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a b s t r a c t

Lanthipeptides are one of the largest groups of ribosomally synthesized and post-translationally mod-

ified peptides (RiPPs) and are characterized by the presence of lanthionine (Lan) or methyllanthionine

residues (MeLan). Only very few lanthipeptides contain a C-terminal 2-aminovinyl-cysteine (AviCys) mo-

tif, but all of them show potent antibacterial activities. Recent advances of genome sequencing led to the

rapid accumulation of new biosynthetic gene clusters (BGCs) for lanthipeptides. In this study, through

our genome mining strategy, we found the AviCys containing lanthipeptides are widespread in the bacte-

rial kingdom. A lanthipeptide-type biosynthetic gene cluster was identified from public bacterial genome

database. Two new lanthipeptides, daspyromycins A and B (1 and 2) containing AviCys motif, along with

two degraded products, daspyromycins C and D (3 and 4), were obtained after heterologous expression of

the gene cluster in Streptomyces albus J1074. Daspyromycins A and B showed potent antimicrobial activity

against a spectrum of Gram-positive and -negative bacteria including methicillin-resistant Staphylococcus

aureus (MRSA) and vancomycin-resistant Enterococci (VRE).

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Infections caused by pathogenic bacteria are becoming seri-

ous global public health crisis [1–3]. In particular, this crisis is

even complicated due to the rapid emergence of multiple drug

resistant strains that are no longer susceptible to clinical antibi-

otics, such as methicillin and vancomycin [4,5]. It is estimated that

antibiotic-resistant infections will cause 10 million deaths and 100

trillion United States dollar in productivity lost each year by 2050

[6]. Therefore, it is becoming urgent to discover novel antibacte-

rial compounds against methicillin-resistant Staphylococcus aureus

(MRSA) and vancomycin-resistant Enterococci (VRE) and other clin-

ically important Gram-positive or -negative resistant pathogens [1].

Lanthipeptides are a rapidly growing class of ribosomally syn-

thesized and post-translationally modified peptides (RiPPs) mainly

produced by Gram-positive bacteria [7,8]. Lanthipeptides fea-

ture noncanonical thioether cross-linked amino acids lanthion-

ine (Lan) and/or methyllanthionine (MeLan), in addition to un-

saturated amino acids, 2,3-didehydroalanine (Dha) and/or 2,3-
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didehydrobutyrines (Dhb) [9,10]. Moreover, several lanthipeptides

contain an additional C-terminal 2-aminovinyl-cysteine (AviCys)

motif as exemplified by NAI-107 [11], gallidermin [12] and mer-

sacidin (Fig. S1 in Supporting information) [13]. The C-terminal

AviCys motif is also found in other RiPPs classes including thioami-

tides [14], lipolanthines [15], linaridins [16] and lanthidins [17]. So

far, compounds containing AviCys motifs show potent biological

activities [10], indicating AviCys motif is of biological importance.

To identify new lanthipeptides containing AviCys motif, we car-

ried out a genome-wide survey of AviCys containing lanthipep-

tides biosynthetic gene clusters (BGCs) in the AntiSMASH genome

database which includes over 25,802 bacterial genomic data (as

of December 15, 2020) [18]. Among them, roughly 4939 BGCs be-

long to the lanthipeptide category. Previous investigation on Avi-

Cys biosynthesis indicated that the formation of AviCys macrocy-

cle requires the collaborative action of a dehydratase and an flavin

adenin dinucleotide (FAD) dependent decarboxylase [19,20]. Briefly,

the dehydratase and cysteine decarboxylase form a tight complex.

The cysteine decarboxylase oxidatively decarboxylated C-terminal

Cys to form a labile thioenol group; then the Ser/Thr-residues

in the decarboxylated core peptide is converted into Dha/Dhb by

dehydratase. Finally, the enzyme complex completes the AviCys
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macrocyclic ring formation via a Michael-type addition between

thioenol motif and Dha/Dhb. Although the dehydratases sometimes

are found outside BGCs [19], the cysteine decarboxylases are al-

ways encoded in the related BGCs. We thus performed a BLAST

search for MibD, a cysteine decarboxylase in NAI-107 biosynthesis,

to see if these lanthipeptide BGCs contain the MibD homologues,

resulting in the discovery of 53 BGCs that may be responsible for

the production of AviCys-containing lanthipeptide (Fig. S2 in Sup-

porting information). After manual dereplication, only 19 discrete

precursor peptides were obtained from these BGCs (Table S8 and

Fig. S2 in Supporting information). We successfully obtained two

new AviCys-containing lanthipeptides, daspyromycins A and B (1

and 2), together with two degraded products daspyromycins C and

D (3 and 4), through the heterologous expression of the das gene

cluster in Streptomyces albus (S. albus) J1074 followed by bioas-

say guided fractionation. Daspyromycins A and B showed potent

antimicrobial activity against a spectrum of Gram-positive and -

negative bacteria including MRSA.

