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Engineering a disulfide bond and free thiols in the lantibiotic nisin Z
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The antimicrobial peptide nisin contains the uncommon amino acid residues lanthionine and methyl-lanthionine,

which are post-translationally formed from Ser, Thr and Cys residues. To investigate the importance of these

uncommon residues for nisin activity, a mutant was designed in which Thr13 was replaced by a Cys residue,

which prevents the formation of the thioether bond of ring C. Instead, Cys13 couples with Cys19 via an

intramolecular disulfide bridge, a bond that is very unusual in lantibiotics. NMR analysis of this mutant showed a

structure very similar to that of wild-type nisin, except for the configuration of ring C. The modification was

accompanied by a dramatic reduction in antimicrobial activity to less than 1% of wild-type activity, indicating

that the lanthionine of ring C is very important for this activity. The nisin Z mutants S5C and M17C were also

isolated and characterized; they are the first lantibiotics known that contain an additional Cys residue that is not

involved in bridge formation but is present as a free thiol. Secretion of these peptides by the lactococcal producer

cells, as well as their antimicrobial activity, was found to be strongly dependent on a reducing environment. Their

ability to permeabilize lipid vesicles was not thiol-dependent. Labeling of M17C nisin Z with iodoacetamide

abolished the thiol-dependence of the peptide. These results show that the presence of a reactive Cys residue in

nisin has a strong effect on the antimicrobial properties of the peptide, which is probably the result of interaction

of these residues with thiol groups on the outside of bacterial cells.
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Nisin Z is a 3.3-kDa antimicrobial peptide that effectively
inhibits growth of various gram-positive bacteria [1,2]. It exerts
its antimicrobial activity by permeabilizing the cytoplasmic
membrane of target bacteria, which leads to the release of small
cytoplasmic compounds, depolarization of the membrane
potential, and ultimate cell death [3±9]. Nisin belongs to the
family of lantibiotics, a group of peptides containing unique
structural features that are introduced by post-translational
modifications of ribosomally synthesized precursor peptides
[2]. These modifications involve the dehydration of specific
serine and threonine residues, resulting in the residues dehydro-
alanine (Dha) and dehydrobutyrine (Dhb), respectively. Some
of the dehydrated residues react with Cys residues, thereby
forming lanthionine and b-methyl-lanthionine residues, which
are characteristic of lantibiotics. The lanthionine residues of
nisin form five ring structures, designated A, B, C, D and E.
Little is known about the role of these characteristic lanthionine
residues in the biological activity of nisin. To investigate this in
more detail, we replaced Thr13 with a Cys residue, which
prevents formation of the lanthionine residue in ring C and
allows formation of a disulfide bond in this ring instead.
Structural characterization of this peptide by two-dimensional
NMR techniques confirmed the replacement of the thioether
with a disulfide bridge. Analysis of the antimicrobial activity of

this unique variant revealed new information on the importance
of the lanthionine residue in ring C for activity.

Nisin variants were also created that contain additional Cys
residues, not involved in bridge formation but present as free
thiols. The presence of thiol groups enables the introduction of
various thiol-specific probes, which have proved useful for
structure±function studies with several other membrane-active
peptides [10±12]. The feasibility of Cys mutagenesis in nisin
and other lantibiotics has not yet been explored, as the intro-
duction of extra Cys residues in lantibiotics can be expected to
have a strong impact on the biosynthesis of these peptide,
because of their involvement in post-translational modification.
So far, the introduction of Cys residues has only been achieved
with the lantibiotic Pep5 [13]. However, this peptide was
reported to contain an additional thioether bond instead of a
free thiol group. To investigate the possibility of generating
thiol-containing nisin variants, 11 different codons throughout
the nisZ gene were replaced with one that encodes a Cys
residue. This systematic approach revealed at which positions
in nisin the presence of a free cysteine residue would be
tolerated with respect to biosynthesis. Two Cys mutants of
nisin, in addition to the disulfide-containing mutant, were
purified to homogeneity and their structure and biological
properties analysed. The presence of a reactive thiol in nisin is
shown to have a large effect on secretion of the peptide into the
medium as well as on its antimicrobial activity.

M A T E R I A L S A N D M E T H O D S

Bacterial strains and plasmids

The Lactococcus lactis strain used for expression of mutant
nisins was NZ9800. This strain carries the nisin±sucrose
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transposon Tn5276 with a deletion in the structural gene nisA
[14]. The plasmid vector pNZ9013, containing the nisZ gene,
was used for site-directed mutagenesis [14]. Escherichia coli
MC1061 was used as a recipient strain in cloning experiments
[15]. E. coli strains were grown with aeration in TY broth [14],
supplemented with 10 mg´mL21 chloramphenicol, at 37 8C.

