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of a lanthipeptide from Bacillus subtilis
EH11 with a unique lanthionine ring pattern

Yuxin Fu,1 Lu Zhou,1,2 and Oscar P. Kuipers1,3,*
SUMMARY

Lanthipeptide biosynthetic genes are present in a wide range of
bacteria, providing convenient tools for engineering bioactive lan-
thipeptides. Here, we report a class I lanthipeptide biosynthetic
gene cluster (lanBTC) in a Bacillus strain, involved in the biosynthesis
of a novel lanthipeptide that we termed balucin. Balucin was active
against food-borne pathogens such as Bacillus cereus and Listeria
monocytogenes. The unusual structural features of balucin showed
the presence of aspartic acid residues C-terminally flanking the lan-
thionine rings. Such negatively charged amino acids directly flanking
modifiable cysteines at the C-terminal side have not been reported
for precursors that are modified by other LanBCs. Heterologous
functional expression of balucin in a dedicated E. coli expression
system was achieved, and the protease responsible for cleaving
the balucin leader peptide was identified. With this system, the ba-
lucin biosynthetic enzymes were successfully employed to modify
antimicrobial peptides that have negatively charged residues
C-terminally flanking lanthionine-forming cysteines.
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INTRODUCTION

Lanthipeptides are ribosomally synthesized and post-translationally modified pep-

tides (RiPPs) abundantly found in a wide range of bacteria. They constitute a major

source of novel bioactive compounds and candidate therapeutics. Those exhibiting

antibacterial activity are known as lantibiotics.1–4 The characteristic lanthionine (Lan;

Ala-S-Ala) and/or methyllanthionine (MeLan; Abu-S-Ala or Ala-S-Abu) residues

restrict the conformational flexibility of the lanthipeptides, giving rise to their high

stability and diverse biological activities.5 Lanthipeptides are subdivided into five

different classes (I–V) based on differences between the biosynthetic enzymes that

install the MeLan ring.6,7 (Me)Lan moieties in class I lanthipeptides are installed by

the lanthipeptide dehydratase LanB and the cyclase LanC in a two-step process.

First, LanB catalyzes the dehydration of serine and threonine residues to yield the

corresponding dehydroamino acids dehydroalanine (Dha) and dehydrobutyrine

(Dhb), and then LanC promotes Michael-type addition of thiol groups on cysteine

residues to these dehydro amino acids. The modifications are introduced only in

the core peptide, while the N-terminal leader peptide functions as a recognition

site and binding sequence for modification enzymes and the ABC transporter

(LanT). The leader peptide is proteolytically removed by a LanP protease in the final

step of maturation5 (Figure 1). The increasing knowledge and understanding of lan-

thipeptide biosynthesis greatly facilitate lanthipeptide bioengineering and the gen-

eration and screening of genetically encoded libraries.8,9 Cyclization constrains the

conformation of peptides, thus conferring rigidity, proteolytic stability, target
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Figure 1. Schematic presentation of the biosynthesis of a class I lanthipeptide

Biosynthetic dehydratase LanB and cyclase LanC introduce dehydrated residues and (Me)Lan rings into precursor peptides; the modified precursor

peptides are transported from intracellular to extracellular by transporter LanT or cell lysis and are proteolytically removed by a LanP or other protease

in the final step of maturation.
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specificity, and bioactivity.10 Cyclization-conferred resistance to breakdown by pep-

tidases prolongs the in vivo t1/2 in man11 and extends the delivery route options.12

To date, several lanthipeptide biosynthetic enzymes have been applied as successful

tools in lanthipeptide bioengineering.8,13 Large, genetically encoded libraries of lan-

thipeptides constructed from these bioengineering systems have been successfully

used for high-throughput screening.14–18 Examples include a novel antiviral lanthipep-

tide that resulted from screening a genetically encoded library of 106 lanthipeptides

and a new-to-nature antimicrobial that resulted from screening a library of 6,000 var-

iants created by lanthipeptide engineering.14,17 In addition, enabling ribosomal syn-

thesis of non-ribosomal peptide (NRP)mimics is an important application of lanthipep-

tide bioengineering that can provide a valuable source of novel drug candidates.19

However, substrate limitations of known lanthipeptide biosynthetic enzymes LanBC

restrain their applicability for bioengineering. For instance, a negatively charged

Asp residue preceding serine, especially in combination with a flankingC-sided hydro-

philic amino acid, disfavors its dehydration by wild-type NisB, and via screening of a

NisB library, a mutant NisB with adapted substrate specificity was obtained.20,21 As

another example, the cyclization by NisC was also found to depend in part on the

amino acids that directly flank the cysteines.20 Substrates with negatively charged

amino acids flanking cysteine appear unsuitable for NisC-mediated cyclization, espe-

cially at the C-terminal side of cysteine,20 and generally, anionic amino acids do sel-

domly occur next to Lan-forming cysteines in class I lanthipeptides. One exception

is the Asp that was found N-terminally flanking a cysteine in epicidin 280.22

Nevertheless, negatively charged amino acids are found in many therapeutic pep-

tides and may occur anywhere in these peptides, such as in some NRPs that have
2 Cell Reports Physical Science 4, 101524, August 16, 2023
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been developed as important therapeutic agents including the antibiotic daptomy-

cin23 and surfactin.24 Thus, development of lanthipeptide bioengineering systems

that are accessible to a broad range of peptide substrates with different properties,

especially those with negatively charged amino acids, is important for the potential

of lanthipeptide engineering to generate new-to-nature peptides with high thera-

peutic potential. It is worth noting that substrate specificity is not solely determined

by neighboring residues since other residues throughout the peptide sequence also

play a significant role.25 This requires the discovery of novel lanthipeptide biosyn-

thetic enzymes with a broad or tailored substrate specificity that can be used as effi-

cient and general-purpose peptide-modification biocatalysts in bioengineering.

