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Nisin A is a pentacyclic peptide antibiotic produced by Lactococcus lactis. The leader peptide of prenisin
keeps nisin inactive and has a role in inducing NisB- and NisC-catalyzed modifications of the propeptide and
NisT-mediated export. The highly specific NisP cleaves off the leader peptide from fully modified and exported
prenisin. We present here a detailed mutagenesis analysis of the nisin leader peptide. For alternative cleavage,
we successfully introduced a putative NisP autocleavage site and sites for thrombin, enterokinase, Glu-C, and
factor Xa in the C-terminal part of the leader peptide. Replacing residue F-18 with Trp or Thr strongly reduced
production. On the other hand, D-19A, F-18H, F-18M, L-16D, L-16K, and L-16A enhanced production.
Substitutions within and outside the FNLD box enhanced or reduced the transport efficiency. None of the above
substitutions nor even an internal 6His tag from positions —13 to —8 had any effect on the capacity of the
leader peptide to induce NisB and NisC modifications. Therefore, these data demonstrate a large mutational
freedom. However, simultaneous replacement of the FNLD amino acids by four alanines strongly reduced
export and even led to a complete loss of the capacity to induce modifications. Reducing the leader peptide to
MSTKDFNLDLR led to 3- or 4-fold dehydration. Taken together, the FNLD box is crucial for inducing

posttranslational modifications.

Nisin A is a pentacyclic peptide antibiotic produced by Lac-
tococcus lactis (2, 9). It is applied worldwide as a food additive
to prevent the growth of spoilage and pathogenic bacteria.
Although it has already been widely used for a long time,
virtually no resistance has been reported. Nisin is ribosomally
synthesized as a 57-amino-acid prepeptide, comprising an N-
terminal leader peptide of 23 amino acids (27). The leader
peptide serves as a translocation signal, and it keeps the
prepeptide inactive. In addition, it plays a dominant role in
inducing the posttranslational modification of the C-terminal
propeptide by interacting with the nisin modification enzymes
(Fig. 1). The enzyme NisB dehydrates the serines and threo-
nines present in the propeptide part but not those present
in the leader peptide. Subsequently, the cyclase NisC catalyzes
the coupling of the double bond in dehydro amino acids to the
thiol groups of cysteines. The resulting (methyl)lanthionines
make nisin a member of a group of antibiotics called lantibi-
otics (43). The fully modified prenisin is exported via the trans-
porter NisT, and the leader peptidase NisP cleaves off the
leader peptide.

Despite the crucial and intriguing roles in inducing the ac-
tivities of both modifying and transporter enzymes and despite
the diversity among lantibiotic leader peptides, only the leader
peptides of nisin (49), Pep5 (31), mutacin II (3), lacticin 481
(32), and nukacin A (30) have been subjected to mutagenesis
studies. Several distinct groups of lantibiotic leader peptides
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can be discerned (see Fig. S1 in the supplemental material).
Figure 2 shows aligned leader peptides related to the nisin
leader peptide. Many of these leader peptides end with a
C-terminal PQ or PR and share a conserved F(N/D)LD box
more or less in the central part. The F(N/D)LD box also seems
to be present in the leader peptides of bacteriocin J46 (14) and
lacticin 481 (34), though otherwise, these leader peptides bear
a closer resemblance to an entirely different group of lantibi-
otic leader peptides (see Fig. S1 in the supplemental material).
Leader peptides from this group often have alanines or gly-
cines in position —1 or —2 or a double glycine motif, preceded
by one or two small, hydrophobic residues. Strikingly, an L(D/
E)E(L/V) box occurs frequently. Some leader peptides from
two-component lantibiotics contain two processing sites, as is
shown for cytolysin LL, cytolysin LS, plantaricin W, and halo-
duracin A2 (8, 13, 28, 52). The length of most leader peptides
varies from 19 to 48 amino acids. For a long time the only
known exception has been cinnamycin, which contains 59
amino acids and which has a different sequence (17, 51). How-
ever, recently, a large group of lantipeptides, named prochlo-
rosins, which contain leader peptides of up to 71 amino acids
has been discovered (25). Even more remarkable, all 29 pro-
chlorosins are produced by a single organism and are pro-
cessed by using one promiscuous LanM homolog. The very
diverse compositions of the leader peptides found so far point
to the occurrence of several distinct leader peptide-enzyme
interactions.