To investigate whether the obtained actinobacterial strains in-

cluding Actinokineospora diospyrosa NBRC 15665, Marininema halo-

tolerans DSM 45789, Marininema mesophilum DSM 45610, Actino-

planes teichomyceticus ATCC 31121 and Alloactinosynnema iranicum

IBRC-M 10403 could produce AviCys containing lanthipeptides (Ta-

ble S8), we cultivated these strains on F medium. We hypothesized

that the produced lanthipeptides will show potent antibacterial ac-

tivity. Thus, the susceptibility of the test strain Micrococcus luteus

to various potential lanthipeptide producing strains were carried

out using a standard disk diffusion assay. A big and clear inhibition

zone was observed around a disk from Actinokineospora diospyrosa

NBRC 15665 strain (Fig. S3 in Supporting information), whereas,

no or only weak inhibition zones were observed on disk inoculated

with other strains, indicating that only NBRC 15665 might have the

ability to produce antimicrobial compounds under the current cul-

ture condition.

Thus, a large scale fermentation (10 L) was carried out, followed

by the bioactivity-guided fractionation and high performance liq-

uid chromatography (HPLC) purification. A tiny peak, with an

[M + H]+ ion at 2096.8, collected from semi-preparative HPLC

showed most prominent anti Micrococcus luteus activity. However,

the isolated material is not sufficient for nuclear magnetic res-

onance (NMR)-based structural characterization. Attempts to in-

crease the titer using different fermentation conditions were not

successful.

To increase the low titer of target compound, we turned to

clone and express the entire gene cluster in heterologous surrogate

hosts. The das gene cluster (GenBank Accession No. MW686201)

contains six genes (Fig. 1A), and encodes for a precursor peptide

(DasA), posttranslational modification enzymes including a lantibi-

otic dehydratase (DasB), a cyclase (DasC) and a FAD-dependent

cysteine decarboxylase, as well as two transporters (DasT and

DasU). A pJTU2554 vector-based cosmid library was then con-

structed to capture the das BGC [21]. One cosmid, 6I13, covering

the intact das BGC was obtained and introduced into S. albus J1074

by conjugation.

The recombinant strain S. albus J1074/cosmid 6I13 was fer-

mented with the original S. albus J1074 as a control. One major

peak that has an [M + H]+ ion at m/z 2096.8 consistent with that

produced in wild-type strain, together with several minor peaks

was observed in liquid chromatography–mass spectrometry (LC–

MS) analysis (Fig. 2A). The titer for 1 in the heterologous host is

much higher than that in the native host. We thus performed a 5-

L scale fermentation of S. albus J1074/cosmid 6I13. Four compounds

1–4 were thus isolated and characterized (Fig. 2A).

Compound 1 was obtained as an amorphous powder. Based on

the high resolution mass analysis (Fig. S4 in Supporting informa-

tion), its molecular formula is determined to be C88H129N25O25S5,

Fig. 1. Biosynthesis of daspyromycins A and B. (A) The gene cluster for daspy-

romycin. (B) Biosynthetic pathway for daspyromycins A and B.

indicating 37 degrees of unsaturation. Analysis of its 1H, 13C, het-

eronuclear single quantum correlation (HSQC) and 1H–1H correla-

tion spectroscopy (COSY) NMR data revealed characteristic signals

for the aromatic/olefinic proton signals for Phe (δH 7.22, 7.32 and

7.20), Dhb (δH 6.25, 1.74), Dha (δH 5.42, 6.07) and cis double bond

in AviCys moiety (δH 6.87, 5.47, J = 7.0 Hz). The deduced 24-aa core

peptide accounts for at least 32 unsaturated degrees including one

phenyl, one Pro, 23 peptide bonds, one terminal amide bond in

Gln, and three double bonds. Thus, five rings are required to con-

sume the remaining 5 unsaturated degrees, which is in agreement

with the five Cys residues observed in core peptide that finally may

form three lanthionine rings, one methyllanthionine ring and one

AviCys ring through Michael-type additions. Based on the above

analysis and the reported cyclization pattern for NAI-107 [22], the

structure for daspyromycin A (1) was proposed as shown in Fig. 1B.

