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Abstract

We describe a lasso peptide, albusnodin, that is post-translationally modified with an acetyl group, 

the first example of a lasso peptide with this modification. Using heterologous expression, we 

further show that the acetyltransferase colocalized with the albusnodin gene cluster is required for 

the biosynthesis of this lasso peptide. This type of lasso peptide is widespread in Actinobacteria 

with 44 examples found in currently sequenced genomes.

Actinobacteria have long been a rich source for lasso peptides, a family of ribosomally 

synthesized and post-translationally modified peptides (RiPPs)1 typified by their isopeptide-

bonded slipknot structure.2,3 Many of the early examples of lasso peptides isolated by 

conventional natural product isolation methods were derived from Actinobacteria.4–10 With 

the quickening pace of genome sequencing and the advancement of tools for identifying 

lasso peptide gene clusters from these genomes,11–15 many additional examples of lasso 

peptides encoded in Actinobacterial genomes have been revealed. The lasso peptide 

topology is installed via a specific post-translational modification (PTM), an isopeptide bond 

between the N-terminus of the peptide and an Asp or Glu sidechain. Both genome mining 

and natural product isolation studies have also revealed lasso peptides with further PTMs 

including phosphorylation,16 citrullination,15 C-terminal methylation,17 and disulfide bond 

formation.13,18

While it has been recognized that Actinobacteria are prolific producers of lasso peptides for 

some time,11 tools for the heterologous expression of lasso peptides from these organisms 

have lagged behind those developed for proteobacteria.12,19,20 There is one notable 

exception: the lasso peptide sviceucin from Streptomyces sviceus was produced in mg/L 
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yields in a S. coelicolor heterologous expression system.18 Heterologous expression has 

been a particularly useful tool in the study of lasso peptides since many of these peptides are 

not produced under standard culture conditions.11,12,21–24 In addition, heterologous 

expression can allow for tests of the function of genes involved in lasso peptide biosynthesis 

and post-translational modification.16,18,25,26 Here we describe the heterologous expression 

of a novel lasso peptide, albusnodin, encoded in the genome of Streptomyces albus DSM 

41398 in the hosts S. coelicolor and S. lividans. The albusnodin gene cluster includes a gene 

for a putative acetyltransferase. Only monoacetylated albusnodin was produced upon 

heterologous expression. We further show that the acetyltransferase gene is indispensable for 

the biosynthesis of albusnodin. Thus albusnodin is the first example of a lasso peptide with 

an obligate post-translational modification.

Conventional natural product isolation and genome mining has uncovered several lasso 

peptide gene clusters with associated PTM enzymes (Fig. S1). A minimum of 3 genes are 

required for lasso peptide biosynthesis: an A gene encoding the peptide precursor, a B gene 

encoding a cysteine protease that cleaves the precursor, and a C gene that serves as a lasso 

peptide cyclase, installing the isopeptide bond.27,28 The enzymes required for further PTMs 

on lasso peptides are often encoded nearby the A, B, and C genes (Fig. 1, S1), though in one 

case, the citrullinated lasso peptide citrulassin,15 the factor(s) for posttranslational 

modification have not yet been identified. We have previously described a genome mining 

method for lasso peptide discovery that uses pattern matching to identify potential lasso 

peptide precursors (A genes) and then searches for adjacent B and C genes.11 We used this 

method to find a cluster in Streptomyces albus DSM 41398 with a gene cluster architecture 

unique from all previous experimentally characterized lasso peptides (Fig. 1, S1). Namely, 

the gene cluster from S. albus DSM 41398 includes a putative acetyltransferase giving it an 

ACBT architecture where the T gene refers to the acetyltransferase. In addition, whereas the 

vast majority of B genes in Actinobacteria are split between two open reading frames 

(ORFs),15,29 the B gene encoded in S. albus is a single ORF (Fig. 1). In a recent genome 

mining study, Mitchell and colleagues identified this cluster as well, and noted that it 

belonged to a larger family of lasso peptides with 18 distinct precursors found in 29 strains.
15 In further BLAST searches for homologs to the S. albus acetyltransferase gene, we 

identified 43 additional distinct lasso peptide precursors that are found within gene clusters 

with an ACBT architecture (Fig. 2, Fig. S2). We used I-TASSER30 to generate a homology 

model of the acetyltransferase AlbT. The closest hit to AlbT with a structure in the PDB is a 

member of the GNAT family from Campylobacter jejuni.31 This enzyme has low homology 

to AlbT (16 % identity/32 % similarity) and is larger than AlbT (163 aa vs. 147 aa for 

AlbT). While the acetyl-CoA binding pocket of the enzymes appears to be well-conserved 

structurally, other sections of the enzyme are more structurally divergent (Fig. S3).

