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Background: The lipoprotein NisI confers immunity to Lactococcus lactis against its own lantibiotic nisin.
Results: NisI contains a membrane and a nisin binding domain both with the same fold as SpaI from Bacillus subtilis.
Conclusion: The C-terminal domain of NisI interacts directly and specifically with nisin.
Significance: Our results help to understand the mechanism of the NisI mediated immunity against nisin on a structural level.

Many Gram-positive bacteria produce lantibiotics, geneti-
cally encoded and posttranslationally modified peptide anti-
biotics, which inhibit the growth of other Gram-positive bac-
teria. To protect themselves against their own lantibiotics
these bacteria express a variety of immunity proteins includ-
ing the LanI lipoproteins. The structural and mechanistic
basis for LanI-mediated lantibiotic immunity is not yet
understood. Lactococcus lactis produces the lantibiotic nisin,
which is widely used as a food preservative. Its LanI protein
NisI provides immunity against nisin but not against struc-
turally very similar lantibiotics from other species such as
subtilin from Bacillus subtilis. To understand the structural
basis for LanI-mediated immunity and their specificity we
investigated the structure of NisI. We found that NisI is a
two-domain protein. Surprisingly, each of the two NisI
domains has the same structure as the LanI protein from
B. subtilis, SpaI, despite the lack of significant sequence ho-
mology. The two NisI domains and SpaI differ strongly in
their surface properties and function. Additionally, SpaI-me-
diated lantibiotic immunity depends on the presence of a
basic unstructured N-terminal region that tethers SpaI to the
membrane. Such a region is absent from NisI. Instead, the
N-terminal domain of NisI interacts with membranes but not
with nisin. In contrast, the C-terminal domain specifically
binds nisin and modulates the membrane affinity of the
N-terminal domain. Thus, our results reveal an unexpected

structural relationship between NisI and SpaI and shed
light on the structural basis for LanI mediated lantibiotic
immunity.

To protect their habitat many bacteria and archaea produce
peptides with antimicrobial functions to inhibit the growth of
putative competitors (1). In an age of widespread (over) use of
antibiotics and the rapid ascent of resistant pathogens, these
so-called bacteriocins have found increasing attention (2). A
very promising group of bacteriocin candidates for clinical
applications are the lantibiotics (3). Lantibiotics are genetically
encoded and ribosomally translated as precursor peptides that
undergo extensive posttranslational modifications (4). They
contain several unusual amino acids and the characteristic
thioether lanthionine and methyllanthionine bridges (5). Nisin,
the most prominent lantibiotic, belongs to the so-called class I
lantibiotics that are modified by a dehydratase LanB and a
cyclase LanC (6 –9). After modification the precursor peptide is
exported by an ABC transporter LanT and the leader sequence
is cleaved by a LanP protease resulting in an active lantibiotic
(10). Lantibiotics are only produced by Gram-positive bacteria
but are also active against Gram-positive bacteria. Therefore, it
is vitally important for the producer strains to protect them-
selves against the antimicrobial activity of their own lantibiot-
ics. Thus, lantibiotic producer strains possess a so-called
immunity system. The immunity system of many lantibiotic
producers consists of an ABC transporter LanFEG and an
immunity protein LanI (11–13). Its expression is regulated by
the extracellular concentration of the lantibiotic through a two-
component system with a sensor histidine kinase LanK and a
response regulator LanR (14, 15).

Nisin produced by Lactococcus lactis is one of the best-stud-
ied and most widely applied lantibiotics. For more than 40 years
nisin is used as a natural food preservative (16). Nisin inhibits
cell wall biosynthesis by binding to and sequestering of the
essential precursor lipid II (17, 18). In addition, lipid II-nisin
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complexes form pores in the membrane of Gram-positive bac-
teria and thereby disrupt the membrane potential. The solution
NMR structure of a nisin-lipid II complex showed that nisin
specifically binds the pyrophosphate moiety of lipid II (19). To
protect themselves against their own lantibiotic, nisin producer
strains of L. lactis express the specific immunity proteins NisI, a
lipoprotein (Fig. 1A), and NisFEG, an ABC transporter. Knock-
out experiments of either one system showed that both confer
nisin immunity. However, full immunity is only reached when
both systems are co-expressed (11, 12, 20, 21). Because the
immunity mechanism against lantibiotics is still unclear, a
detailed study of the participating proteins on a structural and
functional level is required as a prerequisite for developing
novel lantibiotics. Structural information for lantibiotic immu-
nity proteins in general and LanI proteins in particular is so far
very limited. Only a solution structure for a LanI protein has
been solved (22) so far, the structure of SpaI from Bacillus sub-
tilis conferring immunity against subtilin. In addition, the
structure for the unrelated lipoprotein MlbQ conferring immu-
nity to actinomycetes against NAI-107 has been reported (23).
The SpaI structure revealed a novel three-dimensional fold
with a structured core of six antiparallel twisted �-sheets and an
unusually long �-hairpin. The flexible N terminus of SpaI was
shown to interact with membranes, an interaction that is func-
tionally important for lantibiotic immunity. Interestingly, the
lantibiotics nisin and subtilin have a high level of sequential and
structural homology. However, the lantibiotic immunity pro-
teins SpaI and NisI differ significantly in size (16.8 versus 25.8
kDa) and show only very limited sequence homology in the
C-terminal part (Fig. 1B). In fact, NisI is only able to confer
immunity against nisin and SpaI confers only immunity against
subtilin (24). This lack of cross-immunity suggests that the two
LanI proteins are highly specific for their cognate lantibiotics. It
was also shown by native PAGE that in vitro NisI specifically
binds to nisin but not subtilin (24). A nisin binding affinity in
the low micromolar range was determined for lipid-free NisI by
surface plasmon resonance (25). Furthermore, experiments
with C-terminal truncation variants of NisI suggested that the
C-terminal 22 amino acids of NisI are involved in nisin immu-
nity (26, 27). For a better understanding of the specificity of NisI
and SpaI and the lantibiotic immunity mechanism in general a
detailed structural analysis of NisI is required.

Here we describe the solution structure of the lantibiotic
immunity protein NisI and characterize its interaction with
nisin and membrane vesicles in vitro. NisI consists of two struc-
turally independent domains with very different biophysical
and functional properties. Unexpectedly, both domains are
structurally very similar to SpaI suggesting a close evolutionary
relationship between the two proteins. Importantly, our results
suggest that the two domains are functionally specialized.
Although the N-terminal domain binds to the membrane the
C-terminal domain interacts specifically with nisin.

Experimental Procedures

Expression and Purification—For structure determination of
NisI from L. lactis the two domains of NisI were separately
expressed in Escherichia coli. Functional analyses of NisI were
carried out with the full-length protein lacking the leader

sequence and the lipobox (starting at residue �2, the �1 resi-
due is the cysteine of the lipobox). The coding sequences were
cloned into a modified pET11a vector containing an N-termi-
nal His6-SUMO tag. For NMR experiments all NisI constructs
were expressed and purified as described before (28). Cysteine
mutants were constructed by in vitro mutagenesis. Additional
cysteines were introduced at the following positions: S114C,
S15C, and S41C. For the extended linker mutant a 10-fold gly-
cine serine linker was introduced at amino acid position 114 of
NisI-(2–226) (NisI-(2–226)-10xGS). A NisI variant with a
shortened linker (NisI-(2–226)-�114 –117) was also con-
structed by in vitro mutagenesis.