Here, we identify, synthesize, and characterize a novel class I lanthipeptide with un-

usual structural features, named balucin. Its four non-overlapping Lan rings consti-

tute a unique ring pattern. Furthermore, two negatively charged Asp residues

located directly C-terminally to two ring structures hint at a cyclase with a unique

cyclization capacity. The heterologous expression system of balucin presented is

functional and was applied to produce active balucin, as well as unnatural products

with negatively charged residues located C-terminally of the Lan rings, highlighting

the potential of balucin biosynthetic enzymes in lanthipeptide engineering. These

results offer the perspective of improved mimicking of NRPs that contain anionic

amino acids by a biosynthetic RiPP strategy.
RESULTS

Description of novel gene clusters from Bacillus subtilis EH11

B. subtilis EH11 was one out of ten antimicrobial substance-producing strains that

were isolated during the screening of potential plant growth-promoting rhizobacte-

ria from tomato rhizosphere soil.26,27 Rhizobacteria possess a significant number of

biosynthetic gene clusters (BGCs) for natural product formation and are recognized

as a promising reservoir for novel bacteriocins that have both functional and struc-

tural potential for industrial applications.28 The genome of B. subtilis EH11 was

sequenced. Genome mining by antiSMASH 5.029 and BAGEL430 revealed the pres-

ence of two groups of lanthipeptide BGCs, involving the recently reported subtilin

JS-431 and a novel class I lanthipeptide. The novel cluster showed no similarity to

any known cluster, but cluster blast indicated that it is also annotated in other Bacil-

lus sp. genomes (B. subtilis SRCM102756, B. subtilis SRCM104008, B. subtilis 7PJ-

16, B. subtilis MZK05). This gene cluster contains short open reading frames for

the precursor peptides, which we designated BalA (Figure 2A). A search of the

non-redundant protein sequence database for homologs of the core peptide of

the BalA precursor peptide did not match with any core peptide of known lanthipep-

tides, suggesting it may be a (so far) unique class I lanthipeptide. The 23 amino acid

leader peptide of BalA has high homology to the leader peptides of the FNLD group

of class I lanthipeptides comprising gallidermin/nisin lantibiotics. On the basis of

these sequence alignments and the prediction of the cleavage site in the precursor

by RiPPMiner,32 the site for proteolytic removal of the leader peptide was predicted

as ProAsnYSer (Figure 2B); this prediction was later confirmed by detection of the

mature, fully modified core peptide (balucin) in the supernatant of B. subtilis EH11

(see below). The balucin biosynthetic genes located downstream of BalA include

genes encoding a dehydratase (BalB), an ATP-binding cassette (ABC) transporter

(BalT), and a cyclase (BalC) that has about 26% sequence identity to known LanC

enzymes such as NisC (Figure 2A). Notably, the transcriptional regulator LanRK

and self-immunity proteins LanIEFG and a typical class I lantipeptide protease

LanP, to cleave off the leader peptide, were not found in the balucin BGC.
Cell Reports Physical Science 4, 101524, August 16, 2023 3



Figure 2. Biosynthesis of balucin

(A) The biosynthetic gene cluster for balucin.

(B) The amino acid sequence of precursor peptide of balucin and the predicted cleavage site.

(C) The masses of peptide ions found in LC-MS for balucin isolated from B. subtilis EH11.

(D) MALDI-TOF-MS for balucin before (I) and after (II) NEM reaction; the 125 Da mass shift position is labeled in orange.
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Detection of balucin production

Luria-Bertani (LB) liquid mediumwas inoculated with a single B. subtilis EH11 colony,

grown overnight, and then 100 times diluted into minimum essential medium (MEM)

for peptide production. MEM was used to reduce the background noise from the

medium when detecting production of bacteriocins after 12, 24, and 48 h with ma-

trix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF-MS). A mass corresponding to the balucin core peptide with six dehydrations

and removal of the leader peptide at the predicted site were observed after 24 h.

High-performance liquid chromatography (HPLC) was applied to separate and

isolate lanthipeptides from the B. subtilis EH11 supernatant (Figure S1A). Another

bioactive peptide with an identical mass as lanthipeptide subtilin JS-4 was also iso-

lated. Figure S1B shows the representative MALDI-TOF-MS mass spectra of pep-

tides. Figure 2C shows the LC-MS mass spectra of balucin.

Structural characterization of balucin

The mass of the peptide purified from B. subtilis EH11 corresponded to the balucin

core peptide with fully dehydrated threonines and serines and with an N-terminally

formed 2-oxopropanoyl (OPr). The dehydrated serine (Dha residue) that occupied

the +1 position of balucin apparently had undergone spontaneous hydration-deam-

ination to OPr due to instability after proteolytic removal of the leader peptide,
4 Cell Reports Physical Science 4, 101524, August 16, 2023



Figure 3. Structure and sequence analysis of balucin

(A) LC-MS/MS fragment pattern of balucin isolated from B. subtilis EH11.