To confirm the structure of 1, an MS/MS analysis was performed

(Fig. 3). The ion signals at m/z 1983.3 (y22) and 197.1 (b2) corre-

spond to the loss of N-terminal Ile-and Ile-Dhb, respectively. The

peaks at m/z 664.4 (b7), 467.6 (b7-b2) and 1431.5 (y16) clearly

indicated the formation of a thioether bridge between Ala3 and

Ala7. In addition, ion peaks at m/z 1004.5 (b11) and 664.4 (b7) re-

vealed the formation of a second thioether ring between Abu8 and
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Fig. 2. LC–MS analyses of metabolic extracts. (A) LC–MS analyses of metabolic ex-

tracts from S. albus J1074 and S. albus J1074 carrying cosmid 6I13. (B) LC–MS detec-

tion of 2 upon feeding 1 into S. albus J1074.

Ala11. The clear ion peaks of 991.1 (y11), 1105.5 (b12), 242.1 (b17-

b13) and no other fragmental signals indicated the remaining three

rings are twisted together to form the Ala13-S-Ala20, Ala18-S-Ala23
and AviCys ring between Ala21 and the C-terminal Cys, which is

also observed in NAI-107. Careful analysis of 1D and 2D NMR data

established the structure of 1 (Table S4).

The molecular formula of daspyromycin B (2) was determined

to be C88H129N25O26S5 by the high resolution electrospray ion-

ization mass spectroscopy (HRESIMS), indicating one more oxygen

atom relative to 1. The MS/MS analysis showed the b2, b7 and y11

ion signals are the same as those observed in 1, whereas b11 and

b12 signals are 16 Da greater than those in 1, indicating one hy-

droxyl group is substituted in the 2nd lanthionine ring. Further

scrutiny of the 1D and 2D NMR data of 2 indicated an oxygenated

methine proton δH 4.05 showed 1H–1H COSY correlations with a

nitrogenated methylene at δH 3.33 and an aliphatic methylene at

δH 1.94/2.08, which indicated the additional hydroxyl group is lo-

cated at C-4 position of Pro9. As no other hydroxylation related en-

zymes are encoded in das gene cluster, we hypothesized if the hy-

droxylation was generated by the heterologous host. We thus fed

1 to the S. albus J1074 strain. After fermentation, a new peak that

has the same retention time and molecular weight to 2 was de-

tected in LC–MS analysis (Fig. 2B), whereas the S. albus J1074 strain

without supplementation of 1 has no such peak, revealing the hy-

droxylase for hydroxylation at Pro9 is encoded in the genome of S.

albus J1074.

Compound 3 was obtained as a colorless powder. The molecu-

lar formula of 3 was determined to be C40H67N9O12S on the ba-

sis of HRESIMS. Analysis of the 1H, 13C and 1H–1H COSY spectra

indicated the presence of several amino acid residues including 2

Ile, 1 Dhb, 1 Ser, 1 Leu, 1 Thr and 1 Pro, as well as a lanthionine

moiety (Table S6 in Supporting information). Heteronuclear multi-

ple bond correlation (HMBC) correlations revealed the sequence of

these amino acid residues, which is consistent with the N-terminal

core peptide (Fig. 4). In addition, the HMBC correlations of δH 2.68

Table 1

Antimicrobial activities of 1 and 2.

