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ABSTRACT Lanthipeptides belong to a family of ribosomally synthesized and posttrans-
lationally modified peptides (RiPPs) containing (methyl)lanthionine residues. Commonly,
class | lanthipeptides are synthesized by a gene cluster encoding a precursor peptide
(LanA), biosynthetic machinery (LanBTC), a protease (LanP), a two-component regulatory
system (LanRK), and an immunity system (Lanl and LanFEG). Although nisin and subtilin
are highly similar class | lanthipeptides, the cross-regulation by LanRK and the cross-im-
munity by Lanl and LanFEG between the nisin and subtilin systems have been proven to
be very low. Here, the possibility of the cross-functionality of LanBTC to modify and
transport nisin precursor (NisA) and subtilin precursor (SpaS) was evaluated in Bacillus
subtilis and Lactococcus lactis. Interestingly, we found that a promiscuous NisBC-SpaT
complex is able to synthesize and export nisin precursor, as efficiently as the native nisin
biosynthetic machinery NisBTC, in L. lactis but not B. subtilis. The assembly of the NisBC-
SpaT complex at a single microdomain, close to the old cell pole, was observed by fluo-
rescence microscopy in L. lactis. In contrast, such a complex was not formed in B. subtilis.
Furthermore, the isolation of the NisBC-SpaT complex and its subcomplexes from the
cytoplasmic membrane of L. lactis by pulldown assays was successfully conducted. Our
work demonstrates that the association of LanBC with LanT is critical for the efficient bio-
synthesis and secretion of the lanthipeptide precursor with complete modifications and
suggests a cooperative mechanism between LanBC and LanT in the modification and
transport processes.

IMPORTANCE A multimeric synthetase LanBTC complex has been proposed for the in
vivo production of class | lanthipeptides. However, it has been demonstrated that
LanB, LanC, and LanT can perform their functionality in vivo and in vitro, independ-
ently of other Lan proteins. The role of protein-protein interactions, especially
between the modification complex LanBC and the transport system LanT, in the bio-
synthesis process of lanthipeptides is still unclear. In this study, the importance of
the presence of a well-installed LanBTC complex in the cell membrane for lanthipep-
tide biosynthesis and transport was reinforced. In L. lactis, the recruitment of SpaT
from the peripheral cell membrane to the cell poles by the NisBC complex was
observed, which may explain the mechanism by which the secretion of the prema-
ture peptide is prevented.

KEYWORDS lanthipeptides, nisin, subtilin, cross-functionality, LanBTC complex, ABC
transporter

anthipeptides form a large group of ribosomally synthesized and posttranslationally
modified peptides (RiPPs) containing (methyl)lanthionine residues (1, 2). According to
the posttranslational modification (PTM) enzymes that carry out (methyl)lanthionine ring
formation, lanthipeptides are mainly subdivided into four classes (I to IV). Recently, a
new class of lanthipeptides (class V) was designated as a result of the discovery of a
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FIG 1 Nisin and subtilin systems and their biosynthetic gene clusters. (A) Comparative analysis of nisin
precursor (NisA) and subtilin precursor (SpaS). The conserved FD/NLD box in the leader peptide is highlighted
by the purple box. A to E represent different thioether rings. Ser and Thr residues that are involved in ring
formation are shown in blue. Ser and Thr residues that are dehydrated but not involved in ring formation are
shown in red and yellow. Cys residues that are involved in ring formation are indicated in green. *, identical
amino acid residues in NisA and SpaS. The arrows indicate the cleavage site by proteases. (B) The biosynthetic
gene clusters of nisin (from L. lactis NZ9700) (3) and subtilin (from B. subtilis ATCC 6633) (14), encoding
precursor peptide (NisA/SpaS), modification enzymes (NisBC/SpaBC), a transporter (NisT/SpaT), a protease (NisP),
a two-component regulation system (NisRK/SpaRK), and an immunity system (Nisl, NisFEG/Spal, and SpaFEG).
The promoters indicated by P* are activated by mature nisin or subtilin. Other promoters (P) are constitutive.

lexapeptide (2). Lanthipeptides with antimicrobial activity are called lantibiotics, among
which two class | lanthipeptides, i.e., nisin and subitilin, are the most thoroughly studied
examples (3). Nisin and subtilin exhibit identical topologies of lanthionine ring structures
and differ in primary sequence by 14 amino acids (41% difference). Their leader peptides
share high amino acid sequence identity, and both contain a conserved FN/DLD maotif,
which is crucial for recognition by the modification enzymes and transporter (Fig. 1A).
The nisin producer Lactococcus lactis and the subtilin producer Bacillus subtilis ATCC
6633 have similar compositions of genes within the lanthipeptide biosynthetic gene
cluster (4, 5) (Fig. 1B). lanA is the structural gene of lanthipeptide precursor (6). The genes
lanBTC encode two modification enzymes and a homodimeric ATP-binding cassette
(ABC) transporter (7, 8). The genes lanRK code for a two-component system consisting of
a histidine kinase and a response regulator (9). The genes lanl and lanFEG encode a self-
immunity system composed of an immunity lipoprotein and an ABC transporter (10).
lanP is the structural gene for a serine protease, which exists in the nisin system but is
deficient in the subtilin system, where its role is performed by some general proteases,
i.e., Aprk, WprA, Vpr, and Bpr (11, 12).

In the 1990s, the presence of a membrane-associated multimeric LanBTC synthetase
complex, such as NisBTC in L. lactis (13) and SpaBTC in B. subtilis (14), was proposed for
the biosynthesis of class | lanthipeptides. This complex catalyzes the dehydration of serine
and threonine residues (LanB) and the nucleophilic intramolecular addition of C-terminal
cysteine residues with the corresponding dehydrated amino acids (LanC) in the core pep-
tide, followed by transport through the cytoplasmic membrane (LanT). Khusainov et al.
demonstrated the copurification of the nisin modification enzymes NisB and NisC with an
engineered nisin precursor by a pulldown assay (15). Reiners et al. performed the assem-
bly of the modification machinery NisABC in vitro and determined the stoichiometry of
the NisABC complex (16). In 2020, the subcellular localization and assembly process of
the NisBTC complex for nisin biosynthesis were elucidated in L. lactis by advanced fluores-
cence microscopy. A model wherein nisin precursor is synthesized and secreted mainly at
the old cell poles was described (17). Very recently, a heterologous expression system for
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nisin was established in B. subtilis, and the detailed assembly dynamics of NisBTC were
probed in rod-shaped cells by a strategy of timed expression (18). Furthermore, the intact
NisBTC complex was isolated from the cell membranes of both L. lactis (19) and B. subtilis
(18). A combined in vivo and in vitro study characterized the impact of the nisin modifica-
tion enzymes on the transport kinetics of NisT and suggested a pivotal role of NisB for
NisT in the secretion process (20). Overall, these studies emphasize the importance of an
intact LanBTC complex for the efficient production and secretion of lanthipeptides, while
LanB, LanC, and LanT are capable of performing their respective functionalities independ-
ently (8, 21, 22).

The cross-functionality between the nisin and subtilin systems has been intensively
studied, inspired by their high similarity (see Table S1 in the supplemental material).
The leader peptide of subtilin has been shown to direct the modification and secretion
of nisin Z precursor in L. lactis (23). The biosynthesis of a few nisin-subtilin chimeras
has been assessed in B. subtilis (24). Nisin is the activator of the NisRK two-component
system but cannot activate the SpaRK system. Subtilin can activate histidine kinase
SpaK but cannot activate NisK (25, 26). However, when the N-terminal tryptophan of
subtilin is singly changed to an aliphatic amino acid residue, i.e., isoleucine, leucine, or
valine, NisK could be activated. Subtilin-nisin hybrids that are able to activate both the
SpaK and NisK histidine kinases can also be generated (25). The nisin immunity pro-
teins Nisl and NisFEG are specific to nisin and provide no tolerance to subtilin. They are
able to protect the heterologous host B. subtilis against nisin after coordinated expres-
sion (27). Similarly, the lipoprotein Spal confers immunity against only subtilin (28). The
serine protease NisP can release active nisin from the nisin leader peptide but is unable
to recognize the subtilin leader (29). Apart from the studies mentioned above, informa-
tion about cross-modification by LanBC and cross-transport by LanT between different
lanthipeptide systems is scarce.