Site-directed mutagenesis and DNA manipulations

Site-directed mutagenesis of the nisZ gene was performed as
described previously [14]. The mutagenic oligonucleotides used
are listed in Table 1. All mutations were confirmed by DNA
sequencing [16]. DNA manipulations were performed by
standard methods [17]. Enzymes were purchased from Gibco/
BRL Life Technologies, and oligonucleotides from Pharmacia.
Modified plasmids were introduced into L. lactis NZ9800 by
electroporation [18].

Purification and characterization of mutant peptides

Lactococcal expression strains were grown in M17 broth
(Difco, Detroit, USA), supplemented with 0.5% (w/v) sucrose
and 10 mg´mL21 chloramphenicol. To ensure expression of the
nisin biosynthetic and immunity genes, 0.03 mg´mL21 wild-
type nisin A was added to the growing culture [19,20]. To test
whether mutant peptides were produced, 1 mL supernatant was
precipitated with 15% (v/v) trichloroacetate. The pellet was
resuspended in 0.05 m sodium acetate, pH 5.8, and the samples
were analyzed by tricine/SDS electrophoresis [21]. Large-scale
purifications of S5C, T13C and M17C nisin Z were performed
essentially as described previously [14]. The mutant species
were eluted by a linear gradient of 28±31% 90% aqueous
acetonitrile/0.07% trifluoroacetic acid (buffer B) in 10%
aqueous acetonitrile/0.1% trifluoroacetic acid (buffer A),
using a flow rate of 8.8 mL´min21. As the result of observations
from this study, the procedure for purifying S5C and M17C
nisin Z was modified as follows: the growth medium of the
producing strains was supplemented with 5 mm dithiothreitol;
2 mm dithiothreitol was added to the washing and elution
buffers used for hydrophobic interaction chromatography; the
column eluate was concentrated by trichloroacetate precipita-
tion, instead of rotation film evaporation. All three mutant

peptides were purified to homogeneity by reversed-phase
chromatography. After lyophilization, the peptides were stored
at 220 8C in 1 mg´mL21 stock solutions in 0.05% acetic acid.
Analytical HPLC was performed as previously described [14].
Absolute amounts of nisin species were determined by using
the bicinchoninic acid protein assay reagent (Omnilabo Int.,
Breda, the Netherlands). Mutant peptides, dissolved in 50%
acetonitrile/0.5% formic acid to a concentration of
20 ng´mL21, were analyzed for their mass by electron spray
ionization mass spectrometry (ESI-MS). Mass spectra were
recorded on a VG Quattro II mass spectrometer (Fisons
Instruments). Structural characterization of T13C nisin Z was
performed by two-dimensional 1H-NMR analysis. The NMR
samples contained the mutant at a concentration of 4.3 mm in
90% H2O/10% D2O, pH 3.46. 1H-NMR spectra were recorded
at 25 8C on a Bruker AM400 spectrometer interfaced to an
Aspect 3000 computer. A MLEV17-TOCSY spectrum was
recorded with a mixing time of 73 ms, and a NOESY spectrum
with a mixing time of 400 ms.

Determination of antimicrobial activity of S5C, T13C and
M17C mutants of nisin Z

Minimal inhibitory concentration values of the mutant nisin
species were determined against the strains L. lactis MG1363
and Streptococcus thermophilus Rs by use of previously
described procedures [14]. Inhibition curves were made by
dividing the A600 value of the samples at the end of the
incubation by the A600 value of the culture grown in the absence
of nisin. The resulting value was plotted against nisin concen-
tration. To analyse the effect of a reducing agent on the activity
of the nisin species, 5 mm dithiothreitol (Sigma) or tris-(2-
carboxyethyl)phosphine hydrochloride (Pierce) was added to
the growth medium of the target strains.

Chemical modification of (Ser33)M17C nisin Z

For labeling of (Ser33)M17C nisin Z with iodoacetamide
(Sigma), 100 mg of the peptide was incubated in 200 mL
50 mm Mes, pH 6.5, with 3 mm iodoacetamide (20-fold molar
excess) for 2 h at room temperature. The mixture was analysed
by analytical HPLC as described [6]. Fractions with labeled

Table 1. Sequence of the primers used to introduce cysteine codons in the nisZ gene. Sites of mutation are italicized. The secretion level of the nisin

mutant by the expression strain L. actococcus lactis Z9800 is indicated: ++++, . 10 mg´L21; ++, . 0.5 mg´L21; +, . 0.1 mg´L21; +/±, . 0.05 mg´L21; ±,

production of peptide not detected.

