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The First Structure of a Lantibiotic Immunity Protein, Spal
from Bacillus subtilis, Reveals a Novel Fold™
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(Background: The periplasmic lipoprotein Spal protects the subtilin-producing Bacillus subtilis against its own lantibiotic
Results: The first structure of a lantibiotic immunity protein, Spal, reveals a novel fold and its membrane-interacting

Conclusion: The membrane interaction is important for Spal-mediated immunity.
Significance: The Spal structure will help to understand the immunity of B. subtilis against subtilin on a structural level.

J

Lantibiotics are peptide-derived antibiotics that inhibit the
growth of Gram-positive bacteria via interactions with lipid II
and lipid II-dependent pore formation in the bacterial mem-
brane. Due to their general mode of action the Gram-positive
producer strains need to express immunity proteins (LanI pro-
teins) for protection against their own lantibiotics. Little is
known about the immunity mechanism protecting the producer
strain against its own lantibiotic on the molecular level. So far,
no structures have been reported for any Lanl protein. We
solved the structure of Spal, a Lanl protein from the subtilin
producing strain Bacillus subtilis ATCC 6633. Spal is a 16.8-
kDa lipoprotein that is attached to the outside of the cytoplas-
mic membrane via a covalent diacylglycerol anchor. Spal
together with the ABC transporter SpaFEG protects the B. sub-
tilis membrane from subtilin insertion. The solution-NMR
structure of a 15-kDa biologically active C-terminal fragment
reveals a novel fold. We also demonstrate that the first 20 N-ter-
minal amino acids not present in this C-terminal fragment are
unstructured in solution and are required for interactions with
lipid membranes. Additionally, growth tests reveal that these 20
N-terminal residues are important for the immunity mediated
by Spal but most likely are not part of a possible subtilin binding
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site. Our findings are the first step on the way of understanding
the immunity mechanism of B. subtilis in particular and of other
lantibiotic producing strains in general.

A number of Gram-positive bacteria including Bacillus sub-
tilis produce a class of bacteriocins called “lantibiotics” (1).
They are highly active against Gram-positive bacteria including
clinically challenging pathogens such as methicillin-resistant
Staphylococcus aureus (2, 3). Lantibiotics are small peptide
antibiotics containing characteristic lanthionine and methyl-
lanthionine bridges (Fig. 14). The biosynthesis of lantibiotics
starts with ribosomally synthesized prepeptides. The lanthio-
nine and methyllanthionine bridges are introduced post-trans-
lationally by dehydration of serine and threonine residues fol-
lowed by cyclization reactions with cysteine residues mediated
by a membrane-bound multimeric protein complex, which
consists of a dehydratase, LanB, and a cyclase, LanC (4). The
modified prepeptide is then transported through the mem-
brane whereupon the leader peptide is removed (5-8).

Lantibiotics of the nisin group (e.g. nisin (9, 10), subtilin (11),
ericin S (12), and entianin (13)) share the same elongated struc-
ture with five (methyl-) lanthionine bridges and they are char-
acterized by a dual mode of action (14). On one hand they bind
to (15) and sequester the essential cell wall precursor lipid II
thereby displacing it from its functional locations and inhibit-
ing cell wall synthesis as demonstrated for nisin (16). On the
other hand, in complex with lipid II, lantibiotics of the nisin
group are able to form pores in the membrane causing a break-
down of the membrane potential (17-19). The solution NMR
structure of the nisin-lipid II complex revealed that the two
N-terminal lanthionine rings bind to the phosphate moiety of
lipid II (20). This so-called phosphate cage binding motif has
also been proposed for other nisin group members. In particu-
lar, subtilin binding to pyrophosphate moieties was demon-
strated by solid-state NMR (19). As shown for nisin, pore for-
mation occurs when the lipid II-bound C terminus of the
lantibiotic inserts into the membrane and the lipid II-nisin
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complex oligomerizes forming a pore consisting of eight lan-
tibiotic and four lipid II molecules (21, 22).

Lantibiotic producing bacteria must protect themselves from
the bacteriocidic effects of their own lantibiotics (23, 24). How
they achieve this immunity is poorly understood both on a
structural and functional level. Although the relevant players
have been identified, no structure of any of the proteins
involved in lantibiotic immunity has been solved. Subtilin
producing B. subtilis and nisin producing Lactococcus lactis
strains, for example, possess four immunity genes as an integral
part of the subtilin and nisin biosynthetic gene clusters (25-27).
In the case of B. subtilis, these four genes encode Spal as well as
the three subunits of the ABC transporter SpaFEG (28). The
N-terminal leader sequence of the lipoprotein Spal marks this
protein for extracellular export. After transport across the cyto-
plasmic membrane Spal is anchored in the membrane via a
diacylglyceryl moiety covalently attached to a cysteine residue
of its own lipobox motif (Fig. 1B) (29). Interestingly, the expres-
sion of Spal alone is sufficient to confer subtilin immunity to B.
subtilis. The expression of SpaFEG leads to a higher level of
immunity than expression of Spal alone. However, the strong-
est subtilin immunity is observed upon simultaneous expres-
sion of all four genes (28). Another well described example of
proteins involved in lantibiotic immunity are the L. lactis pro-
teins Nisl, the equivalent to Spal, and the ABC transporter
NisFEG, which confer resistance to the lantibiotic nisin (27,
30-32). Quantitative in vitro peptide release suggested that
SpaFEG as well as NisFEG actively expel subtilin and nisin,
respectively, into the surrounding medium. Thus, less subtilin
or nisin was found in the membrane fraction when the trans-
porter SpaFEG or NisFEG was expressed compared with the
expression of the LanI protein alone (28, 32). The exact mech-
anism of how Lanl proteins confer immunity is currently
unclear. However, a direct interaction with the lantibiotic
appears likely. An interaction between lipid-free NisI and nisin
with an affinity in the micromolar range has been demonstrated
(33). Furthermore, hexahistidine-mediated cross-linking of
His-tagged Spal with subtilin indicated a direct interaction
between Spal and subtilin but not between Spal and nisin in
agreement with a high specificity of the involved Lanl proteins
(28). This is interesting, because subtilin and nisin not only
share a very similar overall structure but also a sequence
homology of more than 60% (34, 35). However, the observed
absence of Spal and NisI mediated cross-immunity is in line
with the very weak sequence homology (23) of these two Lanl
proteins and their very different molecular sizes.