The nisin leader peptide can induce modifications and ex-
port of a variety of peptides fused to its C terminus (18, 39).
For activity in most cases, the leader peptide has to be removed
from the thioether-stabilized therapeutic peptide. However,
the leader peptidase NisP does not have a broad substrate
specificity since it cleaves neither dehydrated prenisin nor un-
modified prenisin (20). Trypsin cleaves after R-1, thus remov-
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leader peptide

FIG. 1. Schedule of nisin biosynthesis involving NisB-mediated dehydration of Ser and Thr in the propeptide, NisC-catalyzed cyclization,

NisT-mediated export, and NisP-mediated removal of the leader peptide.

ing the leader peptide. However, it also cleaves unprotected
Lys and Arg, which may occur in the propeptide. Hence, we
investigated the possibility of introducing alternative cleavage
sites in the C terminus of the nisin leader peptide. We success-
fully processed prenisin with an engineered cleavage site and
found that it is possible to replace multiple amino acids in the

Gallidermin MEAVKEKNELFDLDVKVNAKESNDSGAEPR-  (42)
StaphylococcinT MEAVKEKNELEDLDVKVNAKESNDSGAEPR-  (7)

Epidermin MEAVKEKNDLENLDVKVNAKESNDSGAEPR-  (43)
NisinZ -—---MST-KDENLDL-VSVSKKD-SGASPR-  (29)
NisinQ —-—-—-MST-KDENLDL-VSVSKTD-SGASTR- (54)
NisinF -—--MST-KDENLDL-VSVSKKD-SGASPR-  (4)

NisinA -——--MST-KDENLDL-VSVSKKD-SGASPR-  (9)

EricinA -—--MSKFDDEDLDV-VKVSKQD-SKITPQ- (46)
EricinS —-—---MSKFDDEDLDV-VKVSKQD-SKITPQ- (46)
Subtilin —-—--MSKFDDEDLDV-VKVSKQD-SKITPQ- (10)
NisinU —-—-—-MNN-EDENLDL-IKISKENNSGASPR- (53)
Epicidin280 ---MENKKDLEDLEIKKDNMENN-NELEAQ-  (11)
Pep5 -—-MKNNKNLEDLEIKKETSQNT-DELEPQ- (16)
EpilancinK7 -—-MN--NSLEDLNLNKGVETQK-SDLSPQ-  (48)
SWLP1 -—-MN--KELEDLNLNKGVETQK-SDLNPQS  (33)
Streptin -—-MKNTIKDEDLDL--KTTKNN-SD-EPL- (50)

Koee e

FIG. 2. Leader peptides containing the F(N/D)LD box were
aligned by use of the ClustalW2 program (European Bioinformatics
Institute, Cambridge, United Kingdom). Streptin was aligned arbi-
trarily. Colons, conserved substitutions; periods, semiconserved substi-
tutions; asterisk, identical residues. The numbers in parentheses on the
right indicate the reference.

leader peptide without hampering the modification of nisin.
We subsequently introduced a His tag in the leader peptide
which could facilitate the purification of therapeutic peptides
behind the nisin leader peptide. Furthermore, we aimed to
modulate the interaction of the leader peptide with the mod-
ification and transporter enzymes by mutagenesis of the highly
conserved FNLD box (Fig. 2).

MATERIALS AND METHODS

Bacterial strains and plasmids. Lactococcus lactis NZ9000 was used for ex-
pression of the modification enzymes and leader constructs. L. lactis was grown
in M17 broth (47) supplemented with 0.5% glucose (GM17) or in minimal
medium (15, 36) with or without chloramphenicol (5 wg/ml) and/or erythromycin
(5 pg/ml). Cultures were grown on minimal medium after induction with nisin (1
ng/ml) prior to sample preparation for mass spectrometry. The strains and
plasmids are listed in Table 1.

Molecular cloning. Standard genetic manipulations were performed using
established procedures (40). Constructs coding for mutated prenisin were made
by amplifying plasmid pNZnisA-E3 (20) via round PCR using a downstream
sense primer and an upstream antisense primer. Each primer pair contained one
5’ phosphorylation and a (nonannealing) peptide-encoding tail (see Table S1 in
the supplemental material for a list of the primers used in this study). The DNA
amplification was performed with Phusion DNA polymerase (Finnzymes, Fin-
land). Restriction enzymes used for cloning strategies were purchased from New
England Biolabs Inc. Self-ligation of the resulting plasmids was carried out with
T4 DNA ligase (Roche, Mannheim, Germany). Electrotransformation of L.
lactis was carried out as previously described (12) using a Bio-Rad gene pulser
(Richmond, CA). Nucleotide sequence analysis was performed by BaseClear
(Leiden, Netherlands).
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TABLE 1. Lactococcus lactis strains and plasmids