Nisin Z

Secretion of peptide by NZ9800

variant Sequence of the mutagenic oligonucleotide 5 0-3 0 ± Dithiothreitol + Dithiothreitol

Nisin Z ± ++++ ++++

I1C CAGGTGCATCACCACGCTGTACAAGTATTTCGCTATGTAC ± ±

I4C CACCACGCATTACAAGTTGTTCGCTATGTACACCCGG ± ±

S5C CACCACGCATTACAAGTATTTGTCTATGTACACCCGG ± +

L6C ACAAGTATTTCGTGTTGTACACCCGGTTGTAAAAC ± ±

T13C CACCCGGTTGTAAATGTGGAGCTCTGATGG ++ ++

M17C GTAAAACAGGAGCTCTGTGTGGTTGTAACATGAAAACAG ± +

M21C CTGATGGGTTGTAACTGTAAAACAGCAACTTGTAATTG ± +/±

H31C GTAATTGTAGTATTTGCGTAAGCAAATAACCAAATC ± ±

V32C GTAATTGTAGTATTCACTGTAGCAAATAACCAAATC ± ±

S33C AGTATTCACGTATGCAAATAACCAAATC ± ±

K34C AGTATTCACGTAAGCTGCTAACCAAATCAAAGG ± ±
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peptides were collected from HPLC, lyophilized and dissolved
in 0.05% acetic acid.

Carboxyfluorescein leakage from lipid vesicles

The phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
(DOPG) was purchased from Avanti Polar Lipids, Inc. Large
unilamellar vesicles composed of DOPG were encapsulated
with carboxyfluorescein as previously described [5]. Carboxy-
fluorescein-loaded vesicles were diluted in 1.25 mL K+ buffer,
pH 6.5 (final concentration 20 mm phospholipid Pi). Nisin Z or
a mutant species (final concentration 0.8 mm) was added, and
the nisin-induced leakage of carboxyfluorescein was monitored
for 3 min by measuring the increase in fluorescence intensity at
515 nm (excitation at 492 nm) at room temperature on an SPF
500C spectrophotometer (SLM Instruments Inc., Urbana, IL,
USA). The amount of nisin-induced carboxyfluorescein
leakage was expressed relative to the total amount of
carboxyfluorescein released after lysis of the vesicles by
addition of 10 mL 20% Triton X-100. The experiments were
performed in triplicate.

Molecular modeling of T13C nisin Z

Molecular modeling and molecular dynamics calculations were
performed on a Silicon Graphics Octane workstation using
quanta/charmm software (MSI, San Diego, CA, USA). For all
calculations, the force field contained all energy terms. For both
wild-type nisin Z and T13C nisin Z, a fragment was analysed,
comprising the amino acid residues 11±22, based on one of the
NMR structures determined for nisin A in water [22]. For the
T13C nisin Z fragment, the methyl group of residue 13 was
removed and an additional sulfur atom was inserted into ring C,
followed by energy minimization. For the calculations (in
vacuo), a distance-dependent dielectric constant was used. The

molecular dynamics runs consisted of a 30-ps heating step from
0 to 300 K, a 70-ps equilibration and a 1000-ps simulation
stage, both at 300 K.

R E S U L T S

Production of Cys mutants of nisin Z

Cys mutants of nisin were constructed by site-directed
mutagenesis of the nisZ gene. The codons for the amino acid
residues on positions 1, 4, 5, 6, 13, 17, 21, 31, 32, 33, or 34 of
the peptide were changed into the codons TGT or TGC,
encoding a Cys residue. Of these 11 amino acids, only residue
13 is involved in thioether formation (Fig. 1). With this
mutation, we aimed to produce a nisin species containing a
disulfide bond (Cys13±Cys19) instead of the thioether bond
Thr13±Cys19. The strain L. lactis NZ9800 [14] was used for
the production of these nisin Z mutants, and the culture
supernatant of all transformants was tested for antimicrobial
activity in plate diffusion assays. None of the clones produced a
detectable zone of inhibition against the indicator organism
Micrococcus flavus. As this can be the result of either reduced
peptide production or reduced antimicrobial activity of the
mutant peptides, the supernatant of the different strains was
analyzed by tricine/SDS/PAGE. Only the expression strain of
T13C nisin Z was found to secrete a peptide of 3.3 kDa
(Table 1). Secretion of any other mutant species was not
observed, indicating that the biosynthesis of these peptides was
hampered. Possibly, the secretion of the peptide in which a free
Cys residue was introduced was hindered because of oxidation
of the reactive thiol group. To analyse this, reducing conditions
were created by addition of 5 mm dithiothreitol to the broth of
the expression strains. It is striking that the production level of
the Cys mutants S5C nisin Z and M17C nisin Z significantly
increased in the presence of the reducing agent, although it