Currently, four mechanisms for Spal-mediated immunity
can be discussed: (a) binding and sequestering of subtilin and
thereby protecting the membrane from subtilin insertion, (b)
preventing subtilin oligomerization prior to pore formation, (c)
preventing the formation of the subtilin-lipid II complex prior
to pore formation, or (d) acting as substrate-binding protein for
the ABC transporter SpaFEG. Spal as well as other LanI pro-
teins do not show any sequence homology to proteins of known
function or structure. Thus, an understanding of the immunity
mechanism for the nisin group lantibiotics in general and the
specificity and mode of action of the immunity protein Spal in
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particular will benefit from structural insights at the molecular
level.

To this end, we present here the solution NMR structure of
the first Lanl protein, Spal, which represents a novel three-
dimensional fold. In vivo studies and NMR titration experi-
ments with liposomes reveal determinants for the membrane
interaction of Spal and indicate a functional importance for this
interaction. Our results are the first step on the way to under-
stand subtilin immunity of B. subtilis on a structural level at
atomic resolution.

EXPERIMENTAL PROCEDURES

Production and Purification of Spal NMR Constructs—The
coding sequences for all Spal NMR constructs (Spals_,,s,
Spal;g 143 Spal,g_143) Were inserted into a modified pQE9 vec-
tor containing an N-terminal His tag followed by a TEV cleav-
age site. After TEV cleavage the expressed proteins contained
two artificial residues at the N terminus, Gly and Ser for
Spal,s 143 and Spal,g ;.5 and Gly and Arg for Spal;_,,5 (the
numbering scheme is referring to the wild type Spal sequence,
starting at the lipidated cysteine (Fig. 1B and supplemental
Table S1).

Expression and purification of all isotopically labeled Spal
constructs for NMR experiments was essentially done as
described previously (36). In brief, expression of isotopically
labeled Spal was carried out using standard methods overnight
at 37 °C after induction with 1 mwm isopropyl 1-thio-B-p-galac-
topyranoside. The His-tagged Spal was first purified over a His-
Trap HP column (GE Healthcare). After overnight TEV cleav-
age the His tag and protease were removed via an anion
exchange column and Spal was further purified via gel filtra-
tion. Selectively labeled ['°N]lysine (250 mg/liter), ['*C]threo-
nine (230 mg/liter) Spal;_,,; was produced as described before
(36).

Preparation of Liposomes—1,2-Dioleoyl-sn-glycero-3-phos-
pho-(1'-rac-glycerol) (DOPG),®> 1,2-dioleoyl-su-glycero-3-
phosphoethanolamine (DOPE), and cardiolipin (CL) were pur-
chased from Avanti Polar Lipids and mixed in chloroform in a
3:2:3 molar ratio. The solvent was removed by rotary evapora-
tion overnight and the lipid film was hydrated in NMR buffer.
Liposomes were formed by 5 to 6 freeze-thaw cycles.

NMR Spectroscopy—All NMR samples were prepared in 50
mwMm sodium phosphate buffer, 100 mm NaCl, pH 6.4, and 10%
(v/v) D,O at Spal concentrations of 200—-420 um for assign-
ment and structure determination experiments and 100 um for
liposome titrations. NMR spectra were recorded at 23 °C on a
Bruker DRX 600 MHz spectrometer equipped with a room
temperature triple resonance probe or Bruker AVANCE 600,
700, 800, 900, and 950 MHz spectrometers equipped with cryo-
genic triple resonance probes.

The chemical shift assignment of Spal, 5 _;,; was based on the
standard set of triple resonance experiments as described else-

3 The abbreviations used are: DOPG, 1,2-dioleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol); DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; CL,
cardiolipin; HSQC, heteronuclear single quantum coherence; TROSY, trans-
verse relaxation-optimized spectroscopy; r.m.s., root mean square; RDC,
residual dipolar coupling.
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where (36). Chemical shifts are referenced to 2,2-dimethyl-2-
silapentane-5-sulfonic acid (37). To identify the 15 additional
backbone amide resonances of Spal;_,,; a three-dimensional
HNCA and a three-dimensional HNCACB-experiment were
recorded on a uniformly '>C,'N-labeled sample (38). A '°N-
HSQC and a one-dimensional HNCO spectrum of a selectively
[**N]lysine, ['*C]threonine-labeled Spal,_,,; sample were used
to verify assignments of the five lysine residues and two threo-
nine-lysine pairs in this N-terminal stretch.

{*H},">N-HetNOE and "N R, and R, relaxation rates were
recorded for 200 um '°N-labeled Spal,s_,,5 at 23 °C at a 600
MHz spectrometer using standard Bruker pulse sequences (39,
40). Peaks were integrated using Bruker TopSpin 2.1 and peak
volumes were plotted against relaxation decay times and fitted
tof(t) = ae " (b = R, or R,, t = relaxation decay time) using the
program OriginLab 8.1 to obtain R; and R, relaxation rates,
respectively. Relaxation decay times used for determining the
longitudinal and transverse relaxation rates were 0.05, 0.1, 0.2,
0.3,0.4,0.6,0.8,1,1.5,2,2.5,and 3sand 15.5, 31, 46.6, 62.1, 77.6,
93.1, 108.6, 124.2, 139.7, and 155.3 ms, respectively.

Residual dipolar couplings (RDC) were measured via record-
ing an IPAP-["H,"*N]-HSQC spectrum (41) with *°N-labeled
Spal,s_ 43 in the absence or presence of pfl phage (15 mg/ml,
Hyglos GmbH) alignment media at 900 MHz (42). 'D(N,H)
values were extracted where signals could be tracked reliably
and peak maxima could be determined unambiguously by using
the peak picking function in the program CcpNmr Analysis
(43). RDC of 60 residues with a HetNOE value >0.5 were used
for analysis using the programs MODULE (44) and CYANA
(45).

For direct identification of hydrogen bonds, a standard
TROSY three-dimensional HNcaCO experiment and a long
range TROSY three-dimensional HNCO experiment (46) with
the NC-transfer delay set to 133 ms (32 scans per increment, 64
and 80 complex points in the indirect **N and '*C dimension,
respectively) were recorded on *H,"*C,"*N-labeled Spal,g ;.

For PRE measurements *N-HSQC spectra of the three
Spal,g ;43 single point mutants S30C, K62C, and S94C were
recorded prior to and after reduction of the spin label by the
addition of sodium ascorbate to the final concentration of 500
uMm. For tracking of signals *>N-HSQC spectra of Spal,g_;,s
cysteine mutants not containing any spin label were recorded.
All spectra were processed using Bruker TopSpin 2.1 and ana-
lyzed using the programs CARA (47) and CcpNmr Analysis
(43).