(B) The spontaneous hydration-deamination of dehydrated serine (Dha) to 2-oxopropanoyl (OPr) is present at the +1 position of balucin.

(C) Sequence alignment of core peptides of selected class I lanthipeptides with that of balucin.

(D) The structure of balucin assigned in this work.
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which causes a 1 Da mass increase. This N-terminal modification has been described

previously for lactocin S, epilancin K7, epilancin 15X, and pinensins.33–37 To deter-

mine how many (Me)Lan rings are formed in balucin by intramolecular coupling of

cysteines to dehydrated residues, N-ethylmaleimide (NEM), an alkylating reagent

that reacts with free cysteine thiol groups and leads to a mass increase of 125 Da,

was used to react with the peptide. Figure 2D shows no mass shift of the peptides

before and after the NEM reaction, which indicated that all four cysteines in balucin

are occupied and probably involved in the formation of four Lan rings (a positive con-

trol with a 125 Da mass increase is given in Figure S2). This assumption was later

confirmed by LC-tandem MS (LC-MS/MS) analysis. LC-MS/MS analysis generates

b and y ions through peptide fragmentation, while the (Me)Lan ring prevents frag-

mentation within the ring. This makes LC-MS/MS a valuable tool for determining

the ring pattern of lanthipeptides with non-overlapping rings.38,39 In this study,

the protonated peptide (purified from B. subtilis EH11 supernatant as described

in the previous section) was fragmented by collision-activated dissociation, and frag-

ment ions were then analyzed to produce theMS/MS spectrum in Figure 3A (see also

Figure S3). The detected ions provide insights into the peptide’s amino acid compo-

sition, aligning with the sequences of balucin found in sequenced genomes. The four

non-overlapping rings that constitute the unique ring pattern of balucin are also

confirmed through this method, setting it apart from other class I lanthipeptides.

The alignment of amino acid sequences in Figure 3C shows that most of the repre-

sentatively chosen class I lanthipeptides have positively charged C termini, but ba-

lucin has a negatively charged Asp at the penultimate position at the C terminus. Ba-

lucin contains two Asp residues, and intriguingly, both of these negatively charged

Asp residues are positioned exactly behind two Lan rings in balucin, which rarely oc-

curs in other class I lanthipeptides. This may hint at a different or broader substrate
Cell Reports Physical Science 4, 101524, August 16, 2023 5
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specificity of BalC compared with NisC or other LanCs. Based on these data, and the

discussion in the previous section on the likely N-terminal amino acid, Figure 3D

shows the proposed structure for balucin.

Heterologous production of balucin in E. coli

We first co-expressed BalBC with its substrate precursor peptide BalA in the stan-

dardized E. coli expression host. E. coli BL21 (DE3) cells were transformed with

two plasmids (one for BalB and BalC expression and another for His6-BalA expres-

sion; see method details for their construction), and after induction of protein

expression, cells were broken by sonication, and the lysate was subjected to centri-

fugation to separate the dense cell material from the soluble proteins. The resulting

fractions were analyzed by western blotting with an anti-His-tag monoclonal anti-

body (Figure S4A). Unfortunately, the precursor peptides mostly ended up in inclu-

sion bodies. MALDI-TOF-MS analysis of the urea-solubilized inclusion bodies re-

vealed that the peptide had a mass consistent with unmodified balucin precursor.

Lack of modification of precursor peptide in the inclusion bodies is probably caused

by the limited access of the cytosolic BalBC enzymes.

To promote the solubility of precursor peptide in the cytoplasm, we chose a widely

known solubility enhancer, maltose-binding protein (MBP). The soluble expression of

His6-MBP-BalA was demonstrated by Tricine-SDS-PAGE (method details; Figure S4B),

andMBP could be easily removed from theHis6-MBP-BalA fusion by factor Xa protease.

The next step was to identify the proteases responsible for the leader cleavage of ba-

lucin. As discussed before, no predicted protease gene was included in the balucin

BGC. Some lanthipeptides of Bacillus origin are activated by unspecific extracellular

proteases.40–43 Thus, all predicted proteases produced by B. subtilis EH11 were in-

spected. One AprE (subtilisin E) homolog was found as the only extracellular protease,

having 99% identity with that of B. subtilis 168. The readily available semi-pure

B. subtilis 168 protease AprE was first used to cleaveMBP-BalA in vitro.43 The resulting

peptides were analyzed by LC-MS, and the quadruply charged [M+4H]4+ ions of pep-

tides were detected. The mass spectrum in Figure 4A shows a mass consistent with

mature balucin, although some masses corresponding to 4- and 5-fold dehydrated

peptides were also observed, reminiscent of incomplete dehydration of other lanthi-

peptides (e.g., nisin and ProcAs) when produced in E. coli.44 To verify that the AprE

from B. subtilis EH11 is indeed the protease responsible for activating balucin, the

aprE gene homolog was amplified from the B. subtilis EH11 genome and expressed

with a C-terminal His tag in E. coli BL21 (DE3). AprE-His6 was purified from the cell pel-

let through immobilized-metal affinity chromatography (IMAC) and was employed for

the digestion of His6-MBP-BalA, resulting in a main peak with the mass of balucin,

along with other peaks indicative of incomplete dehydration. The NEM reaction was

performed to verify whether all four Lan rings in balucin were formed by modification

of BalC. Figure 4B shows no mass shift of peptides before and after the NEM reaction,

so the undehydrated residues observed are probably not involved in the ring forma-

tion. Therefore, we conclude that functional balucin expression in E. coli has been

achieved. The identification of AprE as the responsible protease that recognizes the

leader cleavage site and activates balucin is a relevant contribution to the utility of

this E. coli expression system.