NMR Spectroscopy—For NMR measurements NisI-(2–226)
(400 �M) and the isolated NisI domains were dissolved in 50 mM

sodium phosphate buffer, pH 6.5, 100 mM NaCl, 1 mM DTT,
and 10% D2O (NMR buffer). For NMR titration experiments a
protein concentration of 50 –200 �M was used. NMR spectra
were acquired at 25 °C on Bruker AVANCE 600, 700, 800, 900,
and 950 MHz spectrometers equipped with cryogenic triple
resonance probes. The proton chemical shifts were internally
referenced to 2.2-dimethyl-2-silapentane-5-sulfonic acid and
the heteronuclear 13C and 15N chemical shifts were indirectly
referenced with the appropriate conversion factors (29). All
spectra were processed using Bruker TopSpinTM 2.1/3.2 and
analyzed using the programs CARA (30) and CcpNmr Analysis
(31). The standard set of triple resonance experiments was used
for the backbone resonance assignments of NisI-(2–226) and
the backbone and side chain resonance assignments of NisI-(2–
110) and NisI-(97–226) as described in detail elsewhere (28).

To evaluate NMR titration experiments the chemical shifts
were determined using the peak picking function of CcpNmr
Analysis (31). The chemical shift differences were calculated
using the following function (32),

�� � ���H
2 � ���N

6.5 �
2

(Eq. 1)

{1H},15N-heteronuclear nuclear Overhauser effect (hetNOE)
experiments (34) for 2H,15N-labeled NisI-(2–226) (28) as well
as for 15N-labeled NisI-(2–110) and NisI-(97–226), respec-
tively, were recorded using Bruker standard pulse sequences.
Experiments were run twice in an interleaved fashion with and
without proton saturation during the recovery delay. Peak
intensity differences were obtained using Bruker TopSpinTM

2.1/3.2 for peak integration and the peak intensity difference
was calculated as �I � IX/I0.

For paramagnetic relaxation enhancement measurements a
site-directed spin label was introduced in NisI-(2–226) cysteine
mutants. Wild type NisI-(2–226) contains a natural cysteine in
the core of the N-terminal domain, which, however, is only
marginally accessible to labeling even at extended reaction
times as tested with fluorescein-5-maleimide (Sigma) under the
same conditions as for spin labeling. All 15N-labeled cysteine
mutants were expressed and purified as described for the wild
type protein. The correct folding of the mutants was tested with
15N-HSQCs. Prior to spin labeling the buffer was exchanged via
a PD-10 desalting column (GE Healthcare) to a non-reducing
environment (25 mM HEPES, 100 mM NaCl, pH 7.0). The pro-
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tein was incubated for 3 h at room temperature with a 10-fold
excess of the spin label 4-maleimido-TEMPO (Sigma). After
the reaction, excess of spin label was removed by gel filtration
with NMR buffer without DTT. 15N-HSQC4 spectra were
recorded with spin-labeled protein at a concentration of �100
�M. To record spectra without paramagnetic effects the spin
label was reduced with 1 mM ascorbic acid for 1 h.

To measure amide residual dipolar couplings IPAP-
[1H,15N]-HSQC spectra with and without alignment media
were recorded on a 600 MHz spectrometer for 15N-labeled
NisI-(2–110) and NisI-(97–226) (35). For the positively charged
NisI-(2–110) a lyotrophic liquid crystalline phase (3.8% PEG-
hexanol, (36) and for the negatively charged NisI-(97–226) pf1
phage (15 mg/ml, Hyglos GmbH) were used as alignment
media. 1DNH values were extracted where signals could be
tracked unambiguously and peak maxima were determined by
using the peak picking function in the program CcpNmr Anal-
ysis (36). Residual dipolar coupling values for NisI-(2–226)
were not determined due to interactions of the protein with all
tested alignment media.

Structure Calculation—Distance restraints based on nuclear
Overhauser effect (NOE) were obtained from 15N-NOESY-
HSQC, 13C-NOESY-HSQC (aliphatic carbons), and 13C-
NOESY-HSQC (aromatic carbons) experiments in H2O with
mixing times of 120 ms. Torsion angle restraints were calcu-
lated using TALOS-N (37) based on backbone H, N, C�, C�,
and CO chemical shifts and used for all residues with {1H},15N-
hetNOE values �0.5.

Peak picking and NOE assignment was performed with the
ATNOS/CANDID module in UNIO (38) in combination with
CYANA (39) using the three-dimensional NOESY spectra.
Peak lists were reviewed manually and corrected in case of arti-
facts. Distance restrains were obtained using the automated
NOE assignment and structure calculation protocol available in
CYANA (39, 38). For all NOESY spectra an assignment of more
than 87% of the observable NOESY cross-peaks was achieved.
In the final round of structure calculation 72 and 76 residual
dipolar coupling restraints for backbone amide groups in NisI-
(2–110) and NisI-(97–226), respectively, were included for res-
idues with well resolved signals and a hetNOE value �0.5. The
20 structures with the lowest target functions were used for
restrained energy refinement with OPALp (40) and the
AMBER94 force field (41). With the CYANA “regularized”-
macro a single representative structure was obtained (42). This
representative mean structure as well as the 19 conformers with
the lowest CYANA target function were used for the structure
validation with the Protein Structure Validation Software suite
1.5 (43) restricted to residues with hetNOE values �0.6.

Electrostatic surface potential calculations were conducted
with the PDB2PQR web server (44) using the PARSE force field
and visualized with the APBS plug-in (45) for PyMOL (46). All
figures of structures were prepared with PyMOL.

Small-angle X-ray Scattering Measurements and Data
Analysis—SAXS data for solutions of NisI, NisI-(2–226)-
10xGS, and NisI-(2–226)-�114 –117 were recorded on an in-
house SAXS instrument (SAXSess mc2, Anton Paar, Graz, Aus-
tria) equipped with a Kratky camera, a sealed x-ray tube source
and a two-dimensional Princeton Instruments PI�SCX:4300
(Roper Scientific) CCD detector. The scattering patterns were
measured with a 90-min exposure time (540 frames, each 10 s)
for several solute concentrations in the range from 1 to 9.0
mg/ml. Measurements for NisI were carried out at NaCl con-
centrations of 25, 100, and 500 mM in NMR buffer. NisI linker
mutants were measured in NMR buffer containing 100 mM

NaCl. For the nisin-binding experiments SAXS data were
recorded for NisI (70, 140, and 210 �M) and NisI-nisin (70 �
270 �M) in an optimized nisin titration buffer (200 mM NaAc,
pH 4.5, 25 mM NaCl, 1 mM DTT). Radiation damage was
excluded based on a comparison of individual frames of the
90/180-min exposures, where no changes were detected. A
range of momentum transfer of 0.012 � s � 0.63 Å-1 was cov-
ered (s � 4� sin(	)/
, where 2	 is the scattering angle and 
 �
1.5 Å is the x-ray wavelength). All SAXS data were analyzed
with the package ATSAS (version 2.5). The data were processed
with the SAXSQuant software (version 3.9), and desmeared
using the programs GNOM (47) and GIFT (48). The forward
scattering, I(0), the radius of gyration, Rg, the maximum dimen-
sion, Dmax, and the inter-atomic distance distribution func-
tions, (P(R)), were computed with the program GNOM. The
masses of the solutes were evaluated by comparison of the for-
ward scattering intensity with that of a human serum albumin
reference solution (molecular mass 69 kDa) and using the
Porod volume. Ensemble optimization method calculations
were carried out using the ensemble optimization method pro-
gram (49) with default settings. A random pool of 100,000 inde-
pendent structures was generated using the primary sequence
and the averaged and energy-minimized NMR structures of the
individual domains as input. The disordered regions in the ter-
mini and connecting linkers were randomized (residues 1–9
and 111–118). Using the built-in genetic algorithm and using
default settings a subset of a few independent structures was
selected that describes the experimental SAXS best, and used to
prepare the figures showing Rg/Dmax distributions.