Structural Restraints—Peaks in the NOESY spectra used for
structure calculation were picked either manually or automat-
ically with the software ATNOS (48) and inspected manually
afterward. NOE distance restraints were obtained using the
automated NOE assignment and structure calculation protocol
available in CYANA (45, 49). Thus, resonances from '°N-
NOESY-HSQC, '>’N-NOESY-TROSY, "*C-NOESY-HSQC (in
H,O0, aliphatic carbons), "*C-HSQC-NOESY (in D, O, aliphatic
carbons), and "*C-NOESY-HSQC (in H,O, aromatic carbons)
spectra were assigned automatically on the basis of the almost
complete manual chemical shift assignments (36) and con-
verted into distance restraints. These automatically obtained
NOE assignments were visually inspected and chemical shifts
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were manually corrected in the case of obvious artifacts or
incorrect assignments. For all NOESY spectra an assignment of
more than 90% of the NOESY cross-peaks was achieved (Table
1). Dihedral angle restraints were derived from chemical shifts
of HY, N, CO, Ca, CB, and Ha using the Talos+ webserver (50)
and used in the structure calculation only for residues with a
HetNOE value >0.5 (Table 1). For all proline residues a trans
conformation was detected as described elsewhere (36). 15
hydrogen bond restraints identified by analyzing the long range
TROSY three-dimensional HNCO were converted into upper
limit distance restraints with a HN-CO distance of 2.2 A and a
N-CO distance of 3.2 A. In the last round of structure calcula-
tions, three additional hydrogen bond restraints were added for
amide protons that did not exchange against D,O after 48 h and
which formed hydrogen bonds in more than 15 of the 20 lowest
energy CYANA structures in preliminary structure calcula-
tions. 60 RDC restraints for backbone amide groups were
included in the structure calculation for residues with well
resolved signals and a HetNOE value >0.5.

Structure Calculation—The first structure calculations were
done using only NOE restraints. Structures were checked for
agreement with experimentally determined hydrogen bond
restraints before their explicit incorporation in later rounds of
the structure calculation. The correlation between RDC and
structures calculated with additional hydrogen bond restraints
was determined with CYANA. The resulting alignment tensor
magnitude and rhombicity were used in the final structure cal-
culation with an uncertainty of =3 Hz for RDC values.

100 conformers were calculated using 20,000 torsion angle
dynamics steps and sorted according to their target function
values (51). The 20 conformers with the lowest target function,
along with the complete restraint dataset, were used as input for
the CYANA “regularized“-macro (52). The single representa-
tive structure obtained from this procedure as well as the 19
conformers with the lowest CYANA target function were then
subjected to restrained energy refinement with the program
OPALp (53), which uses the AMBER94 force field (54). These
20 structures were deposited in the Protein Data Bank under
the accession number 2lvl. The structure was validated using
Protein Structure Validation Software (PSVS) suite 1.4 (55) by
selecting ordered residues with HetNOE values above 0.5 (res-
idues 32—89, 102-115, 122-139). Electrostatic surface poten-
tial calculations were prepared with the PDB2PQR webserver
(56) using the PARSE force field and visualized with the APBS
(57) plug-in for PyMOL (58).

B. subtilis Growth Conditions—B. subtilis cells were grown in
Luria-Bertani (LB) medium at 37 °C. For the determination of
Lanl-mediated immunity, B. subtilis cells were grown in TY
medium (0.3 M NaCl, 1% xylose) plus 1% xylose for induction of
lanI expression (59). All strains used in this study are listed in
supplemental Table S1. Chloramphenicol (5 ug/ml) and eryth-
romycin (1 ug/ml) were used for the selection of B. subtilis
transformants.

Determination of Lanl-mediated Immunity—B. subtilis BSE
2470 (B2470) strains expressing different lanl variants were
used to determine the immunity against the nisin group lantibi-
otic entianin (13, 59). An overnight culture of the correspond-
ing strain was diluted in TY (0.3 M NaCl, 1% xylose) to a final
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Agoo 0£0.1. 200- pul aliquots were transferred into 96-well plates
and incubated for 3 h at 37°C. After addition of different
amounts of entianin (in % supernatant of the entianin produc-
ing strain B15029) the samples were incubated for 1 h at 37 °C.
The Agy, was measured with a SpectraMax® M5 MultiMode
Microplate Reader (Molecular Devices). The growth after a 1-h
incubation with entianin of each culture in every well was nor-
malized as the percent growth to a control without lantibiotic.
The strain expressing the wt-spal gene (B2470.SB3) and the
strain expressing no lanl gene (B2470.SD3) were used as posi-
tive and negative controls. Protein expression and localization
was verified by Western blot analysis.

RESULTS

Spal Has an Unstructured N Terminus in Aqueous Solution—
To determine the structure of Spal with solution NMR spec-
troscopy we started with a construct lacking the leader
sequence and lipobox (Spal, ,,;) (Fig. 1B). Unfortunately,
under conditions suitable for NMR-based structure determina-
tion this Spal variant was only stable for a limited time and at
lower concentrations. A controlled trypsin digest (supplemen-
tal Fig. S1) resulted in a stable Spal fragment with a molecular
mass of approximately 15 kDa. Mass spectrometry indicated
that this fragment lacked the first 17 N-terminal amino acids
following the lipobox (Spal,g_;,5) (Fig. 1B). The overlay of the
'SN-HSQC spectra of these two Spal variants (Fig. 2) indicates
that both have identical structures because the vast majority of
NMR signals have the same chemical shifts in both proteins.
The NMR signals that correspond to the 15 additional amino
acids at the N terminus of Spal;_,,5; have chemical shifts and
line widths defining them as unstructured in solution (boxed
region in Fig. 2). Therefore the shorter variant Spal,5_;,5 was
used for the structure determination in solution due to its supe-
rior stability and solubility. For this fragment nearly complete
NMR resonance assignments were obtained for the backbone
and side chain resonances with standard triple resonance
experiments (BMRB accession number 17534 (36)).