Strain or plasmid Characteristic(s) Reference(s)

Strains

Lactococcus lactis NZ9000 nisRK™* 23

L. lactis LL108(pORI 280) Em" Cm" 23,24
Plasmids

pIL253-derived plasmid 45

pIL3BTC nisBTC, derived from pILangBTC by deletion of Em" gene and introduction 36

of stop codon at start of ang gene
pNZ8048-derived plasmid 23
pNZnisA-E3 Nisin A, Em" 20

His tag-based peptide purification. His-tagged prenisin was purified with
nickel-nitrilotriacetic acid (Ni-NTA). Glycerol was added to the peptide-contain-
ing medium to reduce hydrophobic interactions, and B-mercaptoethanol was
added to prevent multimerization.

Gel electrophoresis. Peptides were isolated from the supernatant of minimal
medium cell cultures by trichloroacetic acid (TCA) precipitation. Peptides were
separated on a Tricine gel (41). Analysis was performed using a silver stain kit
(Invitrogen) or by Coomassie staining (PageBlue). All experiments were re-
peated in at least three independent experiments, with identical results being
obtained in each one.

Western blot analysis. Polyclonal anti-leader peptide antibodies against the
peptide H,N-STKDFNLDLVSVSKKDC-CONH, coupled via the cysteine to
keyhole limpet hemocyanin were raised in rabbits (18). Cell extracts were ob-
tained by incubation of cells with 9% (vol/vol) acetone and 1% (vol/vol) toluene
in 100 mM Tris, pH 7.0, for 30 min at 37°C and for 20 min at 100°C. Peptides
were precipitated in 10% TCA, dissolved in sample buffer, and applied on a
Tricine gel (41). Peptides were transferred to a polyvinylidene difluoride (PVDF)
Western blotting membrane (Roche) using a Trans-Blot SD semidry transfer cell
(Bio-Rad).

Mass spectrometry. Samples were purified from the medium fraction by ziptip
purification (C,g ziptip; Millipore), or samples were directly applied by spotting
1 wl of the supernatant on the target. After the spots were dried, they were
washed once with 4 pl Millipore water to remove the salts. Subsequently, 1 pl of
matrix (5 mg/ml a-cyano-4-hydroxycinnamic acid in 50% acetonitrile containing
0.1% [vol/vol] trifluoroacetic acid) was added to the target and allowed to dry.
1-Cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP) was used to re-
act with free cysteine residues. Vacuum-dried sample was resuspended in 9 pl 25
mM citrate buffer, pH 3.0, and reduced with 1 pl Tris(2-carboxyethyl)phosphine
(TCEP). After 10 min of incubation at room temperature, 2 ul of CDAP was
added, followed by 15 min of incubation at room temperature. Mass spectra were
recorded with a Voyager DE PRO matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) mass spectrometer (Applied Biosystems). In order
to maintain high sensitivity, an external calibration was applied.

Antimicrobial activity assay. Indicator strain L. lactis LL108(pORI 280) (23,
24) was grown in GM17 containing chloramphenicol (5 pg/ml) and erythromycin
(5 pg/ml) to an optical density of 0.1 at 600 nm. After 3 h of incubation in
microwell plates with a series of 2-fold dilutions of the nisin mutant, growth
inhibition was measured at 600 nm.

RESULTS

NisP cleaves an engineered proNisP cleavage site. The high
specificity of NisP (20) precludes its processing of therapeutic
peptides fused to the native nisin leader peptide. Interestingly,
NisP is likely autoactivated by autocleaving proNisP, which
does not contain thioether rings. Therefore, we investigated
the capacity of NisP to cleave its putative autocleavage site,
VSLR | QP (where the down arrow indicates the location of
peptide cleavage) (44), engineered in prenisin (Table 2). The
cleavage site ASPR | IT from the nisin precursor was ex-
changed for VSLR | IT and for VSLR | QP by mutagenesis.
The two prenisin mutants were produced by L. lactis contain-
ing pIL3BTC, which encodes the ring-forming enzymes NisB
and NisC and the transporter NisT. Incubation of the super-
natants with NisP-expressing L. lactis cells released active nisin
only from the VSLR | IT mutant. Apparently, the VSLR | IT
site can be recognized or the presence of lanthionine rings is
determining NisP cleavage. The mutant containing
VSLR | QP was also cleaved but did not release active nisin,
due to incomplete modification. We subsequently produced
both mutants in an unmodified form by L. lactis containing
NisP and NisT. MALDI-TOF mass spectrometric analysis
demonstrated that only prenisin containing VSLR | QP was
cleaved. These data demonstrate that, in the absence of lan-
thionine rings, NisP can cleave off the leader peptide from
unmodified nisin when the cleavage site is identical to the
putative proNisP autocleavage site, VSLR | QP.