Here, we describe an in vivo study of the interfunctionality of the subtilin trans-
porter SpaT in L. lactis and the subcellular localization of the NisBC-SpaT complex
formed. SpaBC is unable to recognize and modify the NisA peptide, whereas SpaT can
export the nisin precursor that has been fully modified, as efficiently as the native
transporter NisT, in L. lactis. By advanced fluorescence microscopy, two distinct assem-
bly situations of the potential LanBTC complex were revealed in L. lactis and B. subtilis.
In agreement with this, the promiscuous NisBC-SpaT complex was isolated from the
cytoplasmic membrane of L. lactis. Our data reinforce the subcellular distribution of
the LanBTC machinery at the old cell poles in coccoid cells and imply an indispensable
cooperative manner of such a complex functioning during lanthipeptide biosynthesis.

RESULTS

A nisin precursor with incomplete modification is exported by the subtilin
transporter SpaT in B. subtilis. Although a heterologous production and secretion
platform for fully modified nisin precursor was established in B. subtilis recently (18),
the yield of the exported peptide by the dedicated ABC transporter NisT was low in
comparison with its secretion by the native producing strain of L. lactis. It has been
demonstrated that a few posttranslationally dehydrated peptides and a thioether-
bridged azurin peptide fragment could be transported via the Sec pathway in L. lactis
(30, 31). In our initial attempt, five widely used B. subtilis signal peptides, including
three Sec signal peptides, SP e (32), SPae (33), and SPg,, (34), and two Tat signal pep-
tides, SPppop (35) and SPy,,.y (36), were each fused to the N terminus of NisA. The fusion
peptides were coexpressed with NisB and NisC in B. subtilis WB800. However, no fusion
peptide was detected in the culture supernatant by SDS-PAGE and Western blotting,
while all peptides were expressed in the cells (Fig. 2A). This demonstrates that in B. sub-
tilis, the Sec machinery and Tat machinery are unsuitable to be used to transport NisA
even when the leader peptide is preceded by a signal peptide.

Subtilin, a lanthipeptide highly similar to nisin, is a natural product exported by the
ABC transporter SpaT in B. subtilis ATCC 6633 (29, 37). It has been reported that the leader
peptide of Spa$S could direct the secretion of nisin through the NisT transport system in L.
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FIG 2 Production of nisin precursor in B. subtilis WB800. (A) Evaluation of the use of Sec and Tat signal
peptides to direct the secretion of NisA by SDS-PAGE (top lane) and Western blotting using antileader antibody
(bottom lane). Three Sec signal peptides (SP.e SPa,e and SPg,) and two Tat signal peptides (SPy,,, and
SPy.on) Were fused to the N terminus of NisA. WB800 thrC:P, ,,-nisBC/pKTH11-nisA was used as a control. (B)
Secretion of the NisA peptide and the engineered NisA peptide with a partial SpaS sequence, mediated by
SpaT. S,-nisA, the leader peptide of SpaS (S,), was fused to the N terminus of NisA. S o-nisA, the leader peptide
of SpaS plus 9 N-terminal core peptide residues (S,,), was fused to the N terminus of NisA. SDS-PAGE analysis
is shown in the top lane. Western blot analysis is shown in the bottom lane. (C) Detection of TCA-precipitated
NisA from the culture supernatant. SDS-PAGE analysis is shown in the middle lane. Western blot analysis is
shown in the right lane. The red asterisks in panels A to C indicate the corresponding peptides in the cell or
medium. The blue asterisks in panel B show dimeric NisA. (D) MALDI-TOF MS data for TCA-precipitated NisA.

The sample is the same as that in panel C.

lactis (23, 38). Inspired by this, we wondered whether SpaT is able to recognize the NisA
leader peptide and thus export NisA to the exterior. The structural gene spaT under the
control of an isopropyl B-p-1-thiogalactopyranoside (IPTG)-inducible hyperspank promoter
(P, span) Was introduced in the amyE locus of the chromosome in B. subtilis that produces
NisA, NisB, and NisC. In the supernatant of the cell culture, two bands corresponding to
monomeric NisA (6.0 kDa) and dimeric NisA (12.0 kDa) were observed by SDS-PAGE and
Western blot analysis using antileader antibody (Fig. 2B). The supernatant was precipitated
by the use of trichloroacetic acid (TCA) (Fig. 2C). Matrix-assisted laser desorption ioniza-
tion-time of flight mass spectrometry (MALDI-TOF MS) analysis of the concentrated pep-
tide showed that the secreted peptide was dehydrated only once or twice (Fig. 2D). To
determine the modification state of the intracellular peptide, NisA was C-terminally
extended with a factor Xa sequence, a flexible linker, and a 6xHis tag, termed NisAgs s
(see Fig. S1A in the supplemental material). Affinity-purified NisAgsy was eluted with a
good yield and was found to be dehydrated five times out of eight possible dehydrations
(Fig. S1B and C). When the leader peptide of Spas$ (S,) or S, with the N-terminal 9 residues
of the Spa$ core peptide (S.;) was fused to the N terminus of NisA, unexpectedly, almost
no peptide was detected in the culture supernatant, while cellular peptide accumulation
was observed (Fig. 2B). According to these data, we conclude that SpaT possesses the abil-
ity to transport NisA. However, it appears that the secretion of NisA occurs here prior to its
modification in B. subtilis.

Fully modified nisin precursor is transported by the subtilin transporter SpaT,
as efficiently as by the native transporter NisT, in L. lactis. Since L. lactis is the native
producing strain for nisin, it is interesting to assess the transport ability of SpaT for ni-
sin precursor in L. lactis. The gene nisT was deleted from the wild-type operon nisABTC

January 2022 Volume 88 Issue2 e01618-21

Applied and Environmental Microbiology

aem.asm.org 4

Downloaded from https://journals.asm.org/journal/aem on 02 May 2022 by 129.125.148.226.


https://aem.asm.org

A Promiscuous NisBC-SpaT Complex for Nisin Production

<+—NisA

Micrococcus flavus

FIG 3 Secretion of NisA mediated by SpaT in L. lactis. (A) SDS-PAGE analysis of NisA in the culture
supernatant. The supernatant was TCA precipitated prior to SDS-PAGE. (B) Antimicrobial activity of
NisA from the supernatant of the cell culture. The supernatant was incubated with the purified
protease NisP to remove the leader peptide from NisA, releasing the core peptide. Micrococcus flavus
was used as the indicator strain. The same numbers in panels A and B represent the same samples,
respectively.

that is located in the multicopy expression plasmid pTLR4-nisABTC, while the gene
spaT was inserted downstream of the resulting operon nisABC, generating a new gene
cluster, nisABC-spaT, which is regulated by the nisin-inducible promoter (P,,;,). Prior to
SDS-PAGE, the culture supernatant was concentrated by TCA precipitation. We not
only found that the nisin precursor was exported by SpaT but also observed that the
secretion level of the peptide was relatively high, comparable to its secretion mediated
by NisT (Fig. 3A). Peptides from both concentrated supernatants exhibited identical
antimicrobial activities (Fig. 3B). Furthermore, the secreted peptides were purified by
C,; reversed-phase chromatography. MALDI-TOF MS showed that in both cases, the
peptides had been dehydrated eight times (Fig. 4A). These results demonstrate that
SpaT is capable of transporting nisin precursor as efficiently as NisT. Notably, all the
secreted peptide had been fully modified by NisBC before being transported by SpaT,
consistent with the mechanism by which the export of premature peptide is prevented
when the transporter is NisT. In contrast, when nisB or nisC in the operon nisABC-spaT
was replaced by spaB or spaC, correspondingly, the secretion efficiency of nisin precur-
sor was severely decreased, particularly in the former situation (Fig. 3A). For both
enzyme combinations (SpaB-NisC and NisB-SpaC), the antimicrobial activity of the
TCA-precipitated supernatant was not observed (Fig. 3B). In the case of SpaB-NisC, the
secreted peptide was not dehydrated at all (Fig. 4A), which implies that SpaB could not
catalyze the dehydration reaction in the NisA core peptide. When NisB and SpaC were
combined to be expressed, the exported peptide was dehydrated eight times (Fig. 4A).
Two thioether rings were likely formed since 3 free cysteine residues were detected by
a CDAP (1-cyano-4-dimethylaminopyridinium tetrafluoroborate) coupling assay (Fig.
4B). These results suggest that SpaC was unable to perform the full cyclization reac-
tions in the core peptide, although the peptide had been completely dehydrated by
NisB. When NisA was coexpressed with only SpaT, no dehydration and cyclization took
place in the core peptide of NisA (Fig. 3B and Fig. 4B). The secretion level was low,
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FIG 4 Determination of the numbers of dehydration and cyclization reactions in nisin precursor. (A) MALDI-TOF
MS analysis of the peptides secreted by L. lactis. The calculated mass of NisA with eight dehydrations is
5,687.8 Da. The calculated mass of NisA with no dehydration is 5,831.8 Da. (B) MALDI-TOF MS analysis of the
exported peptides with CDAP coupling. When a cysteine residue is not part of a thioether ring, the free thiol
group of the cysteine residue can be cyanilated with CDAP, and a mass shift of 25 Da can be observed. In the
left lane, a mass shift of 75 Da (from 5,687.8 to 5,762.8 Da) was observed, demonstrating that 2 cysteine
residues were coupled and that 3 were free in the peptide. In the right lane, a mass shift of 122 Da (from
5,831.8 to 5,953.8 Da) was observed, showing 5 free cysteine residues in the unmodified peptide. In panels A
and B, the peptides used were purified by C,; reversed-phase chromatography.

