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The nisin-producing Lactococcus lactis strain FI5876 has been modified and developed for use as an
expression system for engineered nisin variants. Insertional inactivation of the resident nis4 gene had a polar
effect on downstream genes, including those involved in nisin immunity. However, subsequent chromosomal
rearrangements in this region involving a newly discovered insertion element (IS905) generated a strain that
was deficient in the nis4 gene product but expressed those nisin determinants necessary for prenisin
maturation, secretion, and immunity. Complementation of the lesion in the nis4 gene by plasmid-encoded nis4
genes containing site-specific mutations resulted in the exclusive production of altered nisins containing specific

amino acid substitutions.

Nisin is a highly modified peptide antibiotic produced by
certain strains of Lactococcus lactis. It is of great interest to
the food industry because of its efficient antimicrobial activ-
ity against a wide range of gram-positive organisms, includ-
ing many spoilage bacteria and food pathogens such as
Listeria, Clostridium, and Bacillus species (12, 25).

Nisin is a member of the family of antibiotics termed
lantibiotics. These unusual polycyclic peptides share the
structural features of dehydro residues and intrachain sulfide
bridges forming lanthionine and B-methyllanthionine rings.
The atypical residues are introduced by posttranslational
modification of the amino acids serine, threonine, and cys-
teine in the primary sequence of a precursor peptide (lanti-
biotics are the subject of a recent extensive review [26]).
Biosynthesis of nisin thus involves genes for both the
inactive prenisin (nis4) and the modifying enzymes respon-
sible for nisin maturation. The nis4 gene has been cloned
and characterized (1, 11, 27) and shown to have a chromo-
somal location (11, 42). A number of additional, as yet
uncharacterized, genes involved in the enzymatic modifica-
tion of prenisin, translocation, and immunity are encoded by
nisin-producing strains (42). These determinants, along with
nisA, are thought to be clustered together, as has been
described recently for the lantibiotics subtilin (28) and epi-
dermin (41). It has been known for some time that nisin
determinants can be transferred by conjugation (14), and it
has now been established that this ability is due to their
carriage on a large conjugative transposon (38).

There is a growing interest in the protein engineering of
lantibiotics, both as a means to probe the relationship
between their structure and their function and to construct
novel variants exhibiting modified properties. The ability to
alter, for example, the solubility and stability properties or to
broaden the activity spectra of nisin may provide a means of
extending the applications of this valuable food-grade anti-
biotic.

Novel nisins could be constructed by the expression of
variant nisA genes in a host strain which encodes the
necessary maturation machinery and thus can process the
modified precursor peptide. The simplest approach is to

* Corresponding author.
+ Present address: Wuxi Institute of Light Industry, Wuxi,
Jiangsu 214035, People’s Republic of China.

3683

transform a nisin-producing strain with a recombinant plas-
mid encoding a variant nis4 gene. In this background, the
host’s maturation enzymes are available to process both the
resident prenisin and its plasmid-encoded variant. A strategy
of this type has been reported for a strain that carries the
wild-type nisin transposon (29). However, the disadvantage
of this system is that both the host’s nisin and the engineered
variant are synthesized together, making complex chemical
separation procedures necessary prior to analysis of the
properties of the novel peptide.

Here we report the derivation of a lactococcal strain that
expresses the maturation genes for nisin biosynthesis but is
deficient in the nis4 gene product. The construction in-
volved a number of steps, including recombinant DNA
technology, gene replacement, and in vivo chromosomal
rearrangements. Transformation of this lactococcal host
with recombinant plasmids which express either nis4 or
nisA containing a site-directed mutation led to the exclusive
expression of nisin or a nisin variant. A number of alter-
ations were made to the primary sequence of prenisin, and
the effect of these changes on the biological activity of the
mature molecule is described.

MATERIALS AND METHODS

Microbiological techniques and strains used. A number of
L. lactis subsp. lactis strains generated in the course of this
work were derived from the nisin-producing strain L. lactis
FI5876 (11, 22). The construction of the derivative strains
and their relevant properties are described below and in
Tables 1 and 3. The plasmid-free, non-nisin-producing strain
MG1614 (13) was included as a control. L. lactis strains were
routinely grown at 30°C in M17 medium (43) supplemented
with 0.5% (wt/vol) glucose (GM17 medium). The plasmids
constructed during this work are listed in Table 2. Chloram-
phenicol resistance (Cm’) was selected for at 5 pg/ml;
erythromycin resistance (Em®) was induced at the subinhib-
itory level of 50 ng/ml and then selected for at 5 pg/ml.
Plasmid curing was achieved by growth in GM17 medium
supplemented with acriflavine (36).

Escherichia coli MC1022 (3) was the host strain used for
construction of recombinant plasmids. Cultures were prop-
agated at 37°C in L broth (32). Selection for ampicillin
resistance (Ap") was done at 100 pg/ml, and selection for
Cm" was done at 15 pg/ml.
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TABLE 1. Bacterial strains used in this study

Species and strain

Description and derivation

Reference or source

E. coli MC1022 3
L. helveticus CH-1 Culture collection strain Christian Hansens
Laboratories

L. lactis subsp. lactis

MGI1614 L. lactis subsp. lactis 712 cured of plasmids and prophage, resistant to 13
streptomycin and rifampin
FI5876 MG1614 carrying nisin transposon Tn5301 11
FI7181 FI5876 with Campbell integration of pFI283 in nis4 (Fig. 1c) This study
FI16016 MG1614 carrying pFI172 This study
FI17300 FI5876 with Em® gene from pE194 integrated into Sacl site of nis4 gene This study
(Fig. 1d and 3)

F17699 FI7300 carrying pFI172 This study
FI7304 Nisin-resistant, Em*® mutant of FI7300 caused by 1S905 integration (Fig. 3) This study
FI7332 FI7330 cured of pFI172 This study
FI17328 F17332 retransformed with pFI172 This study
FI7369 F17332 carrying pFI378 This study
FI7357 FI7332 carrying pFI372 This study
F17434 F17332 carrying pFI354 This study
FI17462 F17332 carrying pFI411 This study
F17432 FI7332 carrying pFI403 This study
FI7393 F17332 carrying pFI398 This study