Liposome Preparation—Multilamellar liposomes for NMR
titration experiments were prepared using 1,2-dioleoyl-sn-
glycero-3-phospho-(1-rac-glycerol) and cardiolipin from
Avanti Polar Lipids (supplied in chloroform) in a 1:3 ratio mim-
icking the phospholipid composition of L. lactis membranes
(50). Lipids were dried in a vacuum concentrator and hydrated
in NMR buffer. Following hydration liposomes were prepared
by 5 to 6 freeze/thaw cycles. For the floating assay small unila-
mellar vesicle liposomes were prepared by using a Mini-Ex-
truder (Avanti Polar Lipids) equipped with membranes of a
pore size of 0.4 �m.

Floating Assay—50 �g of protein and 4 mg of liposomes were
mixed with a sucrose stock solution (70% (w/v) in NMR buffer)
to generate 0.75 ml of a 50% (w/v) sucrose liposome protein
solution, which was overlaid with 3.5 ml of 40% (w/v) sucrose
and 0.75 ml of NMR buffer. After centrifugation at 10,000 � g
for 17 h at 4 °C, 1-ml fractions were collected from top to bot-

4 The abbreviations used are: HSQC, heteronuclear single quantum coher-
ence; hetNOE, heteronuclear nuclear Overhauser effect; SAXS, small-angle
x-ray scattering; r.m.s., root mean square.
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tom. Each fraction was analyzed by SDS-PAGE followed by
Coomassie Blue staining.

Nisin Titration—Nisin was purified from commercial avail-
able nisin powder (Sigma, 2.5% nisin, N5764). 40 mg/ml of the
lyophilized powder were dissolved in 50 mM lactic acid, pH 3.0,
and filtered through a 0.45-�m membrane filter. 500 �l were
applied to a Phenomenex Gemini-NX 250 � 10-mm HPLC
column. Nisin was eluted by increasing acetonitrile concentra-
tions from 5 to 100% with 0.1% TFA. The elution fractions were
dried in a vacuum concentrator and washed twice with H2O.
Nisin was then dissolved in an optimized NMR buffer with 200
mM NaAc, pH 4.5, 25 mM NaCl, 1 mM DTT (nisin titration
buffer) at a concentration of 2 mM. For nisin titrations the NisI
constructs were dissolved in the same buffer as nisin. A 60 �M

NisI-(2–226) and 60 and 100 �M NisI-(97–226) protein samples
were used for titration with an up to 10-fold excess of nisin.
15N-TROSY-HSQC spectra for NisI-(2–226) and 15N-HSQC
spectra for NisI-(2–110), and NisI-(97–226) were recorded and
peak intensities were extracted using Topspin 3.2. For KD
determination the binding curves were fitted to the following
equation using Origin Pro 2015,

I � a � �c � x � KD

2 ��c � x � KD

2 � 2

� c � x � � I0

(Eq. 2)

I peak is intensity (normalized), I0, initial peak intensity, KD,
dissociation constant, a normalization factor, c, protein con-
centration, x, concentration of nisin.

Determination of NisI-mediated Immunity in Vivo—For the
determination of LanI-mediated immunity, B. subtilis cells
were grown in TY medium supplemented with 0.3 M NaCl and
1% xylose for the induction of lanI expression. Spectinomycin
(100 �g/ml) and erythromycin (1 �g/ml) were used for the
selection of B. subtilis transformants. B. subtilis TMB299
strains expressing different NisI variants were used to deter-
mine immunity against nisin. Overnight cultures of the corre-
sponding strains were diluted to a final A600 of 0.1 in TY
medium with added 0.3 M NaCl, and 1% xylose. Cells were incu-
bated until an A600 of 1.0 was reached and were split into 2-ml
aliquots. Different amounts of a stock solution containing 0.08
�g/ml of purified nisin were added and A600 was measured after
30 and 210 min. Strains expressing the wt-nisI gene or no lanI
gene were used as positive and negative controls. Protein
expression and localization was verified by Western blot
analysis.

Results

NisI Is a Two-domain Protein—A NisI variant lacking the
N-terminal leader sequence and the lipobox motif (NisI-(2–
226), Fig. 1A) (28) was used for initial NMR studies. A nearly
complete backbone resonance assignment was obtained for this
25.8-kDa protein (BMRB accession number 25193). The sec-
ondary structure of NisI-(2–226) was determined using HN, N,
C�, C�, and CO chemical shifts and indicated that NisI is
mainly a �-sheet protein. A comparison of the secondary struc-
ture derived for full-length NisI with that of SpaI showed that

the C-terminal half of NisI has an arrangement of secondary
structure elements very similar to SpaI (Fig. 1B). In addition,
the limited sequence homology of NisI and SpaI is restricted to
the C-terminal half of NisI (Fig. 1B). Furthermore, hetNOE mea-
surements revealed that the C-terminal half of NisI contains a
large flexible loop that is also present at a similar position in
SpaI (Fig. 1C). Taken together, these data suggested that the
C-terminal half of NisI contains a domain with a SpaI-like
three-dimensional structure. In addition, hetNOE measure-
ments showed that the N-terminal part of NisI and the C-ter-
minal SpaI-like part are connected via a flexible linker (amino
acids 112–119) indicating that NisI consists of two separate
domains (Fig. 1C). Expression of the isolated C-terminal SpaI-
like part of NisI (NisI-(97–226)) resulted in a stable, well folded
protein with the same secondary structure as seen in the full-
length protein. Furthermore, the isolated N-terminal part
(NisI-(2–110)) could be expressed as a well folded and stable
protein. Thus, NisI is composed of two structurally indepen-
dent domains. Comparison of the 15N-HSQC spectra of full-
length NisI with the 15N-HSQC spectra for the isolated
domains (Fig. 1, D and E) showed overlap for most signals in
agreement with similar structures of the domains in isola-
tion and as part of the full-length protein. A fraction of the
signals in the 15N-HSQC spectra show small chemical shift
differences suggesting a weak interaction between the two
domains (see below). Consequently, we used the isolated
12.7-kDa N-terminal (NisI2–110) and the isolated 14.6-kDa
C-terminal domain (NisI-(97–226)) of NisI, respectively, for
structure determination.

Structure of the Individual NisI Domains—The NMR-de-
rived solution structures for the two domains were based on
2336 and 2277 NOE-derived proton-proton distance restrains
for NisI-(2–110) and NisI-(97–226), respectively. In addition,
156 and 162 chemical shift derived dihedral angle restrains
were used for NisI-(2–110) and NisI-(97–226), respectively. In
the final round of structure calculations, residual dipolar cou-
pling restraints were included for both domains. For the C-ter-
minal domain (NisI-(97–226)) the first 22 amino acids were
excluded from structure calculations, because residues 97–118
are flexible in solution as indicated by low hetNOE values and
the absence of long-range NOEs cross-peaks for those residues.
Additionally, a comparison of 15N-HSQC spectra of NisI-(97–
226) and a shortened construct starting at amino acid 119 (NisI-
(119 –226)) did not show any chemical shift differences (data
not shown). The ensembles of the 19 lowest energy structures
calculated with CYANA (39) and an energy minimized repre-
sentative mean structure (39) for both domains are shown in
Fig. 2A. A schematic depiction of the domain structures is
shown in Fig. 2B.

Both domain ensembles have a low backbone r.m.s. deviation
of �0.3 Å for the rigid parts of the proteins. The NMR statistics
for the NisI domain structures are listed in Table 1 according to
the recommendations of the NMR-VTF (51). Both structures
have been deposited in the Protein Data Bank under ID codes
2n32 (NisI-(2–110)) and 2n2e (NisI-(119 –226)).