while it was much higher in the situation where both NisB and NisC were present.
Based on all the above-described data, we conclude that the dedicated subtilin trans-
porter SpaT transports nisin precursor after complete modification by NisBC occurs in
L. lactis. This suggests a cooperative mechanism between SpaT and NisBC, as observed
between NisT and NisBC. However, as for subtilin modification enzymes, neither SpaB
nor SpaC is available to be used to correctly modify the NisA peptide, probably due to
its failure to recognize the leader peptide of this heterologous substrate. Similarly, the
subtilin precursor SpaS could not be modified and transported by the nisin biosyn-
thetic machinery NisBTC in L. lactis, as we observed (Fig. 3).

The nisin modification machinery NisBC and the subtilin transporter SpaT do
not fully assemble as a complex in B. subtilis. We have demonstrated the actual
transport of nisin precursor by SpaT in both B. subtilis and L. lactis. Although com-
pletely modified NisA was produced by the L. lactis system, the peptide secreted by B.
subtilis was proven to be modified with a very limited number of dehydrations. What is
the reason for this difference despite the use of the same enzymes and transporter?
Since several studies have suggested that a multimeric lanthionine synthetase complex
is present at the cytoplasmic membrane for the production of lanthipeptides (17, 20,

January 2022 Volume 88 Issue2 e01618-21

Applied and Environmental Microbiology

aem.asm.org 6

Downloaded from https://journals.asm.org/journal/aem on 02 May 2022 by 129.125.148.226.


https://aem.asm.org

A Promiscuous NisBC-SpaT Complex for Nisin Production

A Phase contrast

SpaTgcre

SpaTgcrp
NisA, NisBC

C

SpaT
NisA, NisBg:»C

D

SpaT
NisA, NisBCqep

FIG 5 Determination of the subcellular localization of SpaT, NisB, and NisC in B. subtilis WB800 by
advanced fluorescence microscopy. (A) SpaT ., Was expressed alone in WB800. (B) SpaTyg, was
coexpressed with NisA, NisB, and NisC. (C) NisB.:, was expressed in the presence of NisA, NisC, and
SpaT. (D) NisCgr, Was expressed in the presence of NisA, NisB, and SpaT.

39), we hypothesized that such a functional complex might not be available in B. subti-
lis when SpaT is coexpressed with NisABC. To address this question, the subcellular dis-
tribution of NisB, NisC, and SpaT was determined by fluorescence microscopy.
Superfolder green fluorescent protein (sfGFP) was used to label SpaT at its C terminus,
generating the fusion protein SpaTge. When SpaTge was expressed alone in B. subti-
lis WB800, SpaTge circumferentially distributed throughout the cytoplasmic mem-
brane was observed, with rare bright foci only at some of the cell poles or the septum
(Fig. 5A). After the introduction of the expression of NisA, NisB, and NisC, no significant
variation in SpaTep localization was found (Fig. 5B). When NisB or NisC was C-termi-
nally labeled by sfGFP but SpaT was kept tag free, we found that both enzymes were
mainly localized at the cell poles and septum, functioning as modification machinery
(Fig. 5C and D). The different localizations of NisBC and SpaT suggest that a promiscu-
ous nisin biosynthetic machinery was not assembled, at least not fully formed at the
cytoplasmic membrane. The hypothesis proposed above was therefore verified by this
experimental result. It is tempting to speculate that the affinity of SpaT for NisBC is
insufficient to recruit NisBC to the discrete secretion site to assemble a functional
LanBTC complex, although this recruitment process during NisBTC formation has been
described in B. subtilis (18).

Diffuse SpaT throughout the membrane is recruited to the old cell poles by
NisBC, generating functional promiscuous machinery for nisin biosynthesis in L.
lactis. In our previous study, when NisA, NisB, NisC, and mutant NisT were expressed in
L. lactis, the nisin biosynthetic machinery NisBTC was found to be assembled at the old
cell poles (17). The question of whether a LanBTC complex is formed in L. lactis cells
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FIG 6 Determination of the subcellular localization of SpaT in L. lactis NZ9000 carrying different gene combinations. (A) NZ9000/
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when SpaT and NisABC are coexpressed remained to be answered. For this purpose,
fluorescence microscopy was employed to determine the subcellular distribution of
SpaT and NisBC. In the presence of NisABC, the fusion protein SpaT was found to
be dominantly confined to the cell poles (Fig. 6A). In the same system, when NisC was
N-terminally tagged by mCherry (red fluorescence protein), we observed that the clus-
ters of SpaTyeer and chenyNisC were always colocalized at the regions of the cell poles
according to the merged images (Fig. 7A), which was also supported by the quantita-
tive colocalization analysis (Pearson’s correlation coefficient [PCC] r = 0.96) (Fig. 7B). As
fluorescently labeled NisC-associated foci represent the NisABC complex, and the cell
poles where NisABC is located have been shown to be the old ones (17), we conclude
that the bright foci were the promiscuous NisBC-SpaT complex, and they were local-
ized at the old cell poles. Here, the visualization of NisBC-SpaT foci was performed in a
situation where the SpaT transport system was highly active, whereas the previously
revealed NisBTC foci could be probed only when nisin secretion was blocked.

To characterize the interactions of SpaT with NisA, NisB, and NisC, various expres-
sion combinations were created. When NisA was deficient, the polar localization was
maintained for SpaT,p (Fig. 6B). This demonstrates that the assembly of NisBC-SpaT is
not substrate dependent. In the absence of NisB, NisT e Was not localized at the cell
poles anymore but became totally diffuse throughout the cells (Fig. 6C). The lack of
NisC led to a circumferential distribution of SpaTge across the cytoplasmic mem-
brane, with only occasional enhanced bright foci close to the cell poles (Fig. 6D). In
cells where both NisB and NisC were deficient but NisA was expressed, the fluores-
cence signal of SpaT g, clearly displayed a uniform distribution throughout the cell
membrane, without any enhanced bright foci (Fig. 6E). A similar subcellular localization
was observed when SpaT g Was expressed alone (Fig. 6F). Altogether, a recruitment
behavior of SpaT by NisBC from the cell membrane to the old cell poles is proposed
based on these observations, as we previously observed for NisT in L. lactis (17). We
noticed that NisB alone is unable to totally target SpaT to the pole regions, although
its expression resulted in a polar localization for SpaT in some cells. Besides NisB, NisC
is also required for the full recruitment of SpaT. Therefore, it is likely that NisC assists in
the movement of SpaT to the cell poles promoted by NisB. Here, we can observe a co-
operative action for NisB and NisC in the assembly of the LanBTC complex.