Determination of nisin production by L. lactis strains was
based on the plate diffusion assay of Tramer and Fowler (44).
Lactobacillus helveticus CH-1 (Christian Hansens Labora-
tories A/S, Copenhagen, Denmark) was used as the nisin-
sensitive indicator strain. A 0.5-ml sample of an overnight
culture, grown in MRS medium (9), was used to seed 50 ml
of MRS agar (pH 6.0) containing 1 ml of Tween 20-Ringer’s
solution (50:50). The wells were loaded with 100 pl of test
sample, and the plates were incubated at 4°C for a minimum
of 3 h (to allow diffusion) before overnight incubation at
42°C.

Nisin immunity was determined by streaking a loopful of
stationary-phase cells on plates containing various amounts
of nisin. Nisin (Koch-Lite), dissolved in 0.02 M HCI, was
added to GM17 agar up to a maximum concentration of 5 X
10° U/ml, at which growth of all strains was inhibited. L.
lactis strains were considered to be immune to the highest
level of nisin at which growth was evident throughout the
streak.

Transformation. Recombinant plasmids were recovered
by transformation of E. coli by the method of Cohen et al. (8)
with the modification of Humphreys et al. (24). L. lactis
strains were transformed by electroporation as described by
Holo and Nes (19) with the following modifications. Cells
were grown in GM17 broth supplemented with 2% glycine,

and selection was done on GM17 plates containing antibi-
otic. Sucrose was omitted from the initial growth media and
the selection plates. Electroporation was performed with a
Gene Pulser apparatus (Bio-Rad) by using a single pulse of
12.5 kV/cm, a capacitance of 25 wF, and a resistance of 200
Q.

Molecular techniques. Total genomic DNA from L. lactis
strains was prepared according to the method of Lewington
et al. (33). Plasmid DNA was isolated by the sodium dodecyl
sulfate alkaline lysis method. Covalently closed circular
DNA was purified by CsCl-ethidium bromide gradient cen-
trifugation (35). Restriction enzymes and other DNA-modi-
fying enzymes from various sources were used according to
the suppliers’ recommendations. Conditions used for poly-
merase chain reaction (PCR) analysis were as described
previously (22). The following primers were used in this
study: primer 1, 5'-AAGAATCTCTCATGAGT; primer la,
5'-GGAAATAAGAGGCAATTT; primer 2, 5'-CCATGTCT
GAACTAACA; primer 3, 5'-GTGGAATACGGGTTTG;
primer 4, 5'-TAAATAATTTATAGCTATTG; primer 5, 5'-
CAGAGCTCTGATGGGTTG (Sacl site underlined); primer
6, 5'-GTAGAATTCCGTTTATCGTTTGGAG (EcoRI site
underlined); primer 7, 5'-GCAACTTGTCAGTGTAGTATT
CAC; and primer 8, 5'-GTGAATACTACACTGACAAGT
TGC. Determination of nucleotide sequences of plasmid

TABLE 2. Lactococcal plasmids used in this study

Plasmid Description and derivation Reference
pFI172 Plasmid pTG262 carrying a 5.5-kb Sall fragment of nisin transposon Tn5301 including 11

the nisA gene
pFI283 Gene replacement vector based on E. coli vector pMTL23p with a Cm" gene from This study

pC194 and a nisA gene from pFI172 inactivated by insertion of an Em’ gene from

pE194 (Fig. 1a)
pFI354 pFI172 carrying a 1.2-kb SacI-EcoRI deletion including C terminus of nis4 (Fig. 5b) This study
pFI378 pFI354 carrying a PCR fragment restoring the nisA gene (Fig. 5c) This study
pFI411 As pFI378 but encoding nisA/H27Q This study
pFI403 As pFI378 but encoding nis4/H27Q, V321 This study
pFI398 As pFI378 but encoding nisA/H27Q,T23S This study
pFI372 pFI354 carrying a Sacl-EcoRI oligonucleotide causing the nis4/A21-34 mutation This study
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DNA was performed by the dideoxy-chain termination
method (40). Sequenase version 2.0 (United States Biochem-
ical Corp.) was used according to the supplier’s recommen-
dations.

Construction of the gene replacement vector pFI283. The
nisA gene of FI5876, cloned into the shuttle vector pTG262
to generate pFI172, has been described previously (11, 22).
A 2-kb Accl-Sall fragment from this construct, containing
nisA and the start of nisB, was subcloned into the pBR322-
based vector pMTL23P (4). A 1-kb fragment encoding the
Em" gene of the staphylococcal plasmid pE194 (20) was
inserted into the unique Sacl site in the cloned nis4 gene.
This insertion resulted in disruption of the nis4 gene. The
Em"® gene in this construction was transcribed in the same
direction as the nis4 gene and was flanked on either side by
approximately 1 kb of lactococcal DNA sequences. A
unique EcoRYV site in the adjacent polylinker of the vector
sequences was used to insert a 2-kb fragment carrying the
Cm’" gene originating from the staphylococcal plasmid pC194
(21). A map of the resulting recombinant plasmid, pFI283, is
shown in Fig. la.

