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Abstract

Lactobacillus plantarum produces a number of antimicrobial peptides (bacteriocins)
that mostly target closely related bacteria. Although bacteriocins are important
for the ecology of these bacteria, very little is known about how the peptides
target sensitive cells. In this work, a putative membrane protein receptor of the
two-peptide bacteriocin plantaricin JK was identified by comparing Illumina
sequence reads from plantaricin JK-resistant mutants to a crude assembly of
the sensitive wild-type Weissella viridescens genome using the polymorphism
discovery tool VAAL. Ten resistant mutants harbored altogether seven independ-
ent mutations in a gene encoding an APC superfamily protein with 12 trans-
membrane helices. The APC superfamily transporter thus is likely to serve as
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Introduction

Many species of lactic acid bacteria produce nonmodified,
ribosomally synthesized antibacterial peptides (bacterioc-
ins) that kill target bacteria by membrane permeabilization
(Nissen-Meyer et al. 2009; Cotter et al. 2013). In many
cases, the bacteriocins do not act by directly perturbing
the membrane lipids, but rather by binding to a specific
membrane protein (the “bacteriocin receptor”), where the
interaction between peptide and receptor protein leads to
membrane leakage and cell death (Ramnath et al. 2000;
Héchard and Sahl 2002; Diep et al. 2007; Uzelac et al.
2013; Kjos et al. 2014). Although the events that lead to
leakage are not well characterized, there are indications
that the mechanism involves conformational changes in
the receptor protein upon binding of the bacteriocin (Diep
et al. 2007; Kjos et al. 2010a). This receptor-mediated
mechanism may explain both the extreme potency of many
bacteriocins (antimicrobial activity in the pico- to
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a target for plantaricin JK on sensitive cells.

nanomolar range) and their often narrow inhibitory spectra.
Also involved in the mode of action of bacteriocins are
the immunity proteins that bacteriocin-producing cells
synthesize to protect themselves against the action of their
own bacteriocins. In the receptor-mediated model of bac-
teriocin action, the immunity protein acts by interacting
with the bacteriocin-bound receptor and thereby prevents
membrane leakage (Diep et al. 2007).

Bacteriocins are of interest both due to their importance
for interactions between bacterial species in natural habi-
tats, and as alternatives to classical antibacterials to combat
pathogens and food spoilage bacteria. However, we still
lack knowledge about the nature of the interactions be-
tween bacteriocins, receptors, and immunity proteins, and
in many cases we do not even know the identities of
these three components. Generally, the immunity protein
is encoded in the same operon as the bacteriocin (van
Belkum et al. 1991; Cotter et al. 2013) and thus easy to
identify. The identification of the receptor protein of a

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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given bacteriocin is less trivial, and the receptors of many
bacteriocins are consequently still unknown. The IIC and
IID subunits of the mannose phosphotransferase system
were, by a combination of genetic and biochemical analy-
ses, shown to act as receptors for the pediocin-like (class
IIa) bacteriocins (Ramnath et al. 2000; Gravesen et al.
2002; Héchard and Sahl 2002; Diep et al. 2007). The
same transport system also functions as a receptor for
lactococcin A and microcin E492, bacteriocins that struc-
turally are quite different from each other and from the
pediocin-like bacteriocins (Bieler et al. 2006; Diep et al.
2007). A glucose-specific PTS system is also involved in
sensitivity to the glycosylated bacteriocin sublancin.
However, in this case the mode of action does not seem
to involve compromised membrane integrity or pore for-
mation (Garcia De Gonzalo et al. 2015). Other identified
bacteriocin receptor proteins are the maltose ABC trans-
porter (garvicin ML, a class Ilc bacteriocin) (Gabrielsen
et al. 2012) and the metallopeptidase YvjB (the class I1d
bacteriocin LsbB) (Uzelac et al. 2013).

