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ABSTRACT 

 Natural products have been a rich source of new chemical matter with clinical 

applications. These compounds are broadly defined as small molecules generated by organisms 

from multiple kingdoms including plants, fungi, and prokaryotes. The outsized impact natural 

products have had on modern medicine has inspired ongoing efforts to find and characterize new 

natural products. 

The vast increase in sequenced genomes has allowed natural product discovery to move from a 

blind screening approach to a bioinformatics guided approach. Screening of extracts for 

bioactivity is not only laborious, but also leads to the rediscovery of known compounds. With a 

genome-mining approach, bioinformatic analysis of natural product gene clusters empowers 

researchers to identify producer strains and novel products. This eliminates the rediscovery 

problem and reduces the throughput necessary for novel natural product isolation. 

 Within the large family of natural products, the Ribosomally-produced and Post-

translationally modified Peptides (RiPPs) are a particularly intriguing class. These compounds 

begin as a genetically encoded precursor, which is translated into a short (~50) residue peptide. 

This precursor peptide is then modified by genetically co-located enzymes to generate a mature 

natural product. The diverse, enzymatically-derived modifications to RiPP precursors include 

both sidechain and backbone modifications and generate a large and chemically diverse class of 

natural products.  

 RiPPs are a potentially fruitful source of new chemical matter for clinical application for 

several reasons. First, the fact that RiPP precursors are genetically encoded means that there is a 

direct link between genetic sequence and chemical structure. Because of this, bioinformatic 

analysis allows relatively easy prediction of final chemical structure, and opens the possibility 
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for analog generation through relatively simple genetic modifications. Secondly, recent advances 

in genome sequencing have greatly increased the known space of organismal genomes. As far as 

RiPPs are concerned, this offers plentiful opportunity for genome mining to identify novel RiPP 

biosynthetic gene clusters with potentially novel bioactivities. 

 In addition to leveraging bioinformatics to discover novel RiPPs, this class of natural 

product has an increasingly diverse range of bioactivities. The wealth of information regarding 

known mechanisms of action of RiPPs serves as further justification for the discovery and 

characterization of novel RiPPs. In Chapter 1, I discuss the current state of understanding of the 

mechanisms of action of several classes of RiPP. This introductory chapter is an excerpt from a 

comprehensive review of the mechanisms of action of all known RiPPs. 

 In Chapter 2, we report the bioinformatics-guided discovery and biosynthetic 

reconstitution of the lasso peptide fusilassin. This biosynthetic gene cluster was shown to possess 

exceptional plasticity, and was used to generate a number of non-native lasso peptides, including 

lasso peptides from separate pathways. The enzymes in this pathway also exhibited the greatest 

in vitro stability of known lasso peptides and served as a platform for a number of additional 

efforts aimed at characterizing interactions of biosynthetic enzymes and generating lasso peptide 

analog libraries.  

 In Chapter3, we report the NMR-based characterization of protein-protein interactions 

governing the biosynthesis of the lasso peptide fusilassin. We accomplished the full backbone 

assignment of the FusE RiPP recognition element and utilized chemical shift perturbations to 

characterize the precursor peptide-FusE interactions. Solvent paramagnetic relaxation 

enhancements were used to characterize the interactions between FusE and the leader peptidase 

FusB.  



iv 
 

 In Chapter 4, we described the discovery of two novel thioether-containing RiPPs 

discovered through genome mining. The sactipeptide huazacin was characterized by HRMS/MS 

and NMR spectroscopy and was shown to have bioactivity against Clostridia sp. Utilizing 

sequence homology and HRMS/MS, the natural product freyrasin was hypothesized to contain 

unprecedented alpha-to-beta carbon thioether linkages. This novel structure was confirmed by 

the complete assignment of freyrasin and TOCSY and NOESY-based experimental 

characterization of this novel post-translational modification. Based on the NMR structure 

elucidation, this natural product served as the first fully characterized member of a novel class of 

RiPPs termed the ranthipeptides. 

In Chapter 5 we utilize reactivity-based screening to characterize the post-translational 

modification of the citrulassin lasso peptides which contain a non-proteinogenic citrulline 

residue. Comparative genomic analyses and complementation experiments identified the arginine 

deiminase responsible for the installation of this functional groups. Solution NMR analysis 

generated a 3D solution NMR ensemble structure for this peptide. 

In Chapter 6 we report the discovery of two novel thiopeptide RiPPs. Genome-mining 

identified a minimal thiopeptide biosynthetic gene cluster with two predicted precursor peptides. 

These compounds were produced synthetically and chemoenzymatically and fully characterized 

by HRMS/MS and NMR. The structure elucidation of these compounds led to the 

reclassification of the thiopeptides as pyritides. 

In Chapter 7 genome mining approaches were used to identify and isolate a novel 

graspetide termed thatisin A. Results from HPLC purifications demonstrated a thermally-

dependent atropisomerization. Temperature-controlled NMR structure elucidation accomplished 

the structure elucidation of thatisin A and demonstrated the presence of a cis-proline residue 
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located within a constrained macrocycle. Computational and MS-based methanolysis 

experiments further confirmed our proline isomerization conformational exchange hypothesis. 
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Chapter 1: Mechanism of Action of Ribosomally-Produced and Post-

Translationally Modified Peptide Natural Products1 

 

1.1 Introduction 

Natural products have served as a valuable source for bioactive compounds with clinical 

application. The major classes of natural products include the terpenoids, alkaloids, polyketides, 

non-ribosomal peptides and the ribosomally produced and post-translationally modified peptides 

(RiPPs). The biosynthesis of RiPPs begins as a linear, translated peptide which is then modified 

by biosynthetic enzymes to produce a mature natural product. The precursor peptide and 

biosynthetic enzymes are generally co-located within a biosynthetic gene cluster, which allows 

the leveraging of bioinformatic analyses to identify and characterize novel RiPP natural 

products. 

The RiPP class of natural products is very diverse, and includes over 40 separate families. In 

addition to their structural diversity, they also collectively possess broad bioactivities. 

Comprehensive reviews of the different classes of RiPP have been reported,1,2 though a full 

understanding of their mechanisms of action have yet to be reported. In this chapter, we 

introduce several classes of RiPP and describe the current state of understanding of their 

mechanisms of action. 

1.2 Lasso Peptides1 

The lasso peptides are RiPPs that possess a macrolactam ring formed between the N-terminus 

and an internal Asp or Glu residue. This ring encircles the C-terminus, forming a lariat knot 

conformation. The C-terminus is held within the loop by steric clashing between bulky 

 
1 This chapter is an excerpt from a draft manuscript in preparation for submission to Chem. Rev. Text is the original 
work of A.J.D. Chayanid Ongpipattanakul assisted in generation of protein structure figures. 
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sidechains and the macrolactam or by disulfide bonds which endows some lasso peptides with 

resistance to thermal and proteolytic denaturation. Lasso peptides are divided into four classes 

based on this topology. This conformation is known colloquially as the “lasso fold,” as opposed 

to a branched-cyclic conformation, and is subdivided into the tail, loop and ring regions. Known 

lasso peptides exhibit a diverse range of bioactivities, including enzymatic inhibition and 

receptor antagonism. The sequence diversity of the lasso peptides and their attendant 

mechanisms of action are broad and represent a promising class of RiPP natural product for 

further discovery and development. 

The cohort of lasso peptides originally discovered were primarily active against cell-surface 

receptors. The first discovered lasso peptide, anantin, possessed antagonist activity towards atrial 

natriuretic factor receptor, with a reported Kd of 18.9 pM and in vitro IC50 of 1.0 µM.3,4 

Currently, no knowledge concerning the molecular level details of the anantin mechanism of 

action exist. Subsequent discovery and evaluation of another lasso peptide, RES-701-1, 

demonstrated selective antagonism of the endothelin type B receptor with an in vitro IC50 of 10 

nM with no effect on endothelin type A receptors.5 Related lasso peptides RES-701-2, -3, and -4 

were also shown to be selective antagonists of this receptor.6 Structural studies of RES-701-1 

conclusively demonstrated this compound possesses a threaded conformation.7 Chemically 

synthesized RES-701-1  existed in the branched-cyclic conformation, wherein the macrolactam 

is formed but the C-terminal tail is not threaded through the ring. The branched-cyclic RES-701 

lacked the selectivity/activity of naturally isolated RES-701-1, demonstrating the critical 

importance of a threaded conformation for bioactivity.8,9 Structure-activity relationship (SAR) 

studies demonstrated that the C-terminal Trp of RES-701-1 is directly involved in the selectivity 

of this compound, wherein the modification of the C-terminal carboxylate to a methyl ester or 
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conversion of the C-terminal Trp to tryptamine decreased the IC50 against the endothelin type A 

receptor.10 Endothelin B receptor IC50 was only slightly increased by the removal of the C-

terminal residue or by substitution with either Phe or Tyr.11 Substitution with Gly or Ala 

substantially increased the in vitro IC50 against endothelin B, from 10 nM for to 120 and 540 nM 

for the Gly and Ala variants, respectively.11 Most interestingly, a C-terminal substitution with a 

β-2-naphthyl-alanine decreased the IC50 from 10 nM to 6.3 nM.11 These SAR studies suggest 

that larger/aromatic sidechains at the C-terminus stabilize the binding conformation of RES-701-

1, as smaller residues increase the flexibility of the C-terminus and destabilize the interaction of 

RES-701 and the endothelin B receptor interacting conformation. Biological activity of RES-

701-1 was also demonstrated ex vivo in isolated rat blood vessels and small intestines as well as 

in vivo.12,13 Atomic resolution structures of RES-701-1 and endothelin B have not been reported, 

which would be valuable information for further optimization of this inhibitor. 

Among the most clinically relevant receptor antagonist lasso peptides identified, BI-32169 was 

demonstrated to inhibit glucagon-dependent cAMP production by the human glucagon receptor 

with an IC50 of 440 nM.14,15 The activity of BI-32169 was improved with the conversion of the 

C-terminal carboxylate to a methyl ester.14 Groundbreaking work accomplished the total 

synthesis of the threaded conformation of BI-32169. In this work, anti-glucagon receptor 

antagonism was enhanced from 520 nM to 160 nM against BHK-21 cells expressing the human 

glucagon receptor with the D-enantiomer of BI-32169.16 To date, no detailed SAR or structural 

studies elucidating the molecular-level details of glucagon receptor inhibition for BI-32169 have 

been performed. 

Known lasso peptides also display protease inhibitory activity. Propeptin was initially shown to 

have potent activity against human, bovine, and flavobacterial prolyl endopeptidases, as well as 
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antibacterial activity against Mycobacterium phlei.17,18 Isolation of propeptin-2, which lacked the 

two Ser-Pro C-terminal residues of propeptin retained anti-prolyl endopeptidase activity but lost 

all antibacterial activity against M. phlei.19  

The lasso peptide lassomycin is potently active against M. tuberculosis, with MICs of 0.21-1.65 

µM against multiple clinical and drug-resistant strains.20 Lassomycin-resistant bacteria possessed 

mutations to the ClpC1 ATPase, an essential protein that interacts with the also essential 

ClpP1P2 protease responsible for protein recycling in M. tuberculosis.20–22 In vitro, purified 

ClpC1 exhibited increased ATPase activity in the presence of lassomycin but a decreased ability 

to degrade casein.20 This was presumed to be by lassomycin-dependent inhibition of 

translocation of a bound protein substrate to the proteolytic active site. Structural modeling 

studies indicated lassomycin likely interacts with the N-terminus of ClpC1, potentially 

interfering with the conformational changes necessary for proper function, thereby decoupling 

ATP hydrolysis from inducing conformational changes in ClpP1P2 necessary for proteolytic 

activity.20 Efforts to chemically synthesize lassomycin generated a compound that was isobaric 

to the naturally occurring compound, but exhibited markedly different NMR chemical shifts.23 

Synthetically prepared lassomycin also lacked any anti-M. tuberculosis bioactivity up to 100 

µg/mL.23 These results are consistent with the synthesis of the branched-cyclic form of 

lassomycin, which demonstrates the critical role that the threaded conformation has on 

bioactivity.    

Antiviral activities of lasso peptides are exemplified by siamycins I and II, which were originally 

identified as inhibitors of HIV and HSV, in addition to some Gram-positive antibacterial 

activity.24 The discovery of siamycins I and II was accomplished using bioactivity screening, 

specifically the syncytia inhibition assay in which a cell line expressing the HIV envelope 
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proteins gp120 and gp41 were cocultured with HeLa cells expressing the CD4 antigen protein.25 

Fusion of these cells generates syncytia, or polynuclear cells, which can be prevented in the 

presence of potential inhibitors of HIV. The bioassay-guided isolation of siamycins I and II 

utilized the HIV gp160 protein instead of the gp120 protein.24,26 In cell monoculture, anti-HIV 

IC50 values for siamycin I and II were 7 and 9 µg/mL, respectively, while anti-HSV  IC50 for 

siamycin I was 48 µg/mL and siamycin II was 27 µg/mL.24  Structural studies revealed that the 

siamycins possess a tricyclic Class I structure, wherein the traditional lasso fold also contains an 

intrapeptide disulfide linkage.27 In studies of siamycin-I-resistant HIV particles, the interaction 

site was localized to gp160, the HIV glycosylated preprotein responsible for cell fusion, which 

contained several point mutations.26 Utilizing the syncytia inhibition assay, it was demonstrated 

that preincubation with siamycin I, followed by removal by washing restored syncytia formation, 

suggesting this compound acts as a non-covalent protein-protein interaction inhibitor.26 A third 

anti-HIV lasso peptide, termed RP 71955, was discovered utilizing a fluorometric assay to screen 

for inhibitors of HIV-1 protease.28 Structural work on this peptide illuminated it also shared a 

class I lasso topology and led to the renaming of RP 71955 to siamycin III.29 No detailed 

mechanistic analyses on the anti-HIV activities of these peptides have been performed. 

Concerning the antibiotic activity of siamycin I, several studies elucidating the mechanism of 

action have been performed. Several siamycin-I resistant mutants exhibited cross-resistance to 

both vancomycin and the RiPP nisin (see Lanthipeptides), two antibiotics known to target the 

cell wall.30 Treatment with siamycin I induced the liaI (lipid II interacting antibiotic) cell wall 

stress response, a hallmark of antibiotics targeting the cell wall.30 Inhibition of the 

transpeptidation reaction of lipid II by penicillin-binding protein 2 was also identical to that of 

vancomycin, which binds lipid II directly.30 This, taken with the fact that siamycin I can prevent 
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the dephosphorylation and recycling of lipid II but does not influence the processing of cytosolic 

cell wall precursors, provided strong evidence that siamycin I most likely directly binds lipid II 

at the cell surface.30 Siamycin I has also shown inhibitory activity (IC50= 8 µM) against myosin 

light chain kinase, which further highlights the diversity of lasso peptide bioactivities.31,32 

Bioactivity against cell wall regulation has also been suggested in the case of the lasso peptide 

streptomonomicin. In vitro MICs of purified streptomonomicin were <10 µM against multiple 

Bacillus sp. with little to no activity against fungi or Gram-negative bacteria.33 Whole-genome 

sequencing of spontaneously resistant Bacillus anthracis colonies demonstrated five mutations to 

the walR gene and a single mutation in the upstream region of this gene. Characterization of 

WalR has shown this protein to be a response regulator which functions with WalK, a histidine 

kinase, to form a two-component regulator that controls the expression of proteins involved in 

cell wall metabolism and division.34,35 Of the isolated WalR mutants, three mutations occurred 

within the DNA binding domain, while two mutations occurred within the receiver domain.33 

Phenotypically, B. anthracis mutants grew in long chains, indicative of a septal cleavage 

defect.33 This is rationalized as the WalRK system influences the expression of LytE an autolysin 

involved in septal cleavage in Bacillus sp.33,36 The downregulation of lytE was demonstrated for 

streptomonomicin-resistant mutants by qRT-PCR, suggesting that streptomonomicin targets cell 

wall biosynthesis through the WalR protein.33  

In addition to anti-lipid II activity, siamycin I also attenuates the fsr quorum-sensing system of 

Enterococcus faecalis. This quorum-sensing system is auto induced by the peptide hormone 

gelatinase biosynthesis-activating pheromone (GBAP) and leads to the expression of two 

virulence factors: the gelatinase GelE and a serine protease SerE. Screening efforts identified 

siamycin I as an inhibitor of GelE expression by attenuation of GBAP production at sublethal 
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concentrations.37 The inhibition of GBAP by siamycin was demonstrated by inhibition of the fsr 

two-component signal transduction proteins FsrC-FsrA.37 Subsequent work showed siamycin I 

inhibited the autophosphorylation activity of FsrC.38 Furthermore, siamycin I also possessed in 

vitro inhibitory activity against several ATP-dependent enzymes, including membrane sensor 

kinases, protein kinases, and ATPases of both prokaryotes and eukaryotes.38 Despite these in 

vitro activities, siamycin I lacks anti-Gram negative activity in vivo, suggesting that this lasso 

peptide cannot cross the bacterial outer membrane.24,38 Follow up studies using circular 

dichroism spectroscopy also supported a direct interaction between siamycin I and the FsrC 

kinase occurring at a separate site from the native GBAP ligand.39 

The lasso peptide sviceucin shares the class I topology with the siamycins and has also 

demonstrated anti-fsr activity.40 Sviceucin has a MIC of 10 µM against E. faecalis, but the 

treatment of this bacteria with as little as one µM reduces GelE production by 50-70%.40 The 

shared bioactivity and topology between siamycin I and sviceucin suggest that these two lasso 

peptides share a mechanism of action against the fsr pathway. 

Several lasso peptides have a demonstrated activity against Gram-negative RNA polymerase. 