Site-directed mutagenesis. Site-directed mutagenesis of the
nisA gene was carried out by PCR-mediated overlap exten-
sion (18) with plasmid pFI172 DNA as a template. Primers 5
and 6, which contain a Sacl site and an EcoRI site, respec-
tively, defined the ends of a 254-bp fragment encoding the
C-terminal 20 amino acids of prenisin (see Fig. 6). A pair of
overlapping complementary primers (7 and 8) were designed
from sequences within this region of nis4 which included a
single base change from the original nis4 sequence (Fig. 6).
These were used in PCR amplifications in conjunction with
one of the terminal primers (Fig. 5d) to create two partially
complementary fragments with the specific mutation located
in the overlapping region. The fragments were annealed to
provide a template for a subsequent PCR involving the same
primers that determine the two ends of the SacI-EcoRI
fragment (primers 5 and 6 [Fig. 5d]). The final PCR-gener-
ated fragment containing the specific mutation was purified
by isolation from an agarose gel with a DEAE-NA 45
membrane (Schleicher & Schuell). Ragged ends were mod-
ified with T4 DNA polymerase and polynucleotide kinase.
The blunt-ended fragment was cloned into the Smal site of
pUCI18 (46), and the nucleotide sequence of the manipulated
region was determined to confirm that the selected mutation
was present.

Deletion of a 1.26-kb Sacl fragment from pFI172 gener-
ated plasmid pFI354, which encodes only the N-terminal
part of nisA (Fig. 5b). A Sacl-EcoRI fragment from the
pUCIS8 derivatives was then subcloned into pFI354 to re-
cover an uninterrupted nis4 reading frame (Fig. 5d). The
various pFI354 derivatives are listed, together with their
site-specific nis4 mutations, in Table 4.

Construction of a truncated nis4 gene. The complemen-
tary oligonucleotides 5'-CTGATGGGTTGTAACTAAG-3'
and (EcoRI) 5'-AATTCTTAGTTACAACCCATCAGAGCT-
3’ (Sacl) were designed so that, as a result of annealing,
overhangs which were complementary to a Sacl and an
EcoRI site were created at each end. The synthetic fragment
contained sequences from the Sacl site within nis4 to the
asparagine codon at position 20 (Fig. 6), followed by a TAA
stop codon and a partial EcoRI site. The double-stranded
fragment was cloned directly into pFI354 digested with Sacl
and EcoRI (Fig. 5b), and the nucleotide sequence of the
truncated nis4 gene was confirmed.
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Nucleotide sequence accession number. The GenBank/
EMBL accession number of the nucleotide sequence in Fig.
6 is M27277.

RESULTS

Insertional inactivation of nis4. The gene replacement
vector pFI283 was constructed to insertionally inactivate the
chromosomally encoded nisA4 gene. It carries a cloned nis4
gene which is disrupted by the insertion of an Em" gene (Fig.
la and Materials and Methods). The nisin-producing strain
L. lactis FI5876 was transformed with pFI283, and six Em"
transformants were obtained. The plasmid does not encode a
replication origin functional in L. lactis, and hence the
recovery of the Em® gene in these transformants required
integration of this marker into the recipient chromosome.

Reciprocal recombination between homologous se-
quences on pFI283 (Fig. 1a) and the chromosome of FI5876
(Fig. 1b) could generate two types of transformants. A single
crossover event would result in the entire plasmid integrat-
ing into the chromosome (Campbell integration). A double
crossover event, one crossover on each side of the Em* gene
in pFI283, would exchange the wild-type chromosomal nisA4
for the insertionally inactivated copy, with subsequent loss
of Cm" encoded by the nonreplicating plasmid (gene replace-
ment). Both recombination mechanisms have been shown to
operate in L. lactis (7, 30, 31). The two alternative types of
recombination could be distinguished phenotypically in the
transformants obtained by screening for Cm*. Five of the
Em" transformants were found to be Cm’, suggesting that in
these strains Campbell-type integration had occurred (Fig.
1c). One transformant, designated FI7300, had recovered
only Em’, suggesting that this strain had undergone gene
replacement (Fig. 1d).

These proposed chromosomal rearrangements were inves-
tigated at the molecular level by PCR analysis with primers
1 and 2, which specifically amplify a 0.9-kb fragment from
FI5876 chromosomal sequences containing the nis4 gene
and flanking regions (Fig. 1b and 2, track 3). When DNA
from the Em"™ Cm® transformant FI7300 was used as a
template, a 1.9-kb fragment was amplified by primers 1 and
2 (Fig. 2, track 5). A 1-kb increase in the size of this fragment
would be expected if the Em® gene were integrated in this
part of the chromosome (Fig. 1d) and is consistent with the
proposal that gene replacement had replaced the parental
wild-type nis4 gene with the insertionally inactivated copy.

The five Em"™ Cm"® transformants (represented by strain
FI7181 [Fig. 1c]) gave identical results with preliminary PCR
analysis. By using template DNA from these transformants,
two fragments were amplified by primers 1 and 2 (Fig. 2,
track 4); the sizes of these fragments were equivalent to
those of the fragments generated in FI5876 (Fig. 2, track 3)
and FI7300 (Fig. 2, track 5). Campbell integration in these
strains would result in two copies of nis4 (the parental
wild-type copy and the insertionally inactivated copy [Fig.
1c]), and hence amplification of both genes would generate
the two different fragments observed.

Further PCR analysis involved primer 1a, which is specific
for sequences upstream of primer 1 (Fig. 1b) and is derived
from sequences which lie outside the region of homology
present on the gene replacement vector pFI283 (Fig. la).
Primers la and 2 amplify a 2.6-kb fragment of FI5876
chromosomal DNA (Fig. 2, track 9), and as would be
expected, this fragment increased in size to 3.6 kb as a result
of insertion of the Em" marker in nis4 when FI7300 DNA
was used as a template (Fig. 2, track 11). The fact that
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FIG. 1. Strategy for nisA4 gene replacement. The maps of plasmid pFI283, the gene replacement vector (a), and FI5876 (b), FI7181 (c), and
FI7300 (d) show equivalent regions of the chromosome encoding nis4 and flanking sequences. Thin lines represent plasmid DNA, and thick
lines represent lactococcal chromosomal DNA. The nisA4 and nisB genes are indicated by black boxes, and DNA sequences containing the
Em" determinant are shown as shaded boxes. The direction of transcription of the genes is indicated by arrows above the maps. The small
numbered arrows below the maps represent primers used in PCR analysis. A single recombination event between lactococcal sequences to
the left of the Em" determinant on pFI283 and homologous sequences on FI5876 (X) results in Campbell integration of the plasmid with the
organization of sequences as shown for FI7181. Recombination between pFI283 sequences on both sides of the Em" determinant and
homologous F15876 sequences (X and Y) leads to gene replacement, as found with FI7300. ori, origin of replication.