As already expected based on the NMR-derived secondary
structure NisI-(119 –226) shows the same three-dimensional
fold as SpaI. Similar to SpaI, NisI-(119 –226) is mainly a �-sheet
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protein with an elongated shape. The core of the domain is
formed by a seven-stranded antiparallel twisted �-sheet with
the strand order �1-�2-�3-�8-�7-�6b-�4a. In comparison to
the six-stranded �-sheet of SpaI there is an additional N-termi-
nal �-strand �1. An extended �-hairpin is formed by strands
�4b and �6a and is stabilized by hydrophobic packing interac-

tions with residues from �1 and �2. In addition, the �-hairpin is
flanked by a short 310 helix. The characteristic large flexible
loop of SpaI at the apex of the long �-hairpin is also seen in
NisI-(119 –226). Low hetNOE values specify this loop as highly
flexible in solution (Fig. 1C, loop 1). In contrast to the structure
of SpaI, the second flexible internal loop between �4b and �5 is

FIGURE 1. NisI is a two-domain protein with a SpaI-like domain in its C-terminal half. A, schematic representation of the lipoprotein NisI and NMR
constructs used in this study. NisI contains an N-terminal leader sequence for export across the cytoplasmic membrane followed by a lipobox motif where a
diacylglyceryl moiety is covalently attached to the cysteine indicated. The red line indicates the cleavage site for the leader sequence. The NMR construct for
full-length NisI starts at residue �2, where the �1 residue is the cysteine of the lipobox. B, sequence alignment of SpaI and NisI. Identical residues are
highlighted with dark gray boxes and residues with similar chemical properties are shown in light gray boxes. The secondary structure based on chemical shift
analysis for both proteins is indicated above and below the sequence with arrows representing �-sheets and cylinders �-helices. C, {1H},15N-hetNOE values for
backbone amide groups of NisI-(2–226) in gray and SpaI-(18 –143) in orange. The secondary structure of NisI is indicated above. D and E show overlays of the
15N-TROSY-HSQC spectra of NisI-(2–226) in gray and the 15N-HSQC spectra of NisI-(2–110) in blue (D) and NisI-(97–226) in red (E), respectively.
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not found to be flexible in NisI-(119 –226) according to the
hetNOE data (Fig. 1C). In summary, the overall structure of
NisI-(119 –226) closely resembles the three-dimensional-fold
found in SpaI. This is reflected in a DALI Z-score of 7.4 (52) and
a C�-r.m.s. deviation to SpaI-(18 –143) of 3.9 Å.

Surprisingly, the N-terminal domain of NisI also adopts a
fold centered around a seven-stranded antiparallel twisted
�-sheet, which is similar to SpaI (C�-r.m.s. deviation to SpaI-
(18 –143): 3.5; DALI Z-score 6.3) and to the C-terminal domain
of NisI (C�-r.m.s. deviation to NisI-(119 –226): 2.6; DALI
Z-score: 9.7). However, the individual �-strands are shorter in
comparison to SpaI and NisI-(119 –226) (Fig. 2D). The long

�-hairpin comprised of strands �4b and �6a is flanked by a
short additional �-strand (�5) similar to NisI-(119 –226). The
large flexible loop 1 is not found in NisI-(2–110) but a shorter
loop with a rigid structure indicated by hetNOE values �0.6 is
present at the tip of the �-hairpin. The secondary structure
pattern (Fig. 2C) and the three-dimensional fold of NisI-(2–
110) is very similar to both SpaI (Fig. 2D) and the NisI C-termi-
nal domain but the hetNOE data (Fig. 1C) reveal an overall rigid
and globular structure of NisI-(2–110). However, whereas the
three-dimensional structures of the two NisI domains both
strongly resemble the structure of the folded core of SpaI, NisI
lacks the long unstructured basic N terminus of SpaI, which

FIGURE 2. Both domains of NisI have a SpaI-like three-dimensional structure. A, backbone traces of the 19 lowest energy conformers and the regularized
mean structure for NisI-(2–110) (left) and NisI-(119 –226) (right). �-Sheets are shown in blue for NisI-(2–110) and red for NisI-(119 –226). �-Helices are shown in
dark blue for NisI-(2–110) and orange for NisI-(119 –226). B, schematic representations of the energy minimized mean structures of Nis-(2–110) (left) and
NisI-(119 –226) (right) with the same color-coding as in A. C, schematic representation of the secondary structure of NisI-(2–110) (left), SpaI (middle), and
NisI-(119 –226) (right) with arrows representing �-sheets and cylinders representing �-helices. D, superpositions of the mean structure of SpaI colored gray with
the mean structures of NisI-(2–110) (blue, left) and NisI-(119 –226) (red, right).
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interacts with the membrane. Furthermore, the two NisI
domains display strong differences in their surface properties.
The surface of the N-terminal domain is highly positively
charged, whereas the C-terminal domain has a highly nega-
tively charged surface with hydrophobic areas (see below and
Fig. 3D). In this respect, the C-terminal domain of NisI also
resembles the folded core domain of SpaI. However, the exact
location of the negatively charged surface patches of the NisI
C-terminal domain differs from SpaI.

Domain Interaction—The comparison of the 15N-TROSY-
HSQC spectra of NisI-(2–226) and the 15N-HSQC spectra of
the individual domains showed chemical shift differences for
some residues not located in or near the interdomain linker.
This indicates an interaction of the two domains in the context
of the full-length protein. Significant chemical shift differences
between the domains and the full-length protein cluster to two
structurally equivalent areas of each domain, �-strands �4 and
�6, which are part of the �-hairpin (Fig. 3A). Additionally, the
N-terminal residues of NisI-(2–110) show significant chemical
shift differences between the free domain and the full-length
protein (Fig. 3A).

To further investigate the interdomain interaction the 15N-
labeled N-terminal domain of NisI was titrated with the unla-
beled C-terminal domain and vice versa. In both cases, the 15N-
HSQC spectra of the labeled domain show chemical shift

changes upon the addition of increasing amounts of the unla-
beled domain (Fig. 3B). Thus, the two isolated domains form an
intermolecular complex that is in fast exchange on the NMR
time scale in agreement with a weak interaction. To identify the
surface areas involved in the interaction between the two sep-
arated domains the observed chemical shift changes were
mapped onto the sequence (Fig. 3C) and the structures of the
two domains (Fig. 3, D and E). The chemical shift changes
observed in the titration experiments cluster to the same sur-
face areas as the chemical shift differences observed between
the full-length protein and the isolated domains. Thus, both
data sets identify similar interaction surfaces for the two
domains. In line with this observation, in the NMR titration
experiments with the two isolated NisI domains a number of
signals are shifting toward their corresponding chemical shift in
the full-length protein (Fig. 3B).

The two NisI domains clearly show opposite electrostatic
surface properties (Fig. 3D). Although the N-terminal domain
is overall positively charged with 17 basic and only 13 acidic
residues, the C-terminal domain has an excess of 11 negatively
charged residues. Mapping the electrostatic properties onto the
surface of the two domains reveals that the positive charges of
NisI-(2–110) and the negative charges of NisI-(119 –226) clus-
ter to defined surface regions on each domain (Fig. 3D). Inter-
estingly, the interdomain interaction surface of NisI-(2–110) is

TABLE 1
Structural statistics for the NMR solution structures of NisI-(2–110) and NisI-(119 –226)

NisI-(2–110) NisI-(119 –226)

Conformational restricting restraints
Total NOE distance restraints 2336 2277

Intraresidue �i � j� 526 428
Sequential �i - j� � 1 616 634
Medium range 1 ��i - j� �5 290 316
Long-range �i - j� �5 904 899

Dihedral angle restraints (Talos�) 156 162
Residual dipolar couplings (DNH) 72 76
No. of restraint per residue 24.1 23.6
No. of long-range restraints per residue 8.4 8.3

Residual restraint violationsa

Average no. of distance violations per structure
0.1–0.2 Å 4.65 5.4
0.2–0.5 Å 1 1.1
�0.5 Å 1 3

Average No. of dihedral angle violations per structure
1–10° 50.05 49.45
�10° 1 1

