the
first two lanthionine rings, the positive charges within the C-terminal part of subtilin are
free to serve as binding site(s) for the highly negatively charged membrane proximal
surface (49). Additionally, the fact that ramoplanin quenched subtilin-induced pore
formation (Fig. 4) indicates that the immunity provided by Spal is mainly due to its
interaction with subtilin-lipid Il complexes. This interaction prevents pore formation.
Possibly, Spal may even interact with existing pores, which would amplify the effect of
a single Spal molecule severalfold, comparable to the previously discussed mode of
action (49). Similarly, a shielding mechanism where Spal would close existing pores
would also have an amplifying effect.

Remarkably, protection against lantibiotics epidermin and gallidermin depends on
the transport provided by the ABC transporter and the LanH protein together with LanT
(31, 32). Both lantibiotics, with only 22 amino acids, are much shorter than subtilin (32
amino acids) and nisin (34 amino acids). Due to their smaller size, epidermin and
gallidermin do not form pores. Taking this together with our finding that the C-terminal
amino acids of subtilin are needed to interact with Spal (Fig. 5), we suggest that Lanl
expression is mainly important for pore-forming lantibiotics.

The impact of lipoproteins Spal and Nisl on cellular immunity remains a challenging
question. On a first view, our growth analysis showed a considerable immunity effect
of Spal, but SpaFEG provided several-fold stronger immunity (Fig. 6). This suggested a
major role of SpaFEG in providing cellular immunity. However, this picture changed
completely when pore formation was examined (Fig. 7). Here, Spal-mediated immunity
was significantly more efficient than that provided by SpaFEG, which is quite the
opposite of the findings with the long-term growth tests. Furthermore, combined
expression of Spal in a SpaFEG background increased entianin tolerance significantly
more in the DiSC,(5) diffusion assay. This was in strong contrast to the results of the
growth tests, where additional expression of Spal did not strengthen SpaFEG-mediated
immunity.

Surprisingly, the kinetics of DiSC5(5) release in a SpaFEG strain showed a
two-step kinetics. This was most apparent when 100 nM entianin was applied (Fig.
7C). Obviously, in a first phase, the ABC transporter did not delay the DiSC5(5)
response to entianin. However, after an adjustment period of approximately 30 s,
the ABC transporter decelerated the DiSC;5(5) release. This was completely different
when Spal was expressed together with SpaFEG, where a lag phase of more than 3
min was measured before DiSC5(5) was released. This delay was even longer than
that provided by Spal alone, revealing the physiological function of Spal as a fast
defense system that protects the cellular membrane immediately after its exposure
to subtilin. Furthermore, the current results also show that, with respect to mem-
brane protection, the immune response is much stronger if both immunity systems
are expressed together.

Here, we analyzed the function of both lantibiotic immunity systems upon the
provision of entianin and nisin externally. This is different from the situation during
lantibiotic biosynthesis, which starts at the beginning of the stationary growth phase
and gradually increases due to autoinduction. Possibly, upon increasing subtilin con-
centrations associated with the Gram-positive cell wall (38), the cellular membrane
might use Spal-mediated immunity as a first response until the SpaFEG transporter
becomes active.