Isolation of the promiscuous NisBC-SpaT complex and its subcomplexes from
the cytoplasmic membrane of L. lactis cells. Recently, the intact nisin biosynthetic
machinery NisBTC was successfully isolated from the cytoplasmic membranes of both
L. lactis and B. subtilis by using the strategy of pulldown (18, 19). We attempted to iso-
late the NisBC-SpaT complex that was visualized as described above in L. lactis cells in
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FIG 7 Colocalization of SpaT with the nisin modification machinery NisBC in L. lactis. (A) SpaT . and
meheryNisC were mainly colocalized at the old cell poles in the presence of NisA and NisB. The
localization of ., NisC represents the distribution of NisBC. (B) Colocalization analysis of the
clusters of SpaTyge and | cheryNisC. Pearson’s correlation coefficients (PCCs) (R) between the green
foci and red foci are shown in a scatter diagram on the right. The PCCs range from +1 (perfect
correlation) to —1 (perfect but negative correlation), with 0 denoting the absence of a relationship.

the same way. The peptide and proteins were overexpressed in L. lactis NZ9000 carry-
ing two multicopy expression plasmids: pNZE3-nisA-spaT,,, harboring the genes
encoding tag-free NisA and SpaT that is labeled by a 6xHis tag at its C terminus, and
plL3-nisBy,,C, expressing C-terminally Flag-tagged NisB and tag-free NisC. All four
genes were regulated by the nisin-inducible promoter P, (40). The cytoplasmic mem-
brane was separated, solubilized in the mild detergent n-dodecyl-B-p-maltoside
(DDM), and applied for affinity purification by Ni-nitrilotriacetic acid (NTA) chromatog-
raphy. SpaTy, was found to be purified with a migrated band smaller than the calcu-
lated size (72.3 kDa), showing higher mobility, similar to NisT (18) and other membrane
proteins (Fig. 8A and B). Western blot analysis indicated that both NisBy,, (120.2 kDa)
and NisC (47.9 kDa) were eluted together with SpaT,; (Fig. 8C and D). The substrate
NisA was not detected in the same eluate by Western blotting, probably due to its
weak affinity for SpaT and the low yield of copurification (Fig. S2). Taken together, the
pulldown assays demonstrate that the promiscuous but functional NisBC-SpaT com-
plex was isolated from the cell membrane of L. lactis.

To gain insight into the detailed interactions between the proteins of this promiscu-
ous complex, isolation of SpaT-associated subcomplexes from a series of L. lactis strains
was conducted (Fig. 8). When NisA was not available for the enzymes and transporter,
the purification of SpaT,; still pulled down both NisBg,, and NisC. This indicates that
NisBC-SpaT formation does not need the trigger by the substrate peptide, in line with
the visualization of NisBC-SpaT foci at the old cell poles where no NisA was present.
When SpaT,;, was coexpressed with either NisB,, or NisC, the complexes SpaT-NisB
and SpaT-NisC were detected in the eluates, respectively, as revealed by Western blot-
ting. This result demonstrates that SpaT not only interacts with NisB but also associates
with NisC, consistent with the finding that NisT directly interacts with both NisB and
NisC in L. lactis and B. subtilis (18, 19). When both enzymes were absent, NisA was
found to be copurified with SpaT,; (Fig. S2), showing direct binding of LanA to the
transporter LanT, although the amount of the coeluted peptide was small. In summary,
both NisB and NisC directly interact with SpaT to assemble the NisBC-SpaT complex,
which does not need the stimulation of nisin transport through the cell membrane.
Although NisT has been purified in abundance using DDM and could be clearly
observed by SDS-PAGE, the copurified NisB and NisC were detected only by Western
blotting, underlining the relatively weak affinity of both enzymes for the transporter.
This is in accordance with the hypothesis that the multimeric lanthionine synthetase
complex for nisin biosynthesis is highly unstable and transient (3).
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FIG 8 Isolation of the NisBC-SpaT complex and its SpaT-associated subcomplexes. SpaT,, was coexpressed
with NisA, NisBy,,., and NisC in different combinations in L. lactis NZ9000. The cell membrane was collected by
ultracentrifugation and solubilized using the mild detergent n-dodecyl-3-p-maltoside (DDM). The proteins were
purified from the solubilized membrane by affinity purification using Ni-NTA agarose. The eluates were
analyzed by glycine SDS-PAGE followed by Coomassie G-250 staining and Western blotting using anti-His, anti-
Flag, and anti-NisC antibodies, as indicated. SpaT,;,, SpaT C-terminally labeled by a 6xHis tag; NisB,, NisB C-
terminally labeled by a Flag tag; NisBCF,ag, the C-terminal product of degraded NisB labeled by a Flag tag. The
size of SpaT,; is 72.3 kDa. The size of NisBy,,, is 120.2 kDa. The size of NisC is 47.9 kDa.

Flag

Interestingly, an ~30-kDa protein (NisB%) was copurified with SpaT,, besides full-length
NisB in some eluates using anti-Flag antibody (Fig. 8C). A truncated product, the N-termi-
nal ~90-kDa part of NisB, has been reported to be present in the cytoplasm and at the cell
membrane of L. lactis (15, 41). Hence, we assume that the observed ~30-kDa protein was
the C-terminal part of NisB. Since the Flag tag was fused to the C terminus of NisB, the
degraded N-terminal part of NisB was not detected but should also be present in the cor-
responding eluates.

DISCUSSION

LanT is an ABC transporter responsible for the export of class | and Il lanthipeptides
through the cytoplasmic membrane. In L. lactis NZ9700, nisin precursor is transported
by the NisT system, while subtilin precursor is exported by the SpaT system in B. subtilis
ATCC 6633. It has been reported that the leader peptide of subtilin could direct the
secretion of nisin through the NisT transport system in L. lactis (23, 38). In this study,
our results demonstrate that SpaT can export the NisA peptide in the presence of NisB
and NisC in B. subtilis WB800, although the secreted peptide was not fully modified.
The intracellular NisA peptide possesses more dehydrated residues than the extracellu-
lar peptide. In L. lactis, strikingly, SpaT was able to transport nisin precursor equally as
well as its native transporter NisT when both NisB and NisC were coexpressed.
Importantly, the secreted peptide had been completely modified and exhibited good
antimicrobial activity. Hence, SpaT and NisT display a cross-transport ability with nisin
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precursor and subtilin precursor, respectively, although the exported peptide may not
always be well modified.

For LanBC, we did not observe the potential ability of SpaB and SpaC to correctly
modify NisA since the NisA peptide secreted into the medium was not dehydrated
when NisB was replaced by SpaB, and only two lanthionine rings were created when
NisC was replaced by SpaC in L. lactis. Similarly, the coexpression of Spa$ with the nisin
biosynthetic machinery NisBTC did not lead to the secretion of either modified or
unmodified subtilin precursor. However, after the subtilin leader peptide was fused to
the core peptide of NisA, the fusion peptide could be modified by SpaBC and secreted
by SpaT in B. subtilis (29). Commonly, LanA is composed of an N-terminal leader pep-
tide and a C-terminal core peptide. The well-characterized FNLD box located in the ni-
sin leader peptide is important for the interaction of NisB and NisC with their substrate
as well as for peptide secretion mediated by NisT (38, 42, 43). The similar motif in the
leader peptide of subtilin is the FDLD box (Fig. 1A). In the situation where the con-
served FN/DLD box was altered, it is likely that SpaBC failed to recognize the nisin
leader and NisBC could not bind to the subtilin leader, resulting in the unavailability of
cross-modification by LanBC. The full functionality of SpaT for both Spa$ and NisA indi-
cates that SpaT recognizes not only the sequence FDLD but also FNLD. LanT seems to
have a more relaxed substrate specificity than LanBC. This is in line with their similarity:
NisT and SpaT have a high sequence identity of 42.4%, while NisBC and SpaBC have
relatively low sequence identities of 27.2% and 26.5% (see Table S1 and Fig. S3 in the
supplemental material).