Introducing proteolytic cleavage sites. The successful intro-
duction of the VSLR | IT site suggests a mutational freedom
in the C terminus of the leader peptide. We further investi-

TABLE 2. Cleavage of prenisin with engineered peptidase sites exported out of L. lactis containing pIL3BTC*

Peptidase Prenisin with engineered cleavage site” Dehydrations Cleavage
NisP MSTKDFNLDLVSVSKKDSGASPR | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
NisP MSTKDFNLDLVSVSKKDSGVSLR | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
NisP MSTKDFNLDLVSVSKKDSGVSLR | QPSISLCTPGCKTGALMGCNMKTATCHCSIHVSK Incomplete +
Thrombin MSTKDFNLDLVSVSKKDSGAVPR | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
Thrombin MSTKDFNLDLVSVSKKDSGLVPR |, GSSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 7 +
Enterokinase MSTKDFNLDLVSVSKKDSGDDDK | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
Enterokinase MSTKDFNLDLVSVSKKDSDDDDK | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
Glu-C MSTKDFNLDLVSVSKKDSGASPD | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 -
Glu-C MSTKDFNLDLVSVSKKDSGASPE | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
Factor Xa MSTKDFNLDLVSVSKKDSGIDGR | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +
Factor Xa MSTKDFNLDLVSVSKKDSGIEGR | ITSISLCTPGCKTGALMGCNMKTATCHCSIHVSK 8 +

“ Peptides in the supernatant were identified by MALDI-TOF mass spectrometry.
® Substituted amino acids are indicated in boldface type.
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gated the engineering of other cleavage sites in the leader
peptide by changing the ASPR | IT site in prenisin via mu-
tagenesis. The cleavage sites for thrombin (preferably
LVPR | GS), enterokinase (DDDDK |, ), Glu-C(D |, orE | ), and
factor Xa (IDGR |, or IEGR |, ) were introduced (Table 2).

When the original ASPR | IT site was changed to
AVPR | IT, cleavage of the precursor by thrombin resulted in
antimicrobially active nisin. Similar activity was observed when
the IT at positions +1 and +2 was replaced by GS. In the latter
case, one propeptide residue escaped dehydration. This could
be Ser2, since glycine as a flanking residue of serine does not
favor dehydration (1).

Prenisin containing (D)DDDK | IT was efficiently cleaved
by enterokinase. However, the production in the medium of
this prenisin mutant was strongly reduced, presumably as a
result of the presence of negatively charged amino acids.
Clearly, an enterokinase site is therefore not preferred.

Glu-C cleavage was efficient for ASPE | IT but not for AS
PD | IT. Cleavage of the latter primarily resulted in nisin with
truncated leader peptides: LVSVSKKDSGASPD-nisin and
SGASPD-nisin. Production of prenisin with the engineered
Glu-C cleavage site was slightly reduced compared to that of
wild-type prenisin.

Unaltered production was observed when a factor Xa cleav-
age site, IDGR | or IEGR |, was engineered. Cleavage effi-
ciency, however, was low, especially for nisin containing IDG
R | IT (Table 2).

Together these data demonstrate that alternative cleavage
sites can be effectively introduced in the nisin leader peptide
without interfering with the leader peptide’s capacity to induce
posttranslational modifications. However, engineered cleavage
sites may affect the production and/or export efficiency of
the prepeptide (Table 2).

Introduction of His tags within the leader peptide. The
successful engineering of several cleavage sites demonstrated a
large mutational freedom in the C terminus of the nisin leader
peptide. We subsequently investigated whether other parts of
the leader peptide could also be replaced by introducing His
tags into the leader peptide. His tags were genetically intro-
duced in prenisin N terminally in place of the STKD, leading
to prenisin containing MHFNLDLVSVSKKDSGASPR,
termed pNZE3HisA, directly behind the highly conserved
FNLD box, replacing VSVSKK, leading to prenisin containing
MSTKDFNLDLH,DSGASPR, termed pNZE3HisB, and re-
placing the FNLDLYV sequence, resulting in MSTKDHSVSK
KDSGASPR, termed pNZE3HisC. Plasmids encoding these
constructs were coexpressed with pIL3BTC. Production and
modification were analyzed by MALDI-TOF mass spectrom-
etry and measurement of antimicrobial activity.