Heterologous production of balucin-nis3 hybrids in E. coli

Placing negatively charged amino residues at the C-terminal side of cysteines in the

C ring of nisin (1–22) (variant G18D, variant G18E, variant N20D, and variant N20E)

has a strongly adverse influence on peptide biosynthesis (Figure S5). To evaluate the
6 Cell Reports Physical Science 4, 101524, August 16, 2023



Figure 4. Post-translational modification analysis of heterologously expressed balucin

(A) The masses of peptide ions found in LC-MS for heterologously expressed balucin and the

corresponding dehydration numbers.

(B) MALDI-TOF-MS for heterologously expressed balucin before (I) and after (II) NEM reaction; the

125 Da mass shift position is labeled in orange.
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substrate promiscuity of BalC with respect to ring formation when Cys residues are

followed by a negatively charged residue and its potential as a general peptide

cyclase, a designed peptide balucin-nis3 with the sameN-terminal amino acid as ba-

lucin but with the fourth ring changed to the ring 3 of nisin, as shown in Figure 5A,

was used as substrate for BalBC in the balucin modular expression system. The ba-

lucin-nis3 replaced the balucin sequence fused to the balucin leader on the plasmid.

After co-expression with BalBC in E. coli BL21 (DE3), His6-MBP-BalA-nis3 fusion pro-

tein fractions were purified by IMAC from the cell pellet. Subsequently, the His6-MBP

and leader peptide were cleaved off using AprE-His6 in vitro. The resulting core pep-

tide fractions were purified through use of a C18 reverse-phase column and HPLC,

followed by analysis using LC-MS. As shown in Figure 5B, the [M+4H]4+ peptide

ions observed at m/z 883.19 were consistent with a fully dehydrated balucin-nis3.

Some other precursor ions corresponding to 5- and 4-fold dehydrated peptides

were also observed. A NEM reaction was subsequently performed and demon-

strated that BalC can form all Lans in balucin-nis3 in this expression system (Fig-

ure 5C). The MS/MS spectrum of the fully dehydrated balucin-nis3 was generated

by analyzing its fragment ions, as shown in Figure S6.
Bioactivity of balucin

The antimicrobial activity of balucin was investigatedwith a range of bacteria and fungi

as indicator strains. Balucin is active against gram-positive strains, including some

pathogens such as B. cereus 14579 and Listeria monocytogenes LMG10470, but it

is not active against the tested fungi (Figure 5D). The antimicrobial activity of subtilin

JS-4,31 another lanthipeptide isolated from B. subtilis EH11, was also investigated. Be-

sides its highly effective antibacterial activity, which has been reported before, anti-

fungal activity was detected in this study. In addition, balucin and subtilin JS-4 did

not show synergistic antibacterial effects on the indicator bacteria tested. For other

lanthipeptides, reported bioactivities range from antimicrobial to antiviral, anticancer,
Cell Reports Physical Science 4, 101524, August 16, 2023 7



Figure 5. Structure and activity of balucin-nis3

(A) The sequence and expected ring topology of designed balucin mutant balucin-nis3.

(B) The masses of peptide ions found in LC-MS for balucin-nis3 modified with the balucin modular expression system.

(C) MALDI-TOF-MS for modified balucin-nis3 before (I) and after (II) NEM reaction; the 125 Da mass shift position is labeled in orange.

(D) Antimicrobial activity of balucin and subtilin JS-4 isolated from B. subtilis EH11, including antibacterial activity (I) and antifungal activity (II).
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antinociceptive, antiallodynic, and immunomodulatory activities.37,45–50 Evaluation of

further possible bioactivities of balucin are currently underway.

DISCUSSION

Lanthipeptide BGCs are broadly occurring in bacterial genera.51 Genome mining

has facilitated an in silico approach to identify promising BGCs responsible for the

production of lanthipeptides with defined bioactivity or with novel structures or

even new scaffolds. In our previous study, genome mining of ten potential plant

growth-promoting rhizobacteria with good antagonistic activity revealed several

BGCs, with some known and several novel lanthipeptide BGCs. Among them, one

lanthipeptide BGC of interest, i.e., the balucin BGC, was characterized in this study.