Recently we identified the receptor protein of lactococ-
cin G, a two-peptide bacteriocin belonging to class IIb
(Kjos et al. 2014). Bacteriocins in this class consist of
two different peptides that must be present in equimolar
amounts for full antibacterial activity. By whole-genome
sequencing of lactococcin G-resistant mutants of a sensi-
tive strain, we could identify the lactococcin G receptor
as the membrane-embedded enzyme UppP, an undeca-
prenyl pyrophosphate phosphatase that is involved in
cell-wall synthesis. When compared with the annotated
Genbank genome of the target strain, the resistant mutants
all had point mutations in or close to the uppP gene
leading to production of a truncated protein or to reduced
protein expression. In the present work, we have used a
similar approach to identify a protein involved in the
mode of action of plantaricin JK, a two-peptide bacteriocin
produced by strains of Lactobacillus plantarum (Anderssen
et al. 1998). Like lactococcin G, plantaricin JK is most
active when the two peptides are present in equimolar
amounts, although the peptides also show a much reduced
activity on their own. Plantaricin JK is encoded in the
plantaricin locus of L. plantarum by the genes plnJ and
pInK, which are cotranscribed with the immunity genes
pInLR (Diep et al. 1995, 2009; Kjos, Snipen, et al. 2010b).
The two genes encode peptides of 25 (PIn]) and 32 (PInK)
amino acids that act together to permeabilize the mem-
brane of susceptible cells, resulting in a drop in electric
potential and pH gradient, and eventually cell death (Moll
et al. 1999). The peptides form amphiphilic alpha-helices
and interact via so-called GxxxG motifs (Hauge et al.
1999; Rogne et al. 2009). Plantaricin JK is known to only
target strains that are closely related to the producer
(Anderssen et al. 1998), but the underlying reasons for

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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this have remained unknown. Here, we shed light on the
mode of action of plantaricin JK, information that will
be important for the further understanding of how plan-
taricin genes contribute to the population ecology of
lactobacilli (Riley and Wertz 2002).

Experimental Procedures

Production and purification of plantaricin JK

The PlnJ] and PInK peptides of plantaricin JK were ob-
tained by solid-phase synthesis as previously described
(Hauge et al. 1999). Synthetic plantaricin EF peptides were
obtained from Genscript. The concentrations of the pep-
tides in solution were estimated by measuring the absorb-
ance at 280 nm and using an absorbance coefficient
calculated from the content of aromatic amino acids.

Bacteriocin activity assays

The antimicrobial activity of plantaricin JK and plantaricin
EF against sensitive and resistant target cells was tested
using a 96-well microtiter plate-based activity assay simi-
larly as previously described (Oppegard et al. 2007, 2008,
2010). When measuring the antimicrobial activity of plan-
taricin JK and EF against wild-type and mutant Weissella
viridescens, overnight (stationary phase) cultures of these
cells were diluted about 1:50 in MRS medium, and 200 L
of this cell suspension was added to each well together
with twofold dilutions of the bacteriocin. The microtiter
plates were then incubated for 6-8 h at 30°C before the
growth inhibition was measured spectrophotometrically
at 600 nm. The minimum inhibitory concentration (MIC)
is defined as the peptide concentration (the sum of both
peptides [in a 1: 1 ratio]) that inhibited growth by 50%.

Generation of plantaricin JK-resistant
mutants

The plantaricin JK-sensitive strain W. viridescens NCDO
1655 (MIC about 0.5 nmol/L) was used as a source of
spontaneous mutants with increased resistance to the
bacteriocin. This strain was used since it is also sensitive
to plantaricin EF. The strain was routinely cultured in
MRS media without additions. A culture of W. viridescens
from a single colony was diluted about 1:100 with MRS
media containing twofold dilutions of plantaricin JK (at
concentrations ranging from about 1-20 nmol/L). The
cells were cultured about 24 h at 30°C in 6-mm wells
of a 96-well microtiter plate. Cultures from wells in which
cell growth was obtained were diluted 1:10 with MRS
medium and stored at either 30°C or 4°C for about
100 h, and then diluted about 1:100 with MRS media
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containing twofold dilutions of plantaricin JK (concentra-
tions ranging from about 5-50 nmol/L). The cells were
then cultured between 70 to 100 h at 30°C in 6-mm
wells of a 96-well microtiter plate. Cells from wells in
which cell growth was obtained were plated on MRS
agar plates and individual colonies were picked. Cells
from each colony were tested for resistance to plantaricin
JK using the bacteriocin activity assay. This resulted in
10 plantaricin JK-resistant strains (JK1-6, JK8-11). To
assess the stability of the resistance phenotype, the resist-
ant cells were grown for several generations in MRS
medium without added bacteriocin, and then again tested
for resistance. We observed no decrease in resistance after
prolonged growth in the absence of bacteriocin, indicat-
ing that resistance was due to mutation rather than to
adaptation.