In this study, the expression of NisA, NisB, NisC, and SpaT in B. subtilis and L. lactis
resulted in the production of NisA that was in distinct modification states. Although
the independent functionalities of NisB, NisC, and NisT have been demonstrated in in
vivo and in vitro ways (8, 21, 22), the presence of the multimeric lanthionine synthetase
complex LanBTC and the association of the transporter LanT with the modification
complex LanBC have been suggested to be crucial for the efficient biosynthesis of lan-
thipeptides (13, 14, 17, 20). Since SpaT is a heterologous protein for NisA, NisB, and
NisC, we were curious to see whether they could interact with each other and form a
functional complex in both systems in the same way as the wild-type machinery
NisBTC. In B. subtilis, it has been shown that, initially, NisB and NisC assemble as a mod-
ification machinery at the cell poles and septum, and subsequently, NisBC is recruited
to membrane-located discrete foci by NisT, generating the functional NisBTC complex
(18). However, after NisT was replaced by SpaT, the NisBC complex maintained its origi-
nal localization at the cell poles and septum, while SpaT was uniformly distributed in
the cytoplasmic membrane. This implies that the NisBC-SpaT complex was not fully
assembled, probably owing to a weak interaction between NisBC and SpaT in B. subti-
lis. It seems that NisA was exported by SpaT prior to being modified by NisBC. In L. lac-
tis, the subcellular localization and assembly process of the nisin biosynthetic machin-
ery have been described, and a model for NisBTC assembly mainly at the old cell poles
has been proposed (17). Here, NisBTC clusters could be visualized only when nisin
secretion was blocked by a point mutation in NisT. Our study shows that in a situation
where nisin secretion is highly efficient, SpaT that is originally distributed throughout
the membrane could be recruited to the old cell poles by NisBC, forming a promiscu-
ous NisBC-SpaT complex in L. lactis. We also found that both NisB and NisC are
required for the recruitment process of NisT since single NisB or NisC is unable to
attract free SpaT to the export site. Notably, this is new evidence supporting the model
where LanBTC assembly and lanthipeptide secretion occur at the old cell poles in coc-
coid cells. According to the microscopy data, we conclude that the correct assembly of
the intact LanBTC complex is necessary for the production and secretion of the fully
modified lanthipeptide precursor.

Using the strategy of pulldown, the NisBC-SpaT complex was isolated from the cell
membrane, in accordance with the microscopy-visualized formation of the NisBC-SpaT
foci. Coupled with the isolation of the wild-type NisBTC complex (18), this provides
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direct evidence for the existence of the membrane-associated LanBTC complex for lan-
thipeptide biosynthesis. Although we purified SpaT in abundance using the detergent
DDM, NisB and NisC that copurified with SpaT could be detected only by Western blot-
ting. These results imply a relatively weak affinity of NisBC for SpaT. Certainly, we could
not absolutely preclude the influence caused by the different tags introduced into
each protein on the protein-protein interactions. The NisBC-SpaT complex is suggested
to be highly unstable and transient, similar to the native NisBTC complex. Besides
NisBC-SpaT probably carrying NisA, its SpaT-associated subcomplexes, such as NisB-
SpaT, NisC-SpaT, and NisBC-SpaT, could also be isolated from the cell membrane. Here,
a specific interaction between SpaT and NisC was observed, in agreement with an
interaction of NisT with NisC detected previously by coimmunoprecipitation and a
yeast two-hybrid assay (13). Moreover, we probed an interaction of SpaT with NisB that
was not observed between NisT and NisB in the above-mentioned study but in that
case for SpaT and SpaB (14). Our work shows that the substrate peptide is not required
for the interaction of SpaT with NisBC. Together with the observations by microscopy,
these findings not only imply a role of LanBC as a courier to ship fully modified LanA
to LanT for transport beyond the function of modification but also suggest a mecha-
nism by which the premature secretion of unfinished LanA is prevented. LanT is prob-
ably inaccessible to unmodified LanA that is dissociated from LanBC since the secretion
efficiency of LanT is extremely low when LanBC are deficient. As soon as the modifica-
tion of LanA by LanBC is finished, the fully modified LanA would be handed over to
the transport system LanT, which has been incorporated into the LanBTC machinery
via interaction with LanBC, to be exported outside the cells. The in vitro assembly of
the NisABC complex has been conducted, showing that NisABC is composed of a dimer
of NisB, a monomer of NisC, and a NisA monomer (16). However, the exact stoichiome-
try of the NisABTC complex remains to be elucidated.

In conclusion, we evaluated the potential cross-functionality of LanBTC between
the nisin and subtilin systems. LanBC is highly specific for the conserved leader peptide
of LanA. However, LanT possesses a relatively relaxed substrate specificity, allowing the
employment of LanT to efficiently transport other homologous lanthipeptides, which
thus circumvents the need for exchanging the leader peptide, as long as the conserved
FN/DLD box is present, which is probably (part of) the recognition site of the trans-
porter. Moreover, two distinct assembly situations for the NisBC-SpaT complex in B.
subtilis and L. lactis reinforce the importance of an intact LanBTC installed at the cyto-
plasmic membrane for the biosynthesis of fully modified lanthipeptides.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this work are listed in Table 1.
Bacillus subtilis ATCC 6633 was used as the source of subtilin biosynthetic genes. Lactococcus lactis NZ9700
was used as the source of nisin biosynthetic genes. Micrococcus flavus was employed as the indicator strain
for the detection of fully modified nisin (11). Escherichia coli DH5« served as a host for cloning and plasmid
preparation. B. subtilis, E. coli, and M. flavus were grown in Luria-Bertani (LB) medium at 37°C under aerobic
conditions (with shaking at 220 rpm). L. lactis NZ9000 was used as an expression system and was grown as
a standing culture at 30°C in Difco M17 medium (BD, Franklin Lakes, NJ, USA) with 0.5% (wt/vol) glucose
(GM17) or minimal essential medium (MEM) with 0.5% (wt/vol) glucose. The following antibiotics were
added when necessary: 100 wg/mL spectinomycin, 0.5 ng/mL erythromycin, 12.5 uwg/mL lincomycin, and/
or 25 ug/mL kanamycin for B. subtilis; 100 wg/mL ampicillin for E. coli; and 5 wg/mL chloramphenicol and/
or 5 ug/mL erythromycin for L. lactis. For induction in B. subtilis, 0.5% (wt/vol) xylose and/or 0.1 mM IPTG
was added to the medium to initiate the expression of genes under the control of P, ,, and/or P,,, ... For
induction in L. lactis, 10 ng/mL nisin Z (Handary SA, Belgium) was added to the medium to initiate the
expression of genes under the control of the nisin-inducible promoter P, ,,, when the optical density at
600 nm (ODg,,) of the cell culture reached 0.6. Agar (1.5%, wt/vol) was added to the growth medium as
solid medium. All chemicals were purchased from Sigma-Aldrich.

Recombinant DNA techniques and oligonucleotides. Plasmids used and created in this study are
listed in Table 1. The techniques for standard molecular cloning were performed as described previously
(44). The GenElute genomic DNA kit (Sigma-Aldrich, St. Louis, MO) was used to isolate genomic DNA of
L. lactis. The NucleoSpin plasmid EasyPure kit (Bioke, Leiden, the Netherlands) and the NucleoSpin gel
and PCR cleanup kit (Bioke, Leiden, the Netherlands) were employed to extract plasmids and purify PCR
products, respectively, according to the manufacturer's instructions. PCRs were conducted with
PrimeSTAR Max DNA polymerase (TaKaRa Bio Europe SAS, Saint-Germain-en-Laye, France) according to
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TABLE 1 Strains and plasmids used in this study