Model quality (ordered residues)a

R.m.s. deviation backbone atoms (Å) 0.3 0.3
R.m.s. deviation heavy atoms (Å) 0.7 0.7
R.m.s. deviation bond lengths (Å) 0.011 0.011
R.m.s. deviation bond angles (°) 2.2 2.2

MolProbity Ramachandran statisticsa

Most favored regions 94.7% 94%
Allowed regions 4.4% 5.7%
Disallowed regions 0.9% 0.4%

Global quality scores (raw/Z score)a

Verify3D 0.39/	1.12 0.43/	0.48
Prosall 0.76/ 0.45 0.67/ 0.08
PROCHECK (-�) 	0.58/	1.97 	0.59/	2.01
PROCHECK (all) 0.67/	3.96 	0.64/	3.78
MolProity clash score 6.08/ 0.48 4.82/ 0.7

Model contents
Ordered residue ranges (hetNOE �0.6) 9–110 121–178,191–224
Total No. of residues 109 108
BMRB accession number 25175 25194
PDB code 2n32 2n2e

a Calculated using PSVS 1.5 for using ordered residues (HetNOE � 0.6) (43). Average distance violations were calculated using the sum over r	6.
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dominated by positive charges, whereas the interdomain inter-
action site of NisI-(97–226) is predominantly negatively
charged (Fig. 3, D and E). Additionally some hydrophobic resi-
dues flank the interaction surface in both domains. These resi-
dues are part of �-strands �4 and �6 in both domains and are
solvent-exposed in the structures of the individual domains.
Thus, the interaction between the two domains of NisI is dom-
inated by complementary electrostatic surface features and
supplemented by matching hydrophobic patches. The impor-

tance of electrostatic complementarity for the interdomain
interaction is borne out by the effects of increasing salt concen-
trations on the NMR spectra of the full-length protein. An
increase of the NaCl concentration to 500 mM leads to chemical
shift changes of the full-length protein for many residues that
are located in the interacting domain surfaces (Fig. 4A). Impor-
tantly, the 15N-TROSY-HSQC spectrum of NisI-(2–226) at 500
mM NaCl is more similar to the 15N-HSQC spectra of the iso-
lated domains as the one recorded with the standard buffer

FIGURE 3. Interdomain interactions in NisI. A, histogram of the measured amide backbone 1H,15N chemical shift differences between full-length NisI
(NisI-(2–226)) and the isolated N-terminal (NisI-(2–110)) and C-terminal (NisI-(97–226)) domains. The secondary structure for full-length NisI is indicated by
arrows and tubes atop of the histogram. B, overlay of a part of the 15N-HSQC spectra of 80 �M

15N-labeled NisI-(2–110) (left) and 100 �M
15N-labeled NisI-(97–226)

(right) in the absence (light blue and light red) and presence of increasing amounts of the other domain in its unlabeled form. The molar ratios of the two
domains are 1:1 (blue and red) and 1:6 (dark blue and dark red). The 15N-TROSY-HSQC of full-length NisI is shown in gray for comparison. Signals of residues of
the individual domains, which move toward the chemical shift of the same residue in the full-length protein are indicated with arrows. C, histogram of the
chemical shift differences of NisI-(2–110) (blue) and NisI-(97–226) (red) upon addition of a 6-fold molar excess of the other domain in its unlabeled form. D and
E, show the chemical shift changes of NisI-(2–110) and NisI-(97–226) upon addition of the other unlabeled domain in 6-fold excess mapped either onto the
schematic representation (D) or a solvent accessible surface representation (E) of the structure of NisI-(2–110) (left) and NisI-(119 –226) (right) in two different
orientations. For comparison, D also shows the electrostatic surface potentials of each domain mapped on the solvent accessible surfaces of each domain with
negatively charged surface areas colored in red, positively charged areas colored in blue and white areas corresponding to hydrophobic surfaces. A wavy line
indicates the approximate position of the diacylglycerol anchor connected to the cysteine of the lipobox in membrane bound NisI. The orientation of the
electrostatic surface maps in D correspond to the orientation of the chemical shift maps shown on the right-hand side in each panel in E.

FIGURE 4. Chemical shift differences between full-length NisI (WT) in NMR buffer (100 mM NaCl) and full-length NisI (WT) in buffer containing 500 mM

NaCl (A) or NisI constructs with either an extended 10xGS linker insertion (B) or with a truncated linker (C). For comparison, D shows the chemical shift
differences between full-length NisI and the two isolated domains as shown in Fig. 3A and serves as a reference. Gray boxes highlight residues involved in
interdomain interactions.
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containing 100 mM NaCl. This indicates the weakening or
the loss of the interdomain interaction at higher salt
concentrations.

To define the orientation of the two domains with respect to
each other, we analyzed 15N- and 13C-NOESY-HSQC spectra
of the full-length protein. However, there were no observable
NOE interactions between the two domains. Furthermore,
many residues located in the interdomain interface showed
broadened NMR signals. This is in agreement with a weak and
dynamically disordered interface. Alternatively, we employed
chemical shift driven docking using HADDOCK (53) to gener-
ate models for the domain orientation in the full-length protein.
However, multiple structural families with different relative
domain orientations were obtained in these calculations. Resid-
ual dipolar couplings can in principle deliver the information
required to orient domains in a multidomain protein with
respect to each other (54). We successfully used residual dipolar
couplings to refine the structures of the isolated NisI domains
using media matched to the physical properties of the two
domains to prevent an interaction of the aligning medium with
the protein. However, for full-length NisI all tested alignment
media including uncharged media (36) induced chemical shift
changes also involving residues in the interdomain interfaces
suggesting that the alignment media changed the interdomain
orientation and therefore could not be used to derive the inter-
domain orientation in NisI by residual dipolar couplings.
Finally, paramagnetic relaxation enhancements measured in
spin-labeled proteins could provide long-range distance con-
straints that might be helpful in defining interdomain orienta-

tions (55, 33). To this end cysteine mutants of the protein are
required. We tested a number of cysteine point mutations with
mutation sites chosen based on the structures of the isolated
domains and not located in the putative interdomain interac-
tion surface as identified by chemical shift changes. However,
many of these mutations lead to chemical shift changes not
restricted to the vicinity of the mutation sites but often includ-
ing residues in the interdomain interface. We were able to only
measure the paramagnetic relaxation enhancement for three
cysteine mutants, all located in the N-terminal domain. None-
theless, structure calculations with these paramagnetic relax-
ation enhancements did not result in converged structures with
a defined interdomain orientation.

To further address the conformation of NisI in solution at
different NaCl concentrations, we performed SAXS experi-
ments. Scattering curves recorded at several solute concentra-
tions (Fig. 5A) shows that NisI adopts a compact conformation
at low salt concentrations (25 and 100 mM) and a more
extended conformation at high salt concentrations (500 mM

NaCl) as we observed an increase in radial density at higher
distances (Fig. 5B). We analyzed the conformational space sam-
pled by NisI using the ensemble optimization method (49).
Here, a pool of independent structures based on the amino acid
sequence and available structural information for the individ-
ual domains is first generated. A genetic algorithm is then used
to select an ensemble of structures that best describes the
experimental SAXS data (for more details see “Experimental
Procedures”). We identified the best ensembles concerning the
agreement of experimental and back-calculated data and com-

FIGURE 5. A dynamic global conformation of full-length NisI in solution as seen by SAXS. A, raw SAXS scattering data for NisI-(2–226) at three different salt
concentrations and measured for three different protein concentrations under each condition as indicated. The insets show the corresponding Guinier plots,
which demonstrate the absence of protein aggregation. B, SAXS curves show an extension of NisI at higher salt concentrations. SAXS data showing a
comparison of the experimental radial density distributions of NisI with increasing salt concentrations as indicated. C and D, salt-dependent changes in the
conformational ensemble of NisI. Rg (C) and Dmax (D) distributions of the ensemble optimization method models of full-length NisI at 25 and 500 mM NaCl in the
initial pool of structures with randomized interdomain linkers (gray lines) and in the ensembles selected to represent the experimental data (solid and dashed
black lines).
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pared the Rg and Dmax distributions of the random pool of
structures to the selected ensembles (Fig. 5, C and D). At a low
NaCl concentration, the selected NisI ensemble clearly shows a
preference for conformations with a higher degree of compac-
tion compared with the random pool (Fig. 5, C and D). This
suggests that there must be inter-domain interactions within
NisI that lead to a compaction of the molecule. At higher NaCl
concentrations, NisI partly loses this compaction, as regions of
the conformational ensemble with higher Rg and Dmax become
more populated (Fig. 5).