Isolation of genomic DNA and
whole-genome sequencing

DNA was isolated from 1.5 mL overnight cultures of the
sensitive wild-type strain and the 10 resistant mutants
using the Qiagen Blood and Tissue Kit (Qiagen NV, The
Netherlands) according to the producer’s recommenda-
tions. DNA samples were submitted to The Norwegian
Sequencing Centre (sequencing.uio.no). The samples were
sequenced by 16X multiplexing in an Illumina MiSeq
instrument, giving 1.5-2.5 million 250 nt long paired-end
reads per strain.

Assembly of the reference genome

Since no reference genome of W. viridescens NCDO 1655
is available in the public databases, we made assemblies
of the wild-type paired-end sequence reads (in some in-
stances after merging overlapping paired-end reads with
FLASH (Magoc and Salzberg 2011)) using publicly avail-
able software for de novo assembly (ABySS (Simpson et al.
2009), SPAdes (Bankevich et al. 2012), Velvet (Zerbino
and Birney 2008), and the assembly program in Geneious
(Geneious version 7 created by Biomatters, available from
http://www.geneious.com)). The raw assemblies were then
used as reference genomes in the polymorphism detection
software VAAL (Nusbaum et al. 2008).

Comparison of lllumina reads from the
mutated strains with the assembled
reference genome

Mumina reads were compared with the wild-type genome

contigs using the polymorphism discovery tool VAAL.
Contigs harboring differences reported by VAAL were

annotated for probable gene content using a combination
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of Glimmer 3 and Blast searches. VAAL hits were evalu-
ated and verified by aligning relevant reads to individual
contigs using the Align/Assemble tool and the Find
Variations/SNPs tool in the Geneious suite. This showed
that all mutations detected by VAAL were located in posi-
tion with a high coverage of mutant reads (154-484x),
that both strands were equally represented in the reads,
and that the mutations were present in 90-100% of the
reads (detailed results not shown).

Results

Increased plantaricin JK resistance of
mutated W. viridescens strains

Strains that are sensitive to plantaricin JK include L. plan-
tarum, L. sakei, and W. viridescens (previously known as
L. viridescens (Collins et al. 1993)), all close relatives of
the producer. Sensitive W. viridescens NCDO 1665 was
exposed to increasing concentrations of plantaricin JK in
liquid culture prior to plating. Using this method, we
collected 10 W. viridescens colonies with increased resist-
ance against plantaricin JK. As shown in Table 1, the
MIC values for the strains derived from the 10 isolated
colonies were 100-600 times higher than for the parental
strain (0.5 nmol/L). Genomic DNA was isolated from
each of the 10 strains with increased resistance, as well
as the parental strain, and sequenced.

Strains that produce plantaricin JK, for example, L. plan-
tarum Cl11, also produce another two-peptide bacteriocin,
plantaricin EF (Anderssen et al. 1998; Diep et al. 2009).
W. viridescens NCDO 1655 is even more sensitive to this
bacteriocin than to plantaricin JK (MIC = 0.05 nmol/L).
To investigate the specificity of the mutants, we also tested
how the plantaricin EF sensitivity was affected. As shown

Table 1. Increased resistance of W. viridescens mutants toward plantaricin
JK and plantaricin EF. The mutants were isolated and minimum inhibitory
concentration (MIC) values determined as detailed in the Experimental
procedures section.

Fold increase of MIC value

Mutant strain Plantaricin JK Plantaricin EF

K1 100 = 20 1
K2 300 + 100 1
JK3 300 + 100 1
K4 600 + 200 2+1
JK5 600 + 200 1
JK6 600 + 200 1
JK8 300 + 100 1
JK9 300 + 100 1
JK10 100 = 50 1
JK11 400 + 100 7+3

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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in Table 1, there was no significant reduction in the sen-
sitivity of the mutants, compared to the wild-type strain,
except for mutant JK11, which was marginally more re-
sistant to plantaricin EF than the wild-type. This indicates
that the increased resistance of the mutants to plantaricin
JK is not a general effect on the bacteriocin resistance,
but an effect that is specific for plantaricin JK.