Reference
Strain or plasmid Genotype and/or characteristic(s) or source
Strains
L. lactis NZ9700 nisABTCIPRKFEG; nisin producer 48
B. subtilis ATCC 6633 spaBTCSIFEGRK; subtilin producer 14
E. coli DH5« F~ AlacU169(¢ 80d lacZAM15) supE44 hsdR17 recAT gyrA96 endAT thi-1 relA1 Lab stock
Micrococcus flavus Indicator strain for nisin 1
B. subtilis WB800 8-fold protease-deficient strain; AnprE AnprB AaprE Aepr Ampr Abpr Avpr AwprA 49
L. lactis NZ9000 MG1363 pepN::nisRK Lab stock
SCO1 WB800 thrC::P, ,,-nisBC; Spec’ 18
SC02 WBB800 thrC::P, ,,-nisBC/pKTH11-nisA; Spec” Kan' This study
SC03 WBB800 thrC::P,,,-nisBC/pKTH11-SP,,. -~nisA; Spec” Kan" This study
SCo4 WB800 thrC:P,,,-nisBC/pKTH11-SP,, ~nisA; Spec’ Kan' This study
SC05 WBB800 thrC::P, ,,-nisBC/pKTH11-SP,, -nisA; Spec’ Kan" This study
SCo6 WBB800 thrC::P,,,-nisBC/pKTH11-SP ;. ,-nisA; Spec” Kan" This study
SCo7 WB800 thrC::P,,,-nisBC/pKTH11-SP,,,-nisA; Spec’ Kan' This study
SCo8 WBB800 thrC::P, ,,-nisBC amyE:P,, ....-spaT/pKTH11-nisA; Spec’ Ery" Kan" This study
SC09 WBB8O00 thrC::P,,,-nisBC amyE:P,,, .....-spaT/pKTH11-S -nisA; Spec’ Ery" Kan This study
SC10 WB800 thrC:P,,,-nisBC amyE:P,,, ..,.,-spaT/pKTH11-S 4-nisA; Spec’ Ery" Kan" This study
SC11 WBB800 thrC::P,,,-nisBC amyE:P,, ...,-spaT; Spec’ Ery" This study
SC12 WBB800 amyE::Py,, o,aniSPAT gy, ETY" This study
SC13 WB800 thrC:P,,,-nisBC amyE:P,,, o...,-spaT ;,./PKTH11-nisA; Spec’ Ery" Kan" This study
SC14 WBB800 thrC::P, ,,-nisBiz,,,C; Spec” 18
SC15 WBB8O0O0 thrC::P,,,-nisBiz,,C amyE:P,,, o,..-spaT/pKTH11-nisA; Spec’ Ery" Kan This study
scC16 WBB00 thrC:P, ,-nisBC,zy,; Spec” 18
SC17 WBB8O00 thrC::P, ,,-nisBC sy, amyE:P,,, o,.-spaT/pKTH11-nisA; Spec’ Ery" Kan This study
SC18 WBB8O00 thrC::P,,,-nisBC amyE:P,, o..-spaT/PKTH11-nisAgs 1 (NiSAgs 15 is NisA extended with a This study
factor Xa sequence, a flexible linker, and a 6 x His tag); Spec” Ery" Kan’
SC19 NZ9000/pTLR4-nisBTC; Ery" Lab stock
SC20 NZ9000/pTLR4-nisABC; Ery" This study
SC21 NZ9000/pTLR4-nisABTC; Ery" Lab stock
SC22 NZ9000/pTLR4-nisABC-spaT; Ery" This study
SC23 NZ9000/pTLR4-nisA-spaB-nisC-spaT; Ery" This study
SC24 NZ9000/pTLR4-nisAB-spaCT; Ery" This study
SC25 NZ9000/pTLR4-nisA-spaT; Ery" This study
SC26 NZ9000/pTLR4-spasS-nisBTC; Ery" This study
SC27 NZ9000/pTLR4-nisABC-spaT ,,; Ery" This study
SC28 NZ9000/pTLR4-nisBC-spaT g Ery" This study
SC29 NZ9000/pTLR4-nisAB-spaT i, Ery" This study
SC30 NZ9000/pTLR4-nisA-spaT . Ery" This study
SC31 NZ9000/pTLR4-spaT i, Ery" This study
SC32 NZ9000/pTLR4-nisAB-,che,, NiSC-spaT g, Ery" This study
SC33 NZ9000/pNZE3-spaT,,/pIL3-nisABg,,C; Ery" Cm" This study
SC34 NZ9000/pNZE3-spaT,;/pIL3-nisBg,,C; Ery" Cm" This study
SC35 NZ9000/pNZE3-spaT,,/pIL3-nisBg,,; Ery" Cm" This study
SC36 NZ9000/pNZE3-spaT,,/plL3-nisC; Ery" Cm" This study
SC37 NZ9000/pNZE3-spaT,,/plL3-nisA; Ery" Cm" This study
SC38 NZ9000/pNZE3-spaT,,; Ery" This study
Plasmids
pKTH11 E. coli-B. subtilis shuttle vector with P, ,,, a xylose-inducible promoter; Amp" Kan" Lab stock
pKTH11-nisA Pyia-nisA; Amp" Kan' This study
PKTH11-SP,, ~nisA P y1aSPam,enisA (SP, ¢ is the signal peptide); Amp’ Kan" This study
PKTH11-SP,,,,..-nisA Pyia~SPapenisA (SP,,.¢ is the signal peptide); Amp’ Kan" This study
pKTH11-SP_,-nisA P.yia~SPe,nisA (SP,,, is the signal peptide); Amp’ Kan" This study
PKTH11-SP,,,,,p-nisA Pyia~SPonopNisA (SP 4, is the signal peptide); Amp", Kan' This study
PKTH11-SP,,,,y-nisA Pyia~SPywonnisA (SP,,,y is the signal peptide); Amp" Kan" This study
pKTH11-S.-nisA P.ya~Si-nisA (S, is the leader peptide of SpaS); Amp’ Kan" This study
pKTH11-S, 4-nisA P.yia~SionisA (Sio is S, with the N-terminal 9 residues of the core peptide of SpaS); Amp" Kan" This study
pDR111 Integration vector for genomic integration into the amyE locus of B. subtilis with Py, ..., an IPTG- Lab stock
inducible promoter; Spec” Amp®
pDR111-spaT Phy_spank-sPAT; Spec” Amp’ This study
pDR111-spaT ., Py spank-SPAT srgr SPECT AMPT This study
(Continued on next page)
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TABLE 1 (Continued)
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Reference
Strain or plasmid Genotype and/or characteristic(s) or source
PKTH11-nisAgs s Pyia NisAgs s (NisAss. s is nisA extended with a factor Xa sequence, a flexible linker, and a 6 xHis This study
tag); Amp" Kan"
pTLR4-nisABC P isa-niSABC; Amp" Ery" This study
pTLR4-nisABC-spaT P isa-NiSABC-spaT; Amp" Ery" This study
pTLR4-nisA-spaB-nisC-spaT P isa-nisA-spaB-nisC-spaT; Amp" Ery" This study
pTLR4-nisAB-spaCT P.isa-nisAB-spaCT; Amp" Ery" This study
pTLR4-nisA-spaT P.isa-nisA-spaT; Amp" Ery" This study
pTLR4-spaS-nisBTC P.isa-spaS-nisBTC; Amp" Ery" This study
PTLRA-nisABC-spaT i, Pisa-nisABC-spaT . .; Amp" Ery" This study
PTLR4-nisBC-spaT., P isa=nisBC-spaT ;,,; Amp" Ery" This study
PTLR4-nisAB-spaT P isa-nisAB-spaT ... Amp" Ery" This study
PTLR4-nisA-spaT ., Pisa-nisA-spaT g .; Amp" Ery" This study
PTLR4-spaT,, P isa~sPAT 4,0; AMp" Ery" This study
PTLRA-NISAB- . c1eryisC-SpAT g5, ProisaNiSAB- 1, cperyNisC-spaT o Amp® Ery” This study
pNZE3-spaT,,, P samspaTyy (spaT,,, for 6 xHis-tagged SpaT); Ery" This study
pIL3-nisABg,,C P isa-nisAB,,C (nisBy,, for Flag-tagged NisB); Cm" This study
pIL3-nisBy,,C P isa-nisBygq,C (nisBy,, for Flag-tagged NisB); Cm" Lab stock
pIL3-nisBy,, P ,isa=NisByg,, (nisByg,, for Flag-tagged NisB); Cm* Lab stock
pIL3-nisC Psa-nisC; Cm" Lab stock
plL3-nisA P isa-nisA; Cm" Lab stock

the manufacturer’s protocol. The obtained PCR products were mixed and treated with Gibson assembly
master mix (Bioke, Leiden, the Netherlands), yielding 20-nucleotide overhangs annealing to complemen-
tary overhangs. The mixtures were applied to transform E. coli DH5« directly or L. lactis NZ9000 after
desalting to generate plasmids. All nucleotide sequencing was performed at Macrogen Europe
(Amsterdam, the Netherlands). Oligonucleotides used in this work were purchased from Biolegio BV
(Nijmegen, the Netherlands) and are given in Table 2. B. subtilis WB800 was transformed based on natu-
ral competence (45). The transformation of E. coli strains was performed by heat shock according to
standard procedures (44). Electrocompetent cells of L. lactis were transformed using electroporation
with a Bio-Rad gene pulser (Bio-Rad Laboratories, Richmond, CA) (46).