To attempt to isolate the product of the S. albus gene cluster, we grew S. albus DSM 41398 

in liquid media (see details in the Supporting Information), but found no trace of the 

predicted lasso peptide in either the cell pellet or the culture media. We also attempted 

heterologous expression of the cluster in E. coli, which has been very successful in 

producing lasso peptides from proteobacteria.11, 12, 21–23 However, no lasso peptide was 

produced by E. coli. We turned next to heterologous expression in Streptomyces hosts. The 

S. albus gene cluster including the A, C, B, and T genes was cloned downstream of a 
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constitutive promoter ermEp* in the plasmid pIJ1025732 generating the plasmid pCZ68. 

This plasmid was transformed into E. coli which was subsequently conjugated with 

Streptomyces coelicolor M1146,33 Streptomyces lividans 66, and Streptomyces albus J1074, 

all strains that have been used previously as heterologous hosts.34

We tested each of these strains for lasso peptide production using MALDI-MS and found 

putative lasso peptide products in the S. coelicolor and S. lividans exconjugants, but 

surprisingly not in the S. albus J1074 exconjugant. The peptide was detected both in culture 

supernatants and lysate extracts of S. coelicolor and S. lividans. We have named this peptide 

albusnodin, representing a knotted peptide (-nodin) from S. albus. The mass observed, MH+ 

= 1646.7, is consistent with a lasso peptide that is correctly cyclized with a single 

acetylation, but with the final amino acid of the peptide truncated (Fig. 3, Fig. S4 and S5). 

Lasso peptides are commonly truncated from their C-termini when heterologously 

expressed.23,24 This is the only lasso peptide product observed from fermentation of the 

heterologous strains; no full-length product was observed nor was any non-acetylated 

product. This observation led to the question of whether the acetyltransferase is critical for 

the production of albusnodin. To address this, we constructed a plasmid, pCZ66, which 

contains the A, C, and B genes of the albusnodin cluster, but lacks the acetyltransferase. This 

cluster was introduced to the same three heterologous hosts described above, but we 

observed no lasso peptide products from these exoconjugants (Fig. 3). This data, combined 

with the observation of only acetylated peptide produced from the intact cluster, strongly 

suggests that the acetylation of albusnodin is an obligate PTM.

We next turned our attention to characterization of albusnodin. Using a C18 column and a 

gradient that we have previously used to separate lasso peptides, albusnodin eluted 

exceptionally early, within the first two minutes of the HPLC run. In contrast, the well-

studied lasso peptide microcin J25 elutes at around 17 minutes on this gradient19, 26, 35 and 

the more polar astexin-1, -2, and -3 peptides elute at around 14 minutes.11, 23 The presence 

of albusnodin was confirmed by MALDI-MS analysis of the material collected from the 

column, but no obvious peak for albusnodin was observed using a UV detector at 215 nm 

(Fig. S6). This low yield of albusnodin precluded structural analysis by NMR, the gold 

standard for establishing the threaded topology of lasso peptides.36 A distinct peak for 

albusnodin was visible when using an HPLC with a shallower gradient and a sensitive mass 

detector (Fig. S7).

Given that there is a single lysine, Lys-10, within albusnodin, we expected the acetyl group 

to be installed at this position. Fragmentation of albusnodin either using MALDI-TOF/TOF 

or LC-MS/MS confirmed this (Fig. 4, Fig. S8). It is noteworthy that while albusnodin has 

only a single potential acetylation site, several of the putative peptides homologous to 

albusnodin (Fig. 2, Fig. S2) may be polyacetylated. To provide evidence that albusnodin 

exists in a threaded conformation, we carried out two protease digestions. Because of their 

knotted structure, lasso peptides are often resistant to proteases.37 Albusnodin contains two 

arginine residues, Arg-11 and Arg-12, which are potential cleavage sites for trypsin. 