MATERIALS AND METHODS

Bacterial strains and plasmids used in this study. Strains and plasmids used in this study are
described in Table 1. Construction of the mutated spaS gene was performed as previously published (71),
using pCGO2 as a backbone. The respective plasmid containing the mutated subtilin structural gene was
transformed into strains B15029.TSp01 and B15029 wild type as published previously (77). Plasmids
expressing Spal used for LILBID analysis were constructed as described in reference 78.
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Strain or plasmid Genotype or description? Source or reference
Strains
B. subtilis
B15029 Wild type (Ent*); DSM 15029 DSM
B6633 Wild type (Sub™); ATCC 6633 ATCC
TMB299 [B168 amyE:pER605 (PyvcR-lacZ; -110-30) (Cm")] 27
B168.KO [B168 amyE:pER605 (Py,cg-lacZ; ~110-30) (Cm")] [thrC:pXT(Spec)] This work
B168.SB1 [B168 amyE::pER605 (Pych—IacZ; -110-30) (Cm")] [thrC:pM1 Pyr-nisl (-19-226) (Spec’)] This work
B168.SB2 [B168 amyE:pER605 (Py,g-lacZ; ~110-30) (Cm1)] [thrC:pM2 P, -spal (-22-143) (Spec’)] This work
B2470 [CU1065 lial::pMutin (Ery")] 84
B2470.5B2 B2470 [CU1065 lial:pMutin (Ery"), amyE:P, -spal (-22-143; A2-17) (Cm") 49
B2470.5B3 B2470 [CU1065 lial::pMutin (Ery"), amyE:P,-spal(-22-143) (Cm")] 49
B2470.TM1 lial:pMutin (Ery") amyE:[xyIR P,-spaFEG Cm'] This work
B2470.TM2 lial:pMutin (Ery") amyE:[xylR ny,-spalFEG Cm1] This work
B15029.TSp32 AetnS amyE:P,s-spaS(W 1l K2T E41 V12K Q17M) (Spec” Neo") This work
B15029.5K1 DetnS amyE:P,,,s-spaS(C26A) (Spec” Neo") 62
B15029.SK3 AetnS amyE::Pspas—spGS(C28A) (Spec” Neo") 62
E. coli
DH5a recAl endA1 gyrA96 thi hsdR17(r,~ my™) relAT supE44 ¢80AlacZAM15 A(lacZYA-argF)U169 Life Technologies
M15 (pREP4) Nals Strs Rifs Thi— Lac— Ara* Gal* Mtl= F~ RecA* Uvr* Lon™ Qiagen
K. rhizophila ATCC 9341 Test strain for MIC determination ATCC
S. cerevisiae CEN.PK2 MATa/« ura3-52/ura3-52 trp1-289/trp1-289 leu2-3,112/leu2-3,112 his3A1/his3A1 85
MAL2-8/MAL2-8¢ SUC2/SUC2
Plasmids
pH6TEVSpal MRSGH,-TEV Spal (3-143) (Amp") 78
pPK571 MRSGH,-TEV Spal (18-143) (Amp") 78
pCG02 bla amyE’ P, BamHI Neo "amyE 71
pM1 Pinisll(—)19-226] in pXT via BamHI/EcoRI (Spec’) This work
pM2 Pyyi-spal(-22-143) in pXT via BamHI/EcoRI (Spec’) This work
pXT pDG1731 derivative, integration vector for B. subtilis thrC locus, xylose-inducible 86
promoter (Ampr Ery" Spec’)
pTSp49 bla amyE’ P,,s-spaS(W1l K2T E4l V12K Q17M) Neo" 'amyE in pCG02 backbone 71
pSK1 bla amyE’ P ,,s-spaS(C26A) Neor 'amyE in pCG02 backbone 62
pSK3 bla amyE' P,,s-spaS(C28A) Neor 'amyE in pCG02 backbone 62
pXSpaFEG amyE’ P, -spaFEG (Amp" Cm") "amyE This work
pXSpalFEG amyE' P, -spalFEG (Amp" Cm") 'amyE This work

aNumerical ranges represent the expressed amino acid sequences of the constructs. Negative values are due to the upstream leader.

Production and purification of Spal constructs for NMR analysis. The coding sequences for the
Spal constructs (Spal;_,,; and Spal,g_;,3) were inserted into a modified pQE9 vector containing an
N-terminal His, tag followed by a tobacco etch virus (TEV) protease cleavage site. Following TEV protease
cleavage, the expressed proteins contained two artificial residues at the N terminus, Gly and Ser for
Spal,g_,45 and Gly and Arg for Spal,_,,; (humbering refers to the wild-type Spal sequence, starting at the
lipidated cysteine with 1). The His-tagged Spal was purified with a HisTrap HP column (GE Healthcare)
in a first stage. After overnight TEV protease cleavage, the protease and the remaining uncleaved
His-tagged protein were removed via an additional purification with a Ni-nitrilotriacetic acid (NTA)
column. Spal without a His tag was further purified using gel filtration.

LILBID-MS. All samples were buffer exchanged into 20 mM Tris at pH 8.0 directly before the
measurements with LILBID-MS. Buffer exchange and sample desalting were performed in Zeba Micro
Spin desalting columns from Thermo Scientific, operating with a 7-kDa-cutoff filter. To equilibrate the
desalting column, it was washed five times with the buffer at 1,500 rpm for 1 min, and the final sample
buffer exchange was done for 2 min at 1,500 rpm. The sample concentration was around 15 uM.
Amounts of 3 to 5 ul of buffer-exchanged samples were used for MS. To measure possible complex
formation between Spal and subtilin or nisin Z, the Spal sample was desalted prior to the addition of the
ligand in a 3-fold amount. One hour at 4°C was chosen to ensure possible complex formation, due to low
binding kinetics. A piezo-driven droplet generator (MD-K-130; Microdrop Technologies GmbH, Norder-
stedt, Germany) was used to produce droplets of 30-um diameter with a frequency of 10 Hz at 100 mbar.
The droplets were transferred to high vacuum and irradiated by an infrared (IR) laser operating at
2.94 um, a vibrational absorption wavelength of water. This led to an explosive expansion of the sample
droplet and the release of ions, which were accelerated by a pulsed electric field and analyzed by a
homebuilt reflectron time-of-flight (TOF) setup. LILBID settings have previously been published in detail
(74).