Expression of pNZE3HisA and pNZE3HisB resulted in the
production of prenisin 8-fold dehydrated (see Fig. S2 in the
supplemental material). pPNZE3HisC encoding the His tag to
replace the FNLD(LV) box gave no production at all. In case
of expression of pNZE3HisA, the Met at position 1 stayed
attached, which is hardly ever the case with produced fusion
peptides (18, 20). Apparently, the methionine aminopeptidase
cleaves less efficiently when Met is followed by a His tag.
Importantly, both mutants that were produced displayed anti-
microbial activity after trypsin-mediated removal of the leader
peptide. pNZE3HisB was produced at higher levels than

ENGINEERING THE NISIN LEADER PEPTIDE 607

pNZE3HisA and could be efficiently purified by Ni-NTA. This
demonstrates that the leader peptide with a His tag in positions
VSVSKK can be effectively used for purification of leader
fusion peptides. This replacement might, furthermore, consti-
tute an advantage, since we observed that the VS sites are
sensitive to cleavage (see Fig. S2 in the supplemental material).
Elimination of the two V | S cleavage sites would facilitate
mass spectrometry data analyses. Taken together, the intro-
duction of the His tag replacing VSVSKK in the leader peptide
surprisingly shows that simultaneously altering 6 positions of
the leader peptide does not significantly affect modification
and production of the propeptide.

Mutagenesis of FNLD box in nisin leader peptide. Engineer-
ing of the leader peptide may modulate its interaction with the
modification enzymes and transporter. This may lead to en-
hanced or reduced modification and/or transport. Alignment
of nisin-related leader peptides shows a highly conserved box
consisting of F(N/D)LD(L/V) (Fig. 2). In a previous study
using a different expression system, no secretion or intracellu-
lar accumulation of nisin or its precursors could be detected
after mutagenesis of F-18, L-16, or D-15 (49). Here we applied
a more robust two-plasmid expression system and aimed at
elucidating the effects of mutagenesis of the FNLD box on
modification and production.

In a first step, all 4 conserved amino acids were exchanged
separately for alanines, thus yielding four prenisin mutants:
F-18A, N-17A, L-16A, and D-15A. Mutant peptides were pro-
duced by L. lactis containing pIL3BTC. Full NisB-mediated
dehydration was observed by analysis of the supernatant with
MALDI-TOF mass spectrometry. Visualization of the prenisin
mutants on a Tricine gel showed that nisin mutants F-18A and
D-15A were produced to a much lower level than wild-type
prenisin, whereas mutant L-16A showed a level of production
equal to or increased over that for the wild type (Fig. 3A).
After trypsin-mediated cleavage of the leader peptide, the
N-17A, L-16A, and D-15A mutants showed antimicrobial ac-
tivity comparable to that of wild-type nisin. It therefore ap-
pears that none of the amino acid substitutions interferes with
maturation, whereas they do interfere with production or ex-
port efficiency. This contrasts with the above mentioned study
of Van der Meer et al. (49), in which mutagenesis of each of
the F18, L16, and D15 residues completely abolished produc-
tion. This difference may result from the difference in expres-
sion system or from the difference in the substituting amino
acids.

We subsequently introduced double Ala mutations in the
FNLD box and even replaced the whole sequence by alanines
(Fig. 3A). Consistent with the low level of production of F-18A
and D-15A prenisin, a low level of production was observed for
double mutant F-18A/N-17A and an even lower level of pro-
duction was observed for double mutant L-16A/D-15A. Fully
modified prenisin and prenisin lacking one or two dehydrations
were observed. The quadruple mutant F-18A/N-17A/L-16A/D-
15A was extracellularly present at barely detectable levels and
was not dehydrated (Fig. 4).

To investigate whether the low level of production might be
due to reduced transport leading to intracellular accumulation,
extracts of cells producing prenisin mutants were subjected to
blotting with antileader antibodies. Figure 3B shows that in-
tracellular levels of mutant prenisin are comparable to or lower
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FIG. 3. Production analysis of FNLD mutants. (A) Supernatants of
L. lactis containing pIL3BTC producing wild-type prenisin and FNLD
box mutants. Peptide was analyzed by PageBlue-stained gel electro-
phoresis. Lanes: AAAA, quadruple mutation F-18A/N-17A/L-16A/D-
15A; AALD, double mutation F-18A/N-17A; FNAA, double mutation
L-16A/D-15A; WT, wild type prenisin A. (B) Prenisin mutants de-
tected by anti-leader peptide antibody in cell extracts from L. lactis
containing pIL3BTC. WT, wild type prenisin A; FNAA, double mu-
tation L-16A/D-15A. (C) Supernatants of L. lactis containing
pIL3BTC producing wild-type prenisin (WT) and prenisin containing
a point mutation. Peptide was analyzed by PageBlue-stained gel elec-
trophoresis.