Assembly of a reference genome

As described in the Experimental procedures section, we
made several assemblies of the wild-type genome, using
a selection of assembly tools. The Geneious assembly
program used on FLASH-merged reads gave the lowest
number of contigs (243), and this assembly was the
only one that gave a reasonably low number of poly-
morphic sites in the subsequent VAAL analysis. Thus,
this 243-contig assembly was used for further analyses.
The contigs added up to a total of 1.59 Mbp. A 34
contig assembly of the genome of a different W. viri-
descens strain, DMS 20410, was recently added to the
NCBI database (NZ_JQBMO01000000, published 12-11-
2015). The genome representation is described as full,
and the genome size is given as 1,537,173 bp. Assuming
that the genome sizes of the two strains are similar,
this would indicate that the 243 contigs represent close
to the full genome.

Localization of mutations

Whole-genome sequence reads from the 10 highly plan-
taricin JK-resistant colonies as well as wild-type reads were
compared to the reference genome using VAAL. In total,
58 differences between the sequence reads from the ana-
lyzed strains and the reference genome contigs were de-
tected (Table S1). Of these, 11 differences were present
in the bacteriocin-sensitive wild-type, as well as in several
or all of the resistant strains. All these differences were
localized to regions of the assembly with a very low cov-
erage (1-5X rather than the average 50x), that is, regions
in the assembly where errors in the consensus sequence
are most likely to occur. Consequently, these 11 differ-
ences were regarded as assembly errors and were not
considered in the further analysis. Likewise, another 11
differences reported by VAAL as present in several of the
mutant genomes were localized to low-coverage regions
with unreliable consensus sequences; these were also ex-
cluded from further consideration (the excluded differences
are labeled in red in Table S1). The remaining 36 dif-
ferences reported by VAAL between resistant and wild-type
genomes are given in Table 2.

Remarkably, all 10 plantaricin JK-resistant strains har-
bored mutations in a region in contig 10 between

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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positions 2518 and 3491. Contig 10 is 31 kb long, and
the coverage in this part of the contig was 13—45 fold.
The gene prediction software Glimmer 3 (Delcher et al.
2007) predicted a gene in contig 10 from position 2209
to 4041. A comparison of the encoded amino acid se-
quence (610 aa) with the Genbank nonredundant protein
database using Blast revealed that the predicted gene en-
coded a protein with 87-88% similarity to proteins from
various Weissella, Leuconostoc, and Lactobacillus species.
These proteins are annotated as APC family amino acid-
polyamine-organocation transporters, amino acid per-
meases, and amino acid transporters. A comparison of
the sequence to the Pfam database of protein domains
revealed the presence of a Pfam family AA_permease_2
domain (PF13520). The amino acid sequence of the pro-
tein, and the positions of predicted transmembrane helices
(predicted using Geneious) are shown in Fig. 1, along
with the positions of the mutations in the resistant
isolates.

The transmembrane (TM) prediction tool in the
Geneious suite predicted 12 TM helices in the encoded
protein (Fig. 1A). The predicted positions of the 12 TM
helices correspond to their positions in other members
of this protein superfamily (Reig et al. 2007). The resist-
ant strains JK4, 5, and 6 contain an identical nucleotide
change in the gene and may be results of a single mu-
tational event. The same is the case for JK8 and 9. Three
of the identified mutations lead to truncation of the
protein: in JK3 after amino acid 103 (between TM helix
2 and 3), in JK4, 5, and 6 after amino acid 190 (in the
middle of TM helix 5, due to a frameshift mutation) and
in JK10 after amino acid 394 (after TM helix 10). The
remaining four independent mutations are single amino
acid changes occurring between position 377 and 428 (TM
helix 10 and the predicted extracellular region between
TM helix 11 and 12).

Nine of the 10 resistant strains contained one or more
additional mutations located outside the APC family trans-
porter gene (Table 2). However, these mutations appear
to be randomly occurring in different genes, and we could
not find any patterns that could explain the resistant
phenotype. Importantly, in one strain (JK3 with 300-fold
increased resistance), the mutation in the APC superfamily
gene was the only difference to the wild-type genome
that was detected.