The self-immunity proteins LanIEFG and a typical class I lantipeptide protease LanP

were not found in the balucin BGC, which indicates that these enzymes are either

located elsewhere on the genome (like aprE for mersacidin) or that genes from other

bacteriocin clusters might fulfil these functions.41,52 antiSMASH and RiPPminer anal-

ysis showed the that the balucin BGC has no similarity to known lanthipeptides, and

prediction of the preliminary structure of the core peptide reveals the notable reg-

ular presence of negatively charged amino acids after cysteine. Combined with

MS/MS analysis, the novel four non-overlapping ring pattern of balucin was eluci-

dated, in which two negatively charged aspartic acids are indeed located at the

C-terminal side of each of two (Me)Lan rings. This special ring pattern rarely occurs

in class I lanthipeptides, and it has been verified before that the introduction of such

a ring pattern in nisin can seriously affect the NisC modification and the biosynthesis
8 Cell Reports Physical Science 4, 101524, August 16, 2023
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of the final product. This result indicates that the cyclase of balucin (BalC) may have a

different or relaxed substrate specificity compared with NisC. However, the highly

challenging genetic manipulation of the non-model strain B. subtilis EH11 limits

the characterization of the balucin biosynthesis in a native strain. Therefore, heterol-

ogous production of balucin in a dedicated E. coli expression system was per-

formed, and the identification of the protease responsible for cleaving the balucin

leader peptide allows for producing peptides in E. coli using the balucin BGC.

The constructed system provides a way for characterizing the balucin biosynthetic

pathway and exploring the bioengineering potential of BalBC and also allows us

to meet future needs for the in vivo introduction of non-proteinogenic amino acids

and other RiPP modifications into balucin or other lanthipeptides.

Successful heterologous production of balucin validates the functionality of our bio-

logically engineered systems. We attempted production of one artificially designed

lanthipeptide balucin-nis3 using this system and observed the fully modified pep-

tide products, although incomplete dehydration was also observed, which also

happened in other lanthipeptide expression systems using E. coli.44 We have thus

given the first insight into the special ring-formation capability of BalC and its bioen-

gineering potential, which may function as a good alternative to the widely used

bioengineering cyclase NisC for modifying lanthipeptides with negatively charged

amino acids, providing a promising tool for the engineering of ribosomal synthesis

of NRP mimics. Alignment of the amino acid sequence of BalC with other reported

class I LanCs revealed that BalC shares about 26% sequence identity with NisC (Fig-

ure S7). The residues conserved at the active site of other LanC proteins are also pre-

sent in BalC,53,54 except for aspartic acid at position 141, which is glutamic acid in

BalC as shown in Figure 6. Asp141 is hydrogen bonded to His212 in the crystal struc-

ture of NisC and is required for correct cyclization.53 Mutagenesis showed that

substituting Asp141 with Asn resulted in a NisC variant that was not able to process

the dehydrated NisA precursor peptide and produced an inactive compound after

the removal of the leader peptide.53 Moreover, except for Asp141, all the other

conserved amino acids in the active site of LanCs are also conserved in the class II

lanthipeptide synthetase LanMs.55 These facts suggest that Asp141 is essential for

LanC function and that the changes in this site may influence substrate specificity.

The Glu has a longer side chain (one methylene group) than that of Asp, but a subtle

change in an essential site could be sufficient to switch the selectivity profile of some

proteins. Examples include a single Asp-to-Glu substitution that acts as a dynamic

switch to tip the selectivity balance of ubiquitin-conjugating enzymes for interaction

toward ubiquitin ligases,56 the Asp256Glu DNA polymerase b variant is more than

1,000-fold less active than the wild-type enzyme,57 and a single amino acid substitu-

tion, NisBAsp234Asn, has improved dehydration on unfavorable substrates with

respect to NisB wild type (NisBWT).21 Thus, our findings provide valuable insights

that may contribute to the evolution of LanC proteins as potential bioengineering

tools, warranting further investigation. The modeling of interactions between BalC

and its substrate MBP-BalA was predicted by AlphaFold (Figure S8).

Likemost lantibiotics, balucin displays activity against gram-positive bacteria but does

not show activity against the selected gram-negative strains. To optimize the produc-

tion levels of balucin and engineer variants with enhanced activity, a highly efficient

bioengineering platform is required. Optimization strategies include the use of low-

copy-number plasmids to control the expression rate of recombinant proteins, co-

expression of the glutamyl-tRNA synthetase (GluRS) and tRNAGlu pair from the pro-

ducing organism to improve the production of the fully modified peptide,58,59 change

of expression hosts to other model strains like B. subtilis 168 or PG10,42 or
Cell Reports Physical Science 4, 101524, August 16, 2023 9



Figure 6. Structural analysis

(A) Sequence alignment of selected LanC proteins with BalC; the essential catalytic residues that are conserved among the LanCs are labeled in blue,

and the one that is not conserved in BalC is labeled in magenta.

(B) The modeling 3D structure of BalC by AlphaFold. The overall 3D structure (left) and zoom in into the essential catalytic residues involved in LanCs

(right); the Zn2+ ion within the active site is shown as a gray sphere. Cartoons were generated using PyMol.
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development of cell-free systems with a simple preparation process. These efforts will

contribute to further improve the efficiency of the balucin modification machinery and

allow it to play a more prominent role in lanthipeptide engineering research.