than the level of wild-type prenisin. A low level of production
measured extracellularly corresponds to a low level of produc-
tion measured intracellularly. Replacement of the phenylala-
nine by another aromatic residue, F-18W, resulted in even
lower levels of production than for F-18A. Taken together, the
data indicate that the FNLD box mutants mostly do not accu-
mulate intracellularly.

Prenisin residue F-18 is highly conserved (Fig. 2). We ran-
domized the codons for position —18 and screened for new
mutants (Fig. 3C). We obtained several well-produced, fully or
nearly completely modified mutants (F-18M, F-18L, F-18V,
F-18H, F-18I) and other mutants which were less efficiently
produced and/or which lacked more dehydrations (F-18W,
F-18K, F-18N, F-18T, F-18S, F-18C, F-18G). Mutants F-18M
and F-18H appeared to be produced better than wild-type
prenisin. Also, replacing residues in other positions, D-19A,
L-16D, and L-16K, appeared to lead to levels of production
higher than the level for the wild type (Fig. 3C). An overview
of the production of previously mentioned leader peptide mu-
tants is given in Fig. 5.

Leader truncations. As reported above, replacing the FNLD
box with four alanines abolished modifications but still allowed
export. To investigate whether the conserved box alone or the
N-terminal domain of the leader might be sufficient for mod-
ification, we made a construct coding for MFNLDLR-nisin and
a A(—13 to —2) prenisin variant, with the leader being reduced
to MSTKDFNLDLR. The corresponding peptides were pro-
duced by L. lactis containing pIL3BTC and analyzed by
MALDI-TOF mass spectrometry. Analysis of the supernatant
revealed unmodified MFNLDLR-nisin with an initial methio-
nine and up to 4-fold dehydrated STKDFNLDLR-nisin with-
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FIG. 4. Export of prenisin with quadruple mutations (F-18A/N-
17A/L-16A/D-15A) without dehydration by L. lactis containing
pIL3BTC. Peptide export was detected by MALDI-TOF mass spec-
trometric analysis of the culture supernatant, after incubation with 1
mg/ml TCEP to prevent cysteinylation. The [M + H™] peak of 5,625.11
corresponds to unmodified prenisin without an initial methionine
(5,627.58 Da). The difference of —2 Da could be a result of disulfide
bond formation.

out an initial methionine (Fig. 6A and B). Most of the MFN
LDLR-nisin mutant contained an additional 28 Da. This
corresponds to N-terminal formylation and indeed is seen only
in combination with the initial methionine (35). The 4-fold
dehydration of the STKDFNLDLR-nisin mutant raises the
question of whether Ser and Thr residues need to be located at
a minimal distance from the FNLD box in order to be dehy-
drated by NisB. Fragmentation of the STKDFNLDLR-nisin
mutant by trypsin digestion or MALDI-TOF/TOF mass spec-
trometry to investigate the location of the dehydro amino acids
was hampered by very low yields of the mutant peptide. We
subsequently engineered a double-truncated nisin mutant, MS
TKDFNLDLR-ITSISLCTPGCKTG, which is composed of
the shortened leader peptide and only the N-terminal part of
pronisin. The resulting peptide was poorly produced but con-
tained only one dehydro amino acid (Fig. 6C). This implies
that in the above case of the STKDFNLDLR-nisin peptide, at
least three of the observed four dehydrations occur in the
C-terminal part of the nisin propeptide. These data demon-
strate that the MSTKDFNLDLR sequence alone is indeed
sufficient for dehydration by NisB.

DISCUSSION

Two decades ago it was suggested in a paper in Nature (43)
that lantibiotic enzymes could be used for the stabilization of
therapeutic peptides. In line with this suggestion, we previously
constructed genetically engineered peptides composed of an
N-terminal nisin leader peptide and a C-terminal therapeutic
peptide and subjected these fusion peptides in L. lactis to the
nisin modification and export machinery. In 2004, we were the
first to report lantibiotic enzyme-mediated dehydration of a
therapeutic peptide analog (20). Subsequently, we have dem-
onstrated that not only NisB but also the nisin cyclase NisC has
broad substrate specificity (39). We recently demonstrated the
enhanced stability, activity, and bioavailability (19) and oral
and pulmonary delivery (5) of thioether-bridged angiotensin-
1-7).