FI7181 DNA also generated a band of 3.6 kb (Fig. 2, track
10) and not 2.6 kb (as in the parent strain, FI5876 [cf. Fig. 2,
track 9]) indicated that the organization of chromosomal
sequences resulting from Campbell integration was as shown
in Fig. 1c, with the Em® gene integrated in the upstream copy
of nisA.

The expression of nisin determinants in FI7181 appeared
to be unaffected by the chromosomal rearrangements, and
both nisin production levels and immunity were indistin-
guishable from those of FI5876 (Table 3). FI7300, having lost
the parental nis4 gene as a consequence of gene replace-
ment, no longer produced nisin. Furthermore, the insertion
in the nisA4 gene in this strain appeared to have affected nisin
immunity levels (reduced to <500 U/ml [Table 3]).

In an attempt to recover nisin production in the nis4-
deficient host FI7300, the strain was transformed with
pFI172, which encodes nisA4, and six transformants were
tested for nisin production. The bioassays yielded negative
results, indicating that the chromosomal mutation in this
host could not be complemented by provision of the nis4
gene product in zrans (Table 4).

Activation of genes for immunity to nisin and modification.
Reduction in nisin immunity due to the insertional inactiva-
tion of nis4 in FI7300 may be caused by a polar effect on

downstream genes. This may also result in reduced expres-
sion of genes required for modification, thus preventing
complementation of the nis4 mutation in this host. Deriva-
tives of FI7300 which had spontaneously reverted to wild-
type levels of nisin immunity were selected by growth in
medium containing nisin at inhibitory levels. Colonies which
grew on agar plates containing 10° U of nisin per ml were
picked, and the cells were grown in medium containing the
same level of nisin. One such mutant, designated FI17304,
expressed wild-type levels of nisin immunity, did not pro-
duce nisin, and furthermore was no longer Em* (Table 3).
PCR analysis of FI7304 DNA using primers 1 and 2
resulted in amplification of a 3.2-kb fragment (Fig. 2, track
6), which was 1.3 kb larger than the equivalent FI7300
fragment generated by the same primers (Fig. 2, track 5).
This suggested that loss of Em* was not caused by a deletion
in this region of the genome. The retention of the Em* gene
sequences was confirmed by PCR with primers 3 and 4,
which are specific for a region at the 3’ end of the Em" gene
and amplify a 0.4-kb fragment (Fig. 3b). As these primers
generated an FI7304 fragment of 1.7 kb (data not shown), it
was concluded that an additional 1.3 kb of DNA was inserted
in this region of the Em* gene (Fig. 3c). This results in loss of
Em" gene function with concurrent recovery of nisin immu-
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FIG. 2. Agarose gel electrophoresis of PCR fragments generated
with primers 1 and 2 (tracks 2 to 7) and primers 1a and 2 (tracks 8 to
11). Tracks 1 and 13, lambda DNA digested with Bg/l. Tracks 2 to
11 show template chromosomal DNA from strains MG1614 (track
2), FI5876 (track 3), F17181 (track 4), F17300 (track 5), FI7304 (track
6), FI17332 (track 7), MG1614 (track 8), FI5876 (track 9), F17181
(track 10), and FI7300 (track 11). Track 12, DNA digested with
HindIII. The 1.2% agarose gel was electrophoresed for 2.5 h at 100
V.

nity (see below). A comparison of fragments from FI7300
and FI7304 generated by amplification with primers 3 and 2
and with primers 3 and 4 was consistent with this interpre-
tation (Fig. 3b and c).

The extra DNA sequences gained by FI7304 were ampli-
fied with primers 3 and 4 (Fig. 3c), and this PCR fragment
was used to probe a Southern blot of restriction enzyme-
digested genomic DNA from the parent strain, FI5S876. A
number of fragments hybridized to the probe (data not
shown), indicating that the additional DNA in FI7304 is
present in multiple copies in the genome of this strain.
Further investigation has revealed that these repeated se-
quences represent a new lactococcal insertion sequence
designated IS905 (unpublished data). As has been demon-
strated for other insertion elements (2, 48), transcriptional

TABLE 3. Nisin production and immunity

s : Transformation
Nisin Immunity
Strain Em"  production to nisin frequency”

(NisAy* (Uiml)® pTG262  pFIIT2
MG1614 - - <10 2.0 x 10° 4.0 x 10*
FI5876 - + (1-3) x 10> 2.0 x 10* 70
FI7181 + + (1-3) x 10° NT¢ NT
FI7300 + - (2-5) x 10°> 3.0 x 10° 3.0 x 10°
FI17304 - = (1-3) x 10° 1.5 x 10* 24
FI7332 - - (1-3) x 10° 4.0 x 10° 3.0 x 10°

@ Nisin production was determined by the plate diffusion assay.

5 Levels at which strains were immune to nisin ranged between two values.
At the lower level growth was unaffected, but at the higher level inhibition of
growth was evident.

< Transformation was done by electroporation with 1 pg of plasmid DNA.
Frequencies are given as transformants per microgram of DNA.

4 NT, not tested.
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read-through from a potential promoter within IS905 may
lead to turn-on of downstream genes. Such promoter activity
could account for the observed increase in nisin immunity
exhibited by FI7304 (equivalent to that of the parent strain
[Table 3]) and may also have restored the expression of
genes required for processing of prenisin to a level sufficient
to facilitate nisA complementation.

