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ABSTRACT Nonribosomal peptides (NRPs) are a class of secondary metabolites usu-
ally produced by microorganisms. They are of paramount importance in different ap-
plications, including biocontrol and pharmacy. Brevibacillus spp. are a rich source of
NRPs yet have received little attention. In this study, we characterize four novel bo-
gorol variants (bogorols | to L, cationic linear lipopeptides) and four succilins (succi-
lins | to L, containing a succinyl group that is attached to the Orn/Lys; in bogorols |
to L) from the biocontrol strain Brevibacillus laterosporus MG64. Further investigation
revealed that the bogorol family of peptides employs an adenylation pathway for li-
poinitiation, different from the usual pattern, which is based on an external ligase
and coenzyme A. Moreover, the formation of valinol was proven to be mediated by
a terminal reductase domain and a reductase encoded by the bog/ gene. Further-
more, succinylation, which is a novel type of modification in the family of bogorols,
was discovered. Its occurrence requires a high concentration of the substrate (bo-
gorols), but its responsible enzyme remains unknown. Bogorols display potent activ-
ity against both Gram-positive and Gram-negative bacteria. Investigation of their
mode of action reveals that bogorols form pores in the cell membrane of both
Gram-positive and Gram-negative bacteria. The combination of bogorols and relacid-
ines, another class of NRPs produced by B. laterosporus MG64, displays a synergistic
effect on different pathogens, suggesting the great potential of both peptides as
well as their producer B. laterosporus MG64 for broad applications. Our study pro-
vides a further understanding of the bogorol family of peptides as well as their ap-
plications.

IMPORTANCE NRPs form a class of secondary metabolites with biocontrol and phar-
maceutical potential. This work describes the identification of novel bogorol variants
and succinylated bogorols (namely, succilins) and further investigates their biosyn-
thetic pathway and mode of action. Adenylation domain-mediated lipoinitiation of bo-
gorols represents a novel pathway by which NRPs incorporate fatty acid tails. This path-
way provides the possibility to engineer the lipid tail of NRPs without identifying a fatty
acid coenzyme ligase, which is usually not present in the biosynthetic gene cluster. The
terminal reductase domain (TD) and Bogl-mediated valinol formation and their effect on
the biological activity of bogorols are revealed. Succinylation, which is rarely reported in
NRPs, was discovered in the bogorol family of peptides. We demonstrate that bogorols
combat bacterial pathogens by forming pores in the cell membrane. We also report the
synergistic effect of two natural products (relacidine B and bogorol K) produced by the
same strain, which is relevant for competition for a niche.
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onribosomal peptides (NRPs) are a class of secondary metabolites synthesized by

megaenzymes named nonribosomal peptide synthetases (NRPSs). NRPs display
diverse properties, some of which can help the producer to survive in natural environ-
ments. Surfactins and viscosins are essential for the motility of Bacillus subtilis and
Pseudomonas putida, respectively (1-4). Massetolide A and rhamnolipid are involved in
biofilm formation by different Pseudomonas species (5-7). Bacillibactin and petrobactin
are siderophores that can chelate iron and make it available for Bacillus species (8, 9).
Many NRPs display antimicrobial activity against a broad range of microorganisms,
including bacteria, fungi, oomycetes, and viruses, etc. Because of this important
property, some NRPs, such as surfactins and iturins, are used as biocontrol agents
to defend against plant diseases (10), while others, such as daptomycin and
polymyxin, are used as antibiotics to treat animal and human diseases caused by
pathogenic bacteria (11, 12).

Brevibacillus is a genus belonging to the Firmicutes, one of the phyla with a great
abundance of NRPS enzymes (13). Brevibacillus spp. are a rich source of NRPs, which has
been known for many decades. Tyrocidine and gramicidin S, two cyclic lipopeptides
with potent antibacterial activity, were discovered from Brevibacillus brevis in the 1940s
(14, 15). A class of linear cationic lipopeptides, including bogorols, BT peptide, BL-A60,
and brevibacillins, was discovered from Brevibacillus laterosporus in the past 2 decades
(16-20). Brevicidine, laterocidine, and relacidines, a class of cationic lipopeptides that
selectively combat Gram-negative bacteria, were characterized from B. laterosporus in
the past 2 years (21, 22). Even so, we believe that the biosynthetic potential of
Brevibacillus spp., especially B. laterosporus, has been underestimated. On the one hand,
genome mining of B. laterosporus MG64, a plant-growth-promoting rhizobacterium
from perennial ryegrass, revealed that around 80% of the biosynthetic gene clusters
(BGCs) have not been assigned to known products yet (23). On the other hand, some
structurally similar NRPs produced by Brevibacillus spp. were overlooked (24). For
example, bogorols, BT peptide, and brevibacillins share similar structures but have
different amino acid residues in the second, fourth, fifth, or ninth positions. A minor
difference in the amino acid residues has been shown to affect the biological properties
of the bogorols: a replacement of isoleucine by valine at the fourth position decreases
the antibacterial activity severely (17). Therefore, more attention should be paid to the
characterization of the rich variety of NRPs from Brevibacillus spp.

In this study, we aimed to identify and characterize novel NRPs produced by the
biocontrol strain B. laterosporus MG64, which showed very good activity against a
variety of pathogens, including plant pathogens and mammalian pathogens (23).
Furthermore, we investigate the biosynthesis and mode of action of the compounds to
have a better understanding of their potential for application.

RESULTS

Purification and characterization of bioactive peptides from B. laterosporus
MG64. We previously isolated a biocontrol strain, B. laterosporus MG64, that can inhibit
a wide range of plant pathogens and mammalian pathogens (23). To identify and
characterize the bioactive compounds, B. laterosporus MG64 was inoculated in Lennox
broth (LB) for 24 h, and the supernatant was used to extract the metabolites with a
column filled with C,g silica gel. The crude extract was further purified by high-
performance liquid chromatography (HPLC), and the different peaks that were col-
lected were screened for bioactivity against Xanthomonas campestris pv. campestris, a
Gram-negative pathogen that causes bacterial wilt in perennial ryegrass, and Bacillus
cereus, a Gram-positive bacterium that causes food spoilage. The major peaks showed
bioactivity against both strains and were selected for further characterization.

Four different compounds were characterized by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (see Fig. S1 in the supplemental material). Compounds
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FIG 1 Bogorols and succilins produced by B. laterosporus MG64. (A) Gene cluster of bogorols harbored by B.
laterosporus MG64. Green, core biosynthetic gene; blue, transport-related gene; gray, unknown gene; red, addi-
tional biosynthetic gene. (B) Structures of bogorols and succilins characterized by LC-MS/MS and NMR. Amino acid
residues at positions 3 to 5 (red shaded) of different peptides are shown in the table below the structures. (C)
Two-dimensional (2D) NMR correlations (red, "H-"H TOCSY; blue, "H-"H NOESY) confirming succinylation at the third
amino acid residue (Lys) of succilin K (see also Fig. S3 in the supplemental material).

1 and 2 have the same mass of 1,555.06 Da (m/z 778.53 [M + 2H]?™). The clear signals
of y and b ions indicated the presence of Val (5), Orn (1), lle (1), Lys (2), and Tyr (1) (with
the numbers in parentheses indicating the amounts of amino acid residues) (Fig. STA).
The difference between compounds 1 and 2 are the amino acid residues at positions
4 and 5, where compound 1 has lle,-Val; and compound 2 has these inverted. The total
masses and amino acid compositions of both compounds are similar to those of
bogorols, which form a class of linear peptides that are composed of a fatty acid tail
(2-hydroxy-3-methylvaleric acid) and 13 amino acid residues (including a valinol at the
last position) (16, 17). The bogorol biosynthetic gene cluster identified by antiSMASH
also supports this hypothesis (Fig. 1A). With bogorol as a reference structure, we
successfully identified the components at both termini, namely, CH,,0,-
dehydrobutyrine (Dhb) for the N terminus (b, = 198.11) (Fig. S1A) and Leu-valinol for
the C terminus (y, = 217.19) (Fig. S1A). However, Leu, in the reported bogorols is
replaced by Valg in compounds 1 and 2. Therefore, we propose them to be novel
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variants of bogorol. Similarly, compound 3 (m/z 785.54 [M + 2H]?>™) and compound 4
(m/z 792.54 [M + 2H]?*) were identified to be novel variants of bogorol as well.
Compared to compounds 1 and 2, compound 3 has a 14-Da increase in mass, which is
a result of two consecutive lle residues at positions 4 and 5 (Fig. S1B). Compound 4 has
Lys instead of Orn at position 3, which is the only difference from compound 3 (Fig.
S1C). Compounds 1 to 4 were therefore named bogorols | to L, respectively (Fig. 1B).

The structures of bogorol K and bogorol L were further confirmed by 'H nuclear
magnetic resonance (NMR), 'H-"H total correlation spectroscopy (TOCSY) NMR, and
"H-"H nuclear Overhauser effect spectroscopy (NOESY) NMR (Fig. S1D and E). Their
chemical shift (parts per million) assignments (partial) are shown in Tables S1 and S2,
respectively. A Marfey-type analysis (25) was also conducted to detect the configuration
of amino acids in bogorol K and bogorol L. Both compounds have an L-configuration
of all the Val, Leu, lle, and valinol residues and a p-configuration of Tyr at position 11
(Table S3). The Orn residue in position 3 of bogorol K is in the p-configuration, which
suggests that the Lys residue in bogorol L should also be in a b-configuration. The other
two Lys residues at positions 7 and 10 of both compounds displayed either a p- or
L-configuration, which could not be distinguished from each other. This result is
consistent with the prediction from antiSMASH where epimerization domains were
predicted at the 3rd, 7th, and 11th modules (Fig. 1A).

Fortuitously, we found another group of peptides (compounds 5 to 8) that have
masses of 1,655.10Da (compounds 5 and 6), 1,669.11 Da (compound 7), and
1,683.10 Da (compound 8), which are 100 Da higher than those of bogorols | to L,
respectively. They are eluted by HPLC in the same order as bogorols | to L but with a
longer elution time (data not shown). Further analysis of tandem MS data revealed that
these peptides are likely the products of a succinyl group attached to Orn; or Lys; of
bogorols | to L with a peptide bond (Fig. 1B; Fig. S2A to C). In the NMR analysis, the
succinylation at Orn; in peptide 7 was supported by the appearance of 2 methylene
signals at 2.28 and 2.36 ppm, which showed a strong correlation by "H-"H TOCSY NMR
(Fig. 1C; Fig. S3A). Both signals showed NOESY cross-peaks with an amide N-H signal at
7.79 ppm, which in turn showed a correlation with the signal of the 6-CH, of Orn; at
2.98 ppm by both TOCSY and NOESY NMR (Fig. 1C; Fig. S3B and C). The downfield shift
of this 8-H from 2.76 ppm (in bogorol K) to 2.98 ppm is consistent with the acetylation
of the Orn; amine resulting in a more electron-withdrawing amide (Table S4). This
result confirms the attachment of a succinyl group at the end of the side chain of the
Orns. Therefore, we name compounds 5 to 8 as succilins | to L, which are probably
modification products arising from bogorols | to L (Fig. 1B).

Adenylation domain-mediated lipoinitiation. Members of the bogorol family of
peptides contain a fatty acid tail at the N terminus, which is a representative charac-
teristic of lipopeptides. The lipid tails of lipopeptides are usually incorporated into the
peptides through a starter condensation (C) domain (26). However, such a domain was
not found in the gene cluster of bogorols (Fig. 1A), suggesting a potentially novel
lipidation of bogorols. Inspection of the biosynthetic modules reveals an additional
module that is encoded by the bog/ gene. The knockout mutant of bog/ in B.
laterosporus LMG15441, a transformable bogorol producer (27), impaired the produc-
tion of bogorols completely (Fig. 2A; Fig. S4A), suggesting that the bogJ/ gene is
essential for the biosynthesis of bogorols. To investigate the potential substrate acti-
vation by this module, a phylogenetic tree involving the 14th adenylation (A) domain
and the other A domains from the bogorol gene cluster, as well as other A domains that
are known to activate alpha-hydroxy acid, was constructed. The result revealed that
A14 is phylogenetically far away from other A domains in the bogorol gene cluster.
Instead, it was clustered together with A domains that activate alpha-hydroxy acid (Fig.
2B). Further inspection revealed that such A domains are normally followed by a
ketoreductase (KR) domain. They form a special module together with a peptidyl carrier
protein (PCP) domain. A similar module was found in another gene cluster from B.
laterosporus MG64 (Fig. S4B). This gene cluster was identified to be auriporcine, a
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FIG 2 Adenylation domain-mediated lipoinitiation of bogorol peptides. (A) Production of bogorols by the wild-type (WT) and AbogJ
mutant strains of B. laterosporus LMG15441. Strains were grown in MEM broth for 48 h and extracted with a C,4 column filled with
silica gel. The extracted products were subsequently subjected to HPLC. (B) Phylogenetic tree of A domains from the bogorol gene
cluster harbored by B. laterosporus MG64 and reference A domains that incorporate hydroxy acid. Auriporcine was retrieved from B.
laterosporus PE36, while cereulide and valinomycin were retrieved from the miBIG database. The A domains activating alpha-hydroxy
acids are indicated in red. (C) Usual pattern of fatty acid incorporation in NRPs. CoA, coenzyme A; FACL, fatty acid coenzyme ligase.
(D) Proposed pattern of bogorols incorporating fatty acid.

lipopeptide originally identified from B. laterosporus PE36 (Fig. S4B) (28). Interestingly,
the fatty acid tail of auriporcine, which is incorporated by the A-KR-PCP module, is the
same as that of bogorols (Fig. S4C). All these results suggest that the lipoinitiation of
bogorols is mediated by the module encoded by bogJ. This lipoinitiation is different
from the usual pattern employed by most of the NRPs, in which the fatty acid is
activated by ligation to coenzyme A in the presence of a fatty acid coenzyme ligase
(FACL) and the activated fatty acid is then incorporated into the assembly line by a
starter C domain (Fig. 2C) (26). In the case of bogorols, a 3-methyl-2-oxopentanoic acid
was first activated by an A domain, which usually activates amino acid residues. After
activation, the a-keto acid was reduced into 2-hydroxy-3-methylvaleric acid by the KR
domain and entered the next module under the guidance of a C domain (Fig. 2D) (29).

The formation of valinol is mediated by two reductases. An outstanding char-
acteristic of bogorol family peptides is the presence of a valinol (an alcohol form of
valine) at the C terminus. Its formation is mediated by two possible mechanisms: (i)
valinol is incorporated by the corresponding module, or (ii) valine is incorporated and
then reduced to valinol. The first mechanism was considered more straightforward and
energy-saving. However, analysis of A domains indicates that A13 shows very high
similarity to other A domains that incorporate valine (Fig. 2B). Therefore, the second
mechanism is more likely to be employed. Investigation of the gene cluster led us to
the discovery of two reductases: the terminal reductase domain (TD) in BogF and an
aldo/keto reductase, Bogl. The TD is responsible for the release of the peptide chain
from the PCP domain in a reduction pathway (30), while the function of Bogl was
unknown. To investigate the latter, the bog/ gene in B. laterosporus LMG15441 was
knocked out, resulting in the formation of a new group of compounds. These new
peptides have masses that are 2 Da lower than those of the wild type (Fig. 3A and B;
Fig. S4D). This mass reduction corresponds to the change of the alcohol form of valine
to the aldehyde form, which indicates that valine was first reduced to the aldehyde
form when released by the TD and then further reduced to the alcohol form by Bogl
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FIG 3 Formation of valinol in bogorol peptides. (A and B) Bogorols and their intermediates (aldehyde form) produced by wild-type
(A) and Abogl mutant (B) strains of B. laterosporus LMG15441. The masses (daltons, based on MALDI-TOF analysis) of the three major
compounds produced by each strain are indicated. (C) Two-step formation of alcohol-form amino acids in the bogorol family of
peptides. (D) Spot-on-lawn assay of aldehyde-form and alcohol-form bogorols. X. campestris pv. campestris NCCB92058 was used as

an indicator. Each compound was added at the same amount, namely, 10 ul of a 200-ug/ml stock.

(Fig. 3C). A comparison of the antibacterial activities of bogorols in the two different
forms revealed that the alcohol form has better activity, underlining the importance of
the reduction for biological activity (Fig. 3D).

Succinylation occurring in lipopeptides. In this study, a novel class of peptides
with an additional succinyl group attached to the Orn,/Lys; residue of bogorols was
identified as succilins. This modification is not observed in B. laterosporus LMG15441
(Fig. S5A), suggesting that succilins are not always formed when bogorols are pro-
duced. A comparison of the flanking genes of the bogorol BGC reveals some specific
genes in each strain (Fig. S5B). However, the annotation of these genes did not result
in a potential candidate, which was expected to be a transferase based on the similar
modification, mannosylation, of ramoplanin (31, 32). Further investigation of the gene
cluster revealed two transferases, bogN and bogR, which are present in both strains (Fig.
S5B). However, the expression of bogN and bogR from B. laterosporus MG64 in B.
laterosporus LMG15441 did not result in the production of succilins, suggesting that
they are not responsible for succinylation (Fig. S5C). Interestingly, we found that
bogorols were detected in B. laterosporus MG64 after a 14-h incubation in our exper-
iment, whereas succilins were detected only after 16 h by matrix-assisted laser desorp-
tion ionization-time of flight (MALDI-TOF) mass spectrometry and only after 18 h by
HPLC (Fig. 4; Fig. S5D). This suggests that succinylation may require a high substrate
concentration and is likely mediated by enzymes. However, the responsible gene is still
unclear, and further research using transcriptomics and/or heterologous expression is
needed.

Antibacterial activity and mechanism of action. To investigate the potential of
the newly identified bogorols and succilins for different applications, the antibacterial
activity of bogorol K, bogorol L, and succilin K was assessed using plant pathogens
(Xanthomonas species, Pseudomonas species, Pectobacterium carotovorum, and Ralsto-
nia syzygii), a food pathogen (Bacillus cereus), and human pathogens (Pseudomonas
aeruginosa, Klebsiella pneumoniae, Escherichia coli, and Staphylococcus aureus) as indi-
cators. As shown in Table 1, bogorol K and bogorol L displayed potent activity against
the Gram-positive pathogens tested (MIC values ranging from 1 to 4 ug/ml). Bogorols
K and L were also active against various Gram-negative pathogens, except for the
human pathogen P. geruginosa and the plant pathogens P. carotovorum and R. syzygii,
which are not inhibited by both compounds until their concentrations reach 32 ug/ml.
Their antibacterial potency is similar to that of brevibacillin, a structurally similar

December 2020 Volume 86 Issue 24 e01981-20

aem.asm.org 6


https://aem.asm.org

The Bogorol Family of Peptides and Their Biosynthesis Applied and Environmental Microbiology

Bogorols Succilins
i
. ; \ OV NN 20h
N
W M N\ 18h
\ 16 h
. S~ ﬂ

Retention time (min)

FIG 4 Production of bogorols and succilins by B. laterosporus MG64 at different time points. Fresh cells
(10-pul culture with an ODy, of 1.0) were inoculated in 50 ml MEM broth and grown at 28°C for 14 h, 16
h, 18 h, and 20 h. The compounds were extracted from the supernatant at each time point and analyzed
by HPLC and MALDI-TOF mass spectrometry.

lipopeptide. Succilin K, which is derived from bogorol K by succinylation at Orn,,
showed only weak activity against Xanthomonas spp. and the Gram-positive pathogens
tested, and the MIC values are at least 4 times higher than that of bogorol K.

The Gram-positive human pathogen S. aureus subsp. aureus 533 R4 and the Gram-
negative plant pathogen X. campestris pv. campestris NCCB92058 were used to inves-
tigate the mode of action of bogorol K. As shown in Fig. 5A, bogorol K inhibited the
growth of Staphylococcus within 15 min, which is comparable to the positive control
nisin. The addition of lipoteichoic acid (LTA), an important constituent of the cell wall
of Gram-positive bacteria, did not affect the activity of bogorol K against Staphylococ-
cus, suggesting that bogorol K does not bind to LTA, in contrast to nisin (Fig. 5A).
Moreover, the addition of lipid Il originating from Gram-positive bacteria did not
decrease the inhibition zone of bogorol K toward Staphylococcus (Fig. S6A), suggesting
that bogorol K does not bind to Gram-positive-type lipid Il. However, the membrane
permeability assay showed that bogorol K forms pores in the cell membrane of
Staphylococcus, similar to the positive control nisin (Fig. 5B). Bogorol K inhibited the
growth of the Gram-negative bacterium X. campestris within 15 min and showed weak
binding to the lipopolysaccharide (LPS) compared to polymyxin B (Fig. 5C). Besides,
bogorol K does not bind to lipid Il originating from E. coli (Fig. S6B). Membrane

TABLE 1 MIC values of the identified compounds against different bacteria

MIC (ng/ml)“

Bogorol K Bogorol L Succilin K
Pathogen (compound 3) (compound 4) (compound 7) Brevibacillin
Xanthomonas campestris pv. campestris NCCB92058 4 2 32 2
Xanthomonas translucens pv. graminis LMG587 8 4 16 2
Pseudomonas syringae pv. antirrhini LMG2131 16 8 >32 8
Pseudomonas syringae pv. tomato DC3000 16 8 >32 16
Pseudomonas aeruginosa PAO1 32 32 >32 32
Klebsiella pneumoniae LMG20218 16 32 >32 16
Escherichia coli ET8 8 8 >32 8
E. coli MG1665 16 16 >32 16
Pectobacterium carotovorum LMG5863 >32 >32 >32 ND
Ralstonia syzygii subsp. syzygii LMG6969 >32 32 >32 ND
Staphylococcus aureus subsp. aureus 533 R4 2 2 16 1-2
Bacillus cereus ATCC 14579 2 2 32 2
Enterococcus faecium LMG16003 4 2 16 1-2

aND, not determined.
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FIG 5 Mode of action employed by the bogorol family of peptides. (A) Growth curves of S. aureus in the presence of bogorol K and
LTA. (B) Permeation of bogorol K into the cell membrane of S. aureus. (C) Growth curve of X. campestris in the presence of bogorol
K and LPS. (D) Permeation of bogorol K into the cell membrane of X. campestris. (E and F) Permeation of bogorol K and succilin K into
the outer membrane (E) and inner membrane (F) of X. campestris. The permeabilization of the outer membrane is indicated by the
staining of NPN in the hydrophobic part, while Pl staining indicates inner membrane permeabilization. The MIC values of bogorol K
and succilin K are around 2.5 uM and 20 uM, respectively. Con, control; BogK, bogorol K; PlyB, polymyxin B; SuckK, succilin K.

permeability assays revealed that bogorol K disrupts the cellular membrane of X.
campestris as it does to those of Gram-positive bacteria (Fig. 5D). Collectively, the results
show that bogorol K employs the same mechanism for killing Gram-negative bacteria
as that for Gram-positive bacteria by forming holes in the cellular membrane.

We also investigated the cause of the difference in antibacterial activities between
bogorol K and succilin K using two different dyes, 1-N-phenylnaphthylamine (NPN) and
propidium iodide (Pl). The hydrophobic dye NPN cannot penetrate the intact outer
membrane of Gram-negative bacteria. However, once this membrane is damaged, NPN
will bind to the phospholipid layer and become fluorescent. Pl binds to DNA and emits
fluorescence only when the inner membrane is damaged. Consequently, a combination
of both dyes can be used to show the difference between bogorol K and succilin K in
the penetration of the different layers of the cell membrane. It was observed that
bogorol K can penetrate both the outer membrane and inner membrane of X. camp-
estris when applied at concentrations above 2.5 uM (Fig. 5E and F). In contrast, succilin
K barely showed penetration of either the outer membrane or the inner membrane at
the same concentration as that of bogorol K (Fig. 5E and F). This result suggests that the
outer membrane is the first barrier to succilins and that Orn; in bogorols plays an
important role in penetrating the outer membrane.

Synergistic effect of relacidine and bogorol. Apart from discovering novel anti-
biotics, combining existing antibiotics is another strategy to combat the increasing
number of drug-resistant bacteria (33). Here, we investigated the synergistic effect of
relacidine, a compound that affects oxidative phosphorylation in cells (22), and bogorol,
a compound that was proven to cause damage to the cell membranes in this study.
Both compounds are produced by B. laterosporus MG64 but employ different modes of
action. A study of their synergistic effect could lead to a better understanding of the
antibacterial mechanism of B. laterosporus MG64 as well as its potential in different
applications. As shown in Table 2, relacidine B and bogorol K displayed a synergistic
effect on all the pathogens tested, including the Gram-negative plant pathogens X.
campestris, P. syringae pv. antirrhini, and P. syringae pv. tomato and the Gram-positive
human pathogen S. aureus subsp. aureus. This result suggests that B. laterosporus MG64
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TABLE 2 Synergistic effect of relacidine B and bogorol K2

Pathogen MiCa (png/ml) MICb (pg/ml) MiCab (pg/ml) MiCba (pg/ml) FICI
Xanthomonas campestris pv. campestris NCCB92058 4 0.5 0.5 0.125 0.375
Pseudomonas syringae pv. antirrhini LMG2131 16 0.5 2 0.0625 0.25
Pseudomonas syringae pv. tomato DC3000 16 0.5 2 0.0312 0.1875
Staphylococcus aureus subsp. aureus 533 R4 2 64° 0.5 2 0.2812

aMICa, MIC value of bogorol K alone; MICab, MIC value of bogorol K when relacidine B is present; MICb, MIC value of relacidine B alone; MICba, MIC value of
relacidine B when bogorol K is present. An FICI value below 0.5 indicates a synergistic effect of the two peptides.
bThe MIC is >32 ug/ml; here, we use 64 ug/ml for calculation.

may employ a combination of compounds to combat other bacteria, thus making it
better capable of occupying desirable niches in the natural environment.

DISCUSSION

In this study, we characterized four novel bogorol variants (bogorols | to L) from the
biocontrol strain B. laterosporus MG64. The bogorol variants show a difference of at
least one amino acid residue relative to structurally similar peptides (see Table S5 in the
supplemental material) (16-20). Leu,, in bogorol B is replaced by Val, in bogorol |, while
Leu, in brevibacillin is replaced by Val, in bogorol K. Bogorol J has different amino acids
at positions 5 and 9 compared to bogorol C, while bogorol L is different at positions 2
and 3 compared to brevibacillin. Nevertheless, the newly characterized peptides share
many characteristic features with the reported ones. First of all, they are linear lipo-
peptides containing three positively charged amino acid residues (Orn or Lys), which
contribute to the hydrophilicity of the peptides. Moreover, the bogorol family peptides
have highly conserved fragments, and residues at position 1, positions 6 to 8, and
positions 10 to 13 show no difference between variants. Moreover, the C termini of all
the peptides contain valinol, the alcohol form of valine.

We also characterized four novel succilins (succilins | to L) from the same strain, B.
laterosporus MG64. Succilins are similar to bogorols except that an additional succinyl
group was attached to the side chain of Orn,/Lys;. This modification confers different
chemical properties to succilins compared to bogorols. First of all, the masses of
succilins are 100 Da higher than those of their corresponding bogorols. Moreover, the
polarity of the peptides is decreased. As a result, they are eluted later than bogorols and
have a lower solubility in water (data not shown). Besides, succilins retain only one
positive charge, compared to the three in bogorols. These changes, especially the
polarity and charges, result in a negative effect on the bioactivity of the peptides (Table
1). This is considered reasonable because (i) the phospholipid of the cell membrane in
bacteria is negatively charged and has an electrostatic attraction to the cationic
peptides (34), and a decrease of charges therefore causes weaker penetration into the
membrane (Fig. 5E and F), and (ii) the amphipathic property of peptides is important
for bioactivity. Hydrophobicity that is too high or too low could dramatically decrease
the antimicrobial activity (35). Our study reports the succinylation of the bogorol family
of peptides. Similar modified peptides were not detected in B. laterosporus LMG15441
(Fig. S5A), which also produces bogorols. The biological function of succilins remains
unknown, but the higher level of production of succilins on agar plates using bogorols
as a reference (data not shown) suggests that they are possibly involved in motility or
biofilm formation, which needs further investigation.

Although several variants of bogorol have been reported (16-20), their biosynthesis
was unclear to date. In this study, we successfully unraveled the biosynthesis process
of bogorols and succilins with both in silico analysis and experimental methods (Fig. S7).
We reveal that the lipoinitiation of bogorols does not follow the usual pattern observed
in other lipopeptides, which is mediated by FACL, coenzyme A, and a starter C domain
(26). Instead, the fatty acid of bogorols is incorporated by a special module, A-KR-PCP.
Such modules are reported to incorporate a-keto acids and are normally found in
depsipeptides, a group of compounds containing both hydroxy acid residues and
amino acid residues (29). Modules that incorporate a-keto acid are found in natural

December 2020 Volume 86 Issue 24 e01981-20 aem.asm.org 9


https://aem.asm.org

Li et al.

products, including cereulide (36, 37), valinomycin (38, 39), cryptophycin (40),
kutzneride (41), and hectochlorin (42). However, these modules were located between
other modules that incorporate amino acids, which suggests that they are not respon-
sible for lipoinitiation. In contrast, such modules in bogorols are encoded by an
independent gene, bogJ. A C domain following the A-KR-PCP module and a TD at the
end of the last module encoded by bogEF suggest that bog/ is responsible for
lipoinitiation (Fig. S7). To the best of our knowledge, only bogorols and auriporcine
employ such a novel lipoinitiation pathway. This expands our knowledge of lipoinitia-
tion in natural products and provides a possible pathway for the engineering of lipid
tails in NRPs.

We also reveal the pathway leading to the formation of valinol in bogorols. The
aldehyde form of bogorols is released from the PCP domain by the TD and further
reduced to the alcohol form by a reductase encoded by the bog/ gene (Fig. S7). A similar
process in gramicidin A was reported to happen in the presence of a TD, the aldo-
reductase LgrE, and the electron donor NADPH in vitro (43). A similar reduction in
myxochelin A was reported to be mediated by the TD alone (44), which is different from
the two-step process found in bogorols and gramicidin A. A previous study on BT
peptides revealed that the valinol at the C terminus confers protease resistance to the
peptides (20). Our results also reveal that the aldehyde form of bogorols is less active
against pathogens than the alcohol form. Therefore, the formation of valinol is of vital
importance for the biological activity of these peptides.

Succinylation is commonly found in proteins of diverse organisms, including bac-
teria, yeasts, and animals (45, 46). Studies have shown that succinylation is possibly
relevant to numerous human diseases associated with mitochondria (47). However,
reports on the succinylation of secondary metabolites are relatively rare. One of the
reports is on the ribosomal peptides subtilin and entianin, which are produced by
Bacillus subtilis (48). The succinylation of subtilin and entianin occurs at a tryptophan
residue at position 1 and is affected by the concentration of glucose in the growth
medium as well as the transition state regulator AbrB (48). Another report is on cerexins
E,, F,, and F,, in which succinylation occurs at the e-amino group of lysine or
hydroxylysine (49). In this study, we report succinylation occurring in the bogorol family
of peptides. Compared to other modifications, such as halogenation, glycosylation, and
sulfation, etc., in NRPs (50), succinylation makes a profound difference in the chemical
properties of peptides, and its occurrence likely demands a high concentration of the
substrate (Fig. 4). The mechanism of succinylation in succilins remained unknown, and
further research will be directed toward revealing the responsible enzymes.

The bogorol family of peptides was initially reported to have potent bioactivity
against Gram-positive bacteria and weak bioactivity toward Gram-negative bacteria
(16-19). However, we show that bogorol K and bogorol L also have potent activity
against Gram-negative bacteria, especially Xanthomonas species. We also show that
bogorol K targets the cell membrane of both Gram-positive and Gram-negative bac-
teria. This result is similar to those of a study on the mode of action of brevibacillin on
Gram-positive bacteria (51). The membrane-targeting mechanism makes bogorol a
promising candidate for studies on the synergistic effect of antimicrobials. Bogorols
damage the cell membranes and remove the barrier to other compounds that target
intracellular components. This is supported by the synergistic effect of bogorols and
relacidines (Table 2), a class of compounds affecting the oxidative phosphorylation of
cells (22). Further research will be directed to further evaluate its potential in different
applications.

MATERIALS AND METHODS

Extraction and purification of antimicrobial compounds from B. laterosporus MG64. A fresh
colony of B. laterosporus MG64 was inoculated in 3 ml Lennox broth (LB) and incubated at 28°C overnight
with shaking. The culture grown overnight was then diluted with fresh LB to an optical density at 600
nm (ODy,,) of 1.0 as the inoculum. One milliliter of the inoculum was inoculated into 100 ml of fresh LB
and incubated at 28°C with shaking at 220 rpm for 24 h. After centrifugation at 10,000 X g for 10 min, the
supernatant was collected and applied to a column filled with 10 g C, silica gel (catalog no. 97727-U;
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TABLE 3 Primers used in this study

Primer Sequence? Purpose

bogJ-sgRNA-F TACGATTAGTAGAAAGTGTTTACG Knockout of bogJ
bogJ-sgRNA-R AAACCGTAAACACTTTCTACTAAT Knockout of bogJ
bogJ-up-Sfil-F AAGGCCAACGAGGCCGTAGCTCCGCTTCACAGTAG  Knockout of bogJ
bogJ-up-R GGCGTTCTTCCTTGTCTCCTCCTGCTCTATG Knockout of bogJ
bogJ-down-F GGAGGAGACAAGGAAGAACGCCCTATTTCTG Knockout of bogJ
boglJ-down-Sfil-R  AAGGCCTTATTGGCCGCTTGTAACGCTTGCAATG Knockout of bogJ
bogl-sgRNA-F TACGGAAGCCGTCTCAGTTAGACG Knockout of bogl/
bogl-sgRNA-R AAACCGTCTAACTGAGACGGCTTC Knockout of bog/
bogl-up-Sfil-F AAGGCCAACGAGGCCTATGTAGCGGCTGTAAAGGG Knockout of bogl
bogl-up-R AGTAGGTGGCCACGGGAGCACTTTAACTCAG Knockout of bogl/
bogl-down-F AGTGCTCCCGTGGCCACCTACTAAGGAAGAG Knockout of bogl
bogl-down-Sfil-lR  AAGGCCTTATTGGCCTAACCCGATCTTGAGGCTTG  Knockout of bog/
pJOEB999-check-F  CGTGTGATGCGAATTCTTGAC Confirmation of cloning
pJOEB999-check-R  GATGCCACTCTTATCCATCAATCC Confirmation of cloning

aThe restriction sites are indicated in boldface type, while base-pairing regions in the sgRNA primers are
indicated by underlining.

Sigma-Aldrich). After washing with 20 ml of 20% acetonitrile plus 0.1% trifluoroacetic acid (TFA), the
crude extract was eluted with 20 ml 95% acetonitrile plus 0.1% TFA. The crude extract was lyophilized
and redissolved in Milli-Q water. After filtering with a 0.45-um cellulose acetate membrane, an aliquot of
the crude extract was applied to a high-performance liquid chromatography (HPLC) system equipped
with an analytical C,5 column (3.6-um particles, 250 by 4.6 mm; Phenomenex) for purification. A linear
gradient of water with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B) was used to
separate compounds. In each run, solvent B was linearly increased from 15% to 60% within 45 min at a
flow rate of 0.5 ml/min. The effluent was monitored with a UV detector at a wavelength of 214 nm. Every
single peak was collected and concentrated with lyophilization before testing activity against X. camp-
estris pv. campestris and B. cereus.

Structure elucidation. (i) LC-MS/MS. The antimicrobial compounds were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to determine the amino acid sequences. An
Ultimate 3000 ultrahigh-performance liquid chromatography (UHPLC) system equipped with a Kinetex
WVO-C, 4 column (2.6-um particles, 100 by 2.1 mm; Phenomenex) was used. A Q-Exactive Orbitrap-based
mass spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with a heated-electrospray ionization
(HESI-II) electrospray source was coupled to the UHPLC system. Each sample (10 ul) was injected into the
LC system and separated with water (with 0.1% formic acid) and acetonitrile (with 0.1% formic acid) at
a flow rate of 500 ul min~'. A spray voltage of 3.5 kV (positive mode) and a capillary temperature of
275°C were used. The samples were measured in positive mode from m/z 300 to 2,000 at a resolution of
70,000. MS/MS data were recorded using either a DDA-top10 (data-dependent acquisition with the 10
highest-intensity eligible precursors) setup or targeted MS/MS using parallel reaction monitoring (PRM)
mode at a resolution of 17,500.

(ii) NMR. Prior to NMR analysis, the peptides were purified by reverse-phase HPLC (RP-HPLC) as
described above, and the pure fractions were pooled and lyophilized. The peptides were obtained as
white solids (0.5 to 1 mg) and were dissolved in 0.5 ml deuterated dimethyl sulfoxide (DMSO-dy). '"H NMR,
TH-"H TOCSY NMR, and 'H-'H NOESY NMR spectra were recorded on a Bruker Ascend 600-MHz
spectrometer. Chemical shifts in 'TH NMR spectra were internally referenced to solvent signals (DMSO-d,
at 8-H = 2.50 ppm).

Identification and analysis of BGCs. The Web-based tool antiSMASH (52) was used to identify
and analyze the BGCs encoding bogorol and auriporcine. The genomic sequences of B. laterosporus
MG64 (GenBank accession no. QJJD00000000), B. laterosporus LMG15441 (GenBank accession no.
NZ_CP007806.1), and B. laterosporus PE36 (GenBank accession no. NZ_AXBT00000000) were used as
inputs, and the gene clusters of bogorol and auriporcine were predicted. The flanking genes of the
bogorol BGCs from MG64 (producer of succilin) and LMG15441 (nonproducer of succilin) were compared
in order to identify the succinylation gene. The A-KR-PCP domains of auriporcine and bogorol (both
compounds have the same fatty acid side chain) from both MG64 and PE36 were compared in order to
investigate their lipoinitiation pathway.

Genome editing with the CRISPR-Cas9 system. To knock out the bogl or bog) gene in B.
laterosporus LMG15441, vector pJOE8999 harboring the clustered regularly interspaced short palindromic
repeat (CRISPR)-associated (Cas) system was employed (53). Single guide RNA (sgRNA) fragments were
ligated into Eco31l sites of pJOE8999 after annealing. Short fragments located upstream and downstream
of the sgRNA were PCR amplified with the primers listed in Table 3. The template for homologous repair
was achieved by overlap PCR of the upstream and downstream fragments and ligated into the Sfil sites
of pJOE8999 to make the final construct.

To prepare competent cells, a single colony of B. laterosporus LMG15441 was inoculated in LBS
medium (LB medium with 0.5 M sorbitol) and incubated at 37°C with shaking (220 rpm) overnight. The
culture grown overnight was diluted 100 times into fresh LBS medium and grown until the ODg,
reached 0.8 to 0.9. Cells (100 ml) were cooled on ice for 5 min and centrifuged at 5,000 X g at 4°C for
5 min to collect the cells. The pellet was washed four times with electroporation buffer (0.5 M sorbitol,
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0.5 M mannitol, and 10% glycerol) and finally resuspended in the same buffer. One microgram of the
reconstructed vector was mixed with 100 ul of competent cells in an electroporation cuvette (1 mm) and
shocked with a 2.0-kV voltage, 25-uF capacitance, and 200-Q) resistance. One milliliter of recovery
medium (LB medium with 0.5 M sorbitol and 0.38 M mannitol) was added immediately, and the cells
were incubated at 28°C with shaking at 150 rpm for 3 to 5 h. The cells were plated on LB plates with
30 pg/ml kanamycin and 0.2% mannose for inducing the expression of the Cas9 protein. The plate was
incubated at 28°C for 24 h, and colonies were checked by colony PCR.

Inspection of bogorol production in mutants. The mutants and wild-type strain of B. laterosporus
LMG15441 were grown in minimal expression medium (MEM) (54) at 28°C overnight (16 h). The culture
grown overnight was diluted with MEM broth to an ODg,, of 1.0. Each 20-ul diluted culture was
inoculated in 50 ml of MEM broth, and the cells were incubated at 28°C for 48 h. The supernatant was
collected by centrifugation at 10,000 X g for 2 min. The compounds were extracted as described above
and dissolved in Milli-Q water before filtering through a 0.45-um cellulose membrane. The bogorol
peptides were purified by HPLC as described above and identified by matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry.

Production time of bogorols and succilins. To investigate the production time of bogorols and
succilins, the producer was grown in MEM broth overnight. The culture grown overnight was diluted to
an ODyg,, of 1.0. For each 50 ml of MEM broth, 10 ul of the diluted bacterial culture was added. The cells
were grown at 28°C for 14 h, 16 h, 18 h, and 20 h. At each time point, the supernatant was collected, and
the compounds were extracted as described above. The extracts were lyophilized and dissolved in Milli-Q
water before analysis by HPLC and MALDI-TOF mass spectrometry.

Antibacterial assays. The MICs of the peptides were determined using the broth dilution method
(55). Mueller-Hinton Il broth (MHB) medium (BD BBL, catalog no. BD 212322) was used for all the indicator
bacteria. The concentration of bacteria was adjusted to 5.0 X 10> CFU/ml in each well. The compounds
(32 pg/ml) were 2-fold serially diluted in the 96-well plate. The OD,,, was measured using the Tecan
Infinite F200 Pro luminometer after incubation at 28°C for 36 h, and the MIC values were defined as the
lowest concentration that completely inhibited the growth of the indicator bacteria.

Growth curve and LPS/LTA binding assay. Cultures of X. campestris pv. campestris and Staphylo-
coccus aureus subsp. aureus grown overnight were diluted to an ODg,, of 0.05 in a 96-well plate and
incubated in a microplate spectrophotometer (1,000 rpm at 28°C). When the ODg,, reached 0.1, bogorol
K (dissolved in DMSO) was added to each well at a final concentration of 8 wg/ml (2X MIC), and the same
volume of DMSO was used as a negative control. Polymyxin B (1 ug/ml) was used as a positive control
for X. campestris pv. campestris, while nisin (2 ug/ml) was used as a positive control for S. aureus subsp.
aureus. Exogenous lipopolysaccharide (LPS) (0.1 mg/ml) or lipoteichoic acid (LTA) (0.1 mg/ml) was added
to investigate the association with peptides. The growth curve in the following 3 h was recorded using
the same microplate spectrophotometer under the same conditions, and four replicates were used for
each treatment. The release of growing pressure indicates the binding of peptides to LPS or LTA.

Membrane permeability assay. The membrane integrity of X. campestris pv. campestris and S.
aureus subsp. aureus after treatment with bogorol was tested with the commercial Live/Dead BacLight
bacterial viability kit (Invitrogen). Briefly, the culture of each strain grown overnight was diluted to an
0Dy, of 0.2. Bogorol K (dissolved in DMSO) was added to a concentration of 8 ug/ml (2X MIC), and the
same volume of DMSO was added to the negative control. Polymyxin B was used as a positive control
for X. campestris pv. campestris, while nisin was used as a positive control for S. aureus subsp. aureus. After
treatment at room temperature for 15 min, cells were harvested (10,000 X g for 2 min) and washed with
a 0.9% saline solution. Cells were finally suspended in 200 ul of a 0.9% saline solution, and two different
dyes (3.34 mM SYTO9 and 20 mM propidium iodide) were added at a ratio of 1:1 (vol/vol). After staining
in the dark for 15 min, cells were mounted on 1% agarose pads and analyzed with a Nikon Ti-E
microscope (Japan).

NPN and PI staining assay. X. campestris pv. campestris cells were grown in LB broth at 28°C
overnight. The culture grown overnight was diluted 100 times with fresh LB broth and grown until the
ODy,, reached 1.0. The cells were collected (5,000 X g for 3 min) and washed with HEPES buffer twice.
The cells were resuspended in HEPES buffer, and the OD,, was adjusted to 1.0. Both NPN and Pl were
added to the cells at a final concentration of 30 uM. The mixture was distributed into a 96-well plate, in
which DMSO, bogorol K, and succilin K were added before. The concentration range of each compound
was 1.25mM, 2.5 mM, 5mM, and 10 mM. The fluorescence signal at 350/420 nm was recorded every
10 min during a period of 1 h and normalized to the ODy,. Three replicates were used in each treatment.

Synergy test. The synergistic effect of bogorol K and relacidine B was tested using a checkerboard
method (56). Briefly, bogorol K was 2-fold serially diluted in each column, while relacidine B was diluted
using the same method in each row in a 96-well plate. Fresh cells were added to each well at a final
concentration of 5 X 10° CFU/ml. The plate was incubated at 28°C for 24 h, and the OD,, was recorded. The
fractional inhibitory concentration index (FICI) was calculated using the formula FICI = MICab/MICa +
MICba/MICb, where MICa and MICb are the MIC values of bogorol K and relacidine B alone, respectively, and
MiCab is the MIC value of relacidine B in the presence of relacidine B, while MICba is the other way around.
The FICI value suggests a synergistic effect (=0.5), an additive effect (>0.5 to 1), no interaction (1 to 4), or an
antagonistic effect (>4) of the two peptides (56).
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