The Structure and Dynamics of Spal,g ,,;—Preliminary
structure calculations for Spal,;_;,; were based exclusively on
NOE and torsion angle restraints. These calculations showed
an unusual elongated structure and an unprecedented arrange-
ment of secondary structure elements (see below). Therefore a
three-dimensional long range HNCO (46) for the direct detec-
tion of hydrogen bonds (Fig. 34) and experiments for the mea-
surement of residual dipolar couplings for the backbone amides
(supplemental Fig. S2) were recorded to complement the con-
ventional NOESY experiments. The analysis of the long range
HNCO and a reference HNcaCO experiment (Fig. 34) allowed
the direct identification of 15 hydrogen bonds (Fig. 3B). The
presence of three additional hydrogen bonds was deduced
because their amide protons did not exchange against D,O
after 48 h (supplemental Fig. S3). Accordingly, the final struc-
ture calculation included 3246 NOE-derived upper distance
restraints, 144 torsion angle restraints from chemical shift
information, 18 restraints from the experimentally determined
hydrogen bonds, and 60 residual dipolar couplings of backbone
amides. The resulting bundle of the 20 lowest energy conform-
ers of Spal;5_;,5 (Fig. 3C) has alow backbone r.m.s. deviation of
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0.3 A for the rigid parts of the protein and no violated distance
restraints larger than 0.2 A. The statistics for the structure cal-
culation with CYANA (45) are listed in Table 1. The structure
has been deposited in the Protein Data Bank under accession
number 2lvl wherein the first structure of the bundle represents
the energy minimized mean structure.

The structured core of Spal;g_;,45, which includes amino
acids 32—139 (see below), exhibits an overall elongated three-
dimensional shape with one long axis of about 57 A and two
short axes of ~30 and ~19 A (axes are indicated in Fig. 3C).
Spal is a mainly B-sheet protein with a core of 6 antiparallel
twisted B-strands with the strand order: B1 B2 86 B5 B4b B3a
(Fig. 3B) and an unusual long B-hairpin comprised of strands
B3b and B4a flanked by two short a-helices (Fig. 3D). The
extended B-hairpin is stabilized by hydrophobic packing inter-
actions with helix a1 as indicated by NOEs between side chain
hydrogens of residue Ile-37 of helix a1 to side chain hydrogens
of residue Phe-74 and Val-76 of 83b and Leu-106 of B4a. The
B-strands B3 and B4 are disrupted by glycine residues that in
general are thought to destabilize B-strands. However, a tight
hydrogen bonding network that deviates from the canonical
B-sheet hydrogen bonding pattern (Fig. 3B) stabilizes these
strands. Thus, Gly-68 of B-strand (3a is in a hydrogen bond
with the amide hydrogen of Val-111 of B4b. 83a and 33b are
interrupted by Gly-71 and 4 is disrupted by Gly-109 dividing
this strand in 34a and 34b. Gly-109 is in a hydrogen bond with
the amide hydrogen of residue Ile-70 as evidenced by the long
range HNCO experiment.

The N terminus of Spal;g_;,5 (residues 18-32) is unstruc-
tured and flexible in solution as indicated by the lack of medium
and long-range NOEs for these residues and low heteronuclear
NOE values (Fig. 3E). In general, the heteronuclear NOE
(HetNOE) values are in good agreement with the secondary
structure of Spal,g_;45 given that essentially all amides in sec-
ondary structure elements have HetNOE values > ~0.6 (red
dashed lines in Fig. 3E). Additionally, the measured R; and R,
relaxation rates show the same pattern as the heteronuclear
NOE values (supplemental Fig. S4). Thus residues 32—139 rep-
resent the stable structured core of Spal in solution. Further-
more, the complete deletion of the flexible N terminus in
Spal,g 43 (a construct starting at amino acid 28) does not alter
the structure of the folded core region (supplemental Fig. S5).
There is not even evidence for transient interactions between
N-terminal amino acids 3-27 and the structured core of Spal
because virtually identical chemical shifts and signal line widths
are observed for residues 30-143 in all tested Spal variants
(supplemental Fig. S5).

In addition to the flexible N-terminal region, all three relax-
ation parameters reveal that Spal;;_;,5 has two flexible internal
loops, a large loop 1 between a2 and B4a and a shorter loop 2
between B4b and B5 (Fig. 3, C and E, and supplemental Fig. S4).
The other loops between a1/81, B2/33a, and B3b/a2 as well as
the B-hairpins between 1/82 and 35/B6 show HetNOE values
of ~0.6 or higher indicating their structural rigidity. The mea-
sured rotational correlation time of Spal,g_;,5 of 7o = 11.6 =
0.9 ns (for backbone amides with HetNOE larger than 0.6) is in
good agreement with the 7. calculated by the program
HYDRONMR (60) from the structure yielding 7~ = 11.3 ns. In
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Spal REKKPLRYGKVY EDSDAKDEIIVEFNREYYRAVLIKNEKE---- 143

Etnl REKKPLRYGKVY EDPDAKNEIIVEFNREYYRAVLIKNEKE---- 143

Eril RDKNPFRYGKVYSTKEHPDTKDEIIVECNSEYYKAIIINNEKDKGRE 147
Kok ok khkkkkkhk ok kekokkhkkk K Kkkoksoks k.

sequence identity: Spal - Etnl 95%, Spal - Eril 77%

FIGURE 1. Structure of subtilin and overview of Spal variants used in this study. A, subtilin is a 32-residue type A(l) lantibiotic containing five rings (A-E)
closed by lanthionine (Ala-S-Ala) or methyl-lanthionine bridges (Abu-S-Ala). Didehydroalanine (Dha) and didehydrobutyrin (Dhb) are dehydrated serine and
threonine residues, respectively. Abu stands for 1-a-aminobutyric acid and the single letter code is used for standard amino acids. Positively charged amino
acids are colored in blue, negatively charged amino acids in red, hydrophilic amino acids in orange, and hydrophobic amino acids in white, respectively.
B, schematic representation of WT Spal and Spal variants used in this study. The proposed cleavage site for the leader sequence following export across the
cytoplasmic membrane is indicated by a red line. As a lipoprotein Spal contains a so called “lipobox” with the sequence LSAC where a diacylglyceryl moiety is
attached covalently to the cysteine as indicated. The sequence of the highly basic N-terminal region directly succeeding the lipobox is highlighted with the
color coding as in A. This sequence was varied in the different Spal variants used in this study as shown. C, sequence alignment (ClustalW2 (72)) of the three
homologues Lanl proteins, Spal, Etnl, and Eril, starting at the lipid anchored cysteine and color coded as in A.
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FIGURE 2. Spal has an unstructured N terminus. An overlay of the ['H,">N]-
HSQC spectra of two different soluble Spal variants (color coded according to
the cartoon representation below) is shown. Both lack the leader sequence as
well as the amino acids of the lipobox. The two variants adopt identical struc-
tures in solution as indicated by their virtually identical spectra. Differences
are only found in the center of the spectrum (boxed area, visible black signals).
These signals correspond to the first 15 amino acids directly following the
lipobox, which are present only in the 16.8-kDa variant. Their chemical shifts
indicate that these amino acids are unstructured in aqueous solution. Conse-
quently, for NMR structure determination the 14.9-kDa variant Spal;g_.3
(orange) was used.

contrast, according to the rule of thumb for globular proteins
(Tc (ns) = 0.6 X kDa) Spal;4_43 should exhibit a 7 of ~8.9 ns.
Thus, the higher 7. of Spal;5_;,5 is in good agreement with its
elongated tertiary structure.