Expression and maturation of plasmid-encoded nisA4.
FI7304 was transformed with the nis4-encoding plasmid
pFI172. Transformants were obtained at a low frequency
(Table 3), and the majority did not produce nisin in bioas-
says. One transformant, designated FI7330, was found to
yield nisin at levels of approximately 50% of that of the
parent strain FI5S876 (Fig. 4), and this strain was analyzed
further. Quantitation of nisin production in GM17 batch
cultures of the parent strain FI5876 and the complementing
strain FI7330 gave yields of 994 and 240 U/ml, respectively.
It was presumed that FI7330 had undergone a spontaneous
mutation, within either the plasmid or the chromosome
sequences, which resulted in nisin production. Isolation of
plasmid DNA from FI17330 yielded a molecule indistinguish-
able from pFI172 on the basis of restriction enzyme analysis
(data not shown). Curing FI7330 of plasmid DNA to generate
the plasmid-free strain FI7332 resulted in a loss of nisin
production (Fig. 4). However, when plasmid pFI172 was
introduced back into the latter strain, high transformation
frequencies were obtained (Table 3), and all transformants
produced nisin in bioassays.

When DNA from the plasmid-free strain FI7332 was
analysed by PCR using primers 1 and 2, a small size
reduction (200 bp) in the amplified fragment was observed.
The deletion was in the vicinity of the IS905 insertion in
FI7304 (Fig. 2, cf. tracks 5 and 6). Primers 3 and 4 (derived
from the Em" gene sequences [Fig. 5b]) did not generate a
fragment with this template, indicating that the deleted
sequences in FI7332 included a region at the 3’ end of the
Em" gene in which IS905 had been inserted. The deletion
does not extend beyond the nis4 gene, as primer 2 (specific
for sequences at the end of nis4), together with either primer
1 or 3, resulted in fragment amplification (Fig. 3d). The small
chromosomal rearrangement in FI7332 did not affect nisin
immunity, which is conferred at a level indistinguishable
from that of the parent strain (Table 3).

Expression of variant nis4 genes. The expression vector
pFI354 was constructed for incorporation of specific muta-
tions into the nis4 gene. It was derived from pFI172 by
deletion of a 1.26-kb fragment containing the 20 C-terminal
codons of the nisA4 gene (Fig. 5a and b). PCR amplification of
pFI172 DNA using primers 5 and 6 (Fig. 5d and 6) generated
a fragment which contained the deleted C-terminal end of the
nisA gene, extending from the internal Sacl site to an EcoRI
site (introduced by primer 6) in the sequence 249 bp down-
stream (Fig. 6). This fragment, which included the intercis-
tronic region and the first 25 codons of nisB, was cloned as
a Sacl-EcoRlI fragment into pFI354 to generate pFI378 (Fig.
5c), in which an intact nis4 gene was created. The function-
ality of this reconstructed gene was tested by introducing it
into the FI7332 expression system and demonstrating in
bioassays that nisin production occurred (Table 4 and Fig.
4).

)To produce engineered nisin molecules, site-directed mu-
tagenesis was carried out with the nucleotide sequence of the
nisA gene which is contained within the 249-bp Sacl-EcoRI
fragment (Fig. 6). Initially, the nis4 codon selected for
alteration was the codon for His-27, which lies within ring E
of the mature nisin A molecule (Fig. 7). Primers 7 and 8 were
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TABLE 4. Nisin activity

Nisin activity
Strain Host Plasmid Plasmid nisin gene Plate Colony
diffusion® overlay®
FI5876 nis4 ++ ++
MG1614 -
FI6016 MGl614 pFI172 nisd - -
FI7300 - -
FI7699 pFIL72 nisA + +
FI7304 - -
FI7330° FI7332 pFIL72 nisA + +
FI17332 - -
FI7328° FI7332 pFI172 nisA + +
F17434 FI7332 pFI354 - -
FI7369 FI17332 pFI378 nisA + +
FI7462 FI7332 pFI411 nisA/H27Q + +
FI7432 FI7332 pF1403 nisd/H27Q,V321 + +
FI7393 FI7332 pFI398 nisA/H27Q,T23S - +
FI7357 FI7332 pFI372 nisA/A21-34 - -

@ Zones of growth inhibition were as follows: ++, 24 mm; +, 18 to 21 mm (including the 8-mm bore of the well).

 Zones of growth inhibition were as follows: ++, 23 mm; +, 15 to 18 mm.

¢ FI7330 was generated by transforming FI7304 with pFI172 and involved a spontaneous chromosomal deletion (see text). As the host strain is no longer F17304,
a new strain designation was allocated. After curing of pFI172, this strain, F17332, was retransformed with pFI172 to generate FI7328. Strains F17330 and F17328

are thus probably identical, although their constructions were independent.

designed to exchange this histidine residue for a glutamine
residue by PCR-mediated site-directed mutagenesis (Fig.
5d). A naturally occurring variant of nisin A called nisin Z,
which contains an asparagine residue in place of His-27, has
been identified (15, 37). Incorporation of glutamine, whose
charge is similar to that of asparagine, in the same position
would thus represent a conservative substitution in the nisin
Z amino acid sequence. The mutation involved a single-base-
pair change that resulted in the histidine codon CAT being
changed to the glutamine codon CAG (Fig. 6). The variant
gene was designated nis4/H27Q in accordance with ac-
cepted nomenclature (10).