Strain

MIC (μg/mL)

1 2 Tetracycline

Gram-positive

Micrococus luteus ATCC 4698 1.0 1.0 4

Staphylococcus capitis W7 0.25 1.0 8

Staphylococcus aureus LV-B1 4.0 8.0 8

Bacillus subtilis ATCC 6051 4.0 16.0 4

MRSAa 2.0 16.0 4

VREb 1.0 4.0 4

Gram-negative

Klebsiella pneumonia W5 > 128 > 128 > 32

E. coli CGMCC 1.3344 > 128 > 128 16

Shigella sonnei ZD12 > 128 > 128 16

Acidovorax avenae ATCC 19,307 4.0 16.0 16

Pseudomonas syringae ATCC-BAA-2502 4.0 32.0 > 32

Xanthomonas oryzae ATCC 35,933 2.0 4.0 16

a MRSA, methicillin-resistant Staphylococcus aureus.
b VRE, vancomycin-resistant Enterococci.

with δC 35.8 clearly established the ether bridge between Ala3 and

Ala7. Compound 4 was determined to have a molecular formula of

C40H67N9O13S.
1H and 13C NMR spectra of 4 are highly similar to

those of 3, except for the presence of an additional oxygenated me-

thine proton (δH 4.05) (Table S7 in Supporting information) which

showed clear HMBC correlations with C-2, C-5 position of Pro9, in-

dicating the OH group was located at C-4 position of Pro9. The hy-

droxyl group substitution pattern in 4 is consistent with that in 2.

Detailed explanation of MS/MS (Fig. 3), 1D and 2D NMR spectra

established the structures of 3 and 4.

Based on the bioinformatics analysis of the das gene cluster and

the characterized structures, the biosynthetic pathway for 1 was

proposed. The biosynthesis starts with the production of precur-

sor peptide DasA (Fig. 1B). DasB dehydrates seven Ser/Thr-residues

to afford Dha/Dhb within the core peptide in a glutamyl-tRNAglu-

dependent manner. Then, DasC catalyzes the Michael-type addition

of Cys residue to Dha/Dhb to give lanthio-nine/methyllanthionine

moieties. DasD catalyzes the oxidative decarboxylation of the C-

terminal Cys to form a thioenol. A subsequent Michael type ad-

dition of the thioenol to the nearby Dha yields the AviCys moi-

ety (Fig. 1B). After protease cleavage, the mature daspyromycin A

is formed. Though the AviCys formation in thioamitides has been

well established [19,20], it remains elusive whether it is formed

through a similar manner, i.e., DasB and DasD form a complex and

collaboratively catalyze the macrocyclic AviCys ring formation.

Finally, all the isolated compounds (1–4) were evaluated for

the antibacterial activity against an array of pathogenic bacteria.

Though 3 and 4 were inactive to all tested strains [minimum in-

hibitory concentrations (MICs) > 128 μg/mL], 1 and 2 showed

potent antibacterial activities against all Gram-positive bacteria

(Table 1). This result is consistent with the reported mode of action

for the NAI-107 that blocks peptidoglycan biosynthesis in Gram-

positive bacteria and causes accumulation of the soluble peptido-

glycan precursor in the cytoplasm [11]. In addition, 1 and 2 were

also active to three tested Gram-negative bacteria including Aci-

dovorax avenae, Pseudomonas syringae and Xanthomonas oryzae, but

were inactive to Klebsiella pneumonia, Escherichia coli and Shigella

sonnei. Compound 1 was particularly active to Staphylococcus capi-

tis, which is associated with prosthetic valve endocarditis. More

importantly, 1 showed potent activities against MRSA and VRE

with MIC values of 2 and 1 μg/mL, respectively. From Table 1, the

activities of 1 were generally superior to those of 2, suggesting that

the hydroxylation on Pro9 might be a detoxification step during

the heterologous production of 1. Most of lanthipeptides are only

active towards Gram-positive bacteria [23], while few of them ap-
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Fig. 3. MS/MS fragmentation analyses of 1–4.

Fig. 4. Key HMBC correlations of 3 and 4.

pear to be selective for Gram-negative strains [24]. Daspyromycins

A and B showed broad spectrum antibacterial activity, providing

an unusual example of an antibiotic that are active towards both

Gram-positive and -negative bacteria.

In summary, our genome mining study revealed the widespread

occurrence of AviCys containing lanthipeptides in the bacterial

kingdom. Heterologous expression of the das gene cluster led to

the production of daspyromycins A–D (1–4). Their structures were

determined through extensive analysis of bioinformatics, NMR,

HRMS and MS/MS data. Daspyromycin A (1) showed remarkable

antibacterial activities against a broad spectrum of pathogenic bac-

teria including MRSA and VRE, opening the path to future devel-

opment for pharmaceutical application.
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