Structure Validation Using Paramagnetic Relaxation En-
hancement (PREs)—Based on our NMR structure (Fig. 3, C and
D), three individual sites for spin label attachment were chosen
for the validation of the Spal,y ,,5 structure (single point
mutants S30C, K62C, and S94C, for positions see supplemental
Fig. S6B). K62C was selected to probe the relative orientation
between loop $2/B3a and B-strands $2, 33a, and 36, whereas
S30C is close to the unstructured N terminus and S94C is
placed in the large flexible loop 1. **N-HSQC spectra were
recorded prior and after reduction of the spin label to identify
signals of amides affected by the presence of the spin label (sup-
plemental Fig. S6A). After visual inspection of the spectra the
peaks affected by the presence of the spin label were grouped
into four intensity groups and visualized on the calculated
structure of Spal;g_;45. With the spin label located in position
K62C (supplemental Fig. S6) the peaks that broadened out
completely are assigned not only to amides close in sequence to
the spin-labeled site but also in 3-strands 82 and 36 and loop 2.
These structure elements are close in space to the spin label as
predicted from our structure (distance <16 A). The results of
the other two spin label mutants (S30C and S94C) fit equally
well to the structure thereby validating the NMR solution struc-
ture of Spal;g_43. As expected for these two spin labels only
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amino acids close in sequence are affected by the presence of
the spin label (data not shown).

Spal g _ ;.5 Defines a Novel Fold Class—To identify possible
structural homologs of Spal a search using the DALI server (61)
for identification of structurally similar proteins was per-
formed. However, even the best match has a Z-score of only 2.5,
which is only slightly above the threshold of being significant
(Z > 2). The two best matches are the structures of a pyruvate
carboxylase and a 165-amino acid long hypothetical protein
with Z-scores of 2.5 and 2.4, respectively (see supplemental
Table S2). However, the pyruvate carboxylase structures
3hbl-D and 3bg5-D fit only with an r.m.s. deviation of 11.7 and
11.2 A to Spal,g_,,s respectively. In addition, only the three
B-strands B4b, B6, and B5 of Spal including only 64 of its 107
Ca-atoms in the structured core region align weakly with three
of the B-strands of the pyruvate carboxylase. The hypothetical
protein (2dc4-A) has a Z-score of 2.4 but fits with a r.m.s. devi-
ation of 4.5 A to Spal,4_,,5 and shows the highest number of
aligned residues (78 residues to 107 residues of the structured core
of Spal). This hypothetical protein has a B-barrel structure and
aligns with B-strands B3—6 of Spal,;_,,; because these twisted
antiparallel strands also form a B-barrel-like structure. Even so,
the hypothetical protein does not show similarities to the
unusual long B-hairpin and the two a-helices. Hence we con-
clude that Spal,4_,,5 defines a novel three-dimensional fold.

The Spal N Terminus Interacts with the Membrane Even in
the Absence of a Lipid Anchor—Spal,g_,,5 is a highly negatively
charged protein with 32 negatively and only 20 positively
charged amino acids. The electrostatic surface potential map
(Fig. 4A) reveals that the negative charges are clustered at the
two long sides of Spal (upper panels in Fig. 4A), whereas the
bottom (lower left in Fig. 4A) and top (lower right in Fig. 4A)
show positive or hydrophobic amino acids on the surface. In
contrast, the unstructured N terminus comprised of amino
acids 2-17 is much more basic and contains 5 positively
charged lysines and only 3 negatively charged amino acids (Fig.
1B). Furthermore, the N terminus has a sequence with the
propensity to form an almost ideal amphipathic «-helix
(supplemental Fig. S7) and is predicted to have an «a-helical
structure by a number of secondary structure prediction pro-
grams in contrast to what is observed in aqueous solution.
This suggests that the N terminus might be able to interact
with negatively charged phospholipid membranes as an
amphipathic a-helix. To elucidate whether this highly posi-
tively charged N terminus is indeed mediating a membrane
interaction of Spal, the two variants, Spal;_;,; and Spal,g_ ;43
were tested for their interaction with multilamellar liposomes
prepared from DOPG, DOPE, and CL (molar ratio 3:2:3) using
NMR spectroscopy. The composition and the molar ratios of
the three lipids were chosen to represent the major lipids and
their ratios found in B. subtilis membranes (62, 63). The shorter
variant Spal;g ;43 which lacks the basic N terminus, showed
no changes in chemical shifts upon titration with these lipo-
somes (supplemental Fig. S8) indicating that this fragment is
not interacting with the liposomes. However, for the longer
construct, Spal;_;,5, significant changes in the appearance of
the ""N-HSQC spectrum upon addition of lipids and therefore
interaction with the liposomes are observed (Fig. 4B and
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FIGURE 3. Solution structure and dynamics of Spal,g_, 3. A direct detection of hydrogen bonds by NMR spectroscopy. Shown are the "H-"3C slices of the
three-dimensional HNcaCO spectrum (left) and the three-dimensional long-range HNCO spectrum (middle) for residue lle-125 (hydrogen bond donor) and of the
HNcaCO spectrum for Tyr-112 (right, hydrogen bond acceptor). The cross-peak revealing the existence of a hydrogen bond between the amide group of lle-125 and
the backbone carbonyl group of Tyr-112 is marked with an asterisk (*) in the slice from the long-range HNCO experiment (middle). B, NMR-derived secondary structure
diagram of Spal, 4 _;.45 showing a-helices in blue and B-strands in green. Residue numbers are indicated for B-strands. The black dashed lines show hydrogen bonds in
the B-strands detected in the long-range HNCO or in an H/D-exchange experiment. Additional hydrogen bonds found in at least 15 of the 20 final structures are
indicated by gray dashed lines. C, backbone trace of the 20 lowest energy conformers after superposition of the C* atoms of ordered residues representing the solution
structure of Spal, colored as in B. Dimensions of the protein in A are indicated in the upper left corner. D, ribbon representation of the conformer closest to the mean
structure colored as in B. The structure does not show the entire unstructured N terminus. E, {'H},"*N-HetNOE values of the backbone amides of Spal,_; 5 plotted
against the sequence. The secondary structure is shown above and indicated throughout the plots with gray columns. HetNOE values between the red dashed lines
indicate the rigid parts of the protein. Flexibility as derived from the HetNOE data is represented by color on the structure of Spal (residue 25-143) ranging from high
HetNOEs and rigid parts of the protein (gray, thin tubes) to low HetNOEs and flexible regions (green, thick tubes). Missing data points in the plot and white thin tubes in
the structure indicate prolines or residues for which the HetNOE could not be determined reliably due to resonance overlap.