In many cases, determination of the nucleotide sequences
of the PCR-generated fragments revealed that nonselected
base changes were also present in different clones. As a
consequence of this lack of complete fidelity of the Tagql
polymerase, it was possible to identify and construct genes
containing, in addition to the mutation at position 27, an
isoleucine in place of valine 32 (termed nis4/H27Q,V32I),
and in an independent recombinant, a serine in place of
threonine 23 (termed nis4/H27Q,T23S). Both of these sec-
ondary mutations involved alteration of a single base pair
and resulted in a conservative amino acid change in the
prenisin sequence. The structure of mature nisin A, together

nisA nisB
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FIG. 3. Maps of equivalent chromosomal regions of the nisin-producing strain FI5876 (a) and derivatives FI7300 (b), FI17304 (c), and
F17332 (d). The nisA gene and the start of the nisB gene are indicated by black boxes. The insertions in nisA are signified by a shaded box
(Em") and an open box (IS905). Primers used for analysis of nis4 insertional inactivation are shown as numbered arrows below the maps.
Lines connecting primers represent the amplified fragments, with sizes given in kilobases.
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FIG. 4. Plate diffusion bioassay. The wells contain samples from
the following strains (nis4 gene in parentheses if present): FI7330
(a), FIS876 (nisA on Tn5301) (b), MG1614 (c), FI17332/pFI411
(nisA/H27Q) (d), FI17332/pFI378 (nisA) (e), FI7332/pFI372 (nisA/
A21-34) (f), FI7332/pFI403 (nisA/H27Q,V32l) (g), F17332/pFI1398
(nisA/H27Q,T23S) (h), FI7332 (plasmid free) (i), and F17332/pFI354
(nisA) (j). See Table 2 for plasmid-encoded nisA or nisA variant
genes.
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with the locations of the PCR-generated mutations in the
processed molecule, is shown in Fig. 7.

The Nis™ strain FI7332 was transformed with pFI354 and
with the various derivative plasmids containing specific nis4
mutations. The transformants were tested for antimicrobial
activity in plate diffusion assays and colony overlays (Table
4). Strains containing the nis4, nisA/H27Q, and nisA/
H27Q,V32I genes exhibited nisin activity in the plate diffu-
sion assays. The levels of activity of the nisin variants were
lower than that of a wild-type nisin-producing strain (FI5876)
but comparable to that of a strain that produced nisin A by
complementation (FI7332/pFI378 [Table 4 and Fig. 4]).

The biological activity exhibited by the strain containing
nisA/H27Q,T23S was reduced to below the level of detection
in the plate diffusion assay. However, zones of inhibition of
a size similar to that of the nis4/H27Q strain were evident in
colony overlays, suggesting that this assay is more sensitive
than the plate diffusion assay method. The preparation of
cell extracts for testing in the plate diffusion assay involves
both heat treatment and reduction of the pH to 2.0 (44). One
possibility was that the mutations in the nis4/H27Q,T23S
gene had rendered the processed nisin A molecule unstable
at high temperature or low pH. However, when these
treatments were omitted from the extraction procedure,
activity was not regained.

Plasmid pFI372, derived from pFI354, was engineered to
express the truncated gene nis4/A21-34, which encodes the
N-terminal 20 residues of nisin A (see Materials and Meth-
ods and Fig. 6 and 7). Transformation of F17332 with pFI372

Sall Sacl Sall Sacl EcoRI
a) pFI172 I
nisA  (nisB)
Sall Sacl EcoRI
»  PFI354 ' —
Sall Sacl EcoRI
) pFI378 I/-r(\
SacI *
9 ) L (7) Lo I
T @ ®
* EcoRI
Sacl
L
® % ®
EcoRI
| = i
Sacl EcoRI

FIG. 5. Linear maps of plasmids pFI172 (a), pFI354 (b), and pFI378 (c). Genes within the cloned sequences are boxed, and relevant
restriction sites are given above the maps. (d) Strategy for site-directed mutagenesis of plasmid-encoded nis4. The double-stranded nucleotide
sequence between the Sacl and EcoRI sites of pFI378 is represented by a double line. The sites at which primers anneal are shown as arrows
above and below the lines. The mismatches incorporated in primers 7 and 8 (Fig. 6) and the mutations they generate in the amplified fragment

are indicated with asterisks.
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RBS nisA =
ATTATAAGGAGGCACTCAAAATGAGTACAAAAGATTTTAACTTGGATTTGGTATCTGTTT 60
TAATATTCCTCCGTGAGTTTTACTCATGTTTTCTAAAATTGAACCTAAACCATAGACAAA

M S T KD F NUL DUL V S V

CGAAGAAAGATTCAGGTGCATCACCACGCATTACAAGTATTTCGCTATGTACACCCGGTT 120
GCTTCTTTCTAAGTCCACGTAGTGGTGCGTAATGTTCATAAAGCGATACATGTGGGCCAA
S K K D S G A S P RITS SI SL CTUZPG
-1 1 10
5-> Sacl 7=>
craaa A SRR A A CATGAA A 180
CATTTTGTCCTCGAGACTACCCAACATTGTACTTTTC

C K T GALMGCUNMTEKTA ATTCHTCSI
20 (Q) 30

TAAGCAAATAACCAAATCAAAGGATAGTATTTTGTTAGTTCAGACATGGATACTATC 240
ATTCGTTTATTGGTTTAGTTTCCTATCATAAAACAATCAAGTCTGTACCTATGATAG
<-8
H VvV S K *
RBS
CTATTTTTATAAGTTATTTAGGGTTGCTAAATAGCTTATAAAAATAAAGAGAGGAAAAAA 300
GATAAAAATATTCAATAAATCCCAACGATTTATCGAATATTTTTATTTCTCTCCTTTTTT

nisB =
CATGATAAAAAGTTCATTTAAAGCTCAACCGTTTTTAGTAAGAAATACAATTTTATCTCC 360
GTACTATTTTTCAAGTAAATTTCGAGTTGGCAAAAATCATTCTTTATGTTAAAAT

M I K S S F K A QP FL VR RNTTIULS P

AAACGATAAACGGAGTTTTAC

-6
N D KR S F
(ECORI)

FIG. 6. Double-stranded nucleotide sequence of the nis4 gene and flanking regions. Coding regions preceded by ribosome binding sites
(RBS) are indicated, and the primary translation products are given below the sequence. The point of cleavage of the N-terminal leader
sequence of prenisin is located between the arginine (R) at position —1 and the isoleucine (I) at position 1. Shaded regions represent the
nucleotide sequences of synthetic oligomers used as primers for PCR-mediated site-directed mutagenesis. The 5’ ends of the primers and the
directions in which the PCR proceeds are indicated by numbered arrows. Specific mismatches included in the primers are represented by
shaded nucleotides above or below the sequence. Primers 7 and 8 are designed to substitute a glutamine (Q) residue for His-27 (H), and primer

6 has an EcoRI site incorporated into the sequence downstream of nis4.

generated transformants that did not exhibit antimicrobial
activity in either assay (Table 4 and Fig. 4).