Fig. 1. Primary structure of nisin Z before and

after post-translational modifications. The

amino acids changed into a Cys residue by

site-directed mutagenesis of the nisZ gene

are indicated by an arrow. Lanthionine and

b-methyl-lanthionine residues are indicated by

Ala-S-Ala and Abu-S-Ala, respectively.
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remained low compared with the production level of wild-type
nisin Z. On the basis of these results, we selected S5C and
M17C nisin Z, together with T13C for large-scale purification.

Structural characterization of T13C, M17C and S5C nisin Z

The mutant peptides S5C, T13C and M17C nisin Z were
isolated from the culture supernatant and purified to homo-
geneity. During the entire purification procedure of S5C and
M17C nisin Z, a reducing environment was maintained by the
addition of dithiothreitol. In the final purification step, excess
dithiothreitol was removed by separation of the mutant peptides
on HPLC. The production level of T13C was 5% of the wild-
type level, and that of S5C and M17C was less than 1%.
Integration of the peak areas in the HPLC elution patterns
revealed that the purity of the Cys mutants was . 93% (not
shown). The retention times of M17C and T13C nisin Z were
found to be 6 and 4 min shorter than that of wild-type nisin Z,
respectively, indicating that the modifications resulted in a
slightly decreased overall hydrophobicity of the peptides. The
retention time of S5C nisin Z was 6 min longer than that of
wild-type nisin Z, indicating that the overall hydrophobicity of
the peptide was increased. Molecular-mass determinations by
ESI-MS revealed the correct masses for wild-type nisin Z,
M17C and S5C nisin Z (Table 2). The molecular mass of T13C
nisin Z appeared to be 2.18 Da lower than expected from the

replacement of Dhb13 with a Cys (Table 2). This indicated that,
as expected, Cys13 is not present as a free thiol, but may have
coupled to another Cys residue via a disulfide bridge. To
investigate this, we incubated T13C nisin Z for 15 min with the
efficient thiol reducer tris-(2-carboxyethyl)phosphine hydro-
chloride (5 mm) before ESI-MS analysis. Indeed, the molecular
mass was increased by 2.1 Da to 3351.00 Da.

To investigate whether the Cys residues introduced interacted
with the thiol group of a second molecule to form peptide
dimers, tricine/SDS/PAGE was performed using reducing and
non-reducing conditions. For all three peptides, a band was
observed at 3.3 kDa, irrespective of the conditions (not shown).
It can be concluded from these results and the MS data that the
Cys peptides exist as monomers.

The structure of T13C nisin Z was investigated in more detail
by 1H-NMR analysis. The low-field part of the one-dimensional
NMR spectrum of T13C shows that the resonances of the
unsaturated residues at positions 2, 5 and 33 are similar to those
in the spectrum of wild-type nisin Z (Fig. 2). This excludes the
possibility that the introduced Cys13 had reacted with one of
these residues to form a new thioether bridge. Furthermore, it
can be observed that, in the spectrum of T13C nisin Z, the
chemical-shift values of the residues of ring C, in particular
those of Ala15, Leu16 and Met17, are significantly different
from those in the spectrum of wild-type nisin. A complete
sequential assignment of the 1H-NMR spectrum was achieved
from the TOCSY and NOESY spectra (not shown) and
compared with that of wild-type nisin Z [14]. The TOCSY
spectrum of T13C nisin Z showed considerable changes in
chemical shift for the amide and a-protons of the residues
Gly10 to Asn20, as compared with nisin Z (Table 3). Moreover,
the characteristic patterns of the residues 13 and 19 were absent
from the spectrum of T13C nisin Z. Instead, two additional
patterns were observed, which could be assigned to residues 13
and 19, with chemical shifts generally observed for cysteine or
cystine residues. In the NOESY spectrum, indications for the
presence of a disulfide bridge could not be detected because the
resonances for the b protons of residues 13 and 19 overlap. In
the spectrum, correct formation of the thioether rings A, B, D

Table 2. Molecular masses of Cys mutants of nisin Z.

Molecular mass (Da)

Nisin variant Measured Expected

Nisin Z 3331�.80 3331�.08

M17C 3302�.46 3302�.99

S5C 3365�.11 3365�.17

T13C 3348�.90 3351�.08

Fig. 2. Low-field 1H-NMR spectra of T13C

nisin Z and wild-type nisin Z. Dehydrated

residues and the residues of ring C are indicated.
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and E was observed. Together, these data strongly indicate that
the residues Cys13 and Cys19 of T13C nisin Z had coupled via
an intramolecular disulfide bridge, and this was attended by
small changes in the chemical shifts of Gly10 to Asn20.