In this study, through a combination of genome mining, MS, and expression

studies in a heterologous producer, the BGC of a novel class I lanthipeptide, balu-

cin, was discovered and characterized, revealing the unusual structure of the pre-

cursor peptide and the special substrate specificity of balucin synthetase BalC

with respect to other class I cyclases. BalC can install Lan rings in precursor pep-

tides with anionic amino acids flanking the cysteines. Since negatively charged

amino acids are present in many therapeutically used peptides, such as NRP-based

antibiotics, the balucin biosynthetic machinery BalBC sets the stage for engineered

biosynthesis of such peptide analogs, delineating a plausible pathway for gener-

ating sequence-variable, structurally diverse lanthipeptide libraries that can be

combined with high-throughput screening methods to screen for promising thera-

peutic peptides.17
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Oscar P. Kuipers (o.p.kuipers@rug.nl).
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Materials availability

All strains and plasmids generated in this study are available from the lead contact

with a completed materials transfer agreement.

Data and code availability

This study did not generate any unique datasets or code not available in the manu-

script files.
Microbial strains used and growth conditions

Strains and plasmids used in this study are shown in Table S1. B. subtilis EH11, as

natural producer of balucin, was used for peptide expression. A single colony of

B. subtilis EH11 was inoculated into starter liquid LB cultures and incubated over-

night, then 1:100 diluted in MEM and grown for 48 h at 30�C under shaking

(220 rpm).

E. coli TOP10 was used for plasmid construction and maintenance, and E. coli BL21

(DE3) was used for all expression purposes. E. coli was grown in LB broth (Foreme-

dium) or LB solidified with 1.5% (w/v) agar at 37�C, supplemented with kanamycin

(50 mg/mL) and/or spectinomycin (50 mg/mL), or chloramphenicol (10 mg/mL) for

plasmid selection. For peptide and protein expression, overnight cultures were

100-fold diluted in fresh LB medium and induced with IPTG60 (0.5 mM) at an optical

density at 600 nm (OD600) of 0.6–0.8.

B. cereus ATCC14579, Staphylococcus aureus LMG15975, Micrococcus flavus,Lac-

tococcus lactis NZ9000, Enterococcus faecium LMG16003, and L. monocytogenes

LMG10470 were used as indicator strains for antibacterial assays. B. cereus and

S. aureus 15975 were grown in LB medium at 37�C under shaking (220 rpm) or in

LB with 1% agar (w/v). M. flavus was grown in LB medium at 30�C under shaking

(220 rpm) or in LB with 1% agar (w/v). L. lactiswas grown at 30�C inM17 broth (Oxoid)

or inM17 broth with 1% agar (w/v), containing 0.5% (w/v) glucose (GM17). E. faecium

was grown at 37�C in brain heart infusion (BHI) broth or in BHI broth containing 1%

(w/v) agar. L. monocytogenes was grown in BHI broth at 37�C under shaking

(220 rpm) or in BHI broth containing 1% (w/v) agar.
Molecular biology techniques

Oligonucleotide primers used in this study were purchased from Biolegio BV (Nijme-

gen, the Netherlands) and are given in Table S2. Plasmids encoding the peptides and

proteins were constructed by using standard molecular cloning techniques as

described previously,61 and all plasmids’ information is shown in Table S1. PCRs

were conducted with Phusion DNA polymerase (Thermo Fisher Scientific, Waltham,

MA, USA). The obtained PCR products were mixed and treated with Gibson Assembly

MasterMix (Bioke, Leiden, theNetherlands), yielding 20 nucleotide overhangs anneal-

ing to complementary overhangs, and then the mixtures were directly applied to

transform chemically competent E. coli TOP10 to generate plasmids. The plasmidmu-

tants were construct by amplifying template plasmid using a pair of oligonucleotide

primers designed to introduce mutations. Self-ligation of the PCR product was carried

out with T4 DNA ligase (Thermo Fisher Scientific), after which competent E. coli TOP10

was transformed with the resulting ligation mixture. Plasmid DNA was isolated from

transformants using a NucleoSpin Plasmid EasyPure kit (Macherey-Nagel), and correct

transformants were selected after DNA sequencing by Macrogen Europe (Amster-

dam, the Netherlands). For expression purposes, chemically competent E. coli BL21

(DE3) was transformed with sequenced plasmid DNA from E. coli TOP10.
Cell Reports Physical Science 4, 101524, August 16, 2023 11
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Method details

Genome mining for balucin BGC

The draft genome sequence of B. subtilis EH11 was downloaded from the NCBI

database (NCBI: RPHE00000000). The web service antiSMASH (v.5.0, bacterial

version)29 was used to identify BGCs of secondary metabolites in ‘‘relaxed’’ strict-

ness and ‘‘all on’’ extra features. BGCs that have different numbers of genes or

that show less than 70% protein identity to the reported ones were regards as novel.

Potential novel BGCs known to encode bacteriocins were then validated using

BAGEL4.30 The cleavage site and ring formation of precursor were predicted in

RiPPMiner.32

Extraction and purification of balucin (antimicrobial substrate) from B. subtilis EH11
supernatant

B. subtilis EH11 cells were inculcated (100 times diluted from an overnight culture) in

MEM and grown 48 h at 30�C under shaking (220 rpm). Subsequently, the culture

was centrifuged at 15,000g for 15 min, and the supernatant was collected and

then applied to C18 Silica Gel Spherical (Sigma-Aldrich) equilibrated with 0% aceto-

nitrile (MeCN) (VWR) containing 0.1% trifluoroacetic acid (TFA) (Sigma-Aldrich). Af-

ter binding, a first wash was done with 0%MeCN containing 0.1% TFA, and a second

wash was done with 25%MeCN containing 0.1% TFA; peptides were then eluted up

to 45% MeCN containing 0.1% TFA. The fractions containing the eluted peptide

were freeze dried and subsequently dissolved in Milli-Q water. After filtration

through a 0.2 mm filter, the crude extracts was purified on a 1260 Infinity HPLC

system (Agilent) with an Aeris 3.6 mm peptide XB-C18 column (250 3 4.6 mm,

100 Å) (Phenomenex). MeCN was used as the mobile phase, and a gradient

MeCN containing 0.1% TFA over 30 min at 1 mL/min was used for separation. Pep-

tide was eluted around 40% MeCN, and the separated peptides were collected and

lyophilized.

MS. analysis

To identify and analyze the peptide, MALDI-TOF-MS was performed using a 4800

Plus MALDI TOF/TOF Analyzer (Applied Biosystems) in the linear-positive mode.

Sample preparation in brief: a 1 mL sample was spotted on the MALDI-TOF-MS plate

and dried at room temperature. A 0.8 mL matrix (5 mg/mL a-cyano-4-hydroxycin-

namic acid) was subsequently spotted on each sample and left to dry.

NEM assay to detect (non-)cyclized Cys residue of balucin

An aliquot of balucin or the balucin mutant was diluted in PBS buffer (pH 7.5) to a final

concentration of 1 mM and mixed with 5 mM TCEP and incubated for 30 min at room

temperature. Then 25 mg/mL NEM was added into the mixture, and the reaction was

incubated at room temperature for 60 min and analyzed by MALDI-TOF-MS. The pos-

itive control sample is a linear peptide that has one Dhb and one free cysteine with the

amino acid sequence: G I L G N I V G M G K Q V V Dhb G L N G L C.

LC-MS/MS analysis

To gain insight into the Lan ring pattern, we performed LC-MS/MS. LC-MS was re-

corded using an Ultimate 3000 UPLC system coupled with a Q-Exactive mass spec-

trometer, an ACQUITY BEH C18 column (2.1 3 50 mm, 1.7 mm particle size, 200 Å;

Waters), a heated electrospray ionization (HESI) ion source, and an Orbitrap detec-

tor. In each run, a 10 mL sample was injected and separated with a gradient MeCN

containing 0.1% formic acid (v/v) at a flowrate of 0.5 mL/min. MS/MS data were ac-

quired in a separate run in parallel reaction monitoring (PRM) mode selecting the

doubly or triply charged ion of the targeted compound.
12 Cell Reports Physical Science 4, 101524, August 16, 2023
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Molecular cloning

In all cases, the original genetic sequence for BalA, BalB, BalC, and AprE was ampli-

fied directly from the B. subtilis EH11 genomic DNA using primers to introduce over-

hangs for ligation. The vector was PCR amplified using primers designed to intro-

duce overhangs for insert ligation or phosphorylation modification for self-ligation.

To construct pCDF-His6-BalA, the nucleotide sequence encoding precursor peptide

BalA (23 amino acid leader peptides and 37 amino acid core peptides) was placed

downstream of T7(1) of pCDFDuet-1 using 20 nucleotide overhangs annealing to

complementary overhangs for ligation, and the N-terminal His tag was remained

from the template substrate of which the pCDF backbone was amplified. pCDF-

His6-MBP-BalA was constructed by inserting an MBP tag behind the His tag of

pCDF-His6-BalA, and a factor Xa protease cleavage site was introduced between

MBP and BalA. To construct pRSF-BalB-BalC, the gene encoding BalB and BalC was

cloned into pRSFDuet-1 behind T7(1) and T7(2), respectively, using 20 nucleotide

overhangs for ligation. This construct expresses the untagged BalB and BalC enzymes.

The plasmid pACYC-His6-AprE was constructed by placing the nucleotide sequence

encoding (AprE) downstream of T7(1) of pACYCDuet-1. The plasmid pCDF-His6-

MBP-BalA-nis3 was created using pCDF-His6-MBP-BalA as a template for PCR ampli-

fication introducing the BalA-nis3 mutations and 50 phosphorylation, followed by T4

self-ligation.

Peptide and protein expression

For co-expressions of His6-BalA with BalBC, His6-MBP-BalA with BalBC, and His6-

MBP-BalA-nis3 with BalBC, single-colony transformants were inoculated into starter

liquid LB cultures containing 50 mg/mL kanamycin and spectinomycin. The starter cul-

ture was incubated overnight and then 1:100 diluted in fresh expression culture. The

expression cultures were incubated at 37�C under shaking (220 rpm) until an OD600 of

0.6–0.8 was achieved. The culture was then placed at 18�C (220 rpm) with 10 min pre-

cooling and induced with 0.5mM IPTG solution. After overnight induction, the expres-

sion culture was harvested by centrifugation at 10,000g, 4�C, for 15 min. The resulting

pellet was stored at �20�C until His-tag purification was carried out.

For expression of His6-AprE, the single-colony transformants were inoculated into

starter liquid LB cultures with 10 mg/mL chloramphenicol, and the expression culture

was done identically to that of His6-BalA until induction. The expression culture was

induced with 0.5 mM IPTG solution without precooling and grown for 4 h at 37�C un-

der shaking (220 rpm), after which the cells were harvested.