DISCUSSION

We have developed an expression system for nisin pro-
duction that is based on complementation of a deficiency in
the nis4 gene product of L. lactis FI5876. The strategy
employed for construction of the nis4-deficient host strain
FI7332 initially involved integration of an Em* gene in the
chromosomally encoded nisA4 gene. The effect of this inser-
tion was not only loss of nisin production but also a
reduction in immunity to nisin (FI7300 [Table 3]). From
analysis of this region of the nisin transposon, Tn5301, it
appears that nisB and genes further downstream are tran-
scribed by read-through from the nis4 gene (10a, 42). In this
case, insertional inactivation of nis4 in FI7300 could have a
polar effect on other genes in the nisin operon.

The Em" gene, followed by a potential rho-independent
terminator (20), was inserted in the chromosome of FI7300
such that the coding region was transcribed in the same
direction as the nis4 gene. It is not known whether this

Dha Ala—Leu
7 N\ / \
Ile Leu S Gly Mlet
1 a c
Ile—Dhb—Ala  Ala—Abu |, Ala—Lys—Abu Gly
N 7 \ %0 \ /
S Pro—Gly S—Ala
i)
<4
2 S Met
o 7\ o |
His—Ala 4 Abu—Lys
34 = 30 / \ /
Lys —Dha —Val —His —Ile =Ser —Ala Abu—Ala
~ S

FIG. 7. Structure of nisin A (from reference 17). The modified
residues are dehydroalanine (Dha), dehydrobutyrine (Dhb), ami-
nobutyrate (Abu), lanthionine (Ala-S-Ala), and B-methyllanthionine
(Abu-S-Ala). The amino acids which would undergo substitution as
a result of site-directed mutagenesis are indicated by symbols above
the relevant residue. Predicted molecular alterations to nisin
A/H27Q, nisin A/H27Q,T23S, and nisin A/H27Q,V32I are indicated
by @, 0J, and B, respectively. The arrowhead between residues 20
and 21 marks the C terminus of nisin A/A21-34.
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sequence acts as a terminator of transcription of the nisin
operon, but the effect of the Em" insertion on nisin immunity
in this strain is consistent with a reduction in the expression
of downstream genes. The mutation caused by this insertion
in FI7300 cannot be complemented in trans by provision of
pFI172-encoded nisA. This is presumed to be due to a
deficiency in expression of the modifying enzymes brought
about by the polar mutation in nisA.

The fact that this apparent loss of expression was concur-
rent with a reduction in nisin immunity prompted a search
for FI7300 derivatives which had spontaneously reverted to
wild-type levels of immunity. FI7304 is one such isolate that
had lost Em" as a result of insertional inactivation by a newly
identified insertion element, IS905 (unpublished data).
Transformation of FI7304 with the shuttle vector pTG262
occurred at a frequency of approximately 10 transformants
per pg of DNA. This frequency dropped by about 3 orders of
magnitude when the transforming plasmid encoded the nisA4
gene (pFI172 [Table 3]). A similarly low frequency was
obtained when the wild-type nisin-producing strain FI5876
was transformed with pFI172. However, the same plasmid
transformed the Em" insertionally inactivated strain FI7300
at elevated frequencies (Table 3). The variation in transfor-
mation frequencies may thus reflect the levels of expression
of genes responsible for prenisin maturation in these differ-
ent hosts. The introduction of pFI172 (a multicopy plasmid
encoding nis4) might result in a much higher prenisin level
than that determined by a single chromosomal copy on
Tn5301. Hence, in those host strains expressing the matura-
tion enzymes at wild-type levels, subsequent processing may
lead to overproduction of active nisin. Under these condi-
tions, the nisin immunity system may not be adequate, and
the viability of any transformed cells would thus be limited.

Of those rare FI7304/pFI172 transformants that were
obtained, all were Nis™ except for one, namely, F17330. In
order for these transformants to be viable, nisin production
has been lost or expression has been depressed to levels
permissible for cell viability. In the case of FI7330, the
detrimental effect of overexpression of nisA is thought to be
compensated for by a reduction in the levels of expression of
the modifying enzymes. This presumed decrease in expres-
sion of genes downstream of nis4 did not detectably reduce
the level of immunity to nisin in FI7330 (Table 3). Curing
FI7330 generated the plasmid-free strain FI7332, which
could then accept pFI172 or derivatives in transformations at
a frequency 4 orders of magnitude higher than that of FI5876
or FI7304 (Table 3). The plasmid-encoded nis4 complements
the mutation in FI7332, resulting in nisin production at a
level approaching that of the nisin-producing parent (Fig. 4).

The conversion of FI7300 to FI7322 was brought about by
a series of independent in vivo DNA rearrangements involv-
ing the newly identified IS905. The initial insertion of this
element in the Em" gene of FI7300 resulted in an apparent
increase in the levels of both nisin immunity and nisin-
modifying enzymes, as proposed above. Preliminary analy-
sis has revealed that IS905 exhibits homology with the
staphylococcal element IS256, two copies of which flank the
aminoglycoside resistance determinant of the compound
transposon Tn4001 (39). Interestingly, putative promoters
which could initiate turn-on of genes downstream of the site
of insertion have been identified in the termini of IS256 (2).
The internal drug resistance determinants of Tn400I are
thought to be under the control of a promoter encoded within
one terminus of the upstream copy of IS256. Similar tran-
scriptional read-through from an IS905-encoded promoter
could account for the polar effects associated with insertion
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in the Em* gene in FI7304. Indeed, sequences at the extreme
right end of IS905 conform precisely to the consensus —35
region of promoters in gram-positive bacteria (16), which
may provide a partial promoter sequence for the expression
of downstream nisin determinants. The efficiency of expres-
sion of such genes would therefore depend on sequences
adjacent to the insertion which would provide the —10 region
and transcription initiation site of a hybrid promoter.