Antimicrobial activity of Cys mutants of nisin Z

We investigated how the Cys mutations affected the biological
activity of nisin. For this purpose, growth-inhibition experi-
ments were performed, with L. lactis and S. thermophilus as
indicator strains. The growth-inhibition curves show the A600

value of the cultures at the end of the incubation relative to the
A600 value of the culture grown in the absence of nisin. It has
previously been shown that growth of L. lactis and S. thermo-
philus is fully inhibited at concentrations of 14 and 11 mg´L21

nisin Z, respectively [14,20]. Figure 3 (open symbols) shows
that the growth of both indicator strains was inhibited only at a
T13C nisin Z concentration of 1000 mg´L21, demonstrating
that the activity of T13C nisin Z is reduced about 100-fold
compared with that of wild-type nisin Z. Obviously, the
presence of the disulfide bond in ring C results in nearly
complete abolition of the antimicrobial properties of nisin.

When the bacterial target strains were cultured in the presence
of 5 mm dithiothreitol, growth inhibition of the target strains by
T13C nisin Z was not observed at all (Fig. 3, closed symbols)
even at peptide concentrations of 1500 mg´L21 (not shown).
Reduction of the Cys13±Cys19 disulfide bond of T13C nisin Z
apparently renders the peptide completely inactive.

The antimicrobial activity of the mutants S5C and M17C
nisin Z against L. lactis and S. thermophilus was very low
compared with that of the wild-type peptide (Fig. 4). For both
peptides, a concentration of about 200 mg´L21 was required to
inhibit growth of S. thermophilus (Fig. 4A, open symbols),
while at this concentration no inhibition of L. lactis growth
(Fig. 4B, open symbols) was observed at all. A possible
explanation for this is that oxidation of the Cys residues, as the
result of binding of the peptides to other thiol compounds,
blocks the antimicrobial activity. To investigate this, 5 mm
dithiothreitol was added to the growth media of the target
bacteria. Indeed,the bacteriocidal activity of S5C and M17C
nisin Z against S. thermophilus (Fig. 4A) and L. lactis (Fig. 4B)
was increased greatly under these reducing conditions (closed
symbols). To analyse whether this dithiothreitol effect was a
general phenomenon, for instance caused by increased sensi-
tivity of bacteria towards nisin species, we tested the effect of
dithiothreitol on the activity of other nisin species. Growth
inhibition by wild-type nisin Z, however, was not affected by
dithiothreitol (Fig. 4). As the sensitivity of the bacteria to wild-
type nisin is already very high, a possible effect of dithiothreitol
might be not observable. Therefore, we also tested the effect of
reducing conditions on the bacteriocidal activity of the nisin
variant M17W [6]. This peptide, in which Met17 is replaced by
a tryptophan, displays 11% of wild-type activity against
S. thermophilus and 15% against L. lactis. The results demon-
strate that growing the target strains in the presence of 5 mm
dithiothreitol had no effect on the sensitivity of either strain to
M17W (Fig. 4). Obviously, the dithiothreitol effect is specific
for the mutants S5C and M17C nisin Z. It is apparently
important for antimicrobial activity that the Cys residue of
these mutants is in a reduced state.

Chemical modification of M17C nisin Z

To obtain greater insight into the role of the reactive SH group
in the antimicrobial activity of nisin, we blocked the thiol group
of the Cys mutant M17C nisin Z with the thiol-specific probe
iodoacetamide. This reagent is commonly used for this purpose,
as it is small and therefore is expected to have little effect on the
structure of a peptide. In the labeling experiment with
iodoacetamide, the variant (Ser33)M17C nisin Z was used
because of availability. This peptide, in which residue Ser33
is not dehydrated, was coproduced by the M17C nisin
Z-producing strain, and was eluted just before the correctly
modified peptide on HPLC, a phenomenon that was also
observed for (Ser33)nisin during purification of nisin [23].
The correct mass of (Ser-33)M17C nisin Z was verified by
ESI-MS analysis (measured mass 3320.79 Da, expected
mass 3320.99 Da). The lack of dehydration at residue 33 did
not influence the antimicrobial activity of M17C nisin Z against
L. lactis and S. thermophilus (not shown), which was also
reported for nisin A [23] and nisin Z [19]. The iodoacetamide-
labeled peptide was purified by HPLC and characterized by
ESI-MS. The measured mass of 3377.67 Da was in agreement
with that expected for (Ser33)M17C-iodoacetamide nisin Z
(3377.99 Da). Determination of the antimicrobial activity of
this peptide against L. lactis and S. thermophilus revealed that
the activity of the labeled peptide was not affected by the

Table 3. Proton resonance assignments of T13C nisin Z. Eperimental

conditions: 10% D2O, 90% H2O, pH 3.5, 258C. Chemical-shift values

differing more than 0.05 p.p.m. from those of wild-type nisin Z are

indicated. For assignment of the 1H-NMR spectrum of wild-type nisin Z,

see [14].