Taken together, SAXS data, salt sensitivity of the interdo-
main interaction, the absence of interdomain NOEs, the line
broadening for residues in the interdomain interface, and the
long-range chemical shift changes observed upon cysteine
mutations suggest that the interaction of the N- and C-terminal
domains of NisI in the context of the full-length protein is weak
and dynamic. Consequently, we refrain here from presenting
a structure of full-length NisI with a defined interdomain
orientation.

To explore a putative biological function of the interdomain
orientation in NisI we constructed linker mutants of NisI-(2–
226). The flexible linker connecting the two domains was either
shortened by 4 residues (NisI-(2–226)-�114 –117) or extended
with a flexible GS-linker ((NisI-(2–226)-10xGS). For both
linker mutants we observed 15N-TROSY-HSQC spectra with
significant chemical shift differences to WT-NisI in NMR
buffer (100 mM NaCl) for residues located in the interdomain
interfaces (Fig. 4B, 4C). Furthermore, for both mutants the 15N-
TROSY-HSQC spectra are more similar to the spectra of the
free domains than to WT-NisI in NMR buffer (100 mM NaCl)
consistent with a weakened interdomain interaction in the
mutants. The SAXS data recorded for both mutants are in good
agreement with the NMR results. Both the extension and dele-
tion of the linker residues resulted in more open conformations
(Fig. 6). Extension of the interdomain linker in the NisI-(2–
226)-10xGS mutant leads to an increase in the radial density
distribution at higher distances and in the Dmax. This would be
in agreement with weakened interactions between the N- and
C-terminal domains. Deletion of linker residues in the NisI-(2–
226)-�114 –117 mutant induces structural rearrangement of
the N- and C-terminal domains and an increase in the radial
density distribution at larger distances. Despite these structural
rearrangements, in growth tests both linker mutations were
able to confer immunity to B. subtilis to a level similar to the

wild type protein (data not shown). Thus, a well defined relative
orientation of the two domains of NisI with respect to each
other is apparently not important for the biological function of
NisI.

Membrane Interaction—SpaI and NisI are both lipoproteins,
which are attached to the outer membrane via a diacylglycerol
anchor. For SpaI it was shown that the unstructured basic N
terminus is able to bind to membranes even in the absence of a
lipid anchor (22). NisI does not contain an unstructured N ter-
minus like SpaI but an N-terminal domain with a highly posi-
tively charged surface. To test if NisI is able to interact with
membranes even in the absence of a covalent diacylglycerol
anchor the interaction of NisI with liposomes composed of the
two major phospholipids found in L. lactis 1,2-dioleoyl-sn-
glycero-3-phospho-(1-rac-glycerol) and cardiolipin in an 1:3
molar ratio (22) was investigated. Both phospholipids harbor a
negatively charged head group, which might interact with res-
idues of the positively charged surface of the NisI N-terminal
domain.

In NMR titration experiments with these liposomes all 15N-
TROSY-HSQC signals of full-length NisI undergo intensity
changes. Such a decrease in signal intensities is due to signal
broadening caused by binding to the large liposomes and the
resulting increase of the rotational correlation time of the com-
plex. However, a quantitative analysis of the changes in the
signal intensities for full-length NisI showed that the signal
intensities for the residues of the N-terminal domain decrease
more strongly than those for residues of the C-terminal domain
(Fig. 7A). Thus, the positively charged N-terminal domain of
NisI is the major determinant for liposome binding. NMR-
based liposome titration experiments with the isolated domains
confirmed these results because they showed a strong decrease
in signal intensities for the N-terminal domain and no signal
intensity or chemical shift changes for the isolated C-terminal
domain (data not shown).

In addition, we tested the membrane interaction of full-
length NisI (NisI-(2–226)) and its isolated N- and C-terminal
domains in floating assays with unilamellar liposomes. The dif-
ferent membrane binding capabilities of full-length NisI and
the isolated N- and C-terminal domains of NisI are obvious
(Fig. 7B). After ultracentrifugation NisI-(2–110) is completely
located in the floated liposome fraction. In contrast, the nega-
tively charged NisI-(97–226) does not float together with the
liposomes and therefore does not bind to the liposomes. The

FIGURE 6. Changes in the global conformation in NisI linker mutants NisI-(2–226)-10xGS and NisI-(2–226)-�114 –117. A, raw SAXS scattering data for
both NisI linker mutants at three different protein concentrations recorded at a NaCl concentration of 100 mM. The insets show the corresponding Guinier plots.
B, comparison of the experimental radial density distributions of the two NisI linker mutants with WT-NisI.

Structure of NisI

NOVEMBER 27, 2015 • VOLUME 290 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 28879



full-length NisI is found in both the liposome containing and
the liposome-free fractions of the gradient. In agreement with
the NMR results presented above the floating assay shows that
only the N-terminal domain binds to liposomes. Interestingly,
full-length NisI binds weaker to liposomes than the isolated
N-terminal domain. This suggests that the C-terminal domain
partially shields the membrane binding surface of the N-termi-
nal domain, which is therefore not fully accessible for mem-
brane interactions in the context of the full-length protein.

Nisin Binding—Previously it was shown by native PAGE that
NisI directly binds to nisin (24) although the interaction is
rather weak with a KD for the interaction in the micromolar
range (25). Stein et al. (24) also showed that NisI does not bind
the structurally closely related subtilin. In vivo studies with
truncated NisI variants (26, 27) implied the C terminus of NisI
and in particular the last 22 amino acids in nisin binding. To
further elucidate the NisI/nisin interaction we titrated NisI
with purified nisin in 15N-HSQC experiments. According to
solubility studies by us and others nisin has a poor solubility at
higher pH and higher salt concentrations. For our NMR bind-
ing studies we therefore chose buffer conditions where both the
protein and the lantibiotic were soluble and stable. Both were
dissolved in 200 mM NaAc buffer, pH 4.5, with 25 mM NaCl and
1 mM DTT. The assignments for NisI were transferred to this
new buffer condition by comparison of 15N-HSQC spectra.