FI17304 was found to have undergone a small deletion
(approximately 200 bp) in the vicinity of the right end of
IS905 to generate F17332 (Fig. 5); this deletion enabled the
latter strain to express plasmid-encoded nis4 and process
the gene product to active nisin. A putative hybrid promoter
which spanned the terminus of IS905 would thus be lost as a
result of such a deletion event. The creation of a new,
possibly weaker, promoter may have led to expression of the
downstream genes in FI7332 at levels low enough to permit
complementation of the chromosomal lesion in this host. In
these various strains, the activity of the terminator that
follows the Em" gene needs to be considered. Experiments
are in progress to elucidate the precise nature of the various
rearrangements and the effects these mutations have on the
expression of other genes involved in nisin biosynthesis.

The ability of the L. lactis FI7322 expression system to
produce variant nisins was tested by introducing plasmids
encoding nisA genes which had been subjected to site-
directed mutagenesis. The mutated nis4/H27Q gene en-
coded a prenisin molecule in which His-27 was substituted
for a glutamine residue (Fig. 7). This represents a conserv-
ative change in the amino acid sequence of the natural nisin
variant nisin Z (15, 37), in which an asparagine residue is
found at position 27. Subtle differences in the solubility
properties (23, 29) and growth inhibition spectra (15) of nisin
A and nisin Z have been reported. These may be due to the
altered charge distribution in the nisin Z molecule brought
about by the substitution of a histidine (protonated at pH 6.0)
with an uncharged asparagine residue. The engineered vari-
ant nisin A/H27Q was found to have biological activity in
bioassays (Table 2). It might be expected that this nisin
derivative would exhibit properties closer to those of nisin Z.
However, preliminary bioassays suggested that the diffusion
properties of nisin A/H27Q were not improved and may even
be lower than those of nisin A (Fig. 4). The differentiation of
diffusion and antimicrobial activity is not possible in these
bioassays, and accurate assessment of variant nisins such as
nisin A/H27Q will require more detailed investigation.

Nisin A/H27Q,V32I contains a secondary mutation three
residues from the COOH terminus of the mature molecule.
Substitution of Val-32 for Ile-32 represents a conservative
amino acid change in the nisin A sequence (Fig. 7). The
C-terminal Dha-33 (dehydroalanine) and Lys-34 of nisin A
can be deleted without loss of activity (5), suggesting that
this region of the molecule does not play a vital functional
role. The substitution at position 33 would be expected to
have a minimal affect on the structure of the molecule.
Bioassays indicated that biological activity was retained at a
level comparable to that of nisin A expressed under the same
conditions (Fig. 4).

At present, the expression of plasmid-encoded mutated
nisA genes by the complementation system of FI7332 can be
detected only if the primary translation product is modified
and the subsequently processed nisin variant retains biolog-
ical activity. Failure to detect zones of inhibition in assays
may thus be due to either (i) lack of expression of the
mutated gene, (ii) failure of the primary translation product
to mature, or (iii) correct processing of the primary transla-
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tion product but loss of activity due to the changed amino
acid sequence. Antibodies have been raised against mature
nisin and leader sequence (33a), and immunoassays will be
used to distinguish between these alternatives.

The Thr-23 to Ser-23 substitution in the engineered variant
nisin A/H27Q,T23S represents a conservative amino acid
change and as such might be expected to exhibit levels of
antimicrobial activity comparable to those of nisin A. This
particular threonine residue is involved in posttranslational
modification to form B-methyllanthionine and generate ring
D of nisin A (Fig. 7). Theoretically, dehydration of the
hydroxyl group in the substituted Ser-23 side chain could be
followed by lanthionine ring formation, as occurs in ring A of
nisin A (Fig. 7). However, the biological activity of this risin
variant appears to have been adversely affected by the
secondary mutation. Low levels of activity were detectable
in colony overlays (Table 4), suggesting that gene expression
was occurring, but it is not yet known whether maturation
(i.e., formation of ring D) was partially inhibited by the
Thr-to-Ser substitution or whether the fully processed mol-
ecule has reduced activity as a consequence of the amino
acid change.

Introduction of pFI372, which encodes the truncated nis4
gene (nisA/A21-34), into the FI7332 expression system did
not lead to any detectable nisin activity in either plate
diffusion or colony overlay assays (Table 4). Posttransla-
tional processing of this truncated prenisin molecule would
generate a structure composed of only rings A, B, and C of
mature nisin A (Fig. 7). On the basis of biological tests of
synthetic nisin fragments, it has been reported that the
minimum structure required for activity is residues 1 to 19
(47). Our failure to demonstrate activity with a potentially
larger molecule may thus indicate either that expression of
the truncated gene has been affected or that the missing
C-terminal region of the molecule prevents correct process-
ing, hence blocking biosynthesis of nisin A/A21-34 at the
maturation stage.

A protein engineering strategy has been developed to
generate specific nisin variants. The expression system,
involving a non-nisin-producing lactococcal host strain (i.e.,
FI7332) and plasmid-encoded or mutated nis4 genes, has
advantages over other expression systems which produce a
mixture of normal and variant nisins. The strain described
here allows the exclusive production of nisin variants, and
hence the effect of a particular mutation on biological
properties and antimicrobial activity can be readily assessed
prior to its purification. The extraction and purification of
variant nisins are in progress, and two-dimensional nuclear
magnetic resonance analysis will be performed on these
molecules to confirm the predicted structures and to com-
pare the conformations with that established for nisin A (6,
34, 45). The system described here opens the way to produce
a wide range of nisin variants which can be used to probe
structure-activity relationships within the nisin molecule.
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