Chemical shift

Residue NaH CaH CûH Other

Gly10 8�.81 4�.36, 3.70

Ala11 8�.12 3�.94 3�.04, 3.63

Cys13 8�.44 4�.68 3�.13, 3.23

Gly14 8�.47 3�.95, 4.00

Ala15 8�.16 4�.37 1�.45

Leu16 8�.30 4�.28 1�.76 CgH 1.66, CdH3, Cd 0H3 0.90

Met17 8�.15 4�.52 2�.09, 2.16 CgH2 2.55, 2.63, C:H3 2.10, 2.12

Gly18 8�.25 3�.96, 4.06

Cys19 8�.33 4�.67 3�.08, 3.27

Fig. 3. Growth inhibition of indicator strains by T13C nisin Z. (K) and

(O) Growth of L. lactis; (A) and (B) growth of S. thermophilus. Open

symbols, no dithiothreitol; closed symbols, strains were grown in the

presence of 5 mm dithiothreitol.
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presence of dithiothreitol (Fig. 5), in contrast with that observed
for the unlabeled peptide. Furthermore, its activity appeared to
be very similar to that of unlabeled M17C when tested under
reducing conditions (compare Fig. 5 with Fig. 4). These results
indicate that blocking the reactivity of the Cys residue, either
by chemical modification or by keeping it in a reduced state,
has a similar effect on the antimicrobial properties of M17C
nisin Z. A likely explanation for these results is that interaction
of a reactive Cys residue with other thiols hampers the
antimicrobial activity, and therefore should be repressed.

Capacity of the peptides to permeabilize lipid vesicles

Bacterial cells contain thiol-reactive sites that could interact
with the Cys mutants of nisin. By analysing the nisin-induced
leakage of solutes from lipid vesicles, information was obtained
about the membrane-permeabilizing activity of the peptides,

excluding the influence of bacterial cell wall or membrane
proteins. For this purpose, large unilamellar vesicles composed
of DOPG were encapsulated with carboxyfluorescein. Nisin Z
efficiently permeabilizes these vesicles, resulting in efflux of
23% of the carboxyfluorescein after 3 min (Fig. 6). The activity
of S5C nisin Z in the carboxyfluorescein-leakage assay was
very similar to that of wild-type nisin Z, whereas M17C nisin Z
induced leakage of 12% of the enclosed carboxyfluorescein.
Addition of 5 mm dithiothreitol to the lipid vesicles had no
effect on the permeability of the vesicles. Figure 6 shows that
dithiothreitol hardly influenced the carboxyfluorescein leakage
induced by wild-type nisin Z or S5C or M17C nisin Z. These
results demonstrate that the membrane-permeabilizing activity
of the Cys peptides is not dependent on the state of the Cys
residue. This suggests that the thiol-dependence of the
antimicrobial activity of the Cys peptides is based on the
interaction of these peptides with cellular components.

Fig. 4. Growth inhibition of indicator strains

by nisin species. (A) S. thermophilus; (B)

L. lactis. (A, B) M17C nisin Z; (K, O) S5C nisin

Z; (W, X) nisin Z; (S, V) M17W nisin Z. Open

symbols, no dithiothreitol; closed symbols,

strains were grown in the presence of 5 mm

dithiothreitol.

Fig. 5. Growth inhibition of L. lactis and S. thermophilus by M17C

nisin Z labelled with iodoacetamide. (K, O) Growth of L. lactis; (A, B)

growth of S. thermophilus. Open symbols, no dithiothreitol; closed

symbols, strains were grown in the presence of 5 mm dithiothreitol.