Trichloroacetic acid precipitation. Trichloroacetic acid (TCA) (100%, wt/vol) was added to 45 mL of
the culture supernatant at a final concentration of 10% (wt/vol) TCA. The mixture was put on ice for 2 h
and then centrifuged at 10,000 x g for 60 min at 4°C. The pellet was retained after discarding the super-
natant. Subsequently, 1/2 of the original volume of iced acetone was added to the pellet. After 60 min
of centrifugation at 10,000 x g again, the pellet was retained and dried by vacuum freezing desiccation.
Finally, the dry pellet was resuspended in 0.5 mL 50 mM Tris-HCI (pH 7.0).

Antimicrobial activity assay. Micrococcus flavus was used as an indicator strain and was grown
overnight in GM17. One hundred microliters of the diluted culture (ODy,, = 0.5) was added to 100 mL of
melted GM17 agar at 45°C and poured onto plates. Ten-microliter samples with the addition of 1 uL
purified protease NisP (laboratory stock) were dropped onto the plate after the agar was solid. The
plates were left overnight at 30°C.

Mass spectrometric analysis. One microliter of each sample was spotted, dried, and washed with
MilliQ water on the target. Subsequently, 1 uL of 5 mg/mL of a-cyano-4-hydroxycinnamic acid (Sigma-
Aldrich) was spotted on top of the samples. An ABI Voyager DE Pro matrix-assisted laser desorption ioni-
zation-time of flight (MALDI-TOF) analyzer (Applied Biosystems) operating in linear mode using external
calibration was used to obtain mass spectra.

Peptide purification. The NisA.,;, peptide was purified by affinity purification. B. subtilis cells were
collected by centrifugation and washed twice with 50 mM Tris-HCl (pH 7.4). The cells were resuspended
in lysis buffer (50 mM NaH,PO,, 300 mM NaCl, and 10 mM imidazole [pH 8.0]) with 10 mg/mL lysozyme
and a protease inhibitor and incubated for 60 min at 37°C. Totals of 10 mM MgSO, and 100 mg/mL
DNase | were added. After incubation for 5 min at 37°C, the suspension was passed three times through
a high-pressure homogenizer (HPL6; Maximator GmbH, Germany). Two centrifugation steps at
13,000 x g for 10 min at 4°C were performed to remove cell debris, and the cell lysate was obtained. For
Ni-NTA purification, a standard procedure was performed and conducted in a cold room (4°C). Five milli-
liters of lysis buffer was run over the column containing Ni-NTA agarose (50%, 1.0 mL; Qiagen Benelux
BV) to equilibrate it. Subsequently, 10 mL of the lysate flowed through the column material twice to
allow the 6 xHis-tagged peptide to bind to the Ni-NTA agarose. Next, the column material was washed
twice with 10 mL wash buffer (50 mM NaH,PO,, 300 mM NaCl, and 20 mM imidazole [pH 8.0]). Eluates
were collected in 5 fractions (0.5 mL each) using elution buffer (50 mM NaH,PO,, 300 mM NaCl, and
250 mM imidazole [pH 8.0]). The peptide produced by L. lactis was purified by C,, reversed-phase chro-
matography. L. lactis was grown in MEM. After centrifugation of the cultures grown overnight, the super-
natants were collected, and the pH was adjusted to 7.0. After that, the supernatants were applied to
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TABLE 2 Oligonucleotides used in this study
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Primer Sequence (5'—3’)

PH1 AAATCAAAGGGGGAAATCATATGAGTACAAAAGATTTTAACTTGGATTTGGTATC
PH2 GGAGGTGTTTTTTTATTACCTTATTTGCTTACGTGAATACTACAATGACAAGTTG
PH3 GGTAATAAAAAAACACCTCCAAGCTGAGTG

PH4 ATGATTTCCCCCTTTGATTTAAGTGAACAAG

PH5 AAATCAAAGGGGGAAATCATATGTTTGCAAAACGATTCAAAACCTC

PH6 TTAAAATCTTTTGTACTCATAGCACTCGCAGCCGCCGGTCCTG

PH7 ATGAGTACAAAAGATTTTAACTTGGATTTGGTATC

PH8 AAATCAAAGGGGGAAATCATATGAGAAGCAAAAAATTGTGGATCAGC

PH9 TTAAAATCTTTTGTACTCATAGCCTGCACAGACATGTTGCTG

PH10 AAATCAAAGGGGGAAATCATATGAAAAACATGTCTTGCAAACTTGTTG

PH11 TTAAAATCTTTTGTACTCATCGCATGAGCGAGAGGGCCTATG

PH12 AAATCAAAGGGGGAAATCATATGGCATACGACAGTCGTTTTGATG

PH13 TTAAAATCTTTTGTACTCATAGCATTTACTTCAAAGGCCCCAAC

PH14 AAATCAAAGGGGGAAATCATATGAGCGATGAACAGAAAAAGCCAG

PH15 TTAAAATCTTTTGTACTCATTGGCTTAGCCGCAGTCTGAAC

PH16 AAATCAAAGGGGGAAATCATATGTCAAAGTTCGATGATTTCGATTTGGATG
PH17 TTAAAATCTTTTGTACTCATTTGCGGAGTGATTTTTGAGTCTTGTTTAG

PH18 ACTCAAAAATCACTCCGCAAATGAGTACAAAAGATTTTAACTTGGATTTGG
PH19 AAATCAAAGGGGGAAATCATATGTCAAAGTTCGATGATTTCGATTTGGATG
PH20 TTAAAATCTTTTGTACTCATTGGTGTACAAAGTGATTCACTTTTCCATTG

PH21 GTGAATCACTTTGTACACCAATGAGTACAAAAGATTTTAACTTGGATTTGG
PH22 AAATCAAAGGGGGAAATCATATGGAAGTAAAGGAACAACTGAAACTAAAAG
PH23 ATGCGGCTAGCTGTCGACTATTATCTATCCTTGATACAGTGCCTCTTTCC

PH24 TAGTCGACAGCTAGCCGCATGCAAG

PH25 ATGATTTCCCCCTTTGATTTAGCTTAATTGTTATCCGCTCACAATTACAC

PH26 GTAGCGGTGGAGGTGGCAGCATGTCAAAAGGAGAAGAGCTGTTCAC

PH27 ATGCGGCTAGCTGTCGACTATTATTTACTTATAAAGCTCATCCATGCCGTG
PH28 TAGTCGACAGCTAGCCGCATGCAAG

PH29 GCTGCCACCTCCACCGCTACCTCCTTGATACAGTGCCTCTTTCCATTTAC

PH30 GGTGGAGGTGGCAGCCATCATCACCATCACCATTAATAGTCGACAGCTAGCCGCATGC
PH31 GCTGCCACCTCCACCGCTACCACGTCCTTCAATTTTGCTTACGTGAATACTACAATGAC
PH32 ATTATTCAGAGCAATATGAGGATAATGATG

PH33 ATTGCTCTGAATAATTCATTTCATGTATTCTTCCGAAACAAACAAC

PH34 CATGAAATGAGGACTAATAGATGGAAGTAAAGGAACAACTGAAACTAAAAG
PH35 TCATCAAACCTCTGAATTCCTTATCCTTGATACAGTGCCTCTTTCCATTTAC

PH36 GGAATTCAGAGGTTTGATGACTTTGACC

PH37 CTATTAGTCCTCATTTCATGTCATTTCCTCTTCCCTCCTTTCAAAAAATCG

PH38 AAATAAAGAGAGGAAAAAACATGAAATCCTTATATACACCTACAGATTATTATATGATTC
PH39 CATATTGCTCTGAATAATTTACTTCCATGCTAAACTACCATTCATCTTTTG