supplemental Fig. S8). The peaks for residues 3—10 are disap-
pearing completely (Fig. 4, B and C). This is most likely due to a
direct and strong interaction with the liposomes, which
increases the rotational correlation time of the large complex.
In addition, peaks of residues 11-21, 136, and 139-141 show
significant chemical shift changes (larger than 0.1 ppm) upon
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titration with lipids indicating a transient interaction with the
large liposomes (Fig. 4, B and C). Plotting chemical shift
changes for all residues whose peaks show chemical shift
changes larger than 0.05 ppm onto the structure of Spal;g_;45
reveals a defined surface (Fig. 4D) affected by the presence of lipo-
somes, which indicates a preferred orientation of Spal,_, ,; toward
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TABLE 1

NOE assignment and structure statistics of the NMR structure of
Spalig_143

NOE assignment”
Total number of peaks 8228
Assigned peaks 7708 93.7%
13C-HSQC-NOESY (D,0, aliphatic) 3312 95.7%
13C-NOESY-HSQC (H,0, aliphatic) 2093 93.2%
13C-NOESY-HSQC (H,0, aromatic) 251 90.4%
*N-NOESY-HSQC 1468 90.8%
'*N-NOESY-TROSY 1104 93.1%
Unassigned 520 6.3%
Restraints
Total NOE distance restraints 3246
Intraresidue |i - j| = 0 781 24.1%
Sequential |i - j| = 1 741 22.8%
Short-range |i - j| = 1 1522 46.9%
Medium-range 1 < |i - j|< 5 423 13.0%
Long-range |i - j| = 5 1301 40.1%
Dihedral angle restraints (Talos™) 144
Hydrogen bond restraints (long-range 18
HNCO)
Residual dipolar couplings (D) 60
Structure statistics”
CYANA target function value after 3.45+0.38

energy minimization (A?)

Amber energies total (kcal/mol) —4873.8 = 151.48

Restraint violations®
Maximal distance restraint 0.15 + 0.01
violation (A)
Number of violated distance restraints 0
>024A
Maximal dihedral angle violation (°) 9.37 = 0.56
Number of violated dihedral angle 1
constrains > 5°
Maximal RDC restraint violation (Hz) 2.28 = 0.24
Structure validation?
Non-trivial restraints per residue 27.6
Long range restraints per residue 10.3
Ramachandran plot®
Residues in most favored regions 85.1%
Residues in additionally allowed 14.8%
regions
Residues in generously allowed 0.1%
regions
Residues in disallowed regions 0.0%
Root mean square deviation (residues
32-89,102-115, 122-139)°
Average backbone r.m.s. deviation to 0.30
mean (A)
Average heavy atom r.m.s. deviation 0.60

to mean (A)

“ Using the automated NOE assignment and structure calculation routine in
CYANA (45, 49).

» After energy minimization with OPALp (53).

¢ After energy minimization, calculated with CYANA (45).

4PSVS 1.4 using ordered residues (HetNOE > 0.5, residues 32— 89, 102115,
122-139) (55),

¢ Ramachandran plot statistics from Procheck NMR (71).

the membrane leading to the model shown in Fig. 4E. In this model
the N terminus of Spal;_,,5 is directly interacting with the plasma
membrane even in the absence of a lipid anchor. This is followed
by a flexible linker of ~13 amino acids. The structured core of Spal
(amino acids 32—139) is oriented with a defined strongly negatively
charged surface toward the membrane.

Homology Models of the Lanl Proteins from Entianin and Eri-
cin S Producing Strains—The subtilin class lantibiotics entianin
and ericin produced by B. subtilis DSM 15029" (13) and B.
subtilis A1/3 (12), respectively, show high similarity in se-
quence and structure to subtilin (supplemental Fig. S9). In the
case of entianin only three hydrophobic amino acids are
exchanged for other hydrophobic amino acids. In analogy, Etnl
(the Lanl protein of B. subtilis DSM 15029") and Spal have a
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sequence similarity of 95% (Fig. 1C) and Spal is able to mediate
immunity against entianin (Fig. 5). A comparison of the elec-
trostatic surface potential maps of Spal,5_ ;43 and a homology
model of Etnl;5_,,5 indicates that both proteins are similarly
negatively charged, which is consistent with the fact that subti-
lin and entianin have the same charge distributions (supple-
mental Fig. S9). Ericin S differs from subtilin in the same amino
acid positions as entianin except for one additional lysine,
which is replaced by a histidine making this lantibiotic less pos-
itively charged. In addition, the homology model of the corre-
sponding Lanl protein Eril,5_;,, also shows fewer negative
charges on one side of the surface compared with Spal;g_;45
(supplemental Fig. S9). Eril and Spal have a sequence homology
of 77% (Fig. 1C). However, Eril is still able to mediate immunity
against entianin to some extent (data not shown). Interestingly,
when comparing the sequences of all three Lanl proteins the
first 27 N-terminal amino acids of Etnl and Eril differ only in
one amino acid from Spal, whereas all charges are preserved
(Fig. 1C). This suggests a conservation of the membrane inter-
action observed for Spal in Eril and Etnl.

The Positive Charge and the Length of the N Terminus Is
Required for Mediating Immunity but Not Its Sequence—To
test the role of the N terminus, which is absent in the construct
used for NMR structure determination in mediating immunity
in vivo we performed growth tests with B. subtilis strains
expressing different variants of Spal in the presence of increas-
ing concentrations of entianin. Supernatant from B. subtilis
DSM 15029" expressing entianin was used for growth tests
because of its significantly higher lantibiotic concentration in
the supernatant compared with the subtilin expressing strain B.
subtilis ATCC 6633. As shown in Fig. 5 (gray and fasciated bar),
Spal and Etnl likewise mediate immunity against entianin,
which therefore can be used for the immunity tests instead of
the experimentally less accessible subtilin. We have previously
shown that there is no cross-immunity between Spal and nisin
or NisI and subtilin, respectively (28, 32). Hence we tested the
specificity of our growth tests with B. subtilis strains expressing
Spal and Nisl using different entianin concentrations (supple-
mental Fig. S10). Cell lysis, resulting in a complete loss of
growth, is already seen for the NisI expressing strain B2470.SD4
at 5% of the supernatant entianin, whereas for the Spal express-
ing strain B2470.SB3 an approximately five times higher entia-
nin concentration is needed to induce cell lysis. For the growth
tests with different Spal variants the effects at 5% entianin con-
taining supernatant are plotted because definite growth differ-
ences can be seen best at this concentration (Fig. 5).