We have made several efforts to verify the essential
role of the APC family protein in the function of plan-
taricin JK, both by reintroducing the wild-type gene in
resistant W. viridescens mutants and by introducing the
gene in resistant Lactobacillus strains using different clon-
ing strategies. However, we did not succeed in obtaining
viable cells carrying the intact transgene of this large
membrane protein.
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G-E in MccC family protein — putative peptidase

Silent mutation in pyruvate carboxylase

Q-R in acetylornithine deacetylase
6 nt downstream of penicillin-binding protein/beta-lactamase

transporter subunit IID protein.
binding protein TypA gene

AAA-AAAA = frameshift toward end of Glimmer prediction, no
Blast similarity to anything

ATT-ATC = silent mutation in glutathione reductase

AAT-AAC = silent mutation in oxidoreductase
6 nt downstream of conserved hypothetical protein, putative receptor

Frameshift after amino acid 187 in PTS system mannose family
BLAST and Glimmer: not coding region, downstream of GTP-

9]
v
c
9]
<
9]
2
=
©
w—
° c
S S
= Ilgll
© I c
[} ] s
o = v -8 < oV
) << ®© < O
£ Q<3 289
g O u E < 50
[} << g O = <
O o O O U
=
v O
o £
C o
o Q
= ®©
o o 0 0 n — O N WO MmN W
U £ |- N — 0 m ~
c 2
. 5 %E |~ I m ~ 0 0O — — O
S 2 c |o 0 [to) — ST NM =
2 =2 9|3 N — I — AWV — O
g 3 ~ ~ < ) - O — - N
c a £
E=]
C
)
o M — < N WO MmO
o |m ~ o < n O ——=m< O
N c |~ ~ o~ 5] 5] - — = = = = =
) o | D oo o k=) 2990 0D 0>
—_— = | =] = =] P R R i = = =
e} C | C c C C C cCc C C C C C C
© o | o [SRNe] ] ] 0 0000 0o O
[ (R A O v | | O UVUULULULUU

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

Plantaricin JK Receptor

Discussion

Identification of mutations leading to
resistance toward plantaricin JK

In our previous identification of the receptor of the two-
peptide bacteriocin lactococcin G (Kjos et al. 2014), we
identified mutations in the sensitive target strains L. lactis
IL1403 and MGI1363, for which extensively annotated,
fully assembled genomes were available in the sequence
databases. In the present work, no reference genome was
available for any plantaricin JK-sensitive strains. As an
alternative we used a crude assembly of the W. viridescens
genome. Typically, crude assemblies of microbial genomes
by short reads will consist of a large number of contigs
(in our case 243) that cannot easily be assembled further
into a single genome, due to errors in the assembly pro-
cess. These errors are mainly due to repetitive regions in
the genome (e.g., genes for ribosomal RNA). Assembly
software will frequently misplace reads from such regions,
leading to deterioration of consensus sequences and con-
sequent problems in the further assembly. When compared
with mutant sequence reads, errors in the consensus se-
quences may erroneously be reported as polymorphisms.
We found that most of such false positives could be
removed by including a comparison of the wild-type se-
quence reads and the assembly constructed from them
in the polymorphism analysis, and by disregarding dif-
ferences reported in low-coverage regions of the assembly.
Long-read sequencing such as Pacbio SMRT sequencing
might provide a better alternative for contig assembly but
is at the moment still significantly more expensive than
short read Illumina sequencing.