In TROSY-HSQC-based nisin titration experiments with
full-length NisI we observed chemical shift changes or signifi-
cant reductions in signal intensities for a number of residues
(Fig. 8A). This confirms the earlier observations of a direct
nisin/NisI interaction. The reduction in signal intensities
observed for a number of NisI residues suggests that the com-
plex is in intermediate exchange with the free components on
the NMR time scale. Interestingly, signals for residues of both
domains are affected by the binding of nisin (Fig. 8, B and C).
Notably, some of the residues affected by nisin binding are also
part of the interaction surface of both domains. This could be
explained by two different models. Either nisin is sandwiched
between residues of both domains and both domains form a
composite binding interface or nisin binds to only one of the
two domains and disrupts the interdomain interaction leading

to subsequent chemical shift changes in the other domain. To
distinguish between these two models we first recorded SAXS
data for NisI alone and NisI in the presence of a 4-fold excess of
nisin (Fig. 8D). Analysis of the SAXS data showed that the bind-
ing of nisin changes the interdomain orientation leading to
more open and elongated NisI conformations (Fig. 8E). In addi-
tion, we titrated the isolated NisI domains with nisin. The spec-
tra of the N-terminal domain NisI-(2–110) do not show any
differences upon nisin titration demonstrating that the isolated
N-terminal domain is not able to interact with nisin (Fig. 9A). In
contrast, the C-terminal domain of NisI (NisI-(97–226))
showed chemical shift changes and significant changes in signal
intensities for a number of signals (Fig. 9B). Thus, the isolated
C-terminal domain of NisI retains the ability to bind to nisin.
The nisin interacting residues are located in �-strands �4a, �6,
and �7 and overlap with the interdomain interaction site (Fig.
9C). Surprisingly, only three of 28 residues affected by nisin
binding are located in the C-terminal 22 amino acids. This is in
contrast to previous proposals that these C-terminal residues
are very important for nisin binding and specificity (26, 27) (see
below). To confirm that the residues of the C-terminal domain,
which show chemical shift changes upon nisin addition are
functionally important for nisin binding we constructed a dou-
ble mutant including two of these residues located in �-strand
�4a in the center of the putative binding site. This double
mutant Y153A,D155K is stably folded because it yielded a 15N-
HSQC spectrum with well dispersed signals but was no longer
able to bind nisin (Fig. 9D).

Because the same protein concentrations and the same nisin
stock solution were used in the nisin titration experiments with
full-length NisI and the NisI C-terminal domain the change in
NMR signal intensity as a function of nisin concentration can
be analyzed qualitatively to compare the affinity of full-length
NisI and its isolated C-terminal domain for nisin (Fig. 9E). Here,
it is obvious that for the same residues the decrease in signal
intensity is much more pronounced for the isolated C-terminal
domain in comparison to the full-length protein. Thus, the iso-
lated C-terminal domain binds nisin with significantly higher
affinity than the full-length protein. Although full-length NisI
in the presence of nisin was too unstable to carry out the nisin

FIGURE 7. The interaction of NisI with membranes. A, NMR signal intensity changes in 15N-TROSY-HSQC spectra of full-length NisI after addition of liposomes
in increasing concentrations mapped onto its sequence. Missing data points correspond to prolines or overlapping signals. Blue and red lines correspond to the
average intensity changes observed for the N-terminal (blue) and the C-terminal (red) domain, respectively. B, SDS-PAGE analysis of the liposome floating assay
for either full-length NisI (top) or the isolated N-terminal (middle) and C-terminal (bottom) domains. Lanes 1– 6 correspond to fractions from the top (fraction 1)
to the bottom (fraction 6) of the gradient after ultracentrifugation. Fractions 1 and 2 contain floated liposomes. Lane R corresponds to the protein-liposome
mixture before ultracentrifugation as a reference.
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titration experiments in a quantitative manner we were able to
obtain a full NMR titration curve for the NisI C-terminal
domain. An analysis of peak intensities as a function of nisin
concentration for a number of NMR signals in the nisin binding
site yielded a KD for nisin of 22 
 10 �M (Fig. 9F).

Finally, we tested the specificity of the C-terminal domain for
nisin in NMR titration experiments. NisI does not confer immu-
nity against subtilin and its close analog entianin (56), whereas
SpaI confers immunity against both of these lantibiotics but not
against nisin. We therefore titrated NisI-(97–226) with entianin,
which in contrast to subtilin can be purified and dissolved in the
amounts required for NMR titration experiments. In contrast to

nisin entianin does not induce chemical shift changes or changes
in signal intensity even at high molar excess (Fig. 9G).

C-terminal Truncated NisI—In 2006 Takala and Saria (26)
proposed that the C terminus of NisI is important for nisin
binding and therefore plays a major role in immunity. In growth
tests, a deletion of 5 amino acids at the C terminus of NisI
already results in a decrease of conferred immunity of �78%
compared with native NisI in L. lactis. A deletion of 21 amino
acids and even further truncated constructs resulted in a
remaining immunity of only 14%. Later Al-Khatib et al. (27)
showed that a deletion of the last 22 amino acids at the C ter-
minus of NisI resulted in a decrease of the IC50 value for nisin by

FIGURE 8. Nisin binding of full-length NisI. A, overlay of a part of the 15N-TROSY-HSQC spectra of NisI-(2–226) in the absence (black) or presence of a 10-fold
molar excess of nisin (red). Nisin binding causes a reduction in signal intensities in agreement with complex formation in intermediate exchange on the NMR
time scale. Assignments for residues in the N-terminal domain are indicated in blue and assignments for residues of the C-terminal domain are indicated in red.
The residues showing intensity changes are mapped onto the structure of the N-terminal domain (B) or the C-terminal domain (C). Large intensity changes with
a relative intensity in the bound state of �0.5 are highlighted in darker colors, unaffected residues are colored gray. D, raw SAX scattering data for NisI-(2–226)
in nisin titration buffer at three different concentrations and NisI-(2–226) (70 �M) upon addition of a 4-fold excess of nisin. The corresponding Guinier plots are
shown as insets. E, a comparison of the experimental radial density distributions of NisI in the absence and presence of nisin.
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two-thirds. Our structural studies on NisI reveal that the 22
C-terminal amino acids are part of the structured core of the
C-terminal domain of NisI. These amino acids form two
�-strands central to the 7-stranded antiparallel twisted �-sheet.
A deletion of these amino acids could therefore destabilize the
structured core of the domain.

We used NMR spectroscopy to investigate the folding state
of a C terminally truncated version of NisI. 15N-TROSY-HSQC
spectra of C-terminal truncated NisI-(2–204) show a partly
unfolded protein. All signals from the N-terminal domain are
well dispersed and overlap perfectly with signals from the indi-
vidual N-terminal domain NisI-(2–110). All remaining signals
from the C-terminal domain are in the center of the spectrum
and therefore indicate an unfolded domain (Fig. 10). The 15N-
HSQC spectrum of C terminally truncated NisI-(97–204) alone
overlaps perfectly with the unfolded peaks in the spectrum of

NisI-(2–204). Thus, deletion of the 22 C-terminal amino acids
of NisI leads to unfolding of the entire C-terminal domain of
NisI. The decreased immunity of the truncated protein is most
likely caused by the unfolding of the C-terminal domain.

Discussion

Here we present a structural characterization of the lantibi-
otic immunity (LanI) protein NisI from L. lactis, which confers
immunity against the lantibiotic nisin. Structural insights into
the organization of LanI proteins are so far limited to the solu-
tion structure of SpaI (22), which protects B. subtilis against the
lantibiotic subtilin. Although nisin and subtilin are structurally
very similar the two LanI proteins differ significantly in size and
only very limited sequence homology was observed. Further-
more, NisI only confers immunity against nisin, whereas SpaI is
only active against subtilin and both proteins are not able to

FIGURE 9. Nisin binds to the isolated C-terminal domain of NisI (NisI-(97–226)). A, the isolated N-terminal domain of NisI (NisI-(2–110)) is not interacting with nisin.
An overlay of 15N-HSQC spectra of the domain in the absence (black) and presence of a 10-fold molar excess of nisin shows no differences. B, an overlay of 15N-HSQC
spectra of the isolated C-terminal domain in the absence (black) and presence of a 10-fold molar excess of nisin shows clear differences in a number of peak intensities
indicative of nisin binding. C, mapping of the NMR signal intensity changes in 15N-HSQC spectra upon nisin addition to the isolated NisI C-terminal domain onto the
solvent accessible surface map that is shown in the same orientations as in Fig. 8C. D, the NisI C-terminal domain double mutant Y153A,D155K has lost the ability to
bind nisin. No changes in the 15N-HSQC spectra are observable upon addition of nisin. E, comparison of the NMR signal intensity changes for residue Tyr-153 as a
function of nisin concentration in full-length NisI (black bars) and the isolated C-terminal domain (red bars). F, determination of the KD for the interaction of the NisI
C-terminal domain for nisin by plotting the NMR signal intensities for exemplary residues in the nisin binding site as indicated as a function of nisin concentration. G,
the C-terminal domain of NisI does not bind to the subtilin variant entianin as seen from an overlay of the 15N-HSQC spectra of the C-terminal domain in the absence
(black) and presence (red) of a 10-fold molar excess of entianin, which shows no chemical shift differences.
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confer cross-immunity against the other lantibiotic (24). The
structure of SpaI revealed a long, disordered, positively charged
N terminus able to interact with membranes and a structured
core domain with a central six-stranded �-sheet establishing a
novel three-dimensional fold class (22). Our solution NMR
studies of NisI demonstrate that NisI is a two-domain protein.
Both domains are structurally independent from each other.
Surprisingly, both fold into three-dimensional structures very
similar to the SpaI core domain and to each other. Together, the
structures of SpaI and the two domains of NisI establish a three-
dimensional fold class typical for LanI proteins.