The growth test with B. subtilis strain B2470.SB2 expressing
the gene coding for Spal(A2-17) (Figs. 1B and 5, white bar)
indicates that the N-terminally truncated Spal,g_,,5 used for
NMR analysis is not sufficient to mediate immunity against
entianin. Compared with the wild type Spal (Figs. 1B and 5, grey
bar) expressing strain B2470.SB3 complete cell lysis occurs
with 5% of entianin containing supernatant. The strain
B2470.SB7 expresses Spal-Scramble, a variant including amino
acids 2—-17 arranged in a scrambled sequential order (Fig. 1B)
but conserving the potential amphipathic a-helix character.
This strain is able to grow in the presence of entianin at a level
comparable with the wild type Spal expressing strain (Fig. 5,
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wavey bar). This indicates that the length and the charge distri-
bution of the unstructured N-terminal region are important to
mediate immunity but not the specific amino acid sequence.
This is in agreement with a functional role for the positively
charged N terminus in membrane binding but argues against a
direct role of the unstructured 2—17 amino acid stretch in the
formation of a possible entianin or subtilin binding site. To

more directly test the importance of the positive charge of the 5
lysines in the N-terminal stretch of Spal for mediating immu-
nity the positive amino acids were replaced against negatively
charged or hydrophilic residues (Figs. 1B and 5, striped bar).
The strain B2470.SB17 expressing the gene encoding for Spal-
Negative where the 5 lysines were mutated to glutamate or ser-
ine is notable to mediate immunity against entianin as expected
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FIGURE 5. Growth tests of different B. subtilis strains expressing Spal vari-
ants. Percental growth increase after a 1-h incubation without and with
entianin (5% supernatant) normalized to the control without lantibiotic. Black
bars, strain B2470.SD3 expressing no Lanl protein; gray bars, strain B2470.SB3
expressing SpalWT; fasciated bars, strain B2470.SB8 expressing Etnl WT; white
bars, strain B2470.SB2 expressing Spal(A2-17); wavey bars, strain B2470.SB7
expressing Spal-Scramble; striped bar, strain B2470.SB17 expressing Spal-
Negative. Negative bars indicate loss of optical density presumably due to cell
lysis and their height is set to an arbitrary value. The schematics above the bars
represent the respective Lanl variant.

when these positive charges are important for mediating a func-
tional membrane interaction in Spal.

DISCUSSION

Previous studies of the immunity proteins Spal and NisI indi-
cated that full immunity is conferred to the producer strain only
if the Lanl protein is present in addition to its corresponding
ABC transporter (28, 32). For Spal and Nisl, binding to their
corresponding lantibiotic has been suggested by surface plas-
mon resonance (33) or cross-linking (28, 32) experiments.
However, the molecular mechanism for mediation of immunity
by Lanl proteins is still unknown. We approached this question
from a structural point of view and solved the first structure of
a Lanl protein, Spal, with solution NMR spectroscopy.

Spal is a mainly (B-sheet protein with an unstructured and
flexible N terminus in solution followed by a 13.6-kDa struc-
tured core consisting of six 3-strands and two a-helices (resi-
dues 32-139). The six B-strands form a twisted antiparallel
B-sheet flanked by an unusual long B-hairpin and the two he-
lices. The twisted antiparallel B-sheet shows similarities to
B-barrel structures but together with the unusual long -hair-
pin Spal defines a novel three-dimensional fold. Accordingly,
no definite homologs were found by the DALI server. The pre-
viously published secondary structure prediction of Spal sug-

First Structure of a Lantibiotic Imnmunity Protein, Spal

gested a mainly a-helical fold for Spal (64), which is not con-
firmed by our structure.

An unstructured region prior to or after the residue that is
prenylated or acetylated for membrane anchoring is a common
feature of lipoproteins, e.g. as seen for the Ras protein family
where ~10 amino acids prior to the carboxyl-terminal CAAX
motif and the palmitoylation sites form a flexible linker
between the structured protein core and the membrane
anchoring site (65). It is assumed that this linker enables Ras to
experience a large conformational freedom (66). Other bacte-
rial lipoproteins like BamE, which is part of the B-barrel assem-
bly machine complex and RcsF, a part of the Rcs phosphorelay,
astress-induced defense mechanism, also have an unstructured
and flexible N terminus of about 20 and 30 amino acids follow-
ing the lipidated cysteine, respectively (67, 68). Both lipopro-
teins are assembled in the outer membrane of Gram-negative
bacteria facing the periplasm.

Likewise, the 30 N-terminal amino acids of Spal following
the lipidated cysteine are unstructured and flexible in the
absence of a membrane. Interestingly, the stretch of the first 17
amino acids contains 5 positively charged lysines and only 3
negatively charged amino acids. This resembles, for instance,
the membrane interactions of the K-ras protein where a poly-
basic domain containing 6 lysine residues complements the
prenyl-membrane anchor (65). When we mapped the mem-
brane interaction site of Spal with NMR titration experiments
we found that the ~15 N-terminal amino acids interact directly
with the membrane even in the absence of a lipobox and a lipid
anchor (Fig. 4E). Because the NMR signals of the corresponding
residues disappear we cannot exclude that this unstructured
stretch adopts a structure such as an a-helix in the presence of
a membrane. This is predicted for amino acids 4—17 by several
secondary structure prediction programs and interestingly
such a putative helix would be amphipathic as typical for a
membrane-associated helix. Additionally, the length and
charge distribution of this unstructured N-terminal region
seems to be important for mediating immunity as shown by the
B. subtilis growth test with strains B2470.SB7 and B2470.SB17
expressing Spal-Scramble and Spal-Negative, respectively
(Figs. 1Band 5). We propose that the 5 lysines in the N-terminal
stretch play a major role in the functional membrane interac-
tion, because mutating them to negatively charged or hydro-
philic residues abolishes the immunity mediated by Spal. Inter-
estingly, these 5 lysines are conserved between Spal, Etnl, and
Eril (Fig. 1C). Furthermore, NisI also shows 4 positive charged
residues within the first 30 N-terminal amino acids.