Fig. 6. Nisin-induced leakage of carboxyfluorescein from large uni-

lamellar vesicles composed of phosphatidylglycerol. (A) No dithio-

threitol; (B) + 5 mm dithiothreitol. For experimental details see Materials

and methods. Standard errors were , 10% of the indicated values.
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D I S C U S S I O N

In this study, a nisin mutant was created in which the thioether
bond in ring C was deleted and replaced with a disulfide bond.
Characterization of this mutant, by determining its structural
and antimicrobial properties, revealed that this replacement was
accompanied by large changes in the antimicrobial properties
of nisin, indicating the importance of the lanthionine residue of
ring C for nisin activity. Furthermore, our results demonstrate
that it is feasible to obtain nisin variants that contain extra Cys
residues, not involved in bond formation but present as free
thiol groups. In view of the possibility of modifying free thiol
groups with thiol-specific probes, these Cys mutations could
significantly expand the perspectives of protein engineering for
mechanistic studies in the lantibiotic field.

Cys residues of lantibiotics all react with dehydrated residues
to form thioether bridges during post-translational processing of
the peptides. The introduction of an additional Cys residue can
be expected to interfere with this process, which could give rise
to partly or incorrectly modified peptides. Here, a lack of
production was observed with eight of 11 Cys mutants of nisin
constructed. These peptides are probably accumulated and/or
degraded intracellularly. Nevertheless, our systematic Cys
mutagenesis approach yielded three nisin analogs with addi-
tional Cys residues present as disulfides or free thiols. All three
mutants were secreted into the medium in low amounts. Secre-
tion of the mutants S5C and M17C nisin Z was significanlty
enhanced by the presence of 5 mm dithiothreitol. As the
cytoplasm of bacteria normally forms a reducing environment,
it is likely that dithiothreitol acts on the peptides when secreted
into the extracellular medium. A likely explanation for this
effect is that the reductant inhibits interaction of the reactive
Cys residues with other thiols, as will be discussed below. The
production of T13C nisin Z was not stimulated by the presence
of dithiothreitol, which can be explained by its structure.
Structural analysis demonstrated that Cys13 is not present as a
free residue, but instead reacts with Cys19 to form an intra-
molecular disulfide bridge. As a consequence, the Cys residues
of T13C nisin Z are not available for interaction with other thiol
compounds, which may explain why the production level is not
influenced by dithiothreitol.

The presence of a disulfide bridge in lantibiotics is extremely
rare. Although all lantibiotics contain at least two or three
cysteines, they never exist as disulfide bridges, but always form
thioether bonds. In contrast, antimicrobial peptides from plants
and insects commonly contain two or three disulfides. Recently,
a unique lantibiotic, sublancin 168, produced by Bacillus
subtilis 168, has been found. It was reported that this lantibiotic
contains one thioether bond and two disulfide bonds [24].
Replacement of the thioether bond Dhb13±Cys19 by a disul-
fide bond Cys13±Cys19 gives rise to a bond consisting of two
sulfur atoms instead of one, while the methyl group at position
13 is also removed. These subtle modifications lead to a large
decrease in the antimicrobial activity against L. lactis and
S. thermophilus strains up to 1% of the wild-type activity. This
indicates that the exact conformation and dynamics in ring C
play a profound role in the activity of nisin. From the NMR
experiments of T13C nisin Z, it was concluded that the modifi-
cations bring about considerable changes in the chemical-shift
values of residues in ring C, which indicates that the greatly
decreased biological activity of T13C nisin Z may be related to
conformational changes in ring C of the molecule. These
observations motivated us to obtain additional structural and
dynamic information on T13C nisin Z, by molecular modeling

and molecular dynamic simulation. For this purpose, molecular
modeling was performed, with one of the published NMR
structures of nisin A [22], which was converted such that it
contained a Cys residue at position 13, connected via a
disulfide bond with residue 19 (for details see Materials and
methods). The preliminary results (not shown) on modeling of
this molecule reveal that the overall geometry of ring C is very
similar to that of wild-type nisin Z, but that the two rings differ
significantly in the values for their backbone torsion angles.
Moreover, the results indicate that, in wild-type nisin Z, ring C
can adopt a number of discrete conformations while the ring in
the T13C mutant shows an enhanced flexibility. We propose
that these conformational differences are responsible for the
dramatic decrease in activity of the T13C mutant.

It is of interest to compare our findings with previous studies
on modifications in ring C. Several engineered nisin species
were obtained in which residues within ring C were modified,
e.g. M17K [25], M17W [6] and M17Q/G18T [14]. From the
altered antimicrobial activities of these species, it can be
concluded that the nature of the side chains of the residues of
ring C are also of importance for the biological activity of nisin.
Opening of ring C in the mutants nisin A(1±29) or M17K, by
proteolytic cleavage with thermolysin [26] or trypsin, respec-
tively, resulted in totally inactive peptides. Reduction of T13C
nisin Z with dithiothreitol also results in a peptide that is devoid
of ring C and this peptide was also found to be completely
inactive. It should be noted that the reduced T13C peptide
differs from the proteolytically digested mutants in that all
peptide bonds between ring B and D remain intact.