PH40 TAAATTATTCAGAGCAATATGAGGATAATGATG

PH41 GTTTTTTCCTCTCTTTATTTTTATAAGCTATTTAGCAACC

PH42 AATTATTCAGAGCAATATGGAAAGAGGCACTGTATCAAGGATAG

PH43 CTATTAGTCCTCATTTCATGTTAAATTAATAATGCTTTTGTCCAATCTGTTTTTGAG
PH44 CATGAAATGAGGACTAATAGATGGAAGTAAAGGAACAACTGAAACTAAAAG
PH45 CCATATTGCTCTGAATAATTCATTTCATGTATTCTTCC

PH46 CATGAAATGAGGACTAATAGATGGAAGTAAAGGAACAACTGAAACTAAAAG
PH47 TAGTCCTCATTTCATGTATTTTTATAAGCTATTTAGCAACCCTAAATAACTTATAAAAATAGG
PH48 ATTATAAGGAGGCACTCAAAATGTCAAAGTTCGATGATTTCGATTTGG

PH49 AATACTATCCTTTGATTTGGTTATTTAGAGATTTTGCAGTTACAAGTTAGTGTTTG
PH50 CCAAATCAAAGGATAGTATTTTGTTAGTTCAGAC

PH51 TTTGAGTGCCTCCTTATAATTTATTTTGTAGTTCC

PH52 GTAGCGGTGGAGGTGGCAGCATGTCAAAAGGAGAAGAGCTGTTCAC

PH53 TCATCAAACCTCTGAATTCCTTACTTATAAAGCTCATCCATGCCGTG

PH54 GCTGCCACCTCCACCGCTACCTCCTTGATACAGTGCCTCTTTCCATTTAC

PH55 CCAAATCAAAGGATAGTATTTTGTTAGTTCAGAC

PH56 TATCCTTTGATTTGGTTTGAGTGCCTCCTTATAATTTATTTTGTAGTTCC

PH57 CATGAAATGAGGACTAATAGATGGAAGTAAAGGAACAACTGAAACTAAAAG
PH58 CTATTAGTCCTCATTTCATGTATTCTTCCGAAAC

PH59 CATGAAATGAGGACTAATAGATGGAAGTAAAGGAACAACTGAAACTAAAAG
PH60 CTATTAGTCCTCATTTCATGTATTTTTATAAGCTATTTAGC

PH61 ATGAGCAAAGGAGAAGAAGATAACATGG

PH62 GCTGCCACCTCCACCGCTACCTTTGTAAAGCTCATCCATTCCGCCAGTTG
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TABLE 2 (Continued)

Primer Sequence (5'—3’)

PH63 GTAGCGGTGGAGGTGGCAGCAGGATAATGATGAATAAAAAAAATATAAAAAGAAATGTTG

PH64 TCTTCTTCTCCTTTGCTCATATTGCTCTGAATAATTCATTTCATGTATTCTTCC

PH65 ATGGAAGTAAAGGAACAACTGAAACTAAAAGAG

PH66 TGATGGTGATGGTGATGATGTCCTTGATACAGTGCCTCTTTCCATTTAC

PH67 CATCATCACCATCACCATCATCACTAAGGATCCGCTTTCTTTGAACCAAAATTAG

PH68 AGTTGTTCCTTTACTTCCATTTTGAGTGCCTCCTTATAATTTATTTTGTAGTTCC

PH69 CATGACATTGACTATAAAGACGATGACGATAAATGAATTATTCAGAGCAATATGAGGATAATGATG
PH70 ATCTTTATAGTCTCCGTCATGATCTTTATAGTCTTTCATGTATTCTTCCGAAACAAACAACC

Sigma-Aldrich C,g silica gel spherically equilibrated with 10 column volumes (CVs) of 100% aqueous ace-
tonitrile (MeCN) containing 0.1% trifluoroacetic acid. After washing with 10 CVs of MilliQ water with
0.1% trifluoroacetic acid, the peptide was eluted from the column using 10 CVs of ~30 to 60% aqueous
MeCN containing 0.1% trifluoroacetic acid. Fractions containing the eluted peptide were freeze-dried.
Finally, the peptide was dissolved in MilliQ water containing 0.1% trifluoroacetic acid.

Membrane protein purification. L. lactis cells were collected by centrifugation and washed twice with
50 mM Tris-HCI (pH 7.4). The harvested cells were resuspended in lysis buffer (50 mM Tris-HCl and 300 mM KCl
[pH 7.4]) with 10 mg/mL lysozyme and a protease inhibitor and incubated for 60 min at 37°C. Totals of 10 mM
MgSO, and 100 mg/mL DNase | were added. After incubation for 5 min at 37°C, the suspension was passed
three times through a high-pressure homogenizer (HPL6; Maximator GmbH, Germany). Membrane fractions
were obtained by ultracentrifugation and resuspended in binding buffer (50 mM Tris-HCl, 300 mM NaCl, and
10 mM imidazole [pH 7.4]). The total membrane protein concentration was measured by a bicinchoninic acid
(BCA) assay (Thermo Fisher Scientific). Membranes were solubilized with 1% (wt/vol) n-dodecyl--p-maltoside
(DDM) for 2 h at 4°C. Insoluble material was removed by ultracentrifugation at 40,000 x g for 30 min. Ten milli-
liters of binding buffer with 0.1% (wt/vol) DDM was run over the column containing Ni-NTA agarose (50%,
1.0 mL; Qiagen Benelux BV) to equilibrate it. Subsequently, 10 mL of the soluble membrane was mixed with
0.5 mL of Ni-NTA agarose and incubated at 4°C for 2 h with shaking to allow the 6xHis-tagged protein to bind
to the Ni-NTA agarose. The soluble membrane flowed through the column material. Next, the column material
was washed twice with 10 mL wash buffer (50 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, and 0.1% [wt/vol]
DDM [pH 7.4]). Eluates were collected in 5 fractions (0.5 mL each) using elution buffer (50 mM Tris-HCl,
300 mM Nacl, 300 mM imidazole, and 0.1% [wt/vol] DDM [pH 7.4)). Finally, purified proteins were analyzed by
SDS-PAGE and Western blotting.

SDS-PAGE and Western blotting. The samples for glycine or Tricine SDS-PAGE were incubated in
loading buffer containing 5% (vol/vol) B-mercaptoethanol and boiled for 10 min. SDS-PAGE was per-
formed according to a standard operation manual (44). Western blot assays were performed using anti-
His, antileader, anti-Flag, and anti-NisC antibodies.

Fluorescence microscopy. All micrographs were captured using a DeltaVision Elite inverted epifluo-
rescence microscope (Applied Precision, GE Healthcare, Issaquah, WA, USA) equipped with a stage
holder, a climate chamber, a seven-color combined-set InsightSSI solid-state illumination module, and a
scientific complementary metal oxide semiconductor (SCMOS) camera (PCO AG, Kelheim, Germany). A
100x phase-contrast objective (numerical aperture [NA], 1.4; oil immersion [Deltavision; Olympus,
Japan]) was used for image capturing, in combination with SoftWorX 3.6.0 software (Applied Precision)
to control the microscope setup. Standard fluorescence filter sets were used to visualize sfGFP, with exci-
tation at 475/28 nm and emission at 525/48 nm, and mCherry, with excitation at 573.5/33 nm and emis-
sion at 607.5/19 nm. A standard microscope slide was prepared with a layer of solidified agarose (1%
[wt/vol] in the appropriate medium), and 1 uL of bacterial cells was loaded onto the agarose. The sam-
ple was covered with a standard microscope coverslip for microscopic observations.

Data analysis of microscopy images. Images were deconvoluted with SoftWorks imaging software.
Color assignment and overlay images were created using ImageJ software (https://imagej.net/Fiji) and
saved as green/red tagged-image file format (TIFF) files. ImageJ-based Scatter) was employed to deter-
mine Pearson’s correlation coefficient (PCC) (47). Prior to Scatter) analysis, the images were processed
with a discoidal averaging filter to increase the signal-to-noise ratio of the detected foci and remove all
background signals. The PCC is a well-established measure of correlation and has a range from +1 (per-
fect correlation) to —1 (perfect but negative correlation), with 0 denoting the absence of a relationship.
All different images were acquired with the same exposure time. Image processing consists of equiva-
lent adjustments of brightness and contrast on complete images. Gamma and LUT (lookup table) values
were not modified and were left as linear on each channel. In this study, all the experiments were
repeated at least 3 times.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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