FIGURE 4. Electrostatic surface potential and membrane interaction mapping of Spal. A, electrostatic surface potential mapped on the solvent accessible
surface of Spal,g_,,5 in different orientations showing from red (—5 kT/e) to blue (+5 kT/e) negatively to positively charged surface areas, respectively (k =
Boltzmann's constant, T = absolute temperature, and e = electron charge). White areas correspond to hydrophobic surfaces. The lower right panel shows the
same orientation of the protein as in panels D and E. B, two detailed views of overlays of the ['H,'*N]-HSQCs of 0.1 mm Spal;_, 5 (yellow) after addition of 0.5 mm
(orange), 1.5 mm (light red), 3 mm (red), and 5 mm (dark red) lipids as multilamellar liposomes prepared from DOPG, DOPE, and CL in the molar ratio of 3:2:3.
Signals for which chemical shifts could be tracked unambiguously are indicated by arrows. C, histogram showing the chemical shift differences (73) induced in
Spal;_q43 (0.1 mm) after the addition of multilamellar liposomes (5 mm). Signals that disappeared completely were set to an arbitrary value of 0.12 (inset). Missing
data points indicate prolines or residues whose A8 could not be traced reliably (colored white in D and E). The inset represents the full plot, whereas the larger
plot corresponds to the boxed area of the inset. AS values above the dotted or dashed line are colored orange or red in D and E, respectively. The red arrow
indicates the position of residue 18, the N terminus of the structures shown in A and D. D, chemical shift differences plotted onto the structure of Spal,g_;43 in
aribbon presentation. The orientation of the protein is the same as in the lower right panel of A. E, model of the membrane interaction of Spal;_; 45, showing the
solvent accessible surface of Spal,g_;45 in the same orientation as in the lower right panel of A and the color coding as in D.
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In our model the structured core of Spal is oriented with a
very negatively charged surface toward the membrane (Fig. 4,
A, upperright, and E). This is remarkable because the liposomes
are also negatively charged due to an excess of phospholipids
(DOPG and CL) carrying negatively charged head groups rela-
tive to DOPE, which contains a positively charged head group.
However, because many lipoproteins possess a flexible linker
preceding or succeeding the membrane anchoring residue(s)
the overall surface charge of the structured core of these pro-
teins is likely more related to their function than to their mem-
brane interaction. One example is the lipoprotein LolB, which
is part of the sorting and membrane localization complex in
Gram-negative bacteria. LolB is thought to receive lipoproteins
from the periplasmic chaperone LolA and transfer them to the
inner leaflet of the outer membrane by swinging through its
flexible N terminus (69). Its structure reveals a well defined
hydrophobic cavity on the surface of LolB for accommodating
the acyl chain of lipoproteins. In contrast, the distribution of
positively and negatively charged residues on the protein sur-
face does not result in a pattern that would allow the definition
of a membrane interaction site. Correspondingly, the observed
orientation of the structured core of Spal with its negatively
charged surface toward the membrane might be functionally
important for its possible interactions with membrane-associ-
ated positively charged subtilin (see below).

A challenging question is the location of the interaction site
between Spal and subtilin. Cross-linking experiments clearly
suggested a direct in vitro interaction between subtilin and Spal
(28) as well as nisin and NisI (32). However, we were unable to
investigate this interaction by NMR spectroscopy because due
to their highly hydrophobic nature neither subtilin nor entianin
are soluble in our NMR buffers or related buffers. This unfor-
tunately precludes NMR-based titration experiments of Spal
with subtilin or entianin and the observation of chemical shift
perturbations.

Nevertheless, the structure of Spal described here and the
comparisons with the surface properties of the homologous
structures Etnl and Eril suggest possible locations for a subtilin
binding site. Subtilin harbors one positive charge at the N ter-
minus and two positive charges at the C terminus but is other-
wise very hydrophobic (Fig. 14). Thus, the binding of subtilin to
Spal might be based on a combination of electrostatic and
hydrophobic interactions. In agreement with such a hypothet-
ical binding mode the surface of Spal, which according to our
NMR experiments points toward the periplasm (Fig. 44, upper
left, and supplemental Fig. S9, left) exhibits a pronounced cen-
tral hydrophobic patch surrounded by a rim of negative
charges. Therefore, this surface is a candidate for a binding site
of subtilin and Spal might thereby protect the membrane from
subtilin insertion. The surface properties of this potential
lantibiotic binding site are largely conserved in Etnl and in
agreement with the very similar biophysical properties and
sequences of subtilin and entianin (supplemental Fig. S9, left).
In contrast, Eril shows less negative charges on this surface in
accordance with the reduced positive charge of ericin S (sup-
plemental Fig. S9, left).

Alternatively, the highly negatively charged membrane prox-
imal surface of Spal (Fig. 44, upper right, and supplemental Fig.
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S9, right) might act by preventing lipid II-mediated subtilin
oligomerization prior to pore formation by simply competing
with the negatively charged pyrophosphate moiety of lipid II for
subtilin binding. Interestingly, of all LanI proteins identified so
far, only Spal, Etnl, Eril, and Nisl have an acidic surface charge
and their corresponding lantibiotics have an overall positive
charge. A model for Lanl-mediated immunity by a mechanism
based on competition was suggested, e.g. for Pepl (70). In con-
trast to Spal and its relatives, Pepl is a basic protein conferring
immunity to the highly positively charged lantibiotic Pep5 (70).
Additionally, the strain expressing Pep5 does not code for an
immunity mediating ABC transporter LanFEG. Thus, a direct
binding of Pep5 to Pepl seems unlikely. Instead it was suggested
that Pepl competes with Pep5 for binding to an anionic cellular
target such as teichoic or lipoteichoic acids (70).

Another conceivable mechanism is that upon subtilin bind-
ing to lipid II mediated by its first two lanthionine rings, the
positive charges at the C termini of subtilin in subtilin-lipid II
oligomeric complexes are free to serve as binding site(s) for the
highly negatively charged membrane proximal surface of Spal
(Fig. 4A, upper right, and supplemental Fig. S9, right). Such an
interaction could either prevent the membrane insertion of
these complexes or at a later stage close the membrane pores
formed by subtilin-lipid II oligomers.

The structure of Spal reported here provides an important
step toward the molecular understanding of the immunity
mechanism of B. subtilis in particular and of other lantibiotic
producing strains in general. Understanding the immunity
mechanism of lantibiotic producing strains will help to design
and express novel lantibiotics to cope with the emerging resis-
tance of bacterial strains against common antibiotics.
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