Treatment of albusnodin with trypsin overnight led to no cleavage of the peptide, suggesting 

that the arginine residues fall within the loop region of albusnodin (Fig. S9). We also carried 

out carboxypeptidase treatment of albusnodin, which can be used to report on the threaded 
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state of lasso peptides.38,39 Albusnodin was resistant to carboxypeptidase cleavage, 

providing strong evidence that the peptide is threaded (Fig. S9).

Another potential ambiguity with the albusnodin structure is the fact that it has two acidic 

residues, Glu-8 and Asp-9, which can serve as the isopeptide bond location. There is 

precedence for lasso peptides with isopeptide-bonded ring sizes of 7–9 aa. Based on the 

bioinformatic analysis carried out above (Fig. 2), we suspected that albusnodin was cyclized 

at Glu-8 since Glu in the 8th position of the peptide is universally conserved, but Asp-9 is 

not conserved. To provide support for this assertion, we used a recently described chemical 

cleavage method that is able to cleave peptides N-terminal to Ser, Cys, and Glu residues, but 

not Asp residues.40 We observed a peptide mass of 1689.75 consistent with a singly cleaved 

product that is ring-opened at Ser-7 (Fig. S10). If Glu-8 was not participating in the 

isopeptide bond, we would expect cleavage N-terminal to it, but we did not observe any 

masses consistent with cleavage at Glu-8. Combining the data, we can predict the overall 

structure of albusnodin as having an isopeptide-bonded ring between Gly-1 and Glu-8, 

acetylation on Lys-10, and the Arg-11 and Arg-12 residues within the loop of the peptide. It 

is unknown exactly where the C-terminal tail of the peptide threads through the ring, but 

there is highly-conserved tyrosine at position 14 which may serve as a steric lock residue39 

that helps maintain the threaded structure (Fig. S11).

Here we have characterized a novel lasso peptide, albusnodin, from Actinobacteria using 

heterologous expression in Streptomyces strains. The peptide is only produced upon 

coexpression of a tailoring acetyltransferase enzyme, suggesting that acetylation of 

albusnodin may be an obligate PTM for the peptide. This is the first experimental 

demonstration of a lasso peptide with an acetylation PTM, and adds to the growing list of 

lasso peptides that are tailored by PTMs. As many lasso peptides exhibit antimicrobial 

activity, it is possible that the acetylation is a resistance mechanism to protect the producing 

cells from poisoning themselves. Another possibility is that the acetylation occurs prior to 

lasso formation, and that the acetyl group assists in the formation of the lasso structure with 

the lasso cyclase enzyme. Improvements in the heterologous expression of albusnodin or 

other acetylated lasso peptides are expected to enable further structural and functional 

characterization of these natural products.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The albusnodin gene cluster. The A gene encodes the precursor protein and the B and C 

genes encode maturation enzymes. The T gene encodes a putative acetyltransferase. 

Additional examples of lasso peptide gene clusters with and without post-translational 

modification enzymes can be found in Figure S1.
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Fig. 2. 
Selected lasso peptide precursors found in gene clusters with acetyltransferases. Asterisks 

indicate (left to right) the conserved Thr in the leader peptide, Gly-1 of the core peptide, Glu 

residue for isopeptide bond cyclization, Lys residue for acetylation, highly conserved Arg 

residue following the acetylation site, and a highly conserved Tyr residue. See Figure S2 for 

complete list.

Zong et al. Page 8

Chem Commun (Camb). Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
MALDI-MS spectra of partially purified supernatants from S. lividans 66 cultures 

heterologously expressing albusnodin. Only one product is observed: albusnodin missing its 

C-terminal Cys with a single acetylation. When the acetyltransferase (T) gene is not 

included, no products are observed.
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Fig 4. 
MS/MS analysis of albusnodin. Observed fragments are labeled on the cartoon. Fragments 

lacking the acetyl group are labeled as unacetylated. Spectra showing additional fragments 

obtained at varying collision energies are in Figure S8.
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