The fact that a very precise C-ring structure is necessary for
antimicrobial activity of nisin suggests that this part of the
molecule is involved in very specific interactions. A possible
candidate for such a specific interaction could be the peptido-
glycan precursor lipid II, a recently identified docking molecule
for nisin [27]. In addition or alternatively, ring C may confer
unique membrane-interacting properties upon the molecule.

The antimicrobial activity of S5C and M17C nisin Z towards
the gram-positive strains L. lactis and S. thermophilus was
greatly reduced compared with the activity of wild-type nisin Z.
Growth of the strains in the presence of 5 mm dithiothreitol
greatly increased the activity, indicating that the killing activity
of the peptides is more efficient when the Cys residues are
kept in a reduced state. These results indicate that the low
antimicrobial activity of the thiol-containing mutants in a
non-reducing environment is due to the reactivity of the Cys
residues. This was confirmed by the results of the growth-
inhibition experiments with iodoacetamide-labeled M17C nisin
Z. The antimicrobial activity of the labeled mutant towards both
indicator strains appeared to be independent of the presence of
dithiothreitol, and was almost similar to that of M17C nisin Z,
when tested under reducing conditions. This shows that the
nisin mutant M17C displays significant antimicrobial activity,
provided that the reactivity of the thiol group is blocked, either
by creation of reducing conditions, or by chemical modification
of the Cys.

In this respect, the Cys mutants S5C and M17C nisin Z
resemble the antimicrobial peptide lactococcin B, produced by
certain strains of L. lactis [28]. This small, cationic, non-
lantibiotic peptide contains naturally one Cys residue, and it
was observed that it only exhibits antimicrobial activity when
the Cys residue is in the reduced state or chemically modified
[29]. A similar phenomenon was observed for a widespread
group of membrane-damaging thiol-activated toxins, active
against mammalian cells. These toxins, all containing a single



908 C. van Kraaij et al. (Eur. J. Biochem. 267) q FEBS 2000

Cys residue, are only active in the reduced state and reversibly
lose activity upon oxidation [30].

A possible explanation for the effect of dithiothreitol is that it
is important to keep the Cys-containing peptides in a mono-
meric state. However, no nisin dimers could be detected in the
culture supernatant of the lactococcal expression strains. Also,
after purification of the Cys mutants, dimerization of the
peptides was not observed. Therefore, we consider it more
likely that the Cys residues do not interact with other nisin
peptides, but rather bind to thiol compounds of bacterial cells.
Such interactions probably interfere with efficient interaction of
the nisin molecules with the cytoplasmic membrane, explaining
the low antimicrobial activity. The observation that dithio-
threitol enhances secretion of the thiol-containing mutants is
also consistent with this idea, as the reductant prevents
interaction with other thiols, thereby facilitating release of the
Cys peptides into the supernatant.

The carboxyfluorescein-release experiments demonstrated
that, like wild-type nisin Z, S5C and M17C nisin Z efficiently
permeabilize large unilamellar vesicles composed of DOPG. It
was shown that their capacity to induce leakage is hardly
affected by the presence of dithiothreitol. Obviously, the
presence of a reactive thiol particularly interferes with the
in vivo activity of nisin. These results provide further support
for the suggestion that the dithiothreitol effect observed in the
in vivo experiment is not due to dimerization of nisin mol-
ecules, but that components of the bacterial cells are involved.
Target bacteria contain many extracellular thiol compounds to
which the Cys mutants of nisin could bind. Although the
extracellular proteins of bacteria are in an oxidizing environ-
ment, it has been shown that there are many proteins, such as
kinases, phosphorylases and transporters, present in the bacterial
cytoplasmic membrane that have a reactive SH group [30]. The
presence of reactive thiol groups has also been detected on the
exterior of spores of Bacillus cereus [31]. Certain antibiotic or
bacteriostatic agents, for instance fuscin [32], exert their
activity by binding to specific membrane SH groups. It is
likely that such thiol groups, exposed on the outside of the
bacteria, can interact with the Cys mutants of nisin.

The results of our Cys mutagenesis approach have shown
that, at least in ring C, it is possible to replace the characteristic
thioether bond of nisin by a disulfide bridge. Although only
subtle structural changes are observed, this replacement is
accompanied by a dramatic reduction in antimicrobial activity.
Furthermore, it is shown that certain nisin mutants can be
obtained that contain free thiol groups, provided that reducing
conditions are maintained during the purification procedure.
Our future research will be directed towards using these
mutants in mechanistic studies.
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