This method generally offers some interesting advantages, as LILBID can be applied with a large
variety of buffers and only 3 to 5 ul of the micromolar concentrated sample are needed. By using high
concentrations of the analyzed ligand, the dilution factor of the protein is negligible. Furthermore, LILBID
analysis takes only a few minutes, which overcomes sample precipitation during time-consuming NMR
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and isothermal titration calorimetry (ITC) analysis. Since there have been several successful LILBID
measurements of small DNA-RNA-ligand complexes (79), as well as huge membrane-embedded mole-
cules (80, 81), we also applied LILBID to detect the binding of immunity protein Spal and its correspond-
ing lantibiotic, subtilin. Data detection and processing were done using the software Massign (82). The
MS spectra show averaged signals of 500 to 1,000 droplets. The spectra were normalized with the
software OriginPro 2016. Figures were designed with Adobe Illustrator.

Purification and quantification of lantibiotics. Purification of culture supernatants of lantibiotic
producers and subsequent quantification of the proteins were performed as described previously (62).

Antibiotic activities of lantibiotic variants and hybrids using MICs. The lowest concentration
(MIC) that completely prevented growth of the cells was determined. Different indicator strains were
used to determine the MICs, including B. subtilis 168, L. lactis MG1614 (83), and Kozuria rhizophila
ATCC 9341. Indicator strains were cultivated under appropriate conditions. (B. subtilis and K.
rhizophila were grown in LB medium [Formedium] at 37°C and 150 rpm. L. lactis was grown in M17
broth [Oxoid] supplemented with 0.5% glucose at 30°C without shaking). For the experiments, fresh
overnight cultures of each strain were inoculated to a calculated optical density at 600 nm (ODgq,)
of 0.001 in the respective medium. The indicator strain cultures were transferred in 2-ml portions
into test tubes preloaded with the lantibiotic. Different drug concentrations were achieved by
dilution of defined stock solutions. Growth was evaluated by visual examination after incubation at
suitable temperature for 12 h.

DiSC,(5) diffusion assay. Visualization assays of the transmembrane potential (Ay) were performed
after integration of the positively charged fluorogenic probe 3,3’-dipropylthiadicarbocyanine iodide
[DiSC,(5)] into the membrane. B. subtilis cells were grown until the mid-exponential phase (ODy,, of 0.9
to 1.5) and harvested at 16,000 X g for 5 min, and DiSC,(5) was added to the cells. Pore formation upon
the addition of active antimicrobial peptides can be followed as soon as the leakage of the fluorogenic
sample occurs. As a control, the dodecadepsipeptide valinomycin was used for all diffusion assays, as this
ionophore is highly specific for potassium ions, finally resulting in the breakdown of the membrane
potential. All DiSC,(5) diffusion assays were performed several times, and only one measurement is
shown as a representative result, as each graph is composed of 3,000 to 4,000 measuring points and the
associated error bars would overload the figure. For further details concerning the DiSC,(5) diffusion
assay, see reference 62.

Determination of Lanl-mediated immunity by growth analysis. For the investigation of Lanl-
mediated immunity, Spal- and Nisl-expressing strains in the strain background of lantibiotic non-
producer B168 were used (B168.KO without immunity, Nisl-expressing strain B168.SB1, and Spal-
expressing strain B168.5B2). The expression of Lanl proteins was induced by the addition of 1%
xylose to the cultivation medium (tryptone-yeast extract [TY]-0.3 M NaCl medium [0.8% {wt/vol}
tryptone, 0.5% {wt/vol} yeast extract, 1.8% {wt/vol} NaCl]). A fresh overnight culture was used to
inoculate 50 ml TY-0.3 M NaCl medium supplemented with 1% xylose to an ODg,, of 0.1. Cultures
were incubated at 37°C and shaken at 150 rpm until an OD,, of 0.9 to 1.1 was reached. At this time
point, cultures were split into 2-ml samples and treated with the respective lantibiotic, with one
sample left as an untreated control. After 30 min of incubation, the OD,, was determined and the
values were normalized to those of a control without lantibiotic. For each strain, the control without
added lantibiotic was set as 100%, whereas negative percental growth (indicating cell lysis) was not
considered.

Determination of SpalFEG-mediated immunity by growth analysis. For further analysis of the
immunity machinery, the ABC transporter SpaFEG (B2470.TM1) and the lipoprotein Spal (B168.SB2) were
expressed separately or in combination with each other (B2470.TM2) and tested against entianin and
nisin. Expression of the immunity elements was induced by the addition of 1% xylose to the cultivation
medium. Using a fresh overnight culture, a defined volume of TY medium supplemented with 0.3 M NaCl
and 1% xylose was inoculated to an ODg,, of 0.1 and incubated at 37°C (150 rpm). After reaching an
ODg,, of 0.9 to 1.1, cultures were split into 2-ml samples and treated with the respective lantibiotic
(entianin or nisin). Subsequently, samples were taken at different time points for OD,, determination.
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