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Abstract

Thiopeptides are members of the ribosomally synthesized and posttranslationally modified 

peptides (RiPP) family of natural products. Most characterized thiopeptides display nanomolar 

potency towards Gram-positive bacteria by blocking protein translation with several being 

produced at the industrial scale for veterinary and live-stock applications. Employing our custom 

bioinformatics program, RODEO, we expand the thiopeptide family of natural product by a factor 

of four. This effort revealed many new thiopeptide biosynthetic gene clusters with products 

predicted to be distinct from characterized thiopeptides and identified gene clusters for previously 

characterized molecules of unknown biosynthetic origin. To further validate our dataset of 

predicted thiopeptide biosynthetic gene clusters, we isolated and characterized a structurally 

unique thiopeptide featuring a central piperidine and rare thioamide moiety. Termed 

saalfelduracin, this thiopeptide displayed potent antibiotic activity towards several drug-resistant 

Gram-positive pathogens. A combination of whole-genome sequencing, comparative genomics, 

and heterologous expression experiments confirmed that the thioamide moiety of saalfelduracin is 

installed posttranslationally by the joint action of two proteins, TfuA and YcaO. These results 

reconcile the previously unknown origin of the thioamide in two long-known thiopeptides, 

thiopeptin and Sch 18640. Armed with these new insights into thiopeptide chemical-genomic 

space, we provide a roadmap for the discovery of additional members of this natural product 

family.

Graphical Abstract

*Corresponding Author: douglasm@illinois.edu.
§Author Contributions
These authors contributed equally.

Notes
The authors declare no competing financial interests.

The Supporting Information, including experimental methods and supporting figures, is available free of charge on the ACS 
Publications website.

HHS Public Access
Author manuscript
J Am Chem Soc. Author manuscript; available in PMC 2019 August 01.

Published in final edited form as:
J Am Chem Soc. 2018 August 01; 140(30): 9494–9501. doi:10.1021/jacs.8b03896.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

With the advent of modern genome sequencing technology and powerful bioinformatics 

tools to aid in their analysis, it is apparent that ribosomally synthesized and 

posttranslationally modified peptide (RiPP) natural products are underexplored and 

pervasive in all domains of life.1 Many bioactive RiPPs are antibiotics, making them 

potential leads for future drug development. One therapeutically promising class of RiPP are 

the thiopeptides, which routinely display nanomolar growth suppression activity towards 

clinically problematic Gram-positive pathogens such as methicillin-resistant Staphylococcus 
aureus, vancomycin-resistant enterococci, and Clostridium difficile.2,3 Thiostrepton has been 

employed in topical veterinary applications while LFF571, a semi-synthetic analog of 

GE2270A, displayed efficacy in treating C. difficile commensurate with vancomycin.4 

Nosiheptide also has a long history of use in animal feed where it acts as a growth promoter 

at sub-therapeutic concentrations. Thiopeptides predominantly exert their antibiotic activity 

by inhibiting protein synthesis with two notable exceptions: the cyclothiazomycins are 

reported to inhibit RNA polymerase5 while lactazole is reported to lack antibiotic activity.6 

The mechanism of action for thiopeptides acting as protein synthesis inhibitors correlates 

with the size of the primary macrocycle: 29-atom macrocycles (e.g. thiomuracin and 

GE2270A) bind elongation factor thermo unstable (EF-Tu)7 while 26- and 32-atom 

macrocycles (e.g. thiostrepton and berninamycin, respectively) bind to the interface of 

protein L11 and the 23S rRNA within the 50S ribosomal subunit8 (Figure 1).

The complex scaffolds that compose thiopeptide structures all adhere to a common 

biosynthetic logic. As RiPPs, thiopeptide biosynthesis begins with the ribosomal production 

of a precursor peptide. RiPP precursor peptides are bipartite and typically consist of an N-

terminal leader region that contains a recognition sequence that is directly engaged by the 

maturation proteins. The C-terminal core region receives the posttranslational modifications 

to become the mature RiPP.9–11 Recent work has shown that thiopeptide precursor peptides 

are first acted upon by a trimeric heterocycle synthetase (Ocin-ThiF-dependent YcaO) which 

cyclodehydrates Cys and select Ser/Thr residues to azoline heterocycles, often with 

subsequent dehydrogenation to the corresponding azole.12,13 The azol(in)e-bearing 

intermediate is then dehydrated at other unmodified Ser and Thr residues in a tRNA-

dependent manner by a split LanB-like dehydratase, giving rise to dehydroalanine (Dha) and 

dehydrobutyrine (Dhb) moieties, respectively. The last step that is common to all thiopeptide 

biosynthetic pathways involves a formal [4+2] cycloaddition between two Dha residues and 

the amide backbone, giving rise to a six-membered, central N-heterocycle. This 

cycloaddition forms the primary macrocycle found in all thiopeptides. Most frequently, this 
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central heterocycle appears in mature thiopeptides as pyridine, but other oxidation states are 

known, such as hydroxypyridine, dehydropiperidine, and piperidine (Figure 1).10

Despite proven industrial and promising clinical applications, only a handful of truly distinct 

thiopeptide scaffolds have been characterized. Approximately 150 thiopeptides are known; 

however, the majority of these molecules are close analogs of each other (including 

naturally-occurring congeners) and fall within seven classes: nosiheptide/nocathiacin-like, 

thiocillin-like, thiostrepton-like, cyclothiazomycin-like, lactazole-like, thiomuracin/

GE2270A-like, and berninamycin-like (Figure 1). All known thiopeptides are variations on 

these scaffolds by means of amino acid substitutions and/or ancillary modifications such as 

oxidation, methylation, glycosylation, amidation, and thioamidation.3

Based on our previous bioinformatic work on the pyridine-forming [4+2]-cycloaddition 

enzyme involved in thiomuracin biosynthesis14, we suspected that the thiopeptide genomic 

space was far greater than currently appreciated. Due to the recent magnitude of microbial 

genome sequencing that has taken place, multiple classes of natural products have been 

significantly expanded through genome-mining.15,16 Therefore, we endeavored to 

comprehensively catalog and classify all identifiable thiopeptide biosynthetic gene clusters 

in GenBank. This would allow us to identify biosynthetic gene clusters for thiopeptides of 

previous unknown genetic origin and the dataset could guide the discovery of new 

thiopeptides while also shedding light on currently enigmatic biosynthetic reactions.

RESULTS AND DISCUSSION

Thiopeptide genome-mining

The bioinformatics algorithm RODEO (Rapid ORF Description and Evaluation Online) has 

previously been leveraged to define the genomic landscape of the lasso peptide class of 

RiPPs.17,18 Given that all thiopeptides share a core set of biosynthetic genes (i.e. Ocin-ThiF-

like protein, azoline-forming YcaO cyclodehydratase, azoline dehydrogenase, split LanB 

dehydratase, and [4+2]-cycloaddition enzyme), homologous gene clusters can be readily 

identifiable using position-specific iterative BLAST (PSI-BLAST).19 As the presence of a 

[4+2]-cycloaddition enzyme discriminates thiopeptides from closely related goadsporin-type 

linear RiPPs,14,20 we chose the encoding gene from the thiomuracin, thiostrepton, 

nosiheptide, cyclothiazomycin, thiocillin, and berninamycin biosynthetic gene clusters as 

input for PSI-BLASTP searches to generate a comprehensive, non-redundant list of all 

[4+2]-cycloaddition enzymes in GenBank.

One difficulty in analyzing thiopeptide [4+2]-cycloaddition enzymes is they bear the initially 

misleading annotation as members of the “Lant_Dehydr_C” protein superfamily (PF14028).
21 Indeed, members of PF14028 carry out the elimination reaction required for Dha/Dhb 

formation as exemplified by the C-terminal domain of NisB from nisin biosynthesis.22 

During the evolution of thiopeptide biosynthesis, it is likely that this domain evolved to 

catalyze the non-spontaneous [4+2]-cycloaddition reaction characteristic of thiopeptides, as 

best-evidenced by substantial primary sequence and tertiary structural similarity between the 

two enzyme types.14

Schwalen et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To aid in the differentiation of bona fide [4+2]-cycloaddition enzymes from other members 

of PF14028, we generated custom profile Hidden Markov Models (pHMMs) for each of the 

four major subclasses of enzyme found in mature thiopeptides (Figure 2A & Supplementary 

Dataset 1). Using these models as classification standards, we identified 508 thiopeptide 

[4+2] enzymes in GenBank with 372 being unique at an amino acid identity cutoff of 95% 

(Supplementary Dataset 2). This represents a nearly 4-fold expansion of the thiopeptide 

class of natural products compared to previous estimates.14 This aggregated list of [4+2]-

cycloaddition enzymes was used as input for RODEO, in conjunction with the custom 

pHMMs for the remaining proteins minimally required for thiopeptide biosynthesis: Ocin-

ThiF-like protein, azoline-forming YcaO cyclodehydratase,23 and split LanB enzymes 

involved in Dha/Dhb formation (Supplementary Dataset 1).12 Clusters bearing the majority 

of core modifying enzymes were included for further analyses.

Most characterized thiopeptides bear a central pyridine heterocycle and the [4+2]-

cycloaddition enzyme responsible for its synthesis falls into the thiomuracin-like class of 

pyridine synthases. Unexpectedly, nearly half of all [4+2]-cycloaddition enzymes matched 

most closely with the pHMM for lactazole-like pyridine synthases, despite the only known 

member being lactazole itself (Figure 2).6 Thiopeptide biosynthetic gene clusters containing 

a lactazole-like [4+2]-cycloaddition enzyme span several large clades that do not contain any 

characterized members (Figure 2B). These data suggest that there exists a great number of 

undiscovered thiopeptides that will contain a lactazole-like central pyridine but are otherwise 

structurally divergent. The remaining three classes of [4+2]-cycloaddition enzymes, 

thiomuracin-, thiostrepton-, and berninamycin-like, tend to form groupings that correlate 

with central heterocycle oxidation/substitution status. Analysis of our dataset suggests there 

is less structural diversity yet to be discovered within these clades compared to thiopeptides 

biosynthetic gene clusters that harbor a lactazole-like [4+2]-cycloaddition enzyme.

The vast majority (95.1%) of organisms that encode thiopeptide biosynthetic gene clusters 

belong to either the Actinobacteria or Bacilli bacterial classes (Figure S1). The remaining 

4.9% of thiopeptides in our dataset are encoded by a limited number of bacterial phyla not 

yet reported to naturally produce thiopeptides, including Bacteroidetes, Chloroflexi, 

Deinococcus-Thermus, and Proteobacteria. Examination of a maximum likelihood tree 

based on the [4+2]-cycloaddition protein sequence suggests that lactazole-like thiopeptides 

diverged early from other members of this family (Figure S2–S3). Parametric G+C content 

comparison of the gene encoding the [4+2]-cycloaddition enzyme versus the genome 

suggests that most identified clusters were vertically acquired with a few exceptions within 

both Firmicutes and Actinomyces. This analysis highlights the dominance of Actinobacteria 

and Firmicutes with their characteristic high and low G+C contents, respectively (Figure 

S4).

Analysis of precursor peptide diversity and co-occurrence of biosynthetic genes in 
identified clusters

Thiopeptide precursor peptides were identified and scored using our previously described 

RODEO algorithm.18 Upon scoring potential thiopeptide precursors, we noticed there was 

more variability in the leader peptide cleavage site compared to lasso peptides. Therefore, to 
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develop a robust model for predicting the site of thiopeptide leader peptide cleavage, we 

scanned all potential thiopeptide precursors and identified three distinct motifs that were 

located at the junction of known leader/core sequences. These three motifs were 

implemented into the RODEO thiopeptide scoring algorithm (Figure S5).24 In total, 614 

sequences were identified as probable thiopeptide precursor peptides, which is greater than 

the number of [4+2] enzymes owing to some gene clusters encoding more than one 

precursor peptide. Upon removal of precursor peptides with identical core sequences, 246 

unique peptides remained (Supplementary Dataset 2). When the full-length precursor 

peptides were visualized in the form of a sequence similarity network (SSN), where 

sequences are displayed as nodes and similarity to another sequence by an edge, two trends 

emerged: (i) certain thiopeptide precursor subclasses are driven together by sequence 

similarity in the leader region, despite having highly variable core sequences and, (ii) the 

majority of predicted thiopeptide precursors are sequence divergent from currently known 

thiopeptides (Figure 3A). Aligned sequence logos of the core region of the major thiopeptide 

subclasses highlight the dominant trends in these groups (Figure S6). These trends support 

the hypothesis that like other RiPPs, thiopeptide structure is diversified mainly through 

variation of the core sequence while preserving the leader region which is critical for 

recognition by the biosynthetic proteins.

The sequences of the thiopeptide core region show a wide distribution in Cys content, 

ranging from 1–10 with a mean of 4.6 ± 2.1 Cys. Ser/Thr content also varies widely, 

appearing bimodal with most core sequences containing 7 or 13 Ser+Thr residues (Figure 3). 

Correlating Cys and Ser/Thr counts to determine the maximum number of 

(cyclo)dehydrations yields a nearly normal distribution around 10–11 residues, although 

there is an enrichment of sequences that contain 15 dehydratable (i.e. Cys+Ser+Thr) 

residues. Lastly, the lengths of the thiopeptide core regions is highly variable (range: 10–45 

residues); however, the majority contain 17–25 residues (Figure S7). Based on the fact that 

the majority of groups on both the [4+2]-cycloaddition enzyme and precursor peptide SSNs 

lack a characterized member, we predict that many unusual thiopeptides remain to be 

discovered. The data presented here provide a starting point for pursuing such compounds 

(Figure S6, Supplementary Dataset 2).

To further validate our thiopeptide dataset, we assigned biosynthetic gene clusters for several 

known thiopeptides previously of unknown genetic origin based on their deduced precursor 

peptide sequence and tailoring genes. Examples include sulfomycin,25 geninthiocin,26 

A10255,27 and Sch 40832 (Figure S8 & Supplementary Dataset 2).28 The latter thiopeptide 

is distinctive in that it bears the only 6-membered N-heterocycle fused to an imidazoyl-like 

moiety. Contrary to the previously reported precursor peptide for Sch 40832, our genomic 

data show that the fused imidazoyl ring derives from Cys instead of Ser.29

Thiopeptide structural diversity is not solely determined by core sequence, but also from 

additional modification by ancillary tailoring enzymes. Many thiopeptide gene clusters 

feature ancillary tailoring enzymes, but, with the exception of methyltransferases, no 

particular class appears in >25% of analyzed gene clusters. This observation is in accord 

with the known breadth of modification to thiopeptide scaffolds (Supplementary Table S1). 

Besides methylation, modification by cytochrome P450 enzymes appears to be the next most 
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common ancillary tailoring step. Another prevalent protein family of interest to thiopeptide 

biosynthesis are members of the radical S-adenosylmethionine (SAM) superfamily. Genes 

encoding P450 or radical SAM enzymes are present in ~20% of thiopeptide biosynthetic 

clusters.30,31

When superimposed on the [4+2]-cycloaddition enzyme SSN (Figure 2, S3), it becomes 

apparent that thiopeptide biosynthetic gene clusters encoding P450 or radical SAM enzymes 

are not constrained to any particular group. Presumably, acquisition of these and other 

additional modification enzymes provided a gain-of-function, as it is pervasive amongst 

thiopeptide biosynthetic gene clusters (Figure S3). The modular nature of RiPP biosynthesis 

allows for a few dominating modifications, but also a magnitude of diverse modifications 

that are less frequently encountered.

Among these infrequently co-occurring genes, we found that 2% of thiopeptide biosynthetic 

clusters feature a gene encoding a TfuA-like protein (PF07812, Supplementary Table S1). 

Previous work has shown that ~10% of all YcaO proteins are encoded next to TfuA.32 

Recently, the TfuA-YcaO pair from Methanosarcina acetivorans, a methanogenic archaeon, 

was found to be responsible for a posttranslational thioamidation modification. Conversion 

of a key glycine residue to thioglycine within methyl-coenzyme M reductase has been 

shown to be ubiquitous amongst methanogens.33,34 Nature employs several distinct 

strategies to form carbon-sulfur bonds.35 In contrast to methanobactins, whose thioamides 

are formed in a YcaO-independent fashion36,37, thioviridamide biosynthetic gene clusters 

encode un-characterized TfuA-YcaO pairs,38–41 and hence we reasoned that thiopeptides 

encoding these two proteins may also feature a thioamide modification. Two known 

thiopeptides have been reported that feature a single thioamide modification at equivalent 

positions in Sch 18640 and thiopeptin.42,43 Although the genome sequences for the 

producing organisms were not available, our bioinformatics survey detected a thiostrepton-

like biosynthetic gene cluster in Amycolatopsis saalfeldensis NRRL B-24474 that contained 

a tfuA-ycaO gene pair. Subsequently, this strain was screened for the production of a new 

thiopeptide.

Isolation and characterization of a new thiopeptide

Reactivity-based screening augments typical media/growth condition testing for the 

production of compound of interest by exploiting selective chemical reactivity of functional 

groups.44 With few exceptions, all known thiopeptides contain Dha or Dhb residues that are 

susceptible to 1,4-nucleophilic addition by reaction with a soft nucleophile. The predicted A. 
saalfeldensis precursor peptide contains 10 Ser+Thr residues. Based on the structure of 

thiostrepton, we predicted the following: two Ser residues would be employed for the [4+2]-

cycloaddition, one Thr would be used for linking to the quinaldic acid moiety, and one Thr 

would be left unmodified as in thiostrepton. This analysis thus predicted the presence of 6 

Michael acceptors in the final structure (5 Dha, 1 Dhb). Upon reacting the methanolic 

extract of A. saalfeldensis cultures with dithiothreitol, we identified by mass spectrometry 

(MS) a species that contained upwards of six DTT adducts (ions with 4–5 labels were the 

most intense), consistent with the prediction (Figure S9).
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Further inspection of the A. saalfeldensis biosynthetic gene cluster revealed significant 

similarity to other (dehydro)piperidine-containing thiopeptides. In particular, genes for the 

biosynthesis of the hallmark quinaldic acid moiety are present and conservation of Thr12 in 

the precursor peptide suggested a secondary, ester-linked macrocycle similar to that seen in 

thiostrepton. Missing from the A. saalfeldensis gene cluster was the asparagine synthetase 

responsible for C-terminal amidation45, implying the compound would display a carboxylate 

terminus (Figure 4). High-resolution electrospray ionization tandem MS (HR-ESI-MS/MS) 

confirmed the predicted chemical formula (C69H77N18O18S6
+). This formula is consistent 

with: (i) the 6 Dha/Dhb groups identified by reactivity towards dithiothreitol, (ii) the 

bioinformatically predicted C-terminal carboxylate, and (iii) the bioinformatically predicted 

thioamidation (replacement of an oxygen atom with sulfur) akin to Sch 18640 and 

thiopeptin. Tandem MS fragmentation of the quinaldic acid linkage involving residue Ala1 

and Thr12 resembled that of known thiopeptides (Supplementary Table S2, Figure S10). 

Notably, the best alternative chemical formula, which involves oxidation (addition of 

oxygen) was inconsistent with our observed mass.

To confirm the presence of the thioamide, we purified a larger quantity the A. saalfeldensis 
thiopeptide, now termed saalfelduracin, and subjected the compound to 1H, 1H-1H TOCSY, 

and 1H-1H NOESY NMR experiments. Analysis of the spectra confirmed the predicted 

structure. Spin systems consistent with all modifications, including the quinaldic acid, 

dehydrated amino acids, and side chains were identified (Supplementary Table S3, Figures 

S11–14). In contrast to other members of the (dehydro)piperidine thiopeptides, we only 

observed the formation of a central piperidine central heterocycle. Assignment of the 

thioamide at position Cys11-Thr12 was determined through analysis of amide protons. The 

amide NH of Thr12 was downshifted significantly (9.83 ppm), as well as the CαH (6.67 

ppm), due to the electronic effects of the thiocarbonyl (Figure 4C). These chemical shift 

values are consistent with reported thioamide chemical shifts from Sch 18640 and 

thiopeptin.43,46,47 A commercial standard of thiostrepton was obtained and the NMR 

spectrum showed that the Thr12 NH and CαH protons were significantly shielded (~1 ppm) 

relative to the corresponding nuclei of saalfelduracin (Figure 4C).

To evaluate the antibacterial activity of saalfelduracin, we measured the minimum inhibitory 

concentration (MIC) against a panel of human pathogenic bacteria. Saalfelduracin was not 

active against any Gram-negative bacterium tested, but the compound was strongly growth 

inhibitory towards against Gram-positive bacteria, including vancomycin-resistant 

Enterococcus and methicillin-resistant Staphylococcus aureus (Table 1). The potency and 

spectrum of activity of saalfelduracin is approximately equivalent to thiostrepton.

Characterization of thiopeptide thioamidation

Intrigued by the rarity of thioamides as a posttranslational modification, we sought to 

determine if the TfuA-YcaO pair was responsible for installing thioamides in thiopeptide 

natural products. The TfuA and YcaO proteins encoded by A. saalfeldensis belong to protein 

families PF07812 and PF02624, respectively. Unlike the YcaOs responsible for azoline 

formation via the ATP-dependent cyclodehydration of Cys/Ser/Thr residues, TfuA-

associated YcaO proteins are shorter and do not contain the highly conserved Pro-rich C-

Schwalen et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



terminal sequence.48,49 We reasoned that the other thiopeptides reported to contain 

thioamides (i.e. Sch 18640 and thiopeptin) would have biosynthetic gene clusters that also 

contain tfuA-ycaO genes; however, the genomes of the producing organisms were not 

available. Therefore, we obtained the natural producers of Sch 18640 and thiopeptin 

(Micromonospora arborensis NRRL 8041 and Streptomyces tateyamensis ATCC 21389, 

respectively), sequenced the genomes, and assembled the reads into ~200 contigs for each 

organism. Homologs of the TfuA-like protein from A. saalfeldensis and the thioviridamide 

producer Streptomyces olivoviridis were used to query the sequenced genomes using 

translated BLAST (TBLASTN). A single matching sequence was identified adjacent to a 

YcaO homolog in both organisms (Figure 5). Further analysis of the local region confirmed 

these appear to be valid thiopeptide biosynthetic gene clusters given that the requisite genes 

for an azoline-forming cyclodehydratase, split LanB enzymes, and [4+2]-cycloaddition 

enzyme were identified. Short genes encoding the precursor peptides were found as well that 

perfectly matched the inferred core sequences of Sch 18640 and thiopeptin.

In general, a high level of conservation was seen for the gene clusters of thioamide-

containing (dehydro)piperidine thiopeptides. Most protein homologs encoded by these gene 

clusters were >30% sequence identical across species, with the greatest sequence 

conservation values found for the enzymes involved in the modifications common to all 

thiopeptides (Supplementary Table S4 and Figure S15). Concurrently, synteny analysis of 

the biosynthetic gene clusters also indicated conservation of the relative gene order, with 

exceptions occurring near the precursor peptide gene and the presumed gene cluster 

boundaries (Figure S16). Taken together, these data suggest that variation in the precursor 

sequence, as well as the genetic content of the gene cluster periphery, are the primary 

mechanisms by which thiopeptide structural diversity is introduced.

With the finding that all thioamide-containing thiopeptides contain tfuA-ycaO genes in their 

respective biosynthetic gene clusters, there was a clear genetic link to the modification, but 

no direct biochemical evidence that either gene was responsible for thiopeptide 

thioamidation. To evaluate the role of these genes in thioamide installation, we sought to 

convert the thiopeptide thiostrepton (naturally produced by Streptomyces laurentii, as well 

as a limited number of other strains) to its known thioamidated analog, Sch 18640 (naturally 

produced by M. arborensis) through heterologous expression. We reasoned that the M. 
arborensis TfuA-YcaO pair might be able to process a non-cognate thiopeptide precursor if 

the sequence was sufficiently similar to its native substrate. Notably, mature thiostrepton and 

Sch 18640 only differ by thioamidation, although there are a number of amino acid 

substitutions in the leader regions of the precursor peptides (the same is true for siomycin 

and thiopeptin, Figure 5). As indicated, the saalfelduracin precursor sequence is more 

divergent, however, the location of the thioamide (Cys11-Thr12) is unchanged.

To determine whether genetic introduction of a TfuA-YcaO pair into a thiostrepton-only 

producer would result in a thioamidated analog, a bacteriophage integrase system was 

employed to mediate chromosomal insertion of tfuA and ycaO. Via a phage integrase 

protein, plasmids bearing the attP locus will insert the vector as long as the host 

chromosome contains an attB locus.50–52 The bacteriophage ΦC31 integrase targets attB 
sequences found in many Streptomyces species, including S. laurentii NRRL B-24298, 
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which strictly produces thiostrepton.53 Our integrative plasmid also included an engineered, 

strong, constitutive promoter (ermE*p) for driving the expression of the non-cognate tfuA-

ycaO genes (Figure S17 and Supplementary Table S5–S6).

Conjugation and subsequent integration of S. laurentii with the integrative plasmid 

containing tfuA and ycaO were subsequently screened by MS to monitor thioamide 

congener formation. Upon introduction of the M. arborensis tfuA/ycaO, a metabolite 16 Da 

heavier than thiostrepton was observed (Figure 6). This +16 Da metabolite was also 

observed after introduction of either the S. tateyamensis or A. saalfeldensis tfuA/ycaO gene 

pairs. Both tfuA and ycaO were necessary for the +16 Da metabolite to be observed, given 

that omission of either tfuA or ycaO only yielded a mass consistent with thiostrepton (Figure 

S18). HR-ESI-MS confirmed the +16 Da species to be chemically identical to Sch 18640 

(m/z calculated: 1680.4768 Da; observed: 1680.4781 Da; error: 0.8 ppm). These data 

suggest that all three tested TfuA-YcaO pairs were flexible enough to act upon a non-

cognate substrate. Future work will be necessary to delineate at which point in the 

biosynthetic pathway thioamidation takes place. The precise role of this modification, if any, 

also awaits further exploration.

CONCLUSION

Thiopeptides are among the most posttranslationally modified RiPP natural products 

identified, originally being misidentified as non-ribosomal peptides. The remarkable 

structural complexity of thiopeptides is due to a modular “plug and play” logic to the 

modifications displayed by thiopeptides. Indeed, the core modifications of thiopeptides 

appear to be a natural hybrid of two progenitor classes of RiPPs: linear azole-containing 

peptides and lanthipeptides, with an additional [4+2]-cycloaddition reaction giving rise to a 

central N-heterocycle. Mutations to the precursor peptide genes further amplify the diversity 

of thiopeptides.

Despite their intrinsic potential for structural divergence, most known thiopeptides are close 

structural homologs of one another. To enable a more rational exploration of the thiopeptide 

chemical-genomic space, we cataloged and classified all observable biosynthetic gene 

clusters in GenBank. Leveraging this dataset, we connected a protein modification 

universally present in methanogenic archaea to a comparatively rare and understudied 

modification in peptidic natural products. From this, we used a genomics-driven approach to 

isolate a new thiopeptide and reconcile the enigmatic biosynthetic pathways of several 

previously known thiopeptides. Lastly, we demonstrated the activity of the genes responsible 

for thiopeptide thioamidation, which adds yet another characterized modification to the 

growing list of reactions seen in these complex natural products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative structures of thiopeptides. The number of atoms in the primary macrocycle 

are given. All known thiopeptides are close structural analogs of these seven natural 

products.
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Figure 2. 
Analysis of thiopeptide [4+2] enzymes found in GenBank. (A) Thiopeptide [4+2] enzymes 

constitute ~4% of the Lant_Dehydr_C enzyme superfamily. The majority of [4+2] enzymes 

closely match the lactazole- or thiomuracin-like pHMMs. (B) Sequence similarity network 

of thiopeptide [4+2] enzymes (100% identical sequences are conflated, alignment score 43, 

colored as in panel A). While thiomuracin-, thiostrepton-, and berninamycin-like [4+2] 

enzymes tend to cluster together, the lactazole-like [4+2] enzymes form numerous 

unexplored groups at this alignment value. Blue outline nodes co-occur with additional 

TfuA/YcaO-encoding genes.
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Figure 3. 
Bioinformatic analysis of thiopeptide precursor peptides. (A) Sequence similarity network of 

precursor peptides (conflated at 100% identity, alignment score of 8). Sequence logos of the 

top 14 most populous clusters are in Figure S6. Nodes are colored based on Cys content as 

in panel B. (B) Histogram of Cys content in thiopeptide precursors. (C) Histogram of Ser

+Thr content in thiopeptide precursors. (D) Histogram of maximum possible 

(cyclo)dehydrations excluding critical dehydrations incorporated into pyridine/

(dehydro)piperidine. This value is calculated by Cys+Ser+Thr-2 (if the C-terminus is C/S/T, 

the residue is not counted given these are not known to undergo dehydration).
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Figure 4. 
Discovery of saalfelduracin (A) Saalfelduracin biosynthetic gene cluster and predicted 

precursor peptide (B) Proposed structure of saalfelduracin with motifs distinct from 

thiostrepton in red (C) 1H shift of the Thr12 amide and Cα proton in saalfelduracin (red), 

compared to thiostrepton (black).

Schwalen et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(A) Organization of thiopeptide biosynthetic gene clusters and precursor peptides with core 

sequences in bold. Whole-genome sequencing of S. tateyamensis and M. arborensis revealed 

analogous thiopeptide gene clusters with additional ycaO-tfuA genes, denoted by asterisks. 

(B) Structures of thiopeptides with thioamide analogs (red).
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Figure 6. 
MALDI-TOF MS of S. laurentii integration mutants. Colonies of S. laurentii with 

chromosomal copies of ycaO-tfuA genes under strong constitutive promotion from M. 
arborensis (marTY), S. tateyamensis (staTY), and A. saalfeldensis (asaTY) were analyzed 

by MALDI-TOF MS. Conjugants produced a thioamidated species (m/z 1680), 16 Da 

greater than unmodified thiostrepton (m/z 1664) and consistent with Sch 18640. High-

resolution masses were obtained on an Orbitrap instrument.
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Table 1

Antibiotic activity of saalfelduracin and thiostrepton as determined by microbroth dilution assay. MIC, 

minimum inhibitory concentration.

Strain
MIC (μg/mL)

saalfelduracin thiostrepton

Staphylococcus aureus USA300 0.25 0.12

Enterococcus faecium U503 0.12 0.12

Bacillus anthracis str. Sterne 0.25 0.25

Escherichia coli MC4100 >64 >64

Pseudomonas aeruginosa PAO1 >64 >64

Acinetobacter baumannii ATCC 19606 >64 >64
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