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A B S T R A C T

Bacillamide C, a potential natural antialgae active compound, is produced by Bacillus atrophaeus C89 derived
from marine sponge Dysidea avara. A nonribosomal peptide synthetase (NRPS) cluster is hypothesized to be
involved in the biosynthesis of bacillamide C. The NRPS with a domain string of A1-PCP1-Cy-A2-PCP2-C can be
divided into three functional modules. After heterologous expression and purification of module A1-PCP1 and
module Cy-A2-PCP2, their catalytic activities were biochemically proven in vitro by the reaction with the apo-
PCP domain transformed to the holo-PCP domain through a phosphopantetheinyl transferase, ATP, and substrate
amino acids. Five– membered heterocyclic AlaCysthiazole with molecular weight of 172.0389 was detected. This
proved the formation of the heterocyclic dipeptide AlaCysthiazole, which is considered to be a building block for
the biosynthesis of bacillamide. This study provides a basis for further biosynthesis of bacillamides.

1. Introduction

Bacillamides, which are nonribosomal peptides, can be categorized
as bacillamides A, B, C, D, and E (Fig. S1) (Bloudoff et al., 2017;
Ivanova et al., 2007; Jeong et al., 2003; Omura et al., 1975; Socha et al.,
2007). In our previous study, neobacillamide A and bacillamide C were
isolated from marine Bacillus atrophaeus C89 (Yu et al., 2009). The
tryptamide thiazole (bacillamides A–D) or tryptamide thiazoline (ba-
cillamide E) motif as a typical characteristic of bacillamides (Fig. S1), is
a building block present in many bioactive cyclic peptides, such as the
antibiotic zelkovamycin produced by Streptomyces sp. (Tabata et al.,
1999), the protein synthesis inhibitors A-21459A and B from Actino-
planes sp. (Selva et al., 1996), and the immunosuppressive argyrins
from the myxobacterium Archangium gephyra (Sasse et al., 2002). Si-
milarly, bacillamides have multiple biological activities, for example,
bacillamide A and its derivatives possess substantial algicidal activities
against a range of dinoflagellates and raphidophytes, and exhibit anti-
biosis against a particular species of cyanobacteria (Jeong et al., 2003;
Churro et al., 2009) and bacillamide analogs, thus rendering them
novel cytotoxic and anti-inflammatory agents (Kumar et al., 2016).

Bacillamides have been generally synthesized chemically (Fache
et al., 2012; Kumar et al., 2016; Li et al., 2009; Wang et al., 2010), only
one study reported the biosynthetic pathway of bacillamide E (Bloudoff

et al., 2017). Even though the biosynthesis of bacillamide C was opti-
mized, the yield was very low (Jin et al., 2011; Yu et al., 2015).
Therefore, investigating the biosynthetic mechanisms of bacillamide C
is essential for its mass production and for understanding the biosyn-
thetic pathways of other bacillamides.

Nonribosomal peptides are produced by large multifunctional en-
zymes (Schwarzer and Marahiel, 2001). A nonribosomal peptide syn-
thetase (NRPS) gene cluster was detected in the genome sequence of B.
atrophaeus C89 (Genbank No. NZ_AJRJ01000045.1), which was pre-
dicted to synthesize bacillamide C (Liu et al., 2012). Nonribosomal
peptide synthesis requires at least three functional domains: the ade-
nylation (A) domain, which selects and activates the cognate amino
acid; the peptidyl carrier protein (PCP) domain, which transports the
activated intermediate; and the condensation (C) domain, which cata-
lyzes peptide bond formation, or the cyclization (Cy) domain, which
catalyzes heterocycle formation (Marshall et al., 2002). In our previous
study, the biosynthetic mechanism of bacillamide C was predicted
(Zhang et al., 2018). An NRPS with a domain string of A1-PCP1-Cy-A2-
PCP2-C can be divided into three functional modules. The A1-PCP1
module consists of the first A (A1) and the first PCP domain and acti-
vates and transports L-alanine. The Cy-A2-PCP2 module consists of a Cy,
the second A (A2), and the second PCP (PCP2) domains and activates
and carries l-cysteine, catalyzes peptide bond formation, and
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mass spectrometry and tandem mass spectrometry using a Waters AC-
QUITY Ultra Performance Liquid Chromatography system coupled with
a Waters Micromass Q-TOF Premier Mass Spectrometer equipped with
an electrospray interface (Waters Corporation, Milford, MA). Samples
were separated using an Acquity BEH C18 column (100mm×2.1mm
i.d., 1.7 μm; Waters, Milford, USA), with gradient solvent A (water with
0.1% (v/v) formic acid) and solvent B (acetonitrile with 0.1% (v/v)
formic acid) serving as the mobile phase at a flow rate of 0.40mL/min.
The detailed gradient conditions of the mobile phase are outlined as
follows: 0–0.50min, 2% B; 0.50–6.00min, 2%–15% B; 6.00–9.00min,
15%–30% B; 9.00–10.00min, 30%–50% B; 10.00–11.00min,
50%–85% B; and 11.00–12.00min, 85%–100% B. The mass spectro-
meter was operated in the positive ion electrospray ionization mode
(capillary voltage: 3.0 kV; sampling cone: 35 V; collision energy: 4 eV;
source temperature: 115 °C; desolvation temperature: 300 °C; desolva-
tion gas: 600 L/h). Two-stage mass spectrometry was also conducted in
the positive ion electrospray ionization mode with a collision energy
ramp of 12–30 eV instead.

3. Results

3.1. Sequence analysis of NRPS

Recombinant plasmid harboring nrps gene was sequenced and the
gene sequence is consistent with the sequence AFJ42298.1 (https://
www.ncbi.nlm.nih.gov/nuccore/386833542). Protein sequence of
NRPS was compared with other species and the phylogenetic tree was
constructed (Fig. 1). The NRPS shared maximum homology (99%) with
B. subtilis NRPS.

3.2. Expression of A1-PCP1 and Cy-A2-PCP2 modules

The N-terminally His6-tagged A1-PCP1 and Cy-A2-PCP2 domains
were expressed in E. coli BL21 (DE3) and purified using affinity chro-
matography. The molecular weights of A1-PCP1 and Cy-A2-PCP2 were
98 and 116 kDa, respectively (Fig. 2), and the protein purity was de-
termined using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) (Fig. 2). Sfp expressed in E. coli BL21 was purified
to convert PCP domains from inactive apo- to cofactor-containing ho-
loforms (Fig. 2). The purified soluble recombinant protein samples were
determined by the Bradford assay using Bovine serum albumin (BSA).
About 1.5 mg of A1-PCP1 module protein, 1.8mg of Cy-A2-PCP2
module protein, and 2.1 mg of Sfp protein were obtained from 1-L
culture E. coli BL21, respectively.

3.3. Homologous comparison of domains involved in the nonribosomal
synthesis of bacillamide

PCP is the site of 4ʹ-PP cofactor binding and substrate acylation. The

functional unit of approximately 64 amino acid residues, to which
aminoacyl substrates are bound as carboxy thioesters, was located in
peptide synthetases directly downstream of the adenylation domains.
PCP protein sequences revealed a signature sequence LGG (E/D) S
around a highly conserved serine residue of the cofactor binding se-
quence (Table 1). The active site regions of the Cy and C domains were
DXXXXD (XXS) and HHXXXD (G), respectively (Table 1).

3.4. Elucidation of bacillamide intermediate and functional prediction of the
cyclization domain

Cy domain in NRPS was predicted to catalyze the heterocyclization
of cysteine and alanine to thiazoline rings. To confirm this hypothesis,
two modules of bacillamide synthetase, namely A1-PCP1 and Cy-A2-
PCP2, were expressed and purified (Fig. 2). The NRPS requires post-
translational modification of PCP domains with a 4′-phospho-
pantetheinyl (Ppant) prosthetic group, and this modification for cova-
lent substrate tethering is conducted through a dedicated phospho-
pantetheinyl transferase. A biosynthetic experiment in vitro was
performed, and the product AlaCysthiazole was detected by mass spec-
trometry and two-stage mass spectrometry. One intermediate of ba-
cillamide C—namely 4-carboxylic acid thiazole derivative (C6H8N2O2S,
mass: 172.03), a cyclic dipeptide thiazole derivative was detected
(Figs. 3 and 4). The sample from biosynthetic reaction mixture was
confirmed by HR-ESI-MS, which showed an additional peak ([M+H] +
173.0379, identical to the predicted AlaCysthiazole) compared with
control groups (Fig S2). The biosynthetic process of NRPS domains
involved in the synthesis of the intermediate product AlaCysthiazole was
predicted. We verified no product was formed in a control reaction in
the absence of substrate amino acids or with the boiled protein (Fig. 4
and Fig. S2). The enzyme-bound amino acids are combined through a
nucleophilic attack of either the cysteine amino group or the

Fig. 1. Phylogenetic tree of NRPS from B. atrophaeus C89. Phylogenetic tree
was drawn using UPGMA algorithm. Bacillus mycoides NRPS
(WP_098632591.1), Bacillus mycoides NRPS (WP_088291524.1), Bacillus thur-
ingiensis NRPS (WP_088033793.1), Bacillus cereus NRPS (WP_078175201.1),
Bacillus atrophaeus NRPS (WP_094231268.1), Bacillus atrophaeus NRPS
(WP_087942465.1), Bacillus subtilis NRPS WP_013390728.1.

Fig. 2. SDS-PAGE of purified recombinant A1-PCP1 module, Cy-A2-PCP2
module, and Sfp. M: protein marker; Lane 1: purified Sfp (29 KDa); Lane 2:
purified module A1-PCP1 (98 KDa); Lane 3: purified module Cy-A2-PCP2 (116
KDa).
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heteroatom of the side chain onto the carbonyl C of alanine, and a
proton is abstracted through base catalysis, thereby enabling the attack
of either the cysteine side chain or the amino group onto the amide
bond carbonyl. This results in the formation of a hydroxylated thiazo-
lidine intermediate, which is subsequently dehydrated and dehy-
drogenated to provide the final thiazole-containing product Ala-
Cysthiazole (Fig. 5).

4. Discussion

Bacillamides are promising naturally occurring compounds for
controlling harmful algal blooms (Churro et al., 2009; Shao et al.,
2013). However, the low biosynthetic yield of these compounds has
restricted not only their bioactivity studies but also their application in
research. Therefore, to improve the potential for mass production of
bacillamide C, investigating the biosynthetic mechanisms of bacilla-
mide C is essential. Bloudoff et al. (2017) established a bacillamide
synthesis assay by expression and purifiacation of entire bacillamide
synthetase with 265-kDa NRPS. Our prior study (Yuwen et al., 2013)

speculated that B. atrophaeus C89 can produce tryptamine as a building
block of bacillamide C; and the study partially described AADC enzyme
in the biosynthesis of bacillamide C. In our previous study, we have
found that alanine and cysteine were the optimum substrates for the
two adenylation domains (Zhang et al., 2018). The current hetero-
logous expression study further elucidates the biosynthetic mechanism
of bacillamide C. The in vitro biosynthesis of the bacillamide C inter-
mediate- AlaCysthiazole provides an opportunity for bacillamide C and
analog production in the future.

4.1. Synthesis of the bacillamide C intermediate AlaCysthiazole

Duerfahrt et al. (2004) suggested that Cy domain in an NRPS cat-
alyzes the heterocyclization of cysteine or serine/threonine to thiazo-
line and oxazoline rings through a bimodular model system. However,
the productivity of the engineered synthetases is hindered by poor
substrate selectivity (Hura et al., 2012). Bloudoff et al. (2017) provided
insight into the catalytic mechanisms of the Cy domain and implicated
Aspartic acid- Threonine dyad in the catalysis of the cyclodehydration

Table 1
Amino acid alignment of the Peptidyl Carrier Proteins (PCP) domain core region LGGXS (A), the Cy domain core region DXXXXDXXS (B), and C domain core
HHXXXDG (C).

Domain Consensus Sequence Organism Protein ID Ref

A) peptidyl carrier proteins LGGXSL
NrpsPCP1 LGGESI Bacillus atrophaeus EIM09914 In this study
NrpsPCP2 LGGDSI Bacillus atrophaeus EIM09914 In this study
TycAPCP LGGDSI Bacillus brevis CAA31623.1 (Weckermann et al.,1988)
GrsBPCP LGGHSL Bacillus brevis CAA43838.1 (Turgay et al., 1992)
SrfA-BPCP IGGHSL Bacillus subtilis AIU78653.1 (Kesel et al., 2014)

B) Cylization domain DXXXXDXXS
NrpsCy DALLMDGAS Bacillus atrophaeus EIM09914 In this study
VibFCy1 DMIACDAQS Vibrio cholerae AAF02102.1 (Marshall et al., 2001)
BacACy DPLICDDSS Bacillus licheniformis AAC06346.1 (Duerfahrt et al., 2004)
HMWP2Cy1 DLLIMDASS Yersinia pestis AAM85957.1 (Deng et al., 2002)
HMWP2Cy2 DNLLLDGLS Yersinia pestis AAM85957.1 (Duerfahrt et al., 2004)
HMWP1Cy3 DLLQFDVQS Yersinia pestis AAM85957.1 (Deng et al., 2002)

C) Condensation domain HHXXXDG
NrpsC HHLLCDG Bacillus atrophaeus EIM09914 In this study
VibFC2 HHIVLDG Vibrio cholerae AAF02102.1 (Marshall et al., 2001)
BacAC1 HHIISDG Bacillus licheniformis AAC06346.1 (Duerfahrt et al., 2004)
EntFC HHLLVDG Klebsiella pneumoniae CDO13417.1 (Bialek-Davenet et al., 2014)
GrsBC1 HHILMDG Bacillus brevis CAA43838.1 (Turgay et al., 1992)

Fig. 3. High-performance liquid chromato-
graphy–mass spectrometry analysis of product
formation catalyzed by in vitro combinatorial
biosynthesis. Mass spectrum of the peak at
9.516min, [M+H]+ =173.0386m/z (a).
Reaction in the absence of substrate amino
acids was as a control reaction (b). Reaction
mixtures with the boiled protein were as a
control (c). Each experiment was performed in
triplicate.
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reaction. In this study, an in vitro assay for dipeptide formation was
conducted. After mixing two recombinant protein modules, namely
module A1-P1 and module Cy-A2-P2, the Sfp protein, and the corre-
sponding substrate amino acids in an appropriate buffer, we conducted
an in vitro assay for the synthesis of the bacillamide intermediate
thiazole derivative (Figs. 3 and 4). We anticipated that AlaCysthiazoline
would be produced instead of AlaCysthiazole because of the absence of
the Ox domain. Notably, after the in vitro biosynthesis reaction, Ala-
Cysthiazole with a molecular weight of 172.03 was detected (Figs. 3, 4
and Fig. S2), and these results are inconsistent with the results of
Bloudoff et al. (2017), who observe a thiazoline product. The Ox do-
main can catalyze the oxidation of the heterocyclic rings to produce
corresponding thiazole and oxazole derivatives (Duerfahrt et al., 2004;
Schneider and Walsh, 2004). The Ox domain from MtaD is involved in
myxothiazol biosynthesis (Schneider et al., 2003). In the study of Li
et al. (2013), the oxidation of 2-thiazolines and 2-oxazolines was re-
ported to be crucial, and various methods have been reported for this
transformation. The introduction of the second double bond into the
AlaCysthiazole moiety we observe in our experiments remains un-
explained.

Heterocycles such as thiazolidines, thiazoles, and oxazoles exhibit a
notable biological activity (Credico et al., 2011), and 4-carboxy ox-
azoles, thiazoles, and thiazolidines are condensed from serine or cy-
steine with aldehydes or acids. Fenner et al. (2016) chemically prepared
arginine containing thiazole fragments as building blocks of plantazo-
licin A, which is a compound with promising selective activity against
the causative agent of anthrax toxicity. IleCysthiazoline is catalyzed by the
heterogenetic Cy domain, which is the available Cy domain (Jaitzig
et al., 2014). In our study, AlaCysthiazole as a building block of bacilla-
mide C was produced by in vitro reaction of heterologous expression
NRPS. The rational and flexible design of NRPS templates is a critical
technique for the synthesis of novel bacillamide analogs.

4.2. Heterologous expression of NRPS

Heterologous expression and mutating specificity-conferring re-
sidues are valuable in the investigation of the biosynthetic mechanism
of bacillamide C. The heterologous expression of NRPS clusters is a

promising strategy for the mass production of bacillamide C. NRPSs are
large multifunctional proteins with a modular organization. One
module induces all catalytic activities that are necessary for the in-
corporation of one amino acid residue into the peptide product. In this
study, we heterologously expressed A1-PCP1 and Cy-A2-PCP2 module
proteins (Fig. 2). Heterologous expression generates novel synthetic
bioactive compounds (Zhao and Kuipers, 2016). Bacillales may produce
vital antimicrobial compounds that could be utilized for medical, food,
or agricultural applications. A total of 1231 putative nonribosomal
antimicrobial gene clusters were detected and subgrouped into 23 types
of NRPSs, 5 types of PKs, and 3 types of NRPS/PKS hybrid synthesized
compounds distributed over 49 species of Bacillales (Zhao and Kuipers,
2016). Only report from Saini et al. (2017) has heterologously ex-
pressed an enzyme from B. atrophaeus and characterized it in E. coli. The
effective use of heterologous hosts for the characterization of biosyn-
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