To eventually obtain a thioether-stabilized therapeutic pep-
tide, the leader peptide has to be cleaved off. The leader
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FIG. 5. Effect of mutations on export efficiency. Production levels are relative to the level of wild-type prenisin A production. Small characters
indicate lower levels of production, medium-size characters indicate levels of production similar to the level of production of wild-type nisin, and

large characters indicate higher levels of production.
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FIG. 6. Export of prenisin with shortened leader peptides containing the
FNLD box by L. lactis containing pIL3BTC. Peptide export was detected by
MALDI-TOF mass spectrometric analysis of the culture supernatant, after
incubation with 1 mg/ml TCEP to prevent cysteinylation. (A) MFNLDLR-
nisin. The [M + H*] peaks of 4,390.64 and 4,257.31 correspond to unmod-
ified prenisin with an initial methionine (4,389.28 Da) and without an initial
methionine (4,258.08 Da), respectively. Peak 4,417.24 corresponds to for-
mylated (—CHO) MFNLDLR-nisin (4,417.29 Da). (B) MSTKDFNLDLR-
nisin. The [M + H"] peaks of 4,616.98 and 4,635.62 correspond to prenisin
without an initial methionine 4-fold dehydrated (4,617.47 Da) and 3-fold
dehydrated (4,635.49 Da), respectively. The peak of 4,820.50 corresponds to
undehydrated prenisin with an initial methionine (4,820.72 Da). (C) MSTK
DENLDLR-ITSISLCTPGCKTG is dehydrated once. Peptide masses corre-
spond to prenisin with an initial methionine dehydrated once (2,685.14 Da)
and not dehydrated (2,703.16 Da). Subsequent peaks are again once and not
dehydrated prenisin but contain a formylated initial methionine, resulting in
an additional mass of 28 Da. The [M + H*] peak of 2,747.34 could represent
either an oxidation (+16 Da) or another dehydration (+18 Da).

peptidase NisP has restricted substrate specificity (20), which is
in contrast to the broad cleavage substrate specificity of the
bifunctional leader peptidase/transport protein of the lacticin
481 system (6). NisP removes the leader peptide only from
fully modified prenisin (20). A large variety of fully modified
prenisins with a mutated ring A were also substrates for NisP
(38). Van der Meer et al. (49) demonstrated that some resi-
dues in the C-terminal part of the nisin leader peptide are
required for NisP-mediated cleavage; R-1Q and A-4D pre-
vented cleavage. We demonstrated here that engineering the
presumed proNisP cleavage site (44) in prenisin allows NisP-
mediated cleavage in the absence of the lanthionine rings. We
successfully engineered a functional recognition site for throm-
bin, enterokinase, Glu-C, and factor Xa in the C-terminal part
of the leader peptide without compromising NisB- and NisC-
mediated modifications. However, the introduction of multiple
negatively charged amino acids in the C-terminal part of the
leader peptide, as in the enterokinase cleavage site (D)DD
DK | , appeared to reduce production. The possibility demon-
strated here to insert a cleavage site of choice in the nisin
leader peptide is crucial for liberating thioether-stabilized ther-
apeutic peptides.

Studies on the nisin leader (49), the Pep5 leader (31), the
mutacin II leader (3), the nukacin A leader (30), and the
lacticin 481 leader (32) have demonstrated that, apart from a
few conserved residues, a large mutational freedom exists to
replace single amino acids. Here we simultaneously altered 6
positions by engineering in three positions a His tag within the
leader peptide, of which MSTKDFNLDLH;DSGASPR ap-
peared to be fully functional. We observed no loss of this
engineered leader’s capacity to induce NisB- and NisC-medi-
ated modifications of prenisin. In contrast, MSTKDH SVSKK
DSGASPR-pronisin, in which the conserved FNLD box was
replaced, was not produced.

Simultaneous replacement of the FNLD residues in prenisin
by alanines, yielding MSTKDAAAALVSVSKKDSGASPR-
pronisin (F-18A/N-17A/L-16A/D-15A), allowed some produc-
tion but abolished the capacity to induce modifications. Dou-
ble and single amino acid replacements of the FNLD residues
by alanines did not lead to loss of the capacity to induce
modifications. Production, however, was reduced for most of
the alanine mutants. Interestingly, the single substitution
L-16A resulted in an increase in prenisin production. These
data point to an important role of the FNLD box in NisB- and
NisC-mediated modification. Although the level was low, the
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export of the quadruple mutant F-18A/N-17A/L-16A/D-15A
suggests that NisT-mediated export is not completely depen-
dent on the conserved FNLD box.

In a previous study by Van der Meer et al. (49), none of the
three mutants F-18L, L-16K, and D-15A was observed either
intra- or extracellularly. Here we observed production and
modification of the three mutants F-18A, L-16A, and D-15A.
This apparent inconsistency is likely due to the improved two-
plasmid expression system in L. lactis NZ9000 that we used,
with the nisBTC genes being on one plasmid and the mutant
prenisin being on a second, compared to the one-plasmid sys-
tem in the nisin producer L. lactis NZ9700, which contains the
whole gene cluster on the chromosome. Alternatively, the dif-
ferences might be caused by different detection methods. In
the case of Pep-5, reduced production was observed for mu-
tants F-19S and D-16K (31), which is more in concordance
with our findings.

The reduced production of prenisin F-18A and the even
more reduced production of F-18W points to a specific role of
the phenylalanine. We therefore randomized the codons for
this amino acid and obtained a large number of mutants. All
mutants allowed prenisin production, but F-18W and F-18T
gave very low levels of production. In contrast, mutants F-18H,
F-18M, and also some substitutions in different positions (D-
19A, L-16D, and L-16K) enhanced production.

Reducing the nisin leader to just MFNLDLR allowed some
production but no NisB-mediated dehydration. Also, process-
ing of the N terminus of this prenisin mutant seemed impeded,
as the peptide still contained a (formylated) initial methionine.
Interestingly, replacing the nisin leader by MSTKDFNLDLR
resulted in 4-fold dehydrated prenisin, indicating that residues
—13 to —2 are not essential for interaction with NisB. A max-
imum of four dehydrations further suggests that the 12 missing
leader peptide residues might function as a spacer to bridge a
distance between the NisB interaction site and its modification
site. Deleting this spacer would preclude access to 4 of the 8
residues that can be dehydrated. It would also explain why the
Ser or Thr residues inside the leader peptide are not dehy-
drated by NisB. This hypothesis was supported by one or no
dehydration of the N-terminal fragment of pronisin preceded
by the MSTKDFNLDLR leader. Further experiments are be-
ing conducted to investigate this hypothesis in more detail.

NisB (21), NisC (26), and NisT (20) can each function in-
dependently of the other two enzymes but not in the absence
of the N-terminally located leader peptide in the substrate
peptide. It therefore seems that the leader peptide is capable
of functionally interacting with three different enzymes.
The question arises whether one motif is responsible for three
different interactions or whether different parts of the nisin
leader determine a distinct interaction with a different enzyme.
Here we demonstrated that many residues of the nisin leader
peptide can be altered simultaneously without affecting mod-
ification or export. Moreover, reducing the leader peptide to
MSTKDFNLDLR still allows partial NisB-mediated dehydra-
tion. The leader peptide has been demonstrated to function
when it is present internally between a Sec signal sequence and
a modifiable peptide (21). The possibility to use a short mod-
ification-inducing leader sequence demonstrated here opens
the perspective to incorporate such a sequence in a protein to
induce very local modifications. The present data indicate that
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complete removal of the FNLD box eliminates modification,
whereas removal of more than this sequence is needed to
preclude export.

Both NisB and NisC perform multiple reactions on a single
substrate. Mechanistic models have been integrated for the
modification of nisin (22) and put forward for, among others,
LctM (32), a bifunctional enzyme that houses both the dehy-
dration and the cyclization catalytic sites. In this model the
binding of the leader peptide is shifting the equilibrium from
an inactive enzyme to an active conformation of the enzyme.
Alternatively, leader peptide binding might just bring the mod-
ifiable peptide close to the catalytic sites and modified peptides
might be released by having a lower affinity for the catalytic
sites. So far no maximum distance from the leader peptide with
respect to modification has been demonstrated. NisB has been
demonstrated to dehydrate farther than position 33, which is
the most distal position in nisin, to even position 42 (37). If the
leader peptide binds in a fixed position, one would expect that
modification would not take place at a great distance from the
leader peptide. Alternatively, the leader peptide might move
along or through the modification enzyme. Since bifunctional
lantibiotic modification enzymes as well as NisC are active in
vitro, such movement cannot be induced by transporters.
Cocrystallization of modification enzymes and leader peptides
and/or substrate peptides will likely yield important mechanis-
tic insights into the highly intriguing leader peptide-enzyme
interactions.
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