However, despite their similar three-dimensional structure
both domains of NisI differ significantly with regard to their
surface properties. The N-terminal domain of NisI has a basic
pI and a strongly positively charged surface patch. In contrast,
the C-terminal domain of NisI is highly negatively charged as is
the core domain of SpaI. Our membrane interaction experi-

ments (Fig. 7) show that the basic N-terminal domain of NisI is
functionally equivalent to the basic disordered N-terminal tail
of SpaI because it is also able to bind to membranes. On the
other hand, the C-terminal domain of NisI represents the major
determinant for nisin binding (Fig. 9). The negatively charged
surface of the C-terminal domain might also play a role in keep-
ing it away from the membrane and thereby increase its acces-
sibility for nisin. Taken together, these observations suggest a
possible evolutionary relationship between NisI-like and SpaI-
like proteins. NisI-like proteins could have arisen from SpaI-
like predecessors by domain duplication and subsequent func-
tional specialization of the two domains. On the other hand, the
disordered SpaI N terminus might represent a remnant of a
basic N-terminal NisI-like domain as indicated by a short ho-
mologous stretch of sequence between the SpaI N terminus and
�-sheet �4 of the NisI N-terminal domain (Fig. 1B). However, a
SpaI-like domain organization appears to be prevalent among
other functionally characterized LanI proteins from many fir-
micutes conferring immunity to nisin-like peptides.

The two domains of NisI, which are separated from each
other by a flexible linker, nevertheless, interact through an
interface dominated by electrostatic complementarity and
hydrophobic contacts. However, this domain interface appar-
ently corresponds to a rather weak interaction with consider-
able dynamics with regard to the relative interdomain interac-
tions. Consequently, no single preferred orientation of the two
domains with respect to each other could be defined by the
NMR and SAXS data. This is often observed for dynamic mul-
tidomain proteins, which sample a diverse continuum of con-
formations in solution involving encounter-like interdomain
contacts (57–59). Unexpectedly, the amino acid residues in the
C-terminal domain involved in interactions with the N-termi-
nal domain are similar to those amino acids involved in nisin
binding. In addition, based on qualitative NMR titration exper-
iments the isolated C-terminal domain binds nisin with a
higher affinity compared with the full-length protein. Similarly,
the isolated N-terminal domain binds with higher affinity to
membrane vesicles than the full-length protein. This suggests
that the lipid-free NisI-protein predominantly exists as a family
of conformers where the two domains interact with each other
and thereby partially mask the membrane binding surface of
the N-terminal domain as well as the nisin binding surface of
the C-terminal domain. Membrane binding to the N-terminal
domain or nisin binding to the C-terminal domain then inter-
feres with the interdomain interactions leading to a family of
(more) open conformations (Fig. 11). In vivo NisI most likely
exhibits a predominantly open conformation because it is
attached to the membrane via its N-terminal diacylglyceryl
anchor thereby bringing the highly positively charged surface
patch of the NisI N-terminal domain in close contact with the
membrane surface. The sequestration of the N-terminal
domain by the membrane would also lead to an enhanced affin-
ity of the C-terminal domain for the lantibiotic. For the non-
lipidated, secreted subpopulation of NisI (25) on the other hand
nisin binding might promote the accessibility of the mem-
brane-binding surface of the N-terminal domain.

Our NMR- and SAXS-based titration experiments with nisin
yielded the first structural insights about the interaction of any

FIGURE 10. Deletion of the 22 C-terminal amino acid residues leads to
unfolding of the C-terminal domain of NisI. Overlay of 15N-TROSY-HSQC
spectra of full-length NisI (NisI-(2–226)) (light gray), the C-terminal deletion
mutant of NisI (NisI-(2–204)) (black), and the C-terminal deletion mutant of
the isolated C-terminal domain (NisI-(97–204)) (orange). A schematic repre-
sentation of the secondary structure of full-length NisI is shown atop a sche-
matic representation of the NMR constructs below the spectral overlay with
the same color-coding as used for the spectra.
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lantibiotic with its corresponding immunity proteins. Previous
biochemical experiments employing mainly truncated variants
of NisI had pointed to a major role of the C-terminal 22 amino
acids (NisI residues 205–226) for nisin recognition. However,
in our NMR titration experiments only amino acids 214, 215,
and 216 of this part of the protein were affected by nisin binding
suggesting the C terminus of NisI is not the major determinant
for nisin binding. Instead, we could show by NMR spectroscopy
that in a 22-amino acid C-terminal truncation of NisI the entire
C-terminal domain is unfolded explaining the previously
reported loss of NisI function in these mutants. The complex of
NisI and nisin or the NisI C-terminal domain and nisin is in
intermediate exchange between free and complexed states on
the NMR time scale causing signal loss and thereby preventing
a further structural characterization of the nisin-protein com-
plex. Nevertheless, our SAXS data show that NisI elongates in
the presence of a stoichiometric excess of nisin. On the other
hand, these experiments suggest that nisin binds to NisI with a
KD in the micromolar range in agreement with previous bio-
chemical experiments (25). This rather low affinity of NisI for
nisin is unexpected because nisin is affecting cell growth
already at nanomolar concentrations (MIC50 � 50 nM for
L. lactis subsp. cremoris (60). Thus, one would expect that an
immunity protein able to prevent nisin toxicity through simple
binding and sequestering of nisin should have a higher affinity
for its ligand. This suggests that NisI might confer immunity
against nisin by a more complex mechanism than just simple
binding to the lantibiotic. Additional components of the cell
membrane such as lipid II might be required for an effective
immunity mechanism mediated by NisI. However, the C-ter-
minal domain of NisI apparently contributes significantly to the

specificity of the immunity mechanism because it interacts
exclusively with nisin but not with the close structural analog
entianin (a subtilin variant) in NMR titration experiments
(Fig. 9).

In conclusion, with our structural studies of NisI and SpaI we
establish a unique three-dimensional fold class as prevalent in
LanI proteins. We show that NisI contains two structurally
highly similar but functionally specialized domains, lay the
foundations to understand the interaction of lantibiotics with
the associated LanI immunity proteins in molecular detail, and
rationalize previous biochemical data regarding the determi-
nants of lantibiotic binding and specificity.
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FIGURE 11. Model representation of the solution conformational ensemble of NisI in different functional states. Free NisI consists of a conformational
ensemble with prevalent interdomain interactions at low salt concentrations. The membrane interaction and nisin binding surfaces of the N- and C-terminal
domains are partially shielded in this state. At higher salt concentrations, more open conformations without interdomain interactions dominate the confor-
mational ensemble. Nisin binding or membrane interactions compete with interdomain interactions and might thereby lead to conformational ensembles
with reduced interdomain interactions.
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