The APC family protein is a likely plantaricin
JK receptor

The results from the sequence comparisons revealed a
clear correlation between plantaricin JK resistance and
mutations in a contig 10 gene encoding an APC family
protein, and thus strongly suggest that the APC family
protein is involved in the mode of action of the bacte-
riocin that eventually leads to membrane leakage (Moll
et al. 1999). The most likely role of the APC protein
would be as a receptor protein. The APC protein has
several of the properties expected for a bacteriocin recep-
tor: similar to other identified bacteriocin receptors (Diep
et al. 2007; Gabrielsen et al. 2012; Uzelac et al. 2013;
Kjos et al. 2014) it is a transmembrane protein, with
regions of the polypeptide chain exposed on the outer
surface of the membrane. Like several of the other identi-
fied bacteriocin receptors (mannose PTS permease, glucose
PTS permease, and maltose ABC transporter) it is a
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Figure 1. The APC superfamily protein encoded by the gene that was mutated in the 10 plantaricin JK-resistant strains. (A) The amino acid sequence
of the protein. (B) The predicted membrane topology of the protein. The green curve shows predicted transmembrane regions, the red curve
cytoplasmic regions, and the blue curve extracellular regions. Below these curves, the protein products expected from the gene mutations are shown

schematically for the 10 mutants.

transport protein, which means that it possesses some
kind of pore-opening mechanism that could be hijacked
and forced to open due to bacteriocin binding.
Furthermore, the APC family protein sequence of W. viri-
descens is only 76.4% identical to the closest relative in
the public databases and thus considerably different from
its homologs in other sequenced Weissella and Lactobacillus
strains. Assuming that plantaricin JK uses this protein as
a sequence-specific target, this may explain the narrow
inhibitory spectrum of this bacteriocin, which only targets
a small subset of strains within these genera.

Also relevant here is the fact that except for JK11,
which was marginally (fivefold) more resistant than the
wild-type, the mutants with increased resistance toward
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plantaricin JK are as sensitive as the wild-type toward
the two-peptide bacteriocin plantaricin EF. This indicates
that the resistance was specific against plantaricin JK, and
that plantaricin JK and EF have different receptors, con-
sistent with an earlier study that showed that plantaricin
EF causes leakage of small monovalent cations, but not
anions, whereas plantaricin JK causes leakage of some
anions, but not cations (Moll et al. 1999).

Position of the mutations in the APC family
protein

The APC superfamily of transporters specific for amino
acids, polyamines, and organocations is one of the largest

© 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.
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protein superfamilies and has members in all kingdoms
of life (Jack et al. 2000; Reig et al. 2007). In the motif
database Pfam the APC superfamily has been subdivided
into 20 families, and based on sequence comparisons, the
putative plantaricin JK receptor should belong to the
AA_permease_2 family.

As shown in Figure 1B, three of the seven identified
mutations lead to truncation of the APC family protein
and removal of two, seven, and ten TM helices, respec-
tively. Most likely, these truncations all result in an inactive
protein. Four of the mutations lead to amino acid sub-
stitutions. Two of these are present in TM helix 10, which
according to the prediction tool MEMSAT-SVM
((Nugent and Jones 2012), http://bioinf.cs.ucl.ac.uk/
psipred/?memsatsvm=1) may be a pore-lining helix,
whereas the remaining two are localized to the extracel-
lular (according to predictions) region between TM helix
11 and 12. The positioning of these mutations to the
vicinity of a membrane pore and to an extracellular loop,
respectively, is fully consistent with their effect on the
action of the bacteriocin.

Generally, there is a good correlation between the nature
of the mutations and the degree of resistance they lead
to. Thus, two of the truncations (JK3 and JK4, 5, 6) lead
to 3-600 fold increased resistance, whereas the point mu-
tations seem to have a somewhat smaller effect. It is,
however, noteworthy that the mutation in JK10, leading
to truncation after amino acid 394, gives a lower increase
in the resistance than the point mutations in position
425 and 428 in JK8, 9, and 11.

Our identification of an APC family protein as a puta-
tive membrane protein receptor of plantaricin JK is fully
based on the observed accumulation of point mutations
in the encoding gene, where the mutations in some cases
lead to the introduction of premature stop codons and
in other cases to amino acid residue changes in regions
that presumably are important for the bacteriocin/protein
interaction. We will continue our efforts to produce the
protein by heterologous expression or in vitro expression,
both to further verify its function as a plantaricin JK
receptor and to study the molecular interactions between
the protein, the bacteriocin, and the immunity protein.
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Supporting Information

Additional supporting information may be found in the
online version of this article:

Table S1. Each row represents a polymorphism reported
by VAAL, with the position of the polymorphism detailed
in the leftmost column, followed by information about
the strain distribution (wild-type and 10 mutants) of the
polymorphism.
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