His-tag purification

The cells were harvested by centrifugation, resuspended in 1/20th culture volume

binding buffer (20 mM H2NaPO4 [Merck], 0.5 M NaCl [VWR], 20 mM imidazole

[Merck] [pH 7.4]), and then sonicated on ice until visibly lysed. The lysate was centri-

fuged twice at 10,000g, 4�C, for 30 min and filtered through a syringe filter (0.45 mM)

to remove cell debris. For Ni-NTA purification, a standard procedure was conduct-

ed. A 10 column volume (CV) of binding buffer was run over an open column contain-

ing Ni-NTA agarose (50%, 2 mL; Qiagen Benelux B.V.) to equilibrate it. Then, the

lysate flowed through the column twice to allow His peptide/protein to bind to

the Ni-NTA agarose. After binding, a first wash was done with 5 CV binding buffer,

and a second wash was done with 10 CV wash buffer (20 mM H2NaPO4, 0.5 M NaCl,

30 mM imidazole [pH 7.4]), followed by elution with 2.5 CV elution buffer (20 mM

H2NaPO4, 0.5 M NaCl, 20 mM imidazole [pH 7.4]). Finally, purified peptides and

proteins were analyzed by Tricine SDS-PAGE.
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Western blot

Tricine SDS gels (16%) were prepared as described previously.62 Two identical gels

were run. Of each sample, 12 mL His-tag elution + 3 mL 53 loading buffer (550 mm

dithiothreitol [Sigma-Aldrich], 250 mm Tris-HCl [Boom], 50% glycerol [Boom], 10%

sodium dodecyl sulfate [Sigma-Aldrich], 0.5% Coomassie Blue R-250 [Bio-Rad] [pH

7]) was boiled for 8 min, and the samples were run next to a PageRuler (Thermo Sci-

entific) prestained ladder. One of the gels was stained with brilliant blue stain, and

the other gel was used for western blotting,63 using monoclonal anti-polyhistidine

(H1029, Sigma) as the primary antibody and rabbit immunoglobulin (IgG) HRP

Linked (GENA934, Merck) as the secondary antibody.

Proteolytic cleavage with AprE-His6
PD-10 desalting columns were used for buffer exchange after peptide His-tag puri-

fication, and the precursor peptide proteolytic cleavage was performed in 50 mM

Tris-HCL buffer (pH 7.5). 5 mL precursor peptide solution was digested by 500 mL

AprE at 37�C for 3 h. The cleavage of the leader peptide was then observed by

MALDI-TOF-MS. Purification of digested core peptides was carried out using C18

open column and reversed-phase (RP)-HPLC as described in the "extraction and pu-

rification of balucin (antimicrobial substrate) from B. subtilis EH11 supernatant"

method section.

Antimicrobial and antifungal activity assay

B. cereus 14579, S. aureus 15975,M. flavus, L. lactisNZ9000, E. faecium LMG16003,

and L. monocytogenes LMG10470 were used as indicator strains and grown over-

night in corresponding condition as described in the previous section. 100 mL over-

night culture was added to 100 mL corresponding melted agar medium. Of this

mixture, 12 mL was added to each 90 mm diameter Petri dish, and 10 mL peptide

sample at a concentration of 20 mM was then dropped on the plate after the agar

was solid. The plates were transferred to the incubator for incubation overnight.

All tests were performed in triplicate.

The fungi (Fusarium culmorum and Rhizoctonia solani) were grown on potato

dextrose agar (PDA) plates for 3 days at room temperature. Then, a mycelial plug

5 mm in diameter of each pathogen was placed in the center of a new PDA plate.

5 mL peptide sample at a concentration of 20 mM was spotted 2 cm away from the

plug. The plates were sealed with parafilm and incubated at room temperature for

3–5 days. Hyphal growth was monitored depending on the growth rate.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0, experiments were

conducted in triplicate, and data are represented as the mean value of triplicate

experiments.

Protein modeling and bioinformatics searches for class I lanthipeptide cyclases

The 3D structures of proteins were first predicted by using AlphaFold64 in a high-per-

formance computer (HPC), and the metal ion was incorporated into the predicted

structure by using AlphaFill. AlphaFill is an algorithm that transplants lacking li-

gands, co-factors, and metal ions into AlphaFold models based on sequence and

structural similarity. In the case of protein folding using AlphaFold, the input

FASTA file consists of either a single amino acid sequence representing the BalC

enzyme, which is used for predicting the structure of individual monomers, or mul-

tiple sequences, such as the BalC enzyme and the His6-MBP-BalA substrate, which

are employed for the folding of protein complexes using AlphaFold-Multimer. The
14 Cell Reports Physical Science 4, 101524, August 16, 2023
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resulting PDB file for BalC alone was then subjected to AlphaFill to predict any

missing ligands, co-factors, and metal ions, resulting in the final structure. To incor-

porate metal ions into the BalC complex, the PDB file of BalC/His6-MBP-BalA from

the AlphaFold prediction was visualized and aligned with the BalC structure using

the molecular visualization system PyMOL. Based on this alignment, the zinc ion

was extracted from the BalC structure and integrated into the BalC/His6-MBP-

BalA structure.
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