The best-studied of these, and lasso peptides general, is microcin J25 (MccJ25), a bactericidal 

lasso peptide active against clinical E. coli, Salmonella, and Shigella strains.41–43 Studies of 

spontaneously resistant mutants possessed a T391I substitution in RpoC, the β’ subunit of E. coli 

RNA polymerase (RNAP).44 MccJ25 targeting of RNA polymerase was further supported with 

complementation and in vitro and in vivo transcription assays.44 The potential site of MccJ25 

binding was proposed to be in the E. coli RNAP secondary channel, which was further supported 

by the generation of several other resistant mutants containing point mutations within this 

channel.45 Biophysical characterizations demonstrated that MccJ25 binds the secondary channel 
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of E. coli RNAP, which prevents entry of nucleotides to the enzymatic active site.46,47 

Biophysical studies showed MccJ25 “locked” E. coli RNAP into an inactive conformation.46 

Saturation mutagenesis of this secondary channel also demonstrated that substitutions at multiple 

sites within this channel could endow resistance to MccJ25 (Fig. 1).47 Recent studies on the 

cocrystal structure of MccJ25 and E. coli RNAP confirmed these findings, as MccJ25 bound 

within the secondary channel (Fig. 1).48  

Transposon mutagenesis endowing MccJ25-

resistance identified insertions in the fhuA 

gene MccJ25, which encodes a 

multifunctional outer membrane protein 

largely involved in siderophore transport.49 A 

complete model of MccJ25 internalization was 

established when additional spontaneously 

resistant E. coli possessed mutations in tonB, 

exbB/D, and smbA genes.50 These genes 

encode components of the TonB membrane 

transport pathway, wherein complexation of 

TonB, ExbB, ExbD, and SmbA to an 

unidentified proton channel induce a 

conformational change in FhuA, causing it to 

open and import MccJ25.50 Complementation 

of E. coli with the Salmonella enteritidis or 

Pantoea agglomerans FhuA protein rendered 

Figure 1.1. Interaction sites of Microcin J25 

and E. coli RNA Polymerase β’ subunit. The 

cocrystal structure of MccJ25 and E. coli 

RNAP demonstrated binding within the 

secondary channel (A). Residues identified 

through mutagenesis which contribute to 

MccJ25 resistance occur within the secondary 

channel (red, B). 
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E. coli resistant to MccJ25.  In contrast, Salmonella enteritidis typhimurium could be rendered 

sensitive to MccJ25 with E. coli FhuA complementation.51,52 Deletion studies of the fhuA gene 

demonstrated MccJ25 bound the exterior loops of the protein, as deletions of several of these 

loops abrogated MccJ25 bioactivity.53 Direct binding of MccJ25 to FhuA in vitro demonstrated a 

Kd of 1.2 µM and stoichiometry of 2:1 MccJ25 to FhuA.54 More recent structural studies showed 

MccJ25 directly bound the exterior cavity of FhuA in a similar binding mode to the native ligand 

ferrochrome (Fig. 2).55 This interaction induces MccJ25 uptake via the TonB-dependent 

membrane transport system.55 Contrary to extensive polar contacts formed between ferrichrome 

and FhuA, MccJ25 only forms three 

between the MccJ25-H5 imidazole, the 

MccJ25-A3 backbone carbonyl and the 

MccJ25-V6 backbone carbonyl.55 

Ligand-centric studies of MccJ25 

originally established the importance of the 

threaded topology to bioactivity, as 

thermolysin cleavage of the β-hairpin loop 

region of MccJ25 generated an interlocked 

dual-chain version (t-MccJ25).56,57 In 

growth inhibition assays, t-MccJ25 had 

MICs of 80-150 nM and 300-600 nM 

against S. enteritidis (WT MccJ25 = <2 

nM) and E. coli (WT MccJ25 = 2-5 nM), respectively.56,57 In vitro transcription studies of 

demonstrated both MccJ25 and t-MccJ25 inhibited E. coli RNAP and that losses in bioactivity 

Figure 1.2. Cocrystal structures of FhuA-

MccJ25 and FhuA-ferrichrome. The cocrystal 

structure of FhuA and MccJ25 demonstrated 

this lasso peptide bound to the exterior cavity 

of FhuA (A). The native FhuA ligand, 

ferrichrom, also binds to the exterior cavity of 

FhuA. 
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result from impaired FhuA-dependent uptake.58,59 Modification of MccJ25-His5 by 

carbethoxylation also reduced biological activity, likely by interfering with peptide uptake.60 

Additional studies on the role of this residue suggested MccJ25-His5 was important for 

internalization by the SmbA transporter.61 Bypass of the FhuA receptor by osmotic shock did not 

restore antibacterial activity to MccJ25-H5A or H5R variants, supporting the importance of 

SmbA on the transport of MccJ25.61 Modification of the MccJ25-H5 residue is also consistent 

with structural studies, which demonstrate the importance of the MccJ25-H5 imidazole in FhuA 

interactions.55 Amidation of the C-terminal Gly of MccJ25 was also shown to inhibit RNAP 

interaction in vitro but did not abolish peptide uptake.62 Taken together, these results indicate the 

ring and loop regions are critical for uptake. Simultaneously, the C-terminal tail is necessary for 

RNAP interaction and inhibition, which was confirmed by structural studies.55 

Secondary mechanisms of action for MccJ25 have been proposed, including dissipation of the 

cytoplasmic membrane gradient, superoxide production, and antimitochondrial activity. In 

studies of Salmonella enterica serovar newport, MccJ25 was shown to inhibit respiration, as 

measured by oxygen consumption in the presence of 10 mM D-glucose.63 Assays with the 

tetrazolium dye MTT demonstrated a marked decrease in the activities of NADH and succinate 

dehydrogenases in isolated membrane fractions of MccJ25-treated S. newport.63 Both of these 

enzymes are integral membrane proteins, and effects on peripheral membrane enzymes were not 

observed, nor were similar effects noted in assays against E. coli.63 Similar effects on oxygen 

consumption have been observed on the oxygen consumption of S. typhimurium, Salmonella 

derby, and Salmonella enteritidis strains transformed with the E. coli FhuA protein.52,59 This 

MOA is further supported by studies of MccJ25 effects on lipid vesicles in vitro, where MccJ25 

not only inserted into but also increased the fluidity and permeability of membranes, including 
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bacteriomimetic vesicles in a FhuA-independent manner.64,65 This secondary MOA has also been 

supported by findings that 2,4-dinitrophenol-dependent dissipation of the proton motive force, 

which FhuA uses for active transport of MccJ25, did not drastically impair the antibacterial 

activity of this lasso peptide, suggesting RNAP is not the only target.66  

Reactive oxygen species (ROS) production has also been observed in E. coli under FhuA 

overexpression.67 Utilizing a C-terminally amidated analog of MccJ25, which does not interact 

with RNAP, E. coli FhuA-overexpressing strains were sensitized to MccJ25 through the 

production of ROS.68 E. coli strains expressing FhuA with a deletion of either cytochrome bd-I 

or bo3 remained resistant to MccJ25, implicating these two cytochrome enzymes as potential 

targets of MccJ25 which effect superoxide production.68 MccJ25 was further shown to weakly 

inhibit purified cytochrome bd-I and induce ROS production by this enzyme.69 Follow up studies 

confirmed the role of Tyr9 in superoxide production, and electron paramagnetic resonance 

studies demonstrated the formation of a tyrosyl radical and its participation in the redox reaction 

cycle.70,71 Antimitochondrial activities of MccJ25 have also been observed in rat heart 

mitochondria, wherein MccJ25 inserted into the membrane, dissipated the proton motive force, 

reduced intracellular ATP, and inhibited complex III of the cytochrome c reductase respiratory 

chain.72 These studies involved concentrations of MccJ25 as low as one µM. However, this is 

significantly higher than bioactive concentrations observed against S. enteritidis and E. coli, 

suggesting that this is not a primary MOA of MccJ25.56,72 Through ROS production, MccJ25 

was shown to activate the mitochondrial transition pore, leading to mitochondrial swelling and 

cytochrome c release.73 Furthermore, MccJ25 was shown to induce carbonylation of 

mitochondrial proteins and oxidation of mitochondrial lipids, both of which would further induce 

the release of cytochrome c.74 As previously, the MccJ25-dependent effects on the mitochondrial 
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pore and membrane were only observed in the presence of 20 µM MccJ25, which is significantly 

higher than antibacterial concentrations suggesting that this is not a physiologically relevant 

mechanism of action.73,74 

Other known lasso peptide inhibitors of RNAP include capistruin,75 acinetodin,76 klebsidin,76 

citrocin,77 and ubonodin.78 Structural characterization of capistruin demonstrated a class I 

topology with bioactivity against Gram-negative Burkholderia sp. and Pseudomonas sp. bacteria, 

inspired the hypothesis that capistruin also targets RNAP.79 This hypothesis was supported by 

findings that capistruin inhibited transcription activity of E. coli, and MccJ25-resistant RNAP 

secondary channel mutants exhibited cross-resistance to capistruin in vitro.75 Structural work on 

RNAP and capistruin demonstrated that this lasso peptide bound within the secondary channel 

much like MccJ25.48 This activity is contrary to the findings that capistruin is only weakly active 

(MIC = 25 µM) against E. coli, suggesting that capistruin is not able to cross the E. coli outer 

membrane as effectively as MccJ25.79 Structural studies of the E. coli FhuA receptor 

demonstrated that capistruin could not be modeled into the exterior cavity without steric 

clashing.55 Interestingly, capistruin is active against Burkholderia strains which is thought to be a 

consequence of the low sequence homology of E. coli and Burkholderia FhuA receptors, 

allowing capistruin to enter Gram-negative Burkholderia cells but not E. coli.55 This proposal is 

speculative, as there is no current data suggesting capistruin is imported by the FhuA receptor. 

Like capistruin, acinetodin and klebsidin are active against E. coli RNAP, and MccJ25-resistant 

mutants exhibited cross-resistance to both of these lasso peptides.76 Additionally, while these 

compounds were inactive against E. coli, klebsidin was active against K. pneumonia.76 E. coli 

could be rendered sensitive to klebsidin through expression of the K. pneumonia FhuA protein, 

which possesses 60% identity with the E. coli FhuA.76 These findings support the mechanism by 
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which these lasso peptides are imported by the FhuA/TonB-dependent transport system and 

rationalize the relatively narrow ranges of bioactivity, as these lassos are particularly sensitive to 

the primary sequence of FhuA receptors.  

The lasso peptides citrocin and ubonodin have also demonstrated anti-E. coli RNAP activity in 

vitro.77 At one µM, citrocin reduced transcription levels of RNAP to 15% of control, a reduction 

that was matched by 100 µM MccJ25.77 Spontaneously resistant E. coli mutants contained 

mutations in the sbmA but didn’t contain mutations in the fhuA gene.77 This suggests a similar 

MOA to MccJ25, though citrocin has a much more potent RNAP activity despite a higher MIC 

against E. coli (Citrocin = 16-125 µM vs. MccJ25 = 1 µM) likely due to a reduced ability for 

citrocin to cross the Gram-negative outer membrane.77 Ubonodin has demonstrated potency 

against members of the Burkholderia genus, with the most potent activity against Burkholderia 

cepacia (MIC = 4 µM).78 Due to similarity in structure to MccJ25, ubonodin was evaluated for in 

vitro transcription abortive activity and demonstrated slightly lower potency than MccJ25.78 At 

100 µM, ubonodin reduced transcription levels by ~60%, compared to ~85% with MccJ25.77,78 

This reduction suggests that ubonodin also targets RNAP. Its lower antibacterial activity against 

E. coli correlates with outer membranetransport. In the case of ubonodin, susceptible 

Burkholderia strains were not found to contain highly homologous FhuA proteins (>40% 

sequence identity), indicating that ubonodin could have a unique internalization mechanism 

relative to MccJ25.78 

Lariatin A and B were initially observed to be growth-suppressive against M. smegmatis and also 

possessed activity against M. tuberculosis.80 Structure-activity studies of these peptides have 

been performed highlighting positions necessary for bioactivity, but no detailed studies regarding 

the mechanism of action have been performed.81,82  
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Streptomonomicin is a lasso peptide with proven bioactivity and a suggested mechanism of 

action. In vitro MICs of purified streptomonomicin were <10 µM against multiple Bacillus sp., 

little to no activity against fungi or Gram-negative bacteria.33 Whole-genome sequencing of 

spontaneously resistant B. anthracis colonies demonstrated five mutations to the walR gene and a 

single mutation in the upstream region of this gene. Characterization of WalR has shown this 

protein to be a response regulator which functions with WalK, a histidine kinase, to form a two-

component regulator that controls the expression of proteins involved in cell wall metabolism 

and division.34,35 Of the isolated WalR mutants, three mutations occurred within the DNA 

binding domain, while two mutations occurred within the receiver domain.33 Phenotypically, B. 

anthracis mutants grew in long chains, indicative of a septal cleavage defect.33 This is 

rationalized as the WalRK system influences the expression of LytE, and autolysin involved in 

septal cleavage in Bacillus sp.33,36 The downregulation of lytE was demonstrated for 

streptomonomicin-resistant mutants by qRT-PCR, suggesting that streptomonomicin targets cell 

wall biosynthesis through the WalR protein.33  

Antifungal lasso peptides have also been reported. Humidimycin was identified by high-

throughput screening for potentiators of capsofungin activity against pathogenic Aspergillus 

fumigatus and Candida albicans.83 Humidimycin, when introduced with capsofungin, was found 

to prevent phosphorylation/activation of SakA, the primary controller kinase of the high 

osmolarity glycerol pathway.83 Deletion mutants of SakA also exhibited higher sensitivity to 

humidimycin, suggesting this pathway is the target of this lasso peptide, though currently no 

exact mechanism of action is known.83 These findings are of interest due to the previously 

observed kinase inhibitory activity of the closely related lasso peptide siamycin I.38 
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1.3 Sactipeptides 

Sactipeptides are a RiPP class defined by the presence of intrapeptide sulfur to alpha carbon 

thioether crosslinks installed by a radical S-adenosyl methionine enzyme. Published structures of 

the sactipeptides have illuminated their stable hairpin structure, which in the case of subtilosin A 

and sporulation killing factor, includes head-to-tail cyclization.84–89 All characterized 

sactipeptides possess antibacterial activities. The majority possess intragenus bioactivity and 

anti-biofilm and bactericidal activity against the human pathogens Clostridium difficile, Listeria 

monocytogenes, Staphylococcus sp. and Gardnerella vaginalis.87–98 Studies of the mode of action 

of the sactipeptides indicate that these compounds likely target the membrane.89,94,99–101 

Original structural studies of subtilosin A led to the observation that this compound is 

hydrophobic with discrete basic and acidic regions, contributing to the compounds 

amphipathicity and suggesting it may target the membrane.99,102 Using the intrinsic fluorescence 

of the single Trp in Subtilosin A, it was demonstrated that this RiPP doesn't form multimeric 

complexes at concentrations below 16.4 µM.99 Furthermore, the intrinsic fluorescence of 

subtilosin A shifted to lower wavelengths in the presence of POPC and POPG small unilamellar 

vesicles (SUVs), indicating the Trp residue is located within a low polarity environment in these 

artificial membranes.99  These SUVs were formulated to contain carboxyfluorescein and exposed 

to subtilosin A, which induced dye leakage in POPC and 7:3 POPE/POPG (a bacterial mimetic 

SUV) in a subtilosin A concentration-dependent manner.99 No dye leakage was observed for 

SUVs composed of 4.5:4.5:1:1 POPC/SM/POPE/Chl, a mammalian membrane mimic, which 

indicates the selectivity of subtilosin A is at least partially dependent on membrane 

composition.99  NMR studies of 15N-labelled subtilosin A in aligned POPC lipid bilayers 

demonstrated that subtilosin A exists in two conformations, one perpendicular to the membrane 
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surface and a smaller population aligned near parallel to the membrane surface.99 Utilizing 31P 

NMR to study lipid conformation, upfield shifts of ~2-4 ppm of POPC, POPG, and DMPC 

bilayers in the presence of subtilosin A indicate an altered lipid head group orientation.99 This 

conformational change was further confirmed in studies of quadrupolar splitting of the α- and β-

methylenes of choline in DMPC membranes, indicating a subtilosin A-dependent conformational 

change as well as a modest increase in lipid acyl chain  

conformational exchange.99 As the concentrations necessary to induce permeability were higher 

than the MIC of subtilosin A, it was theorized that this compound's MOA includes interaction 

with a surface receptor in situ.99,103  

General mechanisms of membrane 

interaction were supported by the 

isolation of a hemolytic  

variant of subtilosin A possessing a 

single T6I mutation.103 This variant also 

had vastly decreased MIC values against 

Gram-positive and -negative bacteria 

(Table 1).103 The finding that a single 

amino acid substitution considerably 

altered bioactivity was proposed to 

occur through modified interaction with 

phospholipids, as a Thr to Ile mutation 

increases the peptide's 

hydrophobicity.103  

Species 

Subtilosin A 

MIC (µM) 

Subtilosin A T6I 

MIC (µM) 

Bacillus subtilis 250 100 

Bacillus anthracis 16 2.56 

Bacillus cereus 40 6.4 

Bacillus thuringiensis 40 6.4 

Enterococcus faecalis 100 16 

Staphylococcus carnosus 100 16 

Listeria monocytogenes 40 6.4 

Streptococcus pyogenes 100 6.4 

Rabbit blood agar* >250 16 

Table 1.1. Comparative Minimum Inhibitory 

Concentrations (MICs) of Subtilosin A and the 

hemolytic variant Subtilosin A T6I. *Hemolysis was 

assessed using rabbit blood agar, as opposed to 

erythrocytes..  
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Subtilosin A has also demonstrated spermicidal activity and inhibition of late-stage replication of 

Herpes-Simplex Virus-1 (HSV-1).104–106 Subtilosin A has shown an in vitro potency against 

human spermatozoa with an IC50 of 64.5 µg/mL, and treatment of ectocervical cell cultures with 

subtilosin A only reduced cell viability by ~5-10% over 24 hrs.105 In a dose-dependent fashion, 

subtilosin A inhibited the forward progression of spermatozoa and induced tail coiling, though 

no detailed mechanism for this observation has been proposed.105 Concerning HSV-1, subtilosin 

inhibited viral replication in vitro by 91.7% at concentrations as low as 12 µg/mL.106 This 

inhibition was shown to be through direct interaction with HSV-1, as preincubation with 200 

µg/mL reduced the viral titer by 99%, though concentrations from 6-100 µg/mL did not reduce 

viral titer.106 Inactivation of HSV-1 was shown to occur not in the early stages of viral replication 

but instead likely inhibited viral assembly or release.106 

Studies of subtilosin A against the bacterial pathogen G. vaginalis demonstrated the compound's 

ability to dissipate the transmembrane pH gradient and induce efflux of intracellular ATP.94 

Subtilosin A treatment of G. vaginalis at two µg/mL facilitated ATP release, causing 

extracellular ATP content to increase to 40% of the total intracellular + extracellular ATP, fully 

20% above control.94 Utilizing the fluorophore 3,3’-dipropylthiadicarbocyanine and the K+/H+ 

ionophore exchanger nigericin subtilosin A was did not affect the transmembrane potential 

(ΔΨ).94 The lanthipeptide nisin (See: Lanthipeptides) induced an immediate increase in 

fluorescence, implying dissipation of ΔΨ.94 Though subtilosin A didn't deplete ΔΨ, it was shown 

to completely deplete the transmembrane pH gradient (ΔpH), as did nisin.94 The fact that 

subtilosin A only dissipated the ΔpH component of the proton motive force suggests that this 

RiPP forms transient pores in the bacterial membrane.94 Additional studies against L. 
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monocytogenes demonstrated minimal effect on the pH gradient and ATP efflux, which further 

suggests that subtilosin A activity is impacted by the composition of the cell membrane.95   

Additional MOA studies of subtilosin A indicate this compound can also inhibit quorum sensing-

dependent biofilm formation.107 At sub-MIC concentrations subtilosin A was shown to inhibit 

biofilm formation of G. vaginalis (0.78 µg/mL, >90% reduction), L. monocytogenes (15.1 

µg/mL, 80% reduction) and E. coli (15.1 µg/mL, 60% reduction).107 Subtilosin A was also 

implicated as a potential inhibitor of quorum sensing using the indicator bacteria 

Chromobacterium violaceum. The production of the pigment violacein by C. violaceum has been 

used previously to detect the production of N-acyl homoserine lactone quorum sensing 

compounds.108 Subtilosin A at sub MIC concentrations of 7.8-125 µg/mL reduced C. violaceum 

violacein production by >70%.107 Similarly, Autoinducer-2 (AI-2) is a quorum-sensing molecule 

found in a wide variety of bacteria.109 Production of AI-2 in G. vaginalis was inhibited by 

subtilosin A at 3 and 4 µg/mL with no influence on bacterial growth. However, the same 

inhibition was not observed for L. monocytogenes at 0.95-15.1 µg/mL subtilosin A, which 

reduced cell viability >50% at 15.1 µg/mL.107 Combining the findings of subtilosin A illuminates 

its ability to interact with and disrupt the membrane and highlights the complicated MOA of 

select RiPPs, which necessitates further study to determine the full mechanistic function of these 

natural products.  

Mechanism of action studies have also been undertaking for thuricin CD, thuricin Z/huazacin, 

and thurincin H. Thuricin CD is a two-component antibiotic composed of the separate 

sactipeptides thuricin α and β, both of which are necessary for full activity.84,92 Studies of 

thuricin CD have demonstrated induction of irreversible membrane depolarization and pore-

formation in Bacillus firmus with a MIC of 125 nM.101  Membrane polarization was studied 
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using the dye 3,3’-Diethyloxacarbocyanine iodide, which loses fluorescence as bacterial 

membranes depolarize. In real-time flow cytometry assays, both thuricin α and thuricin β at three 

µM induced depolarization and reduced cell size in isolation.101 At higher concentrations (9 µM), 

thuricin CD elicited a faster depolarization to a greater degree than the individual thuricin 

peptides.101 Light microscopy showed B. firmus contained low-density regions of the plasma 

membrane after thuricin CD treatment, indicating that thuricin CD targets the B. firmus 

membrane.101 The individual components of thuricin CD seem to act synergistically to disrupt 

the bacterial membrane, though the potential role of a native cell surface receptor has not been 

ruled out.101  

Similarly, thuricin Z/huazacin was also demonstrated to interact directly with the bacterial cell 

membrane and induced ion permeability of bacteria mimetic vesicles.89 Confocal fluorescence 

microscopy demonstrated B. cereus uptake of propidium iodide upon thuricin Z treatment, 

indicating membrane permeabilization.89 Transmission electron microscopy of treated B. cereus 

cells intact cell envelope with partial lysis of the inner bilayer.89 Scanning electron micrographs 

additionally demonstrated a collapsed bacterial cell surface and membrane perforations.89 

Thuricin Z possesses a relatively narrow spectrum of activity, with MICs of 2-8 µM against 

several strains of B. cereus but no activity against many other Gram-positive and -negative 

bacteria.89 This narrow spectrum of a membrane-targeting antibiotic is likely a consequence of 

membrane consequence. Preparation of bacteriomimetic large unilamellar vesicles (LUVs) (9:1 

1,2-dipalmitoyl-sn-glycero-3-phosphatidyl glycerol to 1,2-dipalmitoyl-sn-glycero-3-

phosphatidylethanolamine) was permeabilized to K/H ions upon thuricin Z treatment. 

Additionally, fungi-like LUVs (4:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine to 

ergosterol) did not demonstrate permeabilization in a thuricin Z-dependent manner.89 The 
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sensitivity of thuricin Z activity to membrane composition explains its relatively narrow 

spectrum activity and, by extrapolation, the activity of thuricin CD. 

The sactipeptide thurincin H also possesses potent activity against several Bacillus species and 

Listeria sp., including the pathogen L. monocytogenes.110 Minimum inhibitory concentrations 

against B. cereus strains have been reported as 0.5-1 nM.111 Preliminary studies of thurincin H 

against B. cereus demonstrated a reduction in cell viability of ~3-log CFU/mL at 16xMIC, but no 

decrease in O.D. even at 256xMIC, suggesting that thurincin H does not act in a lytic fashion.100 

B. cereus cells treated at large excesses of thurincin H demonstrated a collapsed rod-shaped 

morphology. Still, they did not exhibit any membrane punctures, as was the case when cells were 

treated with nisin (See: Lanthipeptides).100 In assays utilizing propidium iodide, treatment with 

thurincin H did not permeabilize the membrane to this dye, further supporting the finding that 

thurincin H does not permeabilize the B. cereus membrane.100  Whether or not thurincin H acts in 

concert with a cellular receptor remains to be determined. 

 

1.4 Graspetides 

The graspetides are a RiPP class defined by the presence of intramolecular lactones between the 

ω-carboxy groups of glutamate or aspartate and the hydroxy groups of serine and threonine. 

Graspetides are also known to possess lactam bonds between the ω-carboxy and ε-amino groups 

of glutamate/aspartate and lysine. The first characterized member of this class, microviridin A, is 

an inhibitor (IC50 = 330 µM) of tyrosinase.112 In subsequent years, many other graspetides were 

isolated, all of which possessed potent inhibitory activity towards serine proteases (Table 2). An 

additional compound, marinostatin, is an inhibitor of several serine and cysteine proteases and 

pronase metalloprotease.113,114 Given the universal antiproteolytic activity of the graspetides, an 
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obvious mechanism of action is as a peptidic substrate mimic. This mechanism was further 

supported in studies of microviridin J's in situ function, which induced a lethal molting defect in 

the cyanobacterial predatory grazer Daphnia pulicaria.115 This bioactivity is consistent with 

previous findings demonstrating the very potent inhibition of Daphnia-specific trypsin proteases 

by microviridin J.116  
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Table 1.2. IC50 values of characterized graspetides 

 

Name Trypsin Plasmin Elastase Thrombin Chymotrypsin Papain Tyrosinase Daphnia trypsin-like  Subtilisin Ref. 

Microviridin A N.D. N.D. N.D. N.D. N.D. N.D. .57 N.D. N.D. Ishitsuka et al. 1990112 

Microviridin B 58 >100 0.044 >100 / 7.9 2.5 N.D. N.D. N.D. N.D. Okino et al. 1995, Anas et al. 2017126,127 

Microviridin C 32 >100 0.084 >100 4.9 N.D. N.D. N.D. N.D. Okino et al. 1995126 

Microviridin D >100 >100 0.7 >100 1.2 >100 N.D. N.D. N.D. Shin et al. 1996128 

Microviridin E >100 >100 0.6 >100 1.1 >100 N.D. N.D. N.D. Shin et al. 1996128 

Microviridin F >100 >100 5.8 >100 >100 >100 N.D. N.D. N.D. Shin et al. 1996128 

Microviridin G >100 >100 0.019 >100 1.4 >100 N.D. N.D. N.D. Murakami et al. 1997129 

Microviridin H >100 >100 0.031 >100 2.9 >100 N.D. N.D. N.D. Murakami et al. 1997129 

Microviridin I 26.2 N.D. 0.34 N.D. 21.7 N.D. N.D. N.D. N.D. Fujii et al. 2000130 

Microviridin J 0.034 N.D. >10 N.D. 2.8 N.D. N.D. 0.0039 N.D. Rohrlack et al. 2003116 

Microviridin 

SD1634 

13.4 N.D.  N.D. 25.7 N.D. N.D. N.D. N.D. Reshef et al. 2006131 

Microviridin L 100 N.D. >100 N.D. 72 N.D. N.D. N.D. 14.9 Ziemert et al. 2010132 

Microviridin M >50 N.D. 4.2 N.D. >50 N.D. N.D. N.D. 10.0 Gatte-Picchi et al. 2014133 

Microviridin N >50 N.D. 4.2 N.D. >50 N.D. N.D. N.D. 3.3 Gatte-Picchi et al. 2014133 

Microviridin A3a 0.047 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. Ahmed et al. 2017123 

Microviridin A6 a 0.036 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. Ahmed et al. 2017123 

Microviridin A7 a N.D. N.D. 1.9 N.D. N.D. N.D. N.D. N.D. N.D. Ahmed et al. 2017123 

Microviridin A8 a N.D. N.D. 32 N.D. N.D. N.D. N.D. N.D. N.D. Ahmed et al. 2017123 
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Table 1.2 (cont.) 

Values reported as IC50 µg/mL unless otherwise indicated 

aPerformed using chemoenzymatic synthesized compound; Microviridin A7 and A8 were incompletely cyclized and only contained two heterocycles. 

bProduced by E. coli heterologous expression 

c Reported as Ki; Performed using chemically synthesized compound

Microviridin 1777 >17 N.D. 0.28 N.D. 0.18 N.D. N.D. N.D. N.D. Sieber et al. 2020134 

Plesiocinb >134 N.D. 0.071 N.D. 0.0335 N.D. N.D. N.D. N.D. Lee et al. 2017124 

Marinostatinc >69 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.00082 Taichi et al. 2010135 
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Molecular-level detail of the MOA of 

microviridins was recently established 

using mutagenesis and X-ray cocrystal 

structures of microviridin J and bovine 

trypsin (Fig. 3).117 In these structural 

studies, it was demonstrated that 

microviridin J residues 4-6 (Thr-Arg-Lys; 

P2, P1 and P1', respectively) adopted a 

trypsin substrate-like conformation, which 

is rigidified by intramolecular lactone 

bonds (Fig. 3). It is proposed that the rigid, 

compact structure of the microviridin 

prevents cleavage of the target amide bond 

despite the proximity of Arg5 to the catalytic Ser195 nucleophile.117  

Through mutagenesis studies of the related microviridin L, it was demonstrated that the P1 site 

residue contributed to the protease inhibition specificity of microviridin L (Table 3). Introduction 

of the basic residues Arg and Lys decreased IC50  values against trypsin. In contrast, the bulky 

aliphatic residues Leu and Val caused a loss of potent inhibition of trypsin and a gain of 

inhibition against elastase.117 Introduction of basic residues also 

Figure 1.3. Cocrystal structure of bovine trypsin and 

microviridin J. Tryptic substrate mimicry is 

accomplished by residues Thr4, Arg5 and Leu6 on 

microviridin J (purple). The serine nucleophile of 

trypsin (Ser195) is proximal to the scissile bond 

(arrow), but cleavage is prevented by the rigidified 

microviridin J structure. 
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led to an increase in inhibition of plasmin, a serine protease with a preference for basic residues, 

and biases Lys over Arg.118 

 

These findings were reinforced by subsequent studies demonstrating the rational design of 

microviridin K via mutagenesis of the P1 site residue.119 These microviridins possess a tricyclic 

structure arising from two intramolecular lactones and one intramolecular lactam linkage and 

also contain an acetylated N-terminus.119 The P1 site of WT microviridin K is Met, a 

hydrophobic residue that strongly biases inhibition towards subtilosin over trypsin (Table 4). 

Microviridin B contains a P1 Leu, a relatively bulky residue, which prevents inhibition of  

 

Microviridin L 

Variant 

Elastase IC50 

(µM) 

Chymotryspin IC50 

(µM) 

Trypsin IC50 

(µM) 

Subtilisin IC50 

(µM) 

Plasmin IC50 

(µM) 

F5L 0.65 14 >65 0.78 >65 

F5I 5.2 >33 >65 >33 >65 

F5V 0.16 66 >66 0.4 >66 

F5K >65 >65 2.5 0.32 2.0 

F5R 64 >64 1.8 0.64 47 

Table 1.3. Protease inhibition by microviridin K variants. The microviridin was varied at position 

5 (the P1 site) and was either acetylated (like WT) or deacetylated. Values were determined using 

a p-nitroanilide chromogenic assay in vitro. Table adapted from Ref. 8. 
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subtilosin or trypsin, likely due to steric 

clashing with the protease active site. 

Furthermore, acetylation of the N-terminus 

had a minimal impact on bioactivity, though 

seemed to increase potency slightly. 

 

Structural studies of the graspetide 

marinostatin, a potent subtilisin inhibitor, by 

solution NMR demonstrated similar 

structural features to the microviridins, which 

includes a structurally stable P2-P2' (Thr3-

Met4-Arg5-Tyr6) motif which functions as 

an uncleavable substrate mimic.120 

Replacement of the native ester linkages with 

disulfide bonds also generated a marinostatin 

with a stable P2-P2' protease substrate motif. 

The P2-P1' backbone amide residues 

exhibited similar rates of hydrogen-

deuterium exchange between WT and 

disulfide marinostatins.120 Though the 

disulfide variant was not tested for protease inhibition, these findings suggest that 

conformational restriction arising from intramolecular linkages plays a significant role in 

stabilizing an uncleavable conformation of marinostatins and graspetides generally. Furthermore, 

Microviridin 

Trypsin 

IC50 (µM) 

Subtilosin 

IC50 (µM) 

MdnK (WT) >100 5.2 ± 0.32 

MdnK (WT, deacetylated) - 3.9±0.04 

MdnK (M5R, deacetylated) 0.41±0.05 - 

MdnK (M5R, acetylated) 0.2±0.02 - 

MdnK (M5K, deacetylated) 0.48±0.11 - 

MdnK (M5K, acetylated) 0.17±0.01 - 

MdnB (WT) >100 >100 

MdnB (L5R, deacetylated) 0.09±0.002 - 

MdnB (L5R, acetylated) 0.05±0.01 - 

MdnB (L5K, deacetylated) 0.36±0.01 - 

MdnB (L5K, acetylated) 0.35±0.03 - 

MdnB (L5Q, deacetylated - 10.4±1.1 

MdnB (L5Q, acetylated) - 4.8±0.39 

MdnB (L5M, deacetylated) - 4.3±0.14 

MdnB (L5M, acetylated) - 4.8±0.14 

Table 1.4. Protease inhibition by microviridin L 

variants. The microviridin was varied at position 

5 (the P1 site), and also contained a G2A 

mutation, but was fully cyclized and N-terminally 

acetylated, as was WT microviridin L. Values 

were determined using a p-nitroanilide 

chromogenic assay in vitro. 
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this P2-P2' conformational motif was 

demonstrated to be similar in two other 

peptidic protease inhibitors, SSI and 

OMTKY3, by both 3D alignment and 

phi/psi bond angles.120 Additionally, the 

protease inhibitors SSI and OMTKY3 

P2-P2' regions are flanked by a C-

terminal β-sheet and an N-terminal 

disulfide bond, which serve to stabilize 

the protease substrate region.121,122 In 

marinostatins and microviridins, this is 

accomplished by the intramolecular 

lactone bonds, which serve to stabilize 

this region in a similar conformation (Fig. 4).  The importance of these stabilizing bonds has 

been demonstrated, as generally tricyclic microviridins are more potent protease inhibitors than 

variants containing fewer rings.117,119,123 

A third recently reported group of graspetides are named the plesiocins characterized by bicyclic 

hairpin structures formed by intramolecular ester linkages.124 The motif contained between the 

ester linages was found to be Leu-Ala-Ile-Gly, which endowed plesiocin with inhibitory activity 

against the P1-hydrophobic selective proteases elastase and chymotrypsin.124 Each plesiocin 

molecule contains multiple tandem hairpin repeats, and it has been demonstrated that the number 

of these repeats directly influences the inhibitory ability of these compounds.124 The in vitro 

plesiocin molecule contains four hairpin motifs and possesses Ki values of 16 nM against 

Figure 1.4. P2-P2' site of four peptidic protease 

inhibitors: Marinostatin (A), Microviridin J (B), 

SSI (C) and OMTKY3 (D). All four inhibitors 

adopt very similar structural conformations 

surrounding the scissile bond. 
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elastase and 7.5 nM against chymotrypsin. In contrast, inhibition assays with only the first of 

four hairpin motifs demonstrated Ki values of 380 nM against elastase and 63 nM against 

chymotrypsin.124  The four hairpin structure was obtained from the heterologously expressed 

compound, and so it is currently unknown if the native graspetide is cleaved into smaller 

fragments in situ or contains multiple hairpins. The Leu within the bicyclic motif was critical for 

protease inhibition, as mutation to Ala increased the Ki from 53 nM for WT to >10,000 nM 

against chymotrypsin.125 Subsequent work on the stoichiometry of plesiocin inhibition has 

demonstrated that these compounds can act as a super stoichiometric inhibitor.125 The full-length 

plesiocin demonstrated near-complete inhibition of chymotrypsin at a plesiocin:chymotrypsin 

ration of ~0.16, where a ratio of ~1.0 would indicate a 1:1 stoichiometry.125 A 1:1 inhibitor to 

chymotrypsin ratio was demonstrated for a single bicyclic hairpin motif, further demonstrating 

superstoichiometric inhibition of the four-hairpin plesiocin.125 Protease inhibition plasticity 

similar to that of the microviridins was also shown for plesiocin, which tends to inhibit 

elastase/chymotrypsin over trypsin due to the hydrophobicity of the bicyclic motif, while the 

introduction of a basic residue to the scissile site of the hairpin can bias inhibition towards 

trypsin over chymotrypsin.124,125 

1.5 Proteusins 

The proteusins are a class of RiPP defined by the presence of a nitrile-hydratase homologous 

leader peptide.136 Originally discovered in the early 1990s, the founding family of the proteusins 

were the polytheonamides, which are extensively modified and contain N-acylation, multiple 

tert-Leu, N- and C-methylated residues, and alternating D- and L- residue stereochemistry.137–139 

These compounds have demonstrated potent cytotoxicity of 98 pM against murine cells in 

vitro.139 Modern mechanistic work was performed on polytheonamide B (pTB, Fig. 5), which 
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shares structural homology to the other polytheonamides.  

The MOA of pTB was established early on when it was found that this peptide could act as a 

cationic membrane channel.140 Detailed structural studies using solution NMR shed light on this 

mechanism as pTB adopts a single ~45 Å β-helical channel with a central cavity of ~4 Å, which 

is long enough to span the entire eukaryotic cell membrane.141 This β-helix is stabilized by five 

sidechain N-methylated Asn and one Asn, which occur in a “stack” and are likely hydrogen 

bonded.141 The N-terminal half of pTB is largely nonpolar while the C-terminus is relatively 

polar, leading to the hypothesis that pTB insertion into the membrane is facilitated by this 

Figure 1.5. Structure of Polytheonamide B. The N-terminal 5,5-dimethyl-2-oxohexanoate is 

indicated in red. Alternating (R) and (S) stereochemistry are indicated in orange and blue, 

respectively. Non-proteinogenic amino acids composing polytheonamide B include eight γ-N-

methyl aparagines, 13 β-methylated valine, threonine, isoleucine and glutamines as well as one 

β,β-dimethyl methionine oxide. 
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hydrophobic N-terminus (Fig 6). This structure 

was generated in a 1:1 methanol to chloroform 

solvent, though because the relative 

hydrophobicity of this solvent mixture is a 

reasonable facsimile to that of a cell membrane, 

this conformation is likely that of native pTB.141   

In synthetic planar membranes, pTB 

demonstrated insertion and permeabilization to 

K+ and Cs+ atoms, which occurred cyclically as 

voltage studies showed defined opening and 

closing events as measured by ammeter readings 

on either side of the membrane containing 

pTB.142 The probability of an opening event was 

lower at -200 mV than at +200 mV, indicating a 

voltage-dependent gating mechanism.142 These 

findings suggest an asymmetric pTB 

structure that orients in the membrane, as ion 

permeability was unidirectional, i.e. 

permeabilization of K+ and Cs+ ions only 

occurred in one direction across the 

membrane.142 Transmembrane current 

amplitude was also directly proportional to 

pTB concentration, indicating that this RiPP 

Figure 1.6. Surface hydrophobicity of solution 

NMR structure of polytheonamide B. 

Hydrophobic residues are colored orange and 

hydrophilic residues are colored blue. 

Polytheonamide B exhibits a relatively polar C-

terminus (top) and a more nonpolar N-terminus 

(bottom). Residues with intermediate 

hydrophilicity are colored white. 
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forms a unimolecular ion channel instead of a channel composed of multiple pTB subunits.142 

These current recordings also demonstrated ion selectivity for monovalent cations of 

Cs+>Rb+>K+>Na+>Li+, with no permeability to divalent cations and that pTB is not released 

from the membrane once it is incorporated.142 The selective orientation of pTB is attributed to its 

asymmetric polarity, as the N-terminus is nonpolar relative to the hydrophilic C-terminus.142 As 

planar membranes are not close models of cell membranes, liposomal studies were used to 

support the ion permeability mechanism of pTB in situ.143 Liposomes were generated containing 

carboxyfluorescein as a pH indicator at pH 6.5 in a bulk solution of pH 5.5, and introduction of 

pTB dissipated this pH gradient leading to liposomal fluorescence despite the finding that pTB 

did not disrupt the membrane sufficiently to allow transmembrane passage of 

carboxyfluorescein, which has a molecular radius of ~5 Å.143  
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Synthetic studies have supported this mechanism and localized the membrane disruption activity 

to the C-terminus and membrane insertion/orientation to the hydrophobic N-terminus.143–146 

Synthetic truncants allowed localization of pTB function. C-terminal fragments possessed 

membrane disruption properties as treatment of liposome-encapsulated carboxyfluorescein 

induced carboxyfluorescein release upon treatment with pTB fragments D and C+D (Fig. 7).143 

These fragments also exhibited far lower H+/Na+ exchange across liposomal membranes. This 

Figure 1.7 Bioactivity of Polytheonamide B fragments. The C-terminal Fragment D exhibited 

the highest membrane perturbation measured by carboxyfluorescein (CF) release, but lacked 

ion transport ability measured by K+/Na+ exchange. Conversely, N-terminal fragments lacked 

membrane perturbation activity. Additions of N-terminal fragments to Fragment D yielded a 

compound that lost membrane disruption activity but gained ion transport activity. Fragment 

IC50 values were determined in vitro against murine p388 leukemia cells. Ion exchange and 

carboxyfluorescein (CF) release values were estimated from graphical representations. 
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rate was increased as fragments were added from the C towards the N-terminus (Fig. 7).143 In 

planar membrane channel current assays, The B+C+D fragment demonstrated a similar 

open/close gating mechanism to WT pTB, though with a lower voltage dependency.143 These 

data support the general mechanism that the C-terminus functions as a membrane disruption 

domain, which is endowed with ion channel properties by the N-terminal fragments, which add 

sufficient length to span the entire lipid bilayer.143 Conversion of the N-terminal acyl group (5,5-

dimethyl-2-oxohexanamide) to the more polar amine, acetylamide, or trimethyl ammonium 

increased IC50 by 240-, 480-, or 2,500-fold respectively.144 Conversely, introducing a 

hydrophobic octanamide functionality only decreased toxicity by 5-fold while a palmitamide 

decreased IC50 by a factor of three.144 Current measurements in planar bilayers demonstrated ion 

channel activity for all variants except the trimethyl ammonium analog, which was proposed to 

be through a channel-blocking mechanism by the tertiary cation within this N-terminal 

modification.144 

Derivitization studies have also been performed to elucidate SAR of pTB. Based on the solution 

NMR structures, a network of hydrogen bonding residues were identified as being critical for 

pore formation of pTB (Fig. 8). In efforts to generate a more synthetically accessible analog of 

pTB possessing a fluorescent reporter group, non-hydrogen bonding functional groups were 

manipulated. A total of six modifications were introduced into pTB, which resulted in analog 

that possessed an IC50 of 12 nM, approximately 100-fold higher than pTB (Fig. 8, Analog (6)).147 

The introduction of a C-terminal dansyl group served as a solvatochromic handle, and based on 

the UV-Vis excitation/emission Stokes shift of this group, this pTB analog was shown to 

properly insert into liposomal membranes.147 In vitro analyses of liposomal H+/Na+ exchange 
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also demonstrated this mimic can efficiently permeabilize phospholipid bilayers to small cations 

with a gating mechanism similar to that of pTB.147 

Truncation studies of the dansylated pTB analog demonstrated removal of 12 N-terminal 

residues yielded an analog with an IC50 of 3.7 nM against murine P388 mouse leukemia cells, 

compared to 12 nM against the full length dansylated pTB (Fig. 8, (5)).148 Addition or removal 

of a single amino acid to this truncant led to compounds with IC50 values of >420 and 81 nM, 

respectively.148 Ion transport assays across lipid bilayers in pH gradient liposomes demonstrated 

a significant reduction (~5-fold) in this truncants ability to permeabilize membranes to H+/Na+ 

cations.148 Utilizing pH-indicator dyes, this analog was also unable to induce a pH shift in 

murine P388 leukemia cells, further supporting this compounds inability to induce membrane 

transport. This finding is consistent with truncation studies on native pTB, where C-terminal 

truncations reduced membrane disruption and cation transport ability (Fig. 8).143 The potent 

cytotoxicity of the truncated dansyl-pTB despite its inability to efficiently transport cations 

suggest a novel mechanism of action for this pTB analog.148  

Modification of the N-terminus of dansyl pTB further increased its potency. Introduction of a 

palmitamide further decreased the IC50 from 12 to 1.0 nM (Fig. 8, (7)).146 This was attributed to 

the increased logP of this analog, which was determined to be 4.9, compared to 4.5 for pTB.146 

Introduction of the more polar N-terminal functional groups tetramethylammonium (Fig. 8, (8)) 

or the free amine (Fig. 8 (9)) increased the IC50 to 83 and 25 nM, respectively.146 As before, this 

is likely due to the decreased logP of these compounds, which were determined to be 3.2 for the 

free amine and 2.6 for the trimethylammonium derivatives.146 In addition to the hydrogen 

bonding network, the relative hydrophobicity of the N-terminus is also critical to the bioactivity 

of pTB.  



 

35 
 

Manipulation of the N-terminus and dasnyl moiety in combination further altered ion transport 

activity and cytotoxicity of pTB. Conversion of the dimethylaminonaphthyl to a hydrophilic 

naphthoic acid (Fix. 8, (2)) or a hydrophobic naphthyl (Fig. 8, (1)) group led to a decrease in IC50 

to 6.3 and 0.54 nM, respectively.145 Conversion of the N-terminal 5,5-dimethyl-2-oxohexanoate 

to a hydrophobic palmitate coupled with the naphthyl dansyl derivative (Fig. 8 (4)) yielded a 

pTB analog with an IC50 of 0.16 nM.145 This derivative possessed a greater degree of 

hydrophobicity and exhibited a liposomal H+/Na+ exchange of 55%, compared to 48% for 

pTB.145 Results from these studies demonstrate the cytotoxicity is largely dictated by the overall 

hydrophobicity of pTB, which facilitates its insertion into cell membranes. 
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Structural features of pTB have been further studied using a combination of the published 3D 

NMR structure and molecular dynamics. A network of hydrogen bonds between Asn and 

Figure 1.8. Chemical structure of polytheonamide B. Residues contributing to the network of 

stabilizing hydrogen bonds are highlighted in green. Sites not involved in structure stabilization 

were selected for derivatization. *Analog (5) refers to the indicated modifications in addition 

to removal of the 11 N-terminal residues. 
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methyl-Asn sidechains serves to stabilize the channel structure, allowing polytheonamide B to be 

“trapped” in the membrane and retain channel activities over long periods, contributing to this 

compounds potency.141,142,149 Ion transport through the channel is proposed to occur through 

coordination of cations by backbone carbonyls and accompanying conformational change and is 

facilitated by the movement of water molecules through the channel.150,151 The waters residing in 

pTB also function as a water wire, which serves to transport H+ cations during membrane 

depolarization.152 This ion transport mechanism was demonstrated to be reversible depending on 

the voltage potential, and proton transport is at equilibrium at a voltage potential of ~0mV, 

confirming pTB’s ability to depolarize cell membranes regardless of potential direction.152 

Recent work has further expanded the MOA of pTB to explain its exceptional cytotoxicity. In 

addition to membrane depolarization, cell localization studies also demonstrated the ability of 

pTB to neutralize lysosomes through a micropinocytosis pathway.153,154 A synthetic pTB 

compound was generated with an N-terminal BODIPY functional group, facilitating studies of 

pTB in live cells.153 The membrane potential dye Bis-(1,3-dibutylbarbituric acid) trimethine 

oxonol (DiBAC4(3)) is used to study changes in membrane potential, as the dye can enter cells 

and fluoresce upon membrane depolarization. Treatment of DiBAC4(3) exposed cells with pTB 

led to complete membrane depolarization in MCF-7 cells within 1hr at 5 nM pTB.153 Imaging 

studies of the BODIPY-functionalized pTB demonstrated that this compound did not localize to 

the plasma membrane but instead fluoresced within smaller organelles.153 Colocalization studies 

with LysoTracker (which accumulates in acidic lysosomes) demonstrated BODIPY-pTB was 

located within the lysosomal membranes.153 The lysosomal pH-indicator fluorescein-

tetramethylrhodamine-tagged dextran (FRD) demonstrated a pH increase from 4 to 7 in 

lysosomes after treatment with pTB, presumably as a consequence of proton transport by pTB.153 
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Internalization of pTB was shown to be reduced by 5-(N-ethyl-N-isopropyl)-amiloride which is 

an inhibitor of the micropinocytosis, suggesting pTB is actively internalized by a native cellular 

pathway.153 Flow cytometry studies with pTB demonstrated induction of the apoptotic pathway 

due to membrane depolarization and dissipation of the lysosomal pH gradient.153 of  This 

secondary effect was observed at concentrations near the measured IC50 values, supporting the 

hypothesis that this secondary MOA is not artifactual.  

Recent work aimed at expanding the diversity of the proteusins has led to the discovery of 

several new families. The aeronamides and polygeonamides share gene cluster and precursor 

homology, as well as cytotoxicity, with the polytheonamides and may thus share an MOA.155 A 

very recent report details the discovery of the landornamides, which possess a nitrile hydratase 

homologous leader peptide but have a markedly different architecture than the other 

proteusins.156 The landornamides also have demonstrated anti-arenaviral bioactivity, thus 

suggesting a completely novel MOA for the proteusin class and necessitating further study.156 

1.6 Bottromycins 

The bottromycin class is defined by the presence of a macrocyclic amidine, decarboxylated C-

terminal thiazole as well as several C- and O-methylated amino acids. Potent antibacterial 

activity has been demonstrated against Mycoplasma and Gram-positive bacteria, including 

MRSA and VRE.157–159 Mechanistic work on the bottromycins was carried out primarily by 

studying bottromycin A2  (hereby referred to as bottromycin), which was among the first two 

isolated members of this family.160 The MOA of bottromycin  was elucidated using 14C and 3H 

labelling studies, and was originally demonstrated to be by inhibition of protein synthesis.161 

Interestingly, significant translation inhibition was observed only for poly-C polynucleotides 

encoding polyproline. This effect was not observed for poly-A and poly-U polynucleotides, and 
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it was demonstrated that bottromycin did not affect amino acid acylation, tRNA activation or 

ribosomal assembly. The first proposed mechanism of bottromycin inhibition was by a direct 

interaction with ribosome-bound mRNA in a nucleotide specific manner.161 Further studies 

demonstrated inhibition of in vitro translation of poly-UC and poly-UG polynucleotides. This 

inhibition was irrespective of mRNA concentration, but dependent on ribosome concentration.162 

This study also found no influence of puromycin-dependent peptide release, refining the MOA to 

be inhibition of translocation, and not transpeptidation, by directly binding the ribosome.162 This 

theory was supported by a concurrent study which demonstrated poly-A translation inhibition by 

bottromycin  at low ribosome concentration, and also elaborated that puromycin-dependent 

peptide release could be partially inhibited by bottromycin  in the presence of EF-G and GTP.163 

As bottromycin  was suspected to inhibit translocation during translation, inclusion of 

bottromycin  would prevent this step in the presence of EF-G and GTP, thus trapping the 

polypeptide in the A site and inhibiting puromycin release from the P site. This mechanism was 

subsequently supported by findings that bottromycin  bound the 50S ribosomal subunit.164  

A series of publications by Sydney Pestka investigating the mechanisms of ribosomal translation 

served to complicate the accepted mechanism of bottromycin inhibition. Building on earlier 

studies demonstrating bottromycin failed to inhibit puromycin-dependent peptide release in 

protopasts,165 Pestka claimed that the peptidyl transferase reaction was not the target of 

bottromycin as it failed to substantially inhibit puromycin-dependent peptide release.166 

Concurrent studies also demonstrated bottromycin inhibited di- and triphenylalanine translation 

equally in the presence and absence of EF-G and GTP, though was able to nearly completely 

inhibit polyphenylalanine (>3 Phe) translation at a lower concentration.167 Inhibition of phenyl-
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puromycin and oligophenylalanine formation by bottromycin was also shown to be equivalent, 

which was used to argue that translocation was perhaps not the only step of inhibition.168  

Inhibition of translocation was further supported in in vitro translation studies demonstrating 

bottromycin partially inhibited the puromycin reaction with both N-formylmethionine and 

polylysine.169 This was supported by a subsequent study demonstrating bottromycin did not 

inhibit the puromycin reaction with native E. coli polysomes.170 These findings are consistent 

with the previously proposed mechanism, where bottromycin prevents translocation to the P site, 

and thus blocks puromycin activity. Studies by Pestka involving native polysomes exhibited no 

inhibition by bottromycin, as these preparations would include any number of ribosomes with 

polypeptidyl tRNA in either the A or P site.170 

Significant refinement of the MOA of bottromycin was provided in a series of publications by 

Otaka & Kaji. In these studies, it was demonstrated that bottromycin released peptidyl- and 

aminoacylated-tRNA from the ribosome A site, and N-acetylphenylalanine-tRNA was 

insensitive to bottromycin under non-enzymatic translocation conditions. Furthermore, 

aminoacyated tRNA release was equivalent to general translation inhibition induced by 

micrococcin.171 Conflicting results regarding the incomplete inhibition of polylysyl- and f-Met-

puromycin by bottromycin163,169 with complete inhibition of N-acetylphenylalanine-puromycin 

formation168  were resolved by demonstration that bottromycin reduces the affinity between the 

A site and puromycin.172 Finally, bottromycin’s seeming inability to inhibit protein synthesis in 

nascent polysomes170 was explained by demonstrating that bottromycin prevented proper binding 

of charged tRNAs to the A site, but was unable to release large oligopeptidyl-tRNAs from the 

50S subunit due to an increased binding affinity.173 The conclusion of these ~20 years of 

research established the MOA of bottromycin to be by binding the ribosomal A site to prevent 
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recognition of charged tRNAs. Furthermore, no structural insights into this interaction exists, nor 

do studies of other members of this class both of which represent avenues for future research. 

1.7 Thiopeptides 

Thiopeptides are defined by the presence of a six-membered nitrogenous heterocycle forming a 

peptidic macrocycle which can also bear several thioazole rings and dehydrated amino acids. 

Isolated thiopeptides exhibit potent antibacterial activity against Gram positive bacteria, as well 

as activity against Plasmodium falciparum and the eukaryotic FOXM1 transcription factor. 

Broadly speaking, the mechanisms of action of the thiopeptides can be divided into four main 

categories: 1) Ribosomal RNA (rRNA) L11 binding domain (L11BD) binding, 2) Elongation 

Factor Thermo unstable (EF-Tu) binding, 3) TipAL transcription factor binding and 4) FOXM1 

transcription factor inhibition. Several anti-eukaryotic mechanisms exist as well, including 

antimalarial activity and anti-transcription factor activity. 

The prototypical thiopeptide thiostrepton was known early on as an inhibitor of protein synthesis 

through interaction with the 50S ribosomal subunit and subsequent prevention of amino-acylated 

tRNA, Elongation Factor G (EF-G) and GTP binding to the ribosome.174–178 Thiostrepton acts as 

a translocation inhibitor by preventing the binding of EF-G and GTP to the ribosome and 

inhibiting the dissociation of the translation complex.175,179–182 The exact site of thiostrepton 

binding to the 50S ribosomal subunit was identified using the nascent resistance mechanism of 

the producer S. azureus as well as the mechanism of spontaneous resistance mutants. 

Identification of a methyltransferase responsible for methylation of an adenine ribose, which 

granted resistance the thiostrepton producer, led to the hypothesis that this compound targeted an 

rRNA component of the 50S subunit.183,184 This thiostrepton resistance mechanism was also 

observed in several other streptomycetes, as well as two producers of the structurally related 
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thiopeptides siomycin and sporangiomycin.185 In both B. subtilis and B. megaterium resistant 

mutants, bacteria were missing the L11 protein, a critical component of the 50S subunit, which 

was also shown to be necessary for thiostrepton inhibition of the E. coli translational machinery 

in vitro.186–190 B. subtilis resistant mutants have also been generated containing mutations to 

A1067 of the 23S rRNA and Pro 25 of L11.191 Taken in isolation, these results suggested that 

thiostrepton interacted with both proteinaceous and RNA components of the ribosome, either 

together or in isolation. 

These seemingly conflicting targets were rationalized with the findings that L11 bound the 23S 

rRNA along the same sequence that is targeted for methylation or mutation in resistant 

organisms.192–194 It was subsequently demonstrated that thiostrepton also bound within this 

rRNA sequence, and so it was hypothesized that thiostrepton interfered with this native 

interaction.195  This mechanism was proposed to be through allosteric cooperativity, as 

thiostrepton inhibited EF-G dependent and independent translocation and had no effect on the P 

site binding of tRNAs.196 An allosteric effect was further supported as micrococcin P, a related 

thiopeptide, bound the same region of the 23S rRNA but stimulated EF-G GTPase activity; 

opposite the effect of thiostrepton.195,197 Structural and mutational studies of the 23S rRNA 

subunit demonstrated significant conformational change in the 3D structure upon binding L11, 

stabilizing select conformations and allowing for the cooperative binding of thiostrepton.197–200 

Conformational studies of the L11BD highlighted that L11 binding brought the TMBD loops in 

close proximity, forming a “slot” in which thiostrepton and micrococcin insert to further stabilize 

the bound conformation.201–204  Binding of thio/micro within this slot, at mid- to low-pM affinity, 

prevented conformational transitions of L11 necessary for translation.205–209 Furthermore, 

thiostrepton was shown to stabilize the same 23S rRNA L11BD conformation as L11 itself, and 
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additional interactions between the L11 N-terminal domain (NTD) and thio/micro contribute to 

further stabilization of this complex and prevention of downstream conformational changes and 

interactions with EF-G and RRF necessary for translation.205,210–214 Prevention of these 

conformational changes has been shown to abrogate complexation of EF-G with amino-acylated 

tRNA during elongation.215 Studies on resistant Thermus thermophilus L11 mutants 

demonstrated that amino acid substitutions served to increase the flexibility of the L11 protein, 

potentially overcoming the conformational stabilizing effect of thiostrepton.216 These findings 

were further supported by NMR studies of Thermotoga maritima L11 mutants, demonstrating a 

compact, stable L11-thio-rRNA structure and mutations at conserved Pro sites served to increase 

L11 flexibility to function in the presence of thio.217 

Partial elucidation of the disparate activities of thio/micro on the GTPase center highlighted that 

thio increases the dissociation rate of GTP, thus retarding GTP hydrolysis and micro increases 

the dissociation of GDP+Pi from EF-G, subsequently increasing the rate of GTP hydrolysis.211 

The additional effect of altered GTP hydrolysis is that thio prevents EF-G turnover by the 

ribosome, while micro increases it, which is a consequence of the presence (thio) or absence 

(micro) of a quinaldic acid heterocycle, which directly interacts with the L11BD rRNA at 

A1067.218,219 In addition to elongation steps, thio/micro also possesses inhibitory activity toward 

translation initiation by destabilizing the interactions between the ribosome, tRNA and initiation 

factor 2.220–225  

Thiostrepton and related thiopeptides were shown to induce the expression of several proteins in 

Streptomyces, including the  tipA locus.226 The TipAL protein C-terminus directly interacts with 

thiostrepton to induce expression by binding the tipA promoter through the N-terminal DNA 

binding domain which endows S. lividans with resistance to a diverse set of antibiotics including 
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daunorubicin, sparsomycin and tetranactin.227–229 The TipAL thiostrepton binding domain is 

expressed as a separate protein, termed TipAS which is expressed at a ~20-fold excess.227 

Induction of tipA has also been used to screen extracts for several novel thiopeptides.230–233 

Detailed studies of TipAS demonstrated the formation of a covalent linkage between thio and 

TipAS/AL Cys214, which was tentatively assigned a role in irreversible phenotyptic 

developments e.g. sporulation and mycelial autolysis.234–236 Subsequent study demonstrated both 

TipAS and TipAL covalently bind thio, but TipAL induces the tipA promoter and TipAS 

functions as an antibiotic sequestration resistance protein.237–239 Binding of thiostrepton induces a 

disorder-order transition within the antibiotic binding cleft of TipAS.240 The disordered nature of 

TipAS allows the tipA system to recognize and sequester a diverse set of thiopeptides.240 

Homologous tipA operons have also been found in distantly related thiopeptide non-producers, 

implicating this operon in low-level/transient resistance.241–243 

The discovery that extrachromosomal organellar DNA in Plasmodium sp. plastids encode rRNAs 

inspired efforts to target Plasmodium falciparum organellar protein synthesis with the 

thiopeptide thiostrepton.244,245 Conservation of the nucleotide A1067 in the plasmodial 23S 

rRNA allows the binding of thiostrepton to this plastid rRNA, terminating organellar, but not 

nuclear, protein translation and arresting life stage transition from trophozite to schizont.246–248 

Thiostrepton was demonstrated to induce tertiary conformational change in plastid rRNA 

fragments analogous to those occurring in bacterial rRNA, despite only 60% sequence identity 

between P. falciparum and E. coli  rRNA.249 Analogously to thiostrepton resistance in bacteria, a 

single nucleotide substitution at the A1067-equivalent position in the plastid rRNA abrogated the 

binding of thiostrepton.249 Similar anti-Plasmodium bioactivity has been observed for 

micrococcin P, and is presumed to occur by a similar mechanism to thiostrepton.250 Bioactivity 
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of thiostrepton against Babesia parasites, which also possess a plastid organelle, has also been 

demonstrated.251 Further developments on the anti-malarial activity of thiostrepton demonstrated 

in addition to apicoplast translation inhibition, this thiopeptide also inhibited the P. falciparum 

20S proteasome, explaining the rapid killing effect of thiostrepton.252 

The ability of thiopeptides to target the translation apparatus was further expanded with the 

discovery of GE2270.253 Mechanistic studies on this compound demonstrated it bound EF-Tu, 

theoretically by mimicking an aminoacylated tRNA, locking EF-Tu in a “non-productive” 

conformation which couldn’t bind GTP or tRNA.254,255 The site of action of GE2270 was further 

shown to be unique among EF-Tu targeting antibiotics, e.g. kirromycin, as both could 

simultaneously bind EF-Tu.256 Subsequent studies of the native resistance mechanism of the 

GE2270 producer Planobispora rosea demonstrated this organism possessed an alternate EF-Tu 

(EF-Tu1) which was completely resistant to several classes of antibiotic, including thiopeptides, 

and contained only a modest mutation of seven residues (of 393 total).257 Structurally related 

thiopeptides, termed amythiamicins, also inhibited protein synthesis and resistance mutants 

possessed a single valine-to-alanine mutation in EF-Tu.258 As with thiostrepton and micrococcin, 

GE2270 also possessed bioactivity against P. falciparum, which contains an EF-Tu protein 

encoded by the aforementioned plastid organelle.259 

Molecular level details dictating the GE2270 mechanism were illuminated by the cocrystal 

structure of GE2270:EF-Tu.260 Conformation comparisons demonstrated that GE2270A-

occupied space caused steric clashes with the GTP-bound EF-Tu conformation.260 These steric 

clashes prevented EF-Tu from transitioning between conformations necessary for translation.260 

Subsequent structural work also demonstrated EF-Tu-bound GE2270A generated steric clashes 

with the 3’-aminoacyl group and acceptor stem of charged tRNA.261 
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Bioactivity of the thiopeptides has also been observed against human cancer cell lines.262–266 

Sensitization of cancer cells was originally shown to be through down-regulation of 

cyclooxegenase I which induced mitochondrial oxidative stress.263 Additional anticancer MOA 

studies of thiostrepton was shown to be by inhibition of bovine mitochondrial protein translation 

in vitro.267 Subsequent studies highlighted another potential target of thiostrepton to be the 

transcription factor FOXM1.265,266 Conclusive studies demonstrated direct binding of 

thiostrepton to FOXM1, which prevented interaction of FOXM1 with target promoters.268  

Thioamides are compounds that contain one or more backbone thioxoamides; these 

modifications are found in several classes of RiPPs, hereby referred to as the thioamitides. The 

first thioamitides discovered were the thioviridamides269 The structural diversity of the 

thioamitides is reflected in their mechanisms of action, which impact both primary metabolism 

and antibiotic activities.  

1.8 Thioviridamides 

Of the thioviridamides, isolated members have bioactivity against  several human cell lines, 

especially E1A transformed cells.269–275 Recent studies have confirmed that thioviridamide is an 

acetone adduct of the true natural product prethioviridamide (pTvr), though both compounds 

have comparable cytotoxic activities.273,275 Preliminary mechanistic studies on the thioamitide 

thioalbamide (Tab) demonstrate Tab’s ability to arrest the cell cycle at G1 phase and induce 

apoptosis.274 Furthermore, Tab activates intrinsic and extrinsic apoptotic pathway, as observed 

through DNA fragmentation, externalization of phosphatidylserine to recruit macrophages, loss 

of mitochondrial membrane potential, ejection of cytochrome c from mitochondria and activation 

of initiator caspases 8 and 9.274 The activity of Tab was further localized to the mitochondria, 

where it was shown to effect the production of reactive oxygen species and induces 
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overexpression of the mitochondrial superoxide dismutase isoform SOD2.274 Exposure to Tab in 

vitro led to a >60% reduction of glycolysis and oxidative respiration in breast cancer cell lines.274 

A general mechanism of metabolic disruption is further supported by the fact that Tab induced 

similar metabolic deficiencies in several biologically heterogenous breast cancer cell lines as 

well as cancer stem cells.274 

In a complementary study, Takase et al. demonstrated the cytotoxicity of pTvr is attributed to 

activation of the integrated stress response (ISR).276 Cellular morphology studies confirmed pTvr 

induced significant morphological changes and dissipation of mitochondrial membrane potential, 

a time-dependent reduction in O2 consumption as well as global translation inhibition.276 

Screening of shRNA libraries further illuminated pTvr activation of the GCN2-ATF4 metabolic 

stress response pathway, which is central to the ISR and apoptotic induction.276,277 Photoaffinity 

pulldowns identified the target of pTvr as the ATP5B subunit of the mitochondrial F1 ATP 

synthase.276 Inhibition of ATPase activity was confirmed in vitro, and it was further 

demonstrated that inhibition of F1Fo-ATPase was responsible for the upregulation of the GCN2-

ATF4 pathway.276  

Incorporating mechanistic findings of both Tab and pTvr indicates perturbation of oxidative 

respiration in cancer cells, though a comprehensive understanding of the mechanism is lacking. 

The exact molecular-level details regarding pTvr-ATP5B interaction is unknown. Recent 

derivatization studies have identified pTvr analogs with improved cytotoxicity, a course of study 

which could be vastly enhanced by an understanding of pTvr’s structural interactions.278 

Additionally, how both Tab and pTvr can induce apoptosis through disruption of mitochondrial 

respiration requires additional analyses. Furthermore, the higher sensitivity to E1A-transformed 
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cancer cells to thioviridamides is thought to occur as E1A can amplify GCN2-ATF4 signaling, 

but a detailed understanding of these complex interactions requires further study.276 
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Chapter 2: Enzymatic Reconstitution and Biosynthetic Investigation of the 

Lasso Peptide Fusilassin 

Adam J. DiCaprio, Arash Firouzbakht, Graham A. Hudson, Douglas A. Mitchell 

2.1 Introduction 

The ribosomally synthesized and post-translationally modified peptides (RiPPs) are a natural 

product class comprised of no fewer than two dozen structural subclasses encoded by all three 

domains of life.1 RiPP biosynthesis begins with the translation of a ribosomally synthesized 

precursor peptide which, for the majority of RiPPs, is composed of an N-terminal “leader peptide” 

and a C-terminal “core peptide.” A specific motif within the leader peptide, the recognition 

sequence, is bound by the RiPP recognition element (RRE)2 which acts to recruit the cognate 

biosynthetic enzymes to modify the core peptide. During lasso peptide biosynthesis, the leader 

peptidase (a homolog of the enzyme transglutaminase) site-specifically removes the leader peptide 

in an RRE-dependent fashion.3 Subsequently, a lasso cyclase enzyme (homologous to asparagine 

synthetase) presumably adenylates an Asp or Glu residue of the core peptide while folding the 

substrate into a pre-lasso conformation.4 The liberated N-terminus then attacks the adenylated 

residue, forming a macrolactam linkage and a sterically locked lasso peptide. Some lasso peptides 

display additional modification that include C-terminal methyl ester formation (e.g. lassomycin5), 

arginine deimination (e.g. citrulassin3), or epimerization (e.g. MS-2716). Steric constraints within 

the three-dimensional structure endow lasso peptides with extraordinary resistance to heat 

denaturation and proteolytic degradation. On rare occasions, some lasso peptides are known to 

unthread after prolonged periods at elevated temperatures.7,8 

Nearly 50 lasso peptides have been isolated to date although less than half report a biological 

activity. Known bioactivities include cell-surface receptor antagonism, HIV fusion inhibition, 

RNA polymerase inhibition, and mycobacterial Clp protease inhibition.9 Beyond activities 
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possessed by the native lasso peptides, the scaffold is highly amenable to alteration, as previously 

characterized lasso peptides have demonstrated tolerance to core peptide variation. A major 

exception to this flexibility is an intolerance to variation for the two residues involved in 

macrolactam formation. Introduction of non-native epitopes has conferred new functions to lasso 

peptides.  Specifically, epitope grafting has been used to endow lasso peptides with activity 

towards the human integrin receptor.10,11 The rational engineering of lasso peptides is especially 

relevant when considering their translational potential. For instance, lasso peptides have 

demonstrated good stability under simulated gastrointestinal conditions12 and possess efficacy in 

mouse models of Helicobacter pylori13 and Salmonella enterica14 infections.  

Given the potential of lasso peptides for future therapeutic development, there have been 

significant efforts from a number of research groups to isolate and characterize novel lasso 

peptides. Given their disparate biological activities, lasso peptides discovered by bioassay-guided 

isolation are serendipitous and low throughput. By leveraging recent advances in bioinformatics, 

rapid progress has been made in the identification and isolation of novel natural products. 

Frustratingly, the compactness of lasso peptide biosynthetic gene clusters (BGCs, sometimes less 

than 3 kb total) and the high sequence similarity of these enzymes to counterparts in primary 

metabolism (i.e. transglutaminase and asparagine synthetase) complicate genome-mining efforts. 

Additionally, the short length and hypervariability of the lasso precursor peptides typically means 

the coding sequences are not found by automated gene-finders and only nearly identical sequences 

can be found by sequence similarity search tools such as BLAST.  

To address these longstanding issues, we developed the bioinformatic algorithm RODEO (Rapid 

ORF Description & Evaluation Online: www.ripprodeo.org), which automates the identification 

of lasso peptide3 and other RiPP BGCs15 from genomes available in GenBank. RODEO uses 

http://www.ripprodeo.org/
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profile Hidden Markov Models and supervised machine learning to locate RiPP BGCs and predict 

the most likely precursor peptide, respectively. Previously, we leveraged RODEO to define the 

extent of lasso peptides encoded by all sequenced bacteria and archaea, which expanded the 

number of putative lasso peptide BGCs by two orders of magnitude and revealed significant new 

insights into the natural product family as a whole. Using the data set generated during this study, 

we selected several candidate BGCs from thermophilic bacteria for enzymatic reconstitution. We 

surmised that thermophilic proteins would exhibit higher general stability in vitro, a strategy that 

we have successfully applied to the study of other RiPP biosynthetic pathways.16,17 

2.2 Results and Discussion 

2.2.1 Heterologous expression of fusilassin in E. coli.  

Thermobifida fusca, a mesothermophilic actinomycete, was found to encode a lasso peptide BGC 

with a putative precursor peptide (FusA, coding sequence not annotated as a gene on 

NC_007333.1) adjacent to a lasso cyclase (FusC, WP_011291592.1), RRE (FusE, 

WP_011291591.1), leader peptidase (FusB, WP_011291590.1), and an ABC transporter (FusD, 

WP_011291589.1) (Fig. 1A). Attempts to detect “fusilassin” from the native producer by mass 

spectrometry (MS) were not successful. We thus cloned FusA into a modified pET28 vector that 

provides an N-terminal fusion to maltose-binding protein (MBP, see Supporting Methods, Table 

S1). FusB, FusC, and FusE were cloned into a separate pACYC expression vector, and the two 

plasmids were co-transformed into E. coli. After a 3 h expression, fusilassin was readily detected 

by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS in the crude 

methanolic extracts of the induced cells (Fig. 1B).  
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Fusilassin represents a new lasso peptide of novel composition and is the first observed lasso 

peptide containing tryptophan at position one of the core peptide. It was previously believed that 

only small residues would be biosynthetically tolerated at this position.9 Given that Trp is the 

largest proteinogenic residue, we hypothesized that fusilassin would possess intrinsic tolerance to 

substitution at position 1, a site that has been historically recalcitrant to substitution.23–28 Fusilassin 

analogs were successfully produced via E. coli expression for all classes of amino acid (Fig. S1), 

an ability not demonstrated by any previously characterized lasso peptide. Only the Pro1 variant 

failed to generate a detectable lasso peptide. To discriminate if FusB, FusC, or both, were incapable 

of tolerating Pro1, we first sought to reconstitute fusilassin biosynthesis in vitro using purified 

proteins. 

2.2.2 Enzymatic reconstitution and mutational analysis.  

The genes encoding FusA, B, C, and E were individually cloned into pET28-MBP vectors, 

expressed in E. coli, and purified by amylose-affinity chromatography (Supporting Methods, Fig. 

S2). Production of a dehydrated product (m/z 2269 Da) was readily observed in reactions that 

included ATP and all four proteins (Fig. 2A). The 2269 Da species was further analyzed by high-

resolution and tandem MS (HRMS-MS/MS), which confirmed a macrolactam linkage between 

Trp1 and Glu9 of the FusA core peptide (Fig. S3). Omission of ATP or FusC resulted in the 

formation of a mass corresponding to the linear FusA core peptide (m/z 2287). Generation of the 

core peptide was dependent upon the presence of both FusE and FusB, as omission of either protein 

led to no observed mass changes.  
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Figure 2.1. E. coli-based expression of fusilassin. (A) Biosynthetic gene cluster diagram and 

primary sequence of FusA. (B) Predicted structure of lasso peptide fusilassin shown in an 

unthreaded conformation for clarity. The residues involved in macrolactam formation (Trp1 and 

Glu9) are highlighted pink and blue, respectively. (C) MALDI-TOF-MS spectrum demonstrating 

the expression of fusilassin (Fus) in E. coli.  

 

To probe the importance of highly conserved residues of the leader peptidase and lasso cyclase, 

we generated separate multiple sequence alignments for FusB and FusC using 11 homologous 

proteins from previously characterized lasso peptide BGCs. Six residues of FusB were targeted for 

replacement with Ala, including the predicted catalytic Cys79 and His112 residues, a nearby highly 

conserved Trp, and three Glu residues (Fig. S4). The catalytic activity of the FusB variants was 

then assessed using the purified enzymes. Ala-substitution of Cys79 and His112 abolished catalytic 

activity while the E116A variant was severely impaired (Fig. S5). FusB-W114A exhibited 

extensive proteolytic degradation upon expression in E. coli, leading us to conclude this residue is 

of structural significance (Fig. S2). Ala-replacement of FusB-E123 and -E124 did not significantly 
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perturb proteolytic efficiency under the reaction conditions employed. Four residues of FusC 

predicted to be involved in ATP-binding were targeted for replacement with Ala, based on the 

known structure of E. coli asparagine synthetase B (Protein DataBank entry 1CT9, Fig. S6).21 The 

catalytic activity of FusC-D238A and -D340A was abolished, even when assaying at high 

concentration (5 mM) of ATP. The effects were less severe for FusC-S239A and G336A, which 

displayed catalytic impairment only when supplied with 500 µM ATP (Fig. S7). The concentration-

dependent activity of these variants likely arises from an increased KM for ATP, which corroborate 

the predicted ATP-binding residues of FusC.  

To address enzymatic processing of FusA variants at core position 1, each variant was prepared as 

above and subjected to identical reconstitution reactions using wild-type FusB, FusC, and FusE. 

In good agreement with E. coli expression, all variants, except Pro1, were tolerated by the Fus 

biosynthetic enzymes although the ion intensity for the Glu1 variant was at the limit of detection 

(Figs. 2, S8). We next evaluated if the leader peptidase, the lasso cyclase, or both were intolerant 

of Pro1. While leader proteolysis was efficient on wild-type FusA treated with FusB and FusE 

(Fig. 2A), no reaction was observed with FusA-W1P as the substrate (Fig. S8). The intolerance of 

Pro at the P1’ position of many proteases, including cysteine hydrolases, is well known.22 To 

evaluate if FusC could tolerate Pro1, we first determined if the Fus biosynthetic proteins were 

capable of processing the linear core of wild-type FusA in a leader peptide-independent manner. 

While FusC was incapable of forming product on its own, the presence of FusB and FusE in the 

reaction led to a low but detectable level of product formation (Fig. S9) in the absence of leader 

peptide. Similar results were obtained when repeating the reaction with the linear core of FusA-

W1P; thus, the leader peptidase, not the lasso cyclase, was intolerant of Pro1.  
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Figure 2.2. Enzymatic reconstitution of fusilassin. (A) MALDI-TOF-MS of all requisite 

biosynthetic components (top) shown alongside parallel reactions with individual components 

omitted from the reaction. (B) Relative processing of core position 1 variants from purified enzyme 

assays with wild-type Trp1 as the top spectrum. W1E product formation was at the limit of 

detection (Fig. S8). Spectra represent end-point assays after 3 h reactions . Macrolactam-

containing products are blue and linear core (uncyclized) peptides are orange. Low-intensity peaks 

at +22 Da represent sodiated ions of either the linear core or mature lasso peptide. 

 

In addition to resolving biosynthetic ambiguities like core position one tolerance, purified 

enzymatic reconstitution allows for deeper views into a biosynthetic pathway. In contrast with the 

E. coli-based expression system, where only mature metabolites are easily extracted and detected, 

reactions using purified FusB, FusC, and FusE provide straightforward assessments of conversion 
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efficiency for FusA variants. For example, larger residues at core position 1 (e.g. Tyr, Phe, Lys, 

and Leu) were most efficiently processed. Smaller and charged residues (e.g. His, Glu, and Ala) at 

position 1 gave comparatively less product by enzymatic reconstitution, which was not discernable 

by E. coli-expression (Fig. S1). As previously documented with plantazolicin and thiomuracin17,23–

25, which derive from two distinct RiPP classes, a greater level of biosynthetic granularity is 

achieved through enzymatic reconstitution.  

2.2.3 Verification of the threaded lasso conformation. 

It has remained unanswered if fusilassin prepared enzymatically ex vivo would be in a threaded 

conformation or in the isobaric “branched-cyclic” state. To address this question, we first 

performed a MALDI-TOF MS-based hydrogen-deuterium exchange assay on enzymatically 

prepared, wild-type fusilassin (Fig. S10). Under our H-D exchange conditions, the linear core of 

FusA was fully deuterated in <1 min while fusilassin prepared enzymatically required ~60 min to 

obtain the same level of deuteration. To provide additional support for a threaded conformation, 

we subjected the linear core of FusA and fusilassin to carboxypeptidase Y digestion for 18 h (Fig. 

S11). Analysis by MS showed the linear core of FusA was completely consumed while the vast 

majority of the fusilassin peptide remained intact. Indeed, only a single, low intensity peak 

consistent with proteolytic removal of the C-terminal residue, Ile18, was observed. Lastly, we 

tested thermal resistance to denaturation of wild-type fusilassin and the W1H and W1L variants. 

Even after a 2 h, 95 °C heat treatment, all variants exhibited similar resistance to carboxypeptidase 

Y degradation (Fig. S12). Unfortunately, the poor solubility characteristics and relatively low 

expression yields of fusilassin by both E. coli expression and enzymatic reconstitution prevented 

assessment of threadedness by less-sensitive methods, such as NMR. 
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2.2.4 Altered ring sizes, tail lengths, and biosynthetic insights. 

Given the robustness and superior substrate tolerance of the Fus proteins, we sought to determine 

if FusA variants with expanded and contracted macrolactam rings could be produced. With the 

exception of the caulosegnin pathway26, which naturally encodes lasso precursor peptides of 

differing ring sizes, all reported expansion or contraction of the macrolactam ring has abolished 

biosynthetic processing.27,28 Fusilassin naturally contains a 9-mer macrolactam (Fig. 1A), and 

readily accepts a 10-mer macrolactam generated by insertion of Ala within the macrocycle 

(1WYTAAEWGLE10…FI18). Not only was this 10-mer variant easily produced by both E. coli 

expression and enzymatic reconstitution (Fig. S13), but HRMS-MS/MS confirmed formation of 

an isopeptide bond at the predicted acceptor site (Fig. S14). Proteolytic treatment of this compound 

with carboxypeptidase Y supported threadedness (Fig. S15). Contracted fusilassin variants with 

theoretical 8-mer (1WYTEWGLE8…FI17; DA4) and 7-mer (1WYEWGLE7…FI16; DT3/A4) 

macrolactam ring sizes were then prepared and subsequently evaluated for production. While the 

8-mer was readily detected from E. coli expression, we note that the same variant was considerably 

less efficiently produced using purified enzymes (Fig. S13). Continuing the trend, the 7-mer was 

not be detected by enzymatic reconstitution, and although a mass consistent with the expected 

product (m/z 2097 Da) was detected from E. coli expression, the intensity was too low to 

conclusively verify the identity of the product. We attribute the declining efficiency of production 

to an increased level of steric clashing between residues comprising the fusilassin ring and the C-

terminal tail.  

The apparent inability of the fusilassin biosynthetic enzymes to produce a reliable 7-mer 

macrolactam product, whether it be in a threaded (lasso) or unthreaded (branched-cyclic) 

conformation, suggested that FusC might be incapable of forming the latter. This topic has attracted 
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some debate in the lasso peptide field, especially since the initial report on lassomycin suggested 

the peptide might naturally possess a branched-cyclic topology.5 A subsequent study from the same 

group corrected that finding by demonstrating fundamental differences between naturally 

produced lassomycin and a synthetically prepared branched-cyclic version.29 To date, every 

reported lasso peptide produced by enzymatic reconstitution, heterologous expression, or native 

isolation has been in the threaded conformation. To further evaluate the (in)ability of FusC to 

generate a branched-cyclic peptide, we prepared C-terminal truncations of FusA. The first tested 

variant contained only the macrolactam ring (1WYTAEWGLE9) and failed to form detectable 

levels of product under E. coli expression, thus demonstrating the biosynthetic necessity of the 

loop and/or tail regions (Fig. S15). Truncation of as few as 3 residues from the C-terminus of FusA 

(DRFI18) also failed to generate observable product through E. coli expression. This suggested that 

the loop region of the FusA core peptide was insufficient for FusC catalysis while the tail region 

was catalytically necessary. We dissected these findings further using our enzymatic reconstitution 

platform with Gly-replaced FusA variants at core positions 16-18. All tail variants yielded the 

expected macrolactam products, albeit formation of the R16G product was impaired relative to the 

other tested positions (Fig. S15). We postulate that the C-terminal tail of FusA, especially Arg16, 

is a critical contact point for the lasso cyclase to “pre-fold” the peptide substrate into a lasso-like 

conformation. Resolving the finer details of this interaction will require extensive additional 

characterization of the biosynthetic enzymes. 

2.2.5 Acceptor specificity and non-cognate lasso peptide formation. 

The above data show that the fusilassin biosynthetic enzymes are unusual in that they readily 

tolerate substitution of the first core position, as well as ring size variants (1 residue). All previous 

studies have shown that lasso peptide biosynthetic pathways are intolerant to changes in the 
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macrolactam acceptor site (either Asp or Glu) and location (core positions 7, 8, or 9).27,28 

Therefore, we generated a FusA-E9D variant, and found that FusC was also incapable of producing 

the W1-D9 macrolactam by biosynthetic reconstitution (Fig. 3A).  

We next applied our new understanding of fusilassin biosynthetic tolerance to the generation of a 

non-cognate lasso peptide. We generated a chimeric substrate by fusing the leader peptide of FusA 

(residues -22 thru -1, Fig. 1A) to the core peptide of citrulassin A (CitA), a lasso peptide we 

characterized previously3 which has no obvious sequence relationship to fusilassin. Notably, CitA 

possesses a Leu1-Asp8 macrolactam and a core peptide that is 3 residues shorter than that of 

fusilassin. As expected, purified FusB, FusC, and FusD did not process the chimeric substrate, 

given the presence of an Asp acceptor (Fig. 3B). The Fus proteins also did not process a Cit-L1W 

variant, showing the overriding effect of acceptor versus donor site identity. Introduction of D8E 

to CitA led to a dramatic increase in processing by the Fus proteins. The formation and location of 

the macrolactam linkage was confirmed by HRMS-MS/MS (Fig. S14). Threadedness of this 

peptide was supported by recalcitrance to carboxypeptidase Y digestion although the resulting 

lasso peptide was not stable to prolonged heat treatment (Fig. S16). CitA variants with contracted 

(W1-E7) and expanded (W1-E9) macrolactam linkages were also readily processed by the Fus 

proteins (Fig. 3B). The predicted macrolactam for the CitA (W1-E7) macrolactam was 

demonstrated by HRMS-MS/MS (Fig. S14). Similar to the CitA-D8E variant, we found that the 

variant bearing an expanded W1-E9 macrolactam ring exhibited resistance to carboxypeptidase Y 

digestion, which is highly suggestive of a threaded conformation (Fig. S17). Unfortunately, we did 

not observe product formation from the chimeric substrates using the E. coli expression system. 

One possible reason could be degradation by endogenous E. coli proteases outcompeted the rate 

of lasso peptide formation (Fig. S18). Further characterization would be needed to identify the 
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origin of these observations. Nevertheless, our data underscore a remarkable substrate tolerance 

for the fusilassin pathway, especially with purified proteins. 

 

Figure 2.3. Acceptor site specificity. (A) MALDI-TOF-MS of the FusA-E9D variant from 

enzymatic reconstitution. (B) Evaluation of purified Fus enzymes in processing chimeric 

substrates bearing wild-type and macrolactam variants of citrulassin A (CitA). Macrolactam-

containing products are blue while the linear core (uncyclized) peptides are orange. Substitutions 

to wild-type FusA in panel A, and CitA in panel B, respectively, are green. 

 

2.2.6 Genomics-guided characterization of protein-protein interactions. 

Given the unprecedented performance of FusB, FusC, and FusE in vitro, we sought to elucidate 

residues critical to formation of the fusilassin biosynthetic protein complex. Previously, 
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retrospective analysis of RODEO data sets uncovered a conserved YxxP motif in predicted lasso 

leader peptides.3 Recent work on the lasso peptides paeninodin18 and chaxapeptin19 have 

confirmed that the YxxP motif functions as the recognition sequence for the RRE, as substitution 

with Ala caused severe reductions in binding affinity and product formation. To confirm their role 

in fusilassin biosynthesis, and to investigate other modestly conserved residues within the leader 

peptide, we prepared a brief panel of Ala-substituted FusA variants. We then employed a 

fluorescence polarization assay with wild-type FusE as the receptor and a fluorescein-labeled, 

wild-type FusAleader as a competing ligand. Of the five FusA positions surveyed, only Y(-17)A and 

P(-14)A were found to decrease affinity for FusE with the Tyr(-17) being critically important (Fig. 

S19, Table S3).  

Since the above data only pertain to the substrate (FusA) side of the interaction, we next sought to 

probe the RRE-portion (FusE) of this interaction by targeted mutagenesis. To rationally direct our 

mutagenesis to likely sites of interaction, we employed GREMLIN30, a computational algorithm 

that predicts interaction sites based on the principle of compensatory mutation. This strategy 

requires a large amount of diverse sequences, thus necessitating an updated survey of lasso peptide 

BGCs. We therefore queried RODEO to update the observable lasso peptide genomic space. Our 

last published survey of this kind was conducted in October 2016.3 Since then, GenBank has grown 

by 56% and we have made algorithmic improvements that enhance the prediction of leader peptide 

cleavage sites.15 As of August 2018, RODEO identified 2,993 non-redundant, high-scoring, 

manually curated lasso precursor peptides in publicly available bacteria and archaeal genomes 
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deposited in GenBank (Supplemental Dataset 1). Our updated RODEO data set provided ample 

sequence diversity for the application of this algorithm.  

 

Figure 2.4. Residues critical for FusA/E/B ternary complex. The RRE domain of MccB (residues 

M1-S86, PDB entry 3H9J, blue) was aligned with FusE. Spheres indicate residues of FusE probed 

by mutagenesis. Mutagenesis at sites along α3 drastically reduced binding to FusAleader (orange). 

Ala-substitutions along β2 and β3 did not influence FusAleader binding but did abolish leader peptide 

cleavage (green). The validity of these predicted protein-protein interaction sites is underscored by 

the fact mutagenesis elsewhere (gray) did not reduce leader peptide binding or leader peptidase 

activity. 

 

Our analysis identified 7 residues of lasso peptide RRE proteins that are under co-evolutionary 

pressure with the lasso peptide precursors (Fig. S20). As we noted previously3, all sites within the 

precursor peptide that were under statistically relevant co-evolution with the RRE were confined 

to the leader peptide. The receptor residues predicted to interact with the leader peptide were 
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overrepresented in the predicted b3 and a3 secondary structures of the RRE. Ala-substitution of 

four of these positions led to a loss of ~2–fold affinity towards FusAleader. FusE-D74A exhibited a 

more dramatic reduction (8–fold) (Fig. S21, Table S4). Based on several available crystal 

structures of RRE proteins, we mapped Asp74 to the start of helix a3. Presumably, Leu78 would 

reside on the same face of this helix (Fig. 4). In support of this prediction, the FusE-L78A variant 

displayed a 10–fold reduction in FusAleader affinity. 

Sequence analysis of FusE shows that the protein has an abnormally acidic isoelectric point (pI = 

4.3). Given that Asp74 was a critical residue for engaging a relatively basic leader peptide (Fig. 

1A), we hypothesized that additional acidic residues of FusE may contribute to this interaction. 

Single Ala-replacement of select residues also caused a ~2–fold loss in leader peptide affinity. It 

is possible that the difference in pI provides an electrostatic attraction between the RRE and the 

leader peptide over longer distances. However, once within proximity, we predict that specific 

hydrophobic interactions, governed by the YxxP motif, will dominate the orientation and 

specificity of the two interacting proteins. Investigations that further define this interaction are on-

going. 

2.2.7 Interaction between RRE and leader peptidase. 

Sequence analysis of FusB, which collaborates with the RRE (FusE) during leader peptide 

cleavage, yielded a considerably basic isoelectric point (pI = 10.7). Thus, we propose interaction 

of these two proteins is also driven, at least initially, by electrostatic attraction. To determine if this 

phenomenon was more widespread, we calculated the pI’s for all discretely encoded (i.e., non-

fused) RRE proteins, leader peptidases, and lasso cyclases identified by RODEO (Fig. S22). While 

lasso cyclases exhibit neutral pI’s (7.4 ± 1.1), RRE proteins are notably acidic (4.7 ± 1.2) and the 

leader peptidases are strongly basic (10.5 ± 1.1). Within a given lasso peptide BGC, the difference 
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in pI between the two interacting proteins was considerable (5.7 ± 1.8). This phenomenon is 

widespread across nearly 2,000 examined lasso peptide BGCs and thus certainly not specific to 

the fusilassin pathway. 

By leveraging the 2018 RODEO-derived dataset, we had a sufficient number of lasso peptide 

biosynthetic protein sequences to probe co-evolutionary relationships between FusB and FusE in 

a statistically relevant fashion. GREMLIN analysis on the concatenated protein sequences 

identified 5-6 residues within FusB and E that were under predicted co-evolutionary pressure (Fig. 

S20). To evaluate the relative contribution of these residues, we conducted an MS-based leader 

peptidase cleavage assay that requires both FusB and FusE (Fig. 2A). Under the conditions 

employed, wild-type FusE orchestrated the efficient delivery of FusA to FusB (Fig. 5). The most 

statistically probable interaction identified by GREMLIN with FusB involved FusE-Tyr33. 

Substitution with Ala led to no observed leader peptide cleavage. It is notable that FusE-Y33A has 

affinity for FusA equal to wild-type FusE (Table S3), which is supported by structure homology 

arguments as this site does not reside on either the b3 or a3 secondary structure of FusE (Fig. 4).  
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Figure 2.5. RRE:Leader peptidase interaction. MALDI-TOF-MS was used to monitor leader 

peptidase activity of FusB and a panel of GREMLIN- and structure-derived FusE variants. Variants 

demonstrated differing degrees of enzymatic processing, supporting our GREMLIN predictions. 

SGS refers to the N-terminal Ser-Gly-Ser motif remaining after TEV protease cleavage of MBP-

FusA. 

 

The second most strongly FusB-correlated residue of FusE was Gly31, which did not influence 

leader peptide cleavage upon Ala-substitution. However, replacement of Gly31 with Val nearly 

abolished leader peptidase activity. This variant only exhibited a minor reduction in leader peptide-

binding (2–fold); therefore, we predict it also plays a direct role in FusB-binding (Table S3; Fig. 

5). In proximity to the 31GxY33 motif was FusE-Leu26, which we had previously substituted with 

Ala to evaluate FusAleader-binding (Fig. S21). This variant abolished leader peptidase activity, but 

the same was not true for the nearby V24A variant, which would theoretically occupy the same 

face of the b2 strand (Fig. 4).  
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2.2.8 Bioinformatic insight into lasso cyclases. 

The bioinformatically mined lasso cyclases are visualized in the form of maximum likelihood trees 

and a sequence similarity network (Figs. S23-24). As noted previously, many lasso peptides are 

found within the actinobacteria, proteobacteria, and firmicutes phyla with minimal evidence of 

horizontal gene transfer. Other bacterial and archaeal phyla are represented at lower frequencies. 

Upon viewing the tree color-coded by the identity of the macrolactam acceptor residue (Asp or 

Glu), we first noted that many clades display a dominant acceptor identity while a few contain a 

more balanced representation of the two types. Further, Asp- and Glu-specific lasso cyclases are 

interspersed throughout the tree, meaning that there is no global sequence distinction between 

enzymes that prefer one acceptor type over the other.  

Given the macrolactam size-flexibility of the fusilassin pathway, we conducted a retrospective 

analysis of the 2018 lasso peptide dataset to determine how many naturally encoded lasso peptides 

would be 7, 8, or 9-mers. Upon removing ambiguous linkages from the data set, the proportions 

were found to be 5.5%, 36.6%, and 57.9%, respectively (Fig. S25). Given the acceptor-intolerance 

of the fusilassin pathway, we also analyzed the same data and found that 29.5% of RODEO-

identified, unambiguous lasso core peptides would use Glu as the macrolactam acceptor site and 

the remaining 69.5% would contain Asp. The plurality (45%) of lasso peptides are predicted to be 

Asp-containing 9-mers. 

2.3 Conclusions 

The data presented herein describe the discovery, reconstitution, and initial enzymatic and 

biophysical characterization of fusilassin, an unusual lasso peptide from a mesothermophilic 

actinomycete. Our results confirm that the fusilassin pathway can serve as the first lasso peptide 

biosynthetic platform amenable to detailed mechanistic characterization. The fusilassin enzymes 
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exhibit an unprecedented substrate promiscuity with respect to the identity of the first core 

position, the size of the macrolactam linkage, and core peptide sequence. We have successfully 

dissected the role of leader peptide from core processing using purified enzymes and synthetic 

core peptides, which have delineated the enzymatic preferences of the leader peptidase and lasso 

cyclase proteins. Our data support an inability of the lasso cyclase to generate the isobaric 

branched-cyclic peptides, as illustrated by employing a series of truncated precursor peptides, 

proteolytic degradation studies, and hydrogen-deuterium exchange assays. Moreover, the enzymes 

described have the exceptional capability to produce non-cognate lasso peptides or simple 

derivatives thereof, presenting unprecedented access to the ~3,000 RODEO-identified lasso 

peptides found in prokaryotic genomes. Finally, bioinformatic analysis of this dataset enabled the 

co-evolutionary and biochemical interrogation of additional sites of interaction between the leader 

peptide, RRE domain, and leader peptidase. The fusilassin BGC represents the most promising 

pathway yet described that can be utilized to elucidate molecular-level details of lasso peptide 

biosynthesis. 
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Chapter 3: Protein-Protein Interactions of the RiPP Recognition Element and 

Leader Peptidase Involved in Fusilassin Biosynthesis 

 

3.1 Introduction 

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a natural product 

class comprised of a myriad of structural subclasses possessing a broad range of bioactivities.1 

RiPP biosynthesis begins with the translation of a precursor peptide which contains bipartite 

structure with an N-terminal “leader peptide” and a C-terminal “core peptide.” The leader peptide 

contains a recognition motif which is bound by the RiPP recognition element (RRE) which 

subsequently recruits the cognate biosynthetic enzymes to modify the core peptide.2  During lasso 

peptide biosynthesis, the leader peptidase cleaves the leader peptide from the core peptide in an 

RRE-dependent fashion. Subsequently, a lasso cyclase enzyme folds the core peptide into a pre-

lasso conformation before generating an isopeptide bond between the free N-terminus and the 

carboxylate sidechain of an internal Asp or Glu residue. This conformation traps the C-terminal 

tail of the core peptide, which is held in place by steric interactions. Additional modifications have 

been reported, including C-terminal methyl ester formation,3 arginine deimination,4 or 

epimerization.5 Steric constraints between the lasso peptide tail and macrolactam ring endow lasso 

peptides with resistance to heat denaturation and proteolytic degradation.  

Of the dozens of discovered lasso peptides, less than half possess reported biological activity. 

Known bioactivities include cell-surface receptor antagonism, HIV fusion inhibition, RNA 

polymerase inhibition, and mycobacterial Clp protease inhibition.6 Because RiPP modifications 

occur in an RRE-dependent fashion, they have great potential for the generation of analog libraries. 

Previously characterized lasso peptides have demonstrated tolerance to core peptide variation, 

making them an attractive target for high throughput screening efforts.7–9 In combination with the 
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diverse bioactivities of lasso peptides, this highlights the high potential for the discovery of 

bioactive non-native lasso peptides.  

Efforts to identify and characterize novel lasso peptides are ongoing. Complemented with recent 

advances in bioinformatics, the discovery and characterization of novel lasso peptides has been 

greatly accelerated.10 Be leveraging our custom bioinformatic algorithm RODEO (Rapid ORF 

Description & Evaluation Online: www.ripprodeo.org), we previously identified and reconstituted 

the lasso peptide BGC from Thermobifida fusca and named the resultant lasso peptide fusilassin  

 

(Fig. 3.1).9 In contrast with previously isolated lasso peptide BGCs, the constituent biosynthetic 

enzymes from this pathway exhibited exceptional stability upon heterologous expression in 

Escherichia coli. Furthermore, this pathway demonstrated extraordinary substrate tolerance, and 

was even capable of generating an analog of the lasso peptide citrulassin A from an unrelated lasso 

BGC.9  

The molecular level details governing the protein-protein interactions underpinning lasso peptide 

biosynthesis remain almost exclusively unknown. In our previous report, GREMLIN-based 

Figure 3.1. Fusilassin biosynthetic gene cluster. Individual proteins from this pathway were 

successfully expressed as MBP fusion proteins. The first residue of the core peptide is 

indicated in purple, while the macrolactam acceptor residue is indicated in blue. 

http://www.ripprodeo.org/
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coevolutionary analyses were used to identify several residues involved in RRE-Leader peptidase 

interactions.9 Given the in vitro stability of the fusilassin proteins, we chose this cluster to begin 

investigations of these interactions with additional analytical methods.  

Solution Nuclear Magnetic Resonance spectroscopy (NMR) has long been an effective tool in 

elucidating the molecular-level structures and interactions of proteins. In the context of lasso 

peptides generally, NMR has been used to generate 3D structures of a number of lasso peptides,6 

but has never been applied to study the biosynthetic enzyme interactions responsible for the 

generation of these compounds. In this report, we elected to study the solution phase RRE-Leader 

peptidase interactions by biomolecular NMR. 

3.2 Results and Discussion 

3.2.1 FusE NMR Assignment 

The fusilassin BGC is composed of 3 proteins: The RRE domain FusE (~10 kDa), the leader 

peptidase FusB (~16 kDa) and the lasso cyclase FusC (~66 kDa) (Fig. 1). With respect to NMR, 

high protein molecular weight/residue count can severely complicate NMR analyses, so we elected 

to study the RRE domain. Additionally, FusB and FusC exhibit solution phase instability, and 

precipitate at concentrations required for NMR studies. FusE was expressed in M9 minimal media 

containing 15NH4Cl and was analyzed by two-dimensional 15N-1H NMR HMQC. In phosphate 

buffer at pH 6.5, the two-dimensional spectrum was of high quality, with broad chemical shift 

dispersion and narrow line shape, indicative of a properly folded protein. To assign the backbone 

amide resonances, uniformly labelled 13C/15N FusE was prepared and analyzed by triple resonance 

NMR (HNCO, HNCA, HN(CO)CA, CBCA(CO)NH, HNCACB). These experiments allowed 

complete assignment of the FusE backbone (Fig. 3.2A). Attempts to fully assign residue sidechains 
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and generate an NOE-refined 3D solution structure were unsuccessful due to broadened side chain 

resonances and insufficient long-range NOEs. 

Figure 3.2. Backbone assignment and secondary structure of FusE. All residues were 

successfully assigned based on 3-dimensional triple-resonance NMR experiments. Aliased 

arginine sidechains are colored in orange (A). Asparagine and glutamine sidechains remain 

unassigned but were observed at ~7ppm (1H) and ~112.5ppm (15N). The wide chemical shift 

dispersion Is indicative of a stable, well-folded protein. Alanine 91 was observable at low 

threshold but was partially occluded by its proximity to an inverse phased Arg sidechain 

resonance. Predicted secondary structure of FusE based on TALOS-N are shown in B. 

Prediction confidence is indicated on a 1 (least confident) to 9 (most confident). 
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 During our studies, an X-Ray structure of FusE bound to the FusA leader peptide (FusALP) was 

reported (PDB: 6JX3), allowing us a comparative reference four our assignments.11 The TALOS-

N-based secondary structure prediction derived from α-C/H, β- C/H, backbone N/H and carbonyl 

C chemical shifts generated a secondary structure in near perfect agreement with the published 

structure (Fig. 3.2B).12 Interestingly, the 

backbone resonances along the β3 sheet 

exhibited weaker, broadened signals in the 

analysis of apo-FusE. Given that this β-sheet 

is directly involved in leader peptide binding, 

we hypothesized that this region may be 

undergoing conformational exchange. 

Analysis of the longitudinal (R1), transverse 

(R2) and heteronuclear NOE relaxation rates 

demonstrated that this sheet has a slightly 

increased R2 (Fig. 3.3). This relaxation rate is 

consistent with fast conformational 

exchange, which could indicate flexibility 

within this region is implicated in leader 

peptide recognition. 13,14 

 

 

 

Figure 3.3. Backbone relaxation of FusE. 

TfusE exhibited a largely consistent T1 

relaxation of ~1.5 s, indicative of a single 

globular domain (A). Residues located within 

the beta-sheet region of FusE exhibited faster 

T2 (B) and heteronuclear NOE relaxation (C), 

indicating shorter time scale relaxation. 

Average relaxation times are indicated by 

dashed lines. Large errors are reported for 

beta-sheet residues likely due to relatively 

weak peak intensities. 
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3.2.2 FusE-FusALP Chemical Shift Perturbation  

To characterize the interaction between FusE and FusALP, we utilized chemical shift perturbations 

(CSP). In systems exhibiting fast exchange, increasing molar equivalents of a ligand will induce 

gradual shifts in the chemical shift values of the binding partner, whereby the greatest changes in 

chemical shift are indicative of strongly interacting residues.15 In preliminary CSP experiments, 

the FusE-FusALP system exhibited slow exchange behavior, where peaks corresponding to the 

unbound protein gradually decrease in intensity and their counterparts in the ligand-bound protein 

increase in intensity without undergoing a sequential change in chemical shift value. These results 

are consistent with reported fluorescence polarization data demonstrating FusE and FusALP 

possess a Kd of 9 nM.9 Attempts to reassign the FusALP-bound FusE backbone by triple resonance 

NMR were unsuccessful due to line-broadening of resonances of β1-β3, preventing analysis by 

CSP. A previously characterized variant of FusALP possessing a Y(-17)A mutation exhibited a Kd 

of >25 µM, an affinity which is more amenable to CSP analysis.9 Experiments utilizing 15N-FusE 

and natural abundance (NA) TfusALP(Y-17)A generated results consistent with the FusE-FusALP 

structure, as the residues along β3 exhibited the highest chemical shift change (Fig. 5A). These 

results are also consistent with mutagenesis studies, which demonstrated mutations along this β-

sheet significantly reduced FusALP binding.9 In addition to β3, several residues between the alpha 

helixes α2 and α3 also exhibited large chemical shift changes, indicating FusALP binds along β3 in 

combination with the pocket formed along these α-helices (Fig. 3.4B). 

3.2.3 FusE-FusB Protein-Protein Interactions 

With the assigned 15N FusE-NA FusALPY-17A, we next attempted to perform CSP with an excess 

of NA MBP-FusB. Unfortunately, the poor solution-phase stability led to significant precipitation, 

even at a conservative ratio of 1:1 MBP-FusB:15N FusE (data not shown). This precipitation led 



 

121 
 

to complete dissipation of nearly all 

15N-1H peaks. Given the requirement 

of a stoichiometric excess of binding 

partner for successful CSP analyses, 

we sought additional methods to 

determine the protein-protein 

interactions at sub-stoichiometric 

equivalents of FusB.  

We therefore devised a strategy 

utilizing paramagnetic relaxation 

enhancement (PRE). The PRE effect 

is enabled by utilizing a probe 

containing unpaired electrons, which 

enhances the relaxation rates of 

proximate NMR-active nuclei 

through magnetic dipolar 

coupling.16,17 This strategy has been 

used with radical18 and lanthanide 

probes covalently attached to 

proteins19 to generate PRE-restraints 

used in structure calculations. In 

these studies, nuclei closest to the 

PRE probe exhibit the greatest relaxation enhancement, while nuclei farther away do not. 

Figure 3.4. Chemical shift perturbation of FusE and 

FusALP. Calculated chemical shift perturbations of 

FusE and FusALP(Y-17A) are shown in (A). Chemical 

shifts greater than one standard deviation of all 

chemical shift perturbations (dashed, purple line) are 

indicated in orange, and presumed to be directly 

interacting with the leader peptide. Proline residues 

are not displayed. Interacting residues are highlighted 

in orange on the crystal structure of FusE (PDB: 6JX3, 

B). Alpha- and beta-sheet assignments are labelled and 

FusALP is shown in gray. 
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To avoid the difficulties associated with generating covalently derivatized proteins, we elected to 

approach this system utilizing solvent PREs.20 In this strategy, a lanthanide chelate is dissolved in 

the sample containing the protein of interest, thus generating a paramagnetic bulk solution. 

Relaxation enhancements are greatest on the solvent-exposed surfaces of the protein. This 

methodology can be used to determine the solvent-exposed surface of a protein of interest, with or 

without residue assignments. Solvent PREs can also illuminate sites of protein-protein interaction, 

as there would be a dulling effect of the PRE due to occlusion of a surface exposed residue by a 

protein binding partner. 

We selected the PRE probe gadodiamide, known as the commercial MRI contrast agent Omniscan, 

for two main reasons. First, this probe has been shown to possess very low amounts of non-specific 

protein association, which can lead to artifactual PRE measurements.21 Second, the Gd3+ nucleus 

in gadodiamide possesses seven unpaired electrons and exhibits the largest PRE effect radius, 

making it a more sensitive solvent PRE probe.22   

To determine the interaction sites of FusE and FusB, 15N-FusE was reconstituted with three 

equivalents of FusALPY-17A and a final stoichiometry of 1:8 NA-MBP-FusB to 15N-FusE. Peak 

intensities were measured with and without 2mM gadodiamide. This methodology serves a s a 

more simple method to determine PRE effects, compared with traditional methods of using full 

relaxation analyses.23 Residues exhibiting the smallest decrease in peak intensity were assigned as 

FusB interaction sites (Fig. 3.5). Small perturbations in peak height were observed for residues 

along α1 and α2 which occupy largely solvent-inaccessible conformations, as well as residues along 
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α3 which are proximal to 

bound FusALP. Most 

importantly, a number of 

residues located along β1- β3 

exhibited small perturbations. 

Given that these residues are 

largely solvent exposed, they 

were proposed to be shielded 

from gadodiamide upon FusB 

binding. These results are 

consistent with previous 

studies, which identified 

several residues within the β-

sheet region of FusE. 

3.3 Conclusion 

In summary we introduce the 

full backbone assignment of 

FusE. These assignments 

were used to determine the 

interactions occurring 

between FusE and the leader 

peptide as well as the 

interactions of FusE and 

Figure 3.5. Paramagnetic relaxation enhancement of FusE 

complexed with FusALPY-17A and FusB. Intensity-based PRE 

effects of FusE and FusB are shown in (A). Large decreases in 

peak intensity are indicative of solvent exposed residues, while 

smaller decreases indicate solvent shielding by interacting 

partners. Shielded residues were mapped to the X-Ray crystal 

structure are highlighted in orange on the crystal structure of 

FusE (PDB: 6JX3, B). Alpha- and beta-sheet assignments are 

labelled and FusALP is shown in gray. 
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FusB. In addition to CSP analyses, we propose the PRE as a method for further discovery of 

protein-protein interactions governing RiPP biosynthesis. This method is particularly valuable in 

the cases where biosynthetic enzymes exhibit poor solution stability. The PRE method allows the 

use of sub-stoichiometric amounts of binding partners, as the NMR intensity measurements offer 

finer granularity relative to CSP.  
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Chapter 4: Bioinformatic Mapping of Radical SAM-Dependent RiPPs 

Identifies New Cα, Cβ, and Cγ-Linked Thioether-Containing Peptides2 

Graham A. Hudson, Brandon J. Burkhart, Adam J. DiCaprio, Christopher J. Schwalen, Bryce 

Kille, Taras V. Pogorelov , Douglas A. Mitchell 

 

4.1 Introduction 

With the growing availability of genome sequences, bioinformatics has become an increasingly 

popular and powerful technique for natural product discovery.1,2 The biosynthetic gene clusters 

(BGCs) of known natural product classes are readily identified by the presence of conserved genes 

and the structure of their products can be predicted to varying degrees of accuracy based on the 

number and type of enzymes locally encoded.3 This approach has been particularly useful in the 

discovery of ribosomally synthesized and posttranslationally modified peptides (RiPPs).4 RiPPs 

have no universally conserved gene but instead are united by a common biosynthetic logic: with 

few known exceptions, the biosynthetic enzymes bind their respective precursor peptides through 

a recognition sequence in the N-terminal region of the peptide, referred to as the leader peptide,5 

and the posttranslational modifications are installed on the C-terminal region, referred to as the 

core peptide. During biosynthetic maturation, the leader peptide is eventually removed, and 

frequently additional enzymatic tailoring of the peptide occurs to yield the final RiPP product. 

Several posttranslational chemistries are known and are used to categorize RiPPs into their 

respective classes.4,6 

Despite the utility of genome mining to discover new natural products, the identification of RiPP 

BGCs remains challenging. First, RiPPs require analysis of a local genomic context for the 

presence of encoded regulators and transporters, or better yet, clear supporting genetic markers of 

RiPP biosynthetic pathways because RiPP enzymes are often members of larger protein 

 
2 A.J.D. contributions: All NMR data acquisition, processing and interpretation. Generation of all NMR figures and 
assistance with manuscript preparation 
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superfamilies that bear homology to proteins not associated with natural product biosynthesis. 

Second, RiPP precursor peptides are often short and hypervariable, which means their coding 

sequences are often unannotated when deposited into public databases and they are often not 

identified by sequence homology search tools (e.g., BLAST7). To address these challenges, we 

developed a bioinformatics program, Rapid ORF Description & Evaluation Online (RODEO), 

which automates the genome mining process.8 A typical RODEO input will be a list of NCBI gene 

accession identifiers for a biosynthetic protein of interest. The program then fetches genomic 

records from GenBank and uses the PFAM9 and/or TIGRFAM10 databases to predict the function 

of neighboring genes. Next, RODEO identifies all possible precursor peptides and scores their 

likelihood of being a true RiPP precursor using a scoring function based on motif analysis and 

supervised machine learning. Given the disparate nature of RiPP precursor peptides, the scoring 

function is optimized for each distinct class. In our initial report, RODEO was leveraged to identify 

and classify lasso peptides which led to an order of magnitude expansion of the RiPP class. 

RODEO has also been reconfigured to aid in the discovery of thiopeptides11 and was incorporated 

into antiSMASH (version 4.0),12 a tool which mines single genome inputs for natural products. 

Once the requisite sequence attributes and machine learning classifications are established, 

performing updates for a RiPP class via RODEO is straightforward, as demonstrated very recently 

with the lasso peptides.13 

Given the success of RODEO in defining other RiPP classes, we sought to expand its capabilities 

to aid in the discovery of new sactipeptides. Sactipeptides have garnered interest due to their 

unique hairpin structures and potent, narrow-spectrum activity towards several human pathogenic 

bacteria.14-16 They are defined by a radical SAM (rSAM) enzyme that forms “sactionine” 

crosslinks between a donor Cys sulfur and the alpha carbon of an acceptor amino acid (Figure 
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1).15,17,18 Prevalent in RiPP pathways, rSAM enzymes are versatile catalysts that employ [4Fe-4S] 

clusters to reductively cleave SAM to generate a 5′-deoxyadenosyl radical.19-23 This reactive 

intermediate often will abstract a hydrogen atom from the substrate, which leads to a variety of 

different outcomes based on the specifics of a given biosynthetic pathway. The precise mechanistic 

details of sactipeptide crosslink formation remains poorly characterized, although several groups 

are taking on this challenge.24,25 Studies of the sactipeptide rSAM enzyme itself have revealed that 

sactisynthases contain three [4Fe-4S] clusters: one which reductively cleaves SAM and two 

auxiliary clusters in what has been called dubbed a SPASM domain.26-29 Only five peptides with 

the hallmark S–Cα crosslinks have been isolated thus far: subtilosin A,30, 31 thurincin H,30 thuricin 

CD (two peptide products),16 and sporulation killing factor.31,32 A sixth sactipeptide, hyicin 4244, 

was recently reported but was not isolated for detailed characterization.33 All structurally 

characterized sactipeptides contain ring-within-a-ring topologies and thus form rigid, hairpin-like 

structures (Figure 1). However, in 2011, Haft reported the bioinformatic discovery of a related 

class of putative thioether-crosslinked peptides, which he referred to as the six Cys in forty-five 

residue peptides (SCIFFs).34 No bona fide SCIFFs have been isolated, but in vitro enzymatic 

reactions with the purified rSAM and precursor peptide indicated that a crosslink is formed 

between a donor Cys and an acceptor Thr residue.24,25  

Similar to our earlier work that redefined the genomic landscape of the lasso peptides and 

thiopeptides, we herein conducted a comprehensive analysis of the sactipeptide RiPP class using 

a re-written and improved edition of RODEO, version 2.0. This release of RODEO features 

numerous improvements, including reduction of redundant calculations, more robust handling of 

internet connectivity and genomic record formatting errors, and enhanced multithreading that 

enables parallelization of data fetching from GenBank and subsequent processing, collectively 

file:///C:/Users/Adam/AppData/Local/Temp/Rar$DIa10168.46592/190429%20GAH-BJB_JACS_MT_Rev2%20GAH.docx%23_ENREF_30
file:///C:/Users/Adam/AppData/Local/Temp/Rar$DIa10168.46592/190429%20GAH-BJB_JACS_MT_Rev2%20GAH.docx%23_ENREF_31
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leading to a large increase in processing speed. Although previous bioinformatic surveys have 

been conducted on the sactipeptide class,35-39 none have employed machine learning to cast a wider 

net for identifying candidate precursor peptides. In this study, we have conducted a comprehensive 

analysis and connected 3,156 rSAM enzymes to their cognate RiPP precursor peptide and found 

new varieties of thioether-linked natural products. Guided by this dataset, we selected a new 

sactipeptide, huazacin, for characterization that contains a thioether ring architecture larger than 

any sactipeptide previously characterized. Additionally, our bioinformatic analysis indicated that 

SCIFF-associated rSAM maturases were much more closely related to QhpD proteins than 

characterized sactisynthases. QhpD is a rSAM enzyme which is known to form β- and γ-linked 

thioethers,40 thus calling into question the linkage architecture within a SCIFF natural product. We 

pursued this line of inquiry resulting in the bioinformatic identification and structural 

characterization of two SCIFF natural products. The first, freyrasin, features six S-Cβ thioether 

linkages. The second, thermocellin, has previously been reported in the literature and characterized 

only after partial in vitro enzymatic reconstitution. We have confirmed thermocellin to feature a 

Cys-Thr thioether as reported, but rather than harboring a S–Cα linkage, the peptide contains a S–

Cγ thioether linkage. To distinguish this group from the structurally distinct sactipeptides, we 

propose the renaming of this RiPP class as the ranthipeptides, for radical non-alpha thioether 

peptides. 
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Figure 4.1. Sactipeptide biosynthesis and ring topologies. (A) Schematic overview of sactipeptide 

biosynthesis. (B) Proposed mechanism for the rSAM-dependent formation of the sactipeptide S–

Cα thioether crosslink. (C) Precursor peptide sequence and ring topologies of characterized 

sactipeptides (blue, S–Cα linkage; yellow, S-S linkage; black, uncharacterized). The requisite 

rSAM enzyme name is given in parentheses. Characterization of the six Cys in forty-five residues 

(SCIFFs) is limited to in vitro enzymatic assay for which only one thioether linkage was observed. 

Data shown later in this manuscript support a Cys-Thr linkage different to what has been 

previously reported and further that SCIFFs are not sactipeptides. * Hyicin 4244 has not been 

structurally characterized, thus the linkages indicated are speculative. 

 

4.2 Results and Discussion 

4.2.1 RODEO2.0-enabled sactipeptide discovery 

With >450,000 rSAM proteins listed in the InterPro 72.0 database (IPR007197),41 a more focused 

bioinformatic search was performed to winnow down candidates more likely to be involved in 



 

133 
 

sactipeptide biosynthesis. Therefore, four rounds of iterative PSI-BLAST (Position-Specific 

Iterated Basic Local Alignment Search Tool42) searches using rSAM sequences from four known 

sactipeptides (AlbA, SkfB, ThnB, and TrnC)15 and two partially characterized SCIFFs (CteB25 and 

Tte118624) were performed to identify candidate proteins. A stringent expectation value of 1e-70 

was used as a cut-off to assist in keeping the retrieved candidate proteins more likely to be involved 

in RiPP biosynthesis in addition to filtering sequences <300 amino acids. This procedure yielded 

~4,600 protein sequences, which were subsequently analyzed by RODEO2.0 (see Supplementary 

Methods; output available in Supplementary Dataset 1), to annotate the local genomic context 

and score potential sactipeptide precursor sequences (Supplementary Dataset 2). 

Sactipeptide precursor peptides were identified using a series of heuristics in conjunction with 

support vector machine classification as previously reported resulting in 504 candidate precursor 

sequences.12 The top scoring sequences were then manually inspected for similarity to known 

sactipeptides. In general, a peptide was considered to be a strong candidate sactipeptide if it had 3 

or more Cys separated by equal spacing of 1 to 3 residues. Additionally, peptides were scored 

more favorably if the Cys residues were clustered within the N-terminal half of the core peptide, 

similar to that observed for other sactipeptides (i.e. the donor residues line one side of the hairpin 

while the receptor residues line the other side, Figure 4.1). Precursor peptides were further 

analyzed by a sequence similarity network (SSN) generated using the Enzyme Function Initiative 

Enzyme Similarity Tool (EFI-EST)43 which revealed that clustering of precursors appears to be 

largely driven by conservation of donor Cys residues (Figure S1), which is predicted to govern 

the location of crosslinks and thus the overall structure of the sactipeptide. This bioinformatic 

analysis identified four significantly populated groups of uncharacterized sactipeptides. Two 

groups, named hypervariable groups 1 and 2, possess precursor peptides that are more than double 



 

134 
 

the length of any known sactipeptide. While the core sequences within these two groups are overall 

“hypervariable”, there are 6-8 locations that display highly conserved Cys residues. A third 

uncharacterized group of sactipeptides are concentrated in the Lachnospiraceae family, thus we 

have termed these predicted compounds the “lachnocins” (Figure S1).  

We elected, based on the above bioinformatics results, to pursue the fourth uncharacterized 

sactipeptide group. The target producer chosen was Bacillus thuringiensis serovar huazhongensis 

(Figure 4.2), owing to strain availability from the Bacillus Genetic Stock Center (BGSC 4BD1) 

and the fact that the predicted structure contained a unique crosslinked structure (4 crosslinks 

separated by 3 residues each). Although bioinformatically predicted in a previous study,39 the 

mature natural product has never been reported. Upon screening various culture extracts by matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS), we 

observed a mass consistent with the predicted structure (Figure S2). The metabolite, hereafter 

huazacin, was then subjected to high-resolution and tandem MS (HR-MS/MS) analysis using an 

Orbitrap instrument. The observed m/z value ([M+3H]3+ = 1241.5396) agreed with the theoretical 

mass of the expected molecular formula of C160H241N43O50S5
3+ ([M+3H]3+ = 1241.5393; error = 

0.2 ppm, Figures S2 and S3). This formula contains four thioether linkages (8 Da lighter than the 

unmodified core peptide). Upon subjecting the parent ion to collision-induced dissociation (CID) 

conditions, we observed robust fragmentation of the amide and thioether linkages (Figure S3). 

Similar to other characterized sactipeptides, this gas-phase dissociation of thioethers enabled the 

assignment of acceptor residues and was consistent with the thioether linkages of huazacin being 

S-Cα linked (i.e., sactionines), as predicted.44  
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Multidimensional NMR spectroscopy (1H-1H TOCSY and 1H-1H NOESY) were collected on 

HPLC-purified huazacin, which corroborated the sactionine (S-Cα) linkages of huazacin (Figures 

S4-S5, Table S3). We observed NOESY correlations for the Cys-CαH (and Cys-CβH) to the 

recipient site backbone NH (Figure S6). Further, no TOCSY correlations were observed from NH 

to CαH, which was consistent with a quaternary carbon at the alpha position as expected for a 

sactionine linkage (Figure S7). Ring topology was also established by NOESY analysis of the 

Cys12-Thr30 and Cys8-Tyr34 rings. 

 

 

Figure 4.2. Huazacin from Bacillus thuringiensis serovar huazhongensis. (A) Biosynthetic gene 

cluster. The sactipeptide synthases HuaB and HuaC (NCBI accession identifiers: EEM79976.1 

and EEM79977.1, respectively) feature an N-terminal RRE domain and C-terminal SPASM 

domain similar to other sactisynthases.27,45 (B) Precursor peptide sequence and chemical structure 

of huazacin. The hua gene cluster contains two identical copies of the precursor peptide shown.  
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We next assessed the antibacterial activity of huazacin by testing against a diverse panel of bacteria 

for growth suppression using the microbroth dilution method. Reported sactipeptides typically 

have a narrow spectrum of activity towards Gram-positive organisms, most notably Clostridium 

difficile, Listeria monocytogenes, and Bacillus cereus.16,17,46-49 Consistent with previously 

characterized sactipeptides, huazacin inhibited the growth of L. monocytogenes 4b F2365 with a 

minimum inhibitory concentration (MIC) of 4 μM (Table S4). These results with huazacin 

reinforce the concept that RODEO is a useful tool to accelerate RiPP discovery. While many 

additional, predicted sactipeptides are found in less populated clusters (with many being 

singletons, Figure S1), these data provide a roadmap to guide for future sactipeptide discovery 

efforts.  

4.2.2 Mining the rSAM-modified RiPP thioether genomic landscape 

Having shown the utility of RODEO for the discovery of a new sactipeptide, we sought to more 

broadly survey the genomic landscape of rSAM-modified RiPPs that were likely to contain 

thioether linkages. We began this effort by visualizing the sequence similarity of our list of rSAM 

enzymes (from PSI-BLAST) in the form of a SSN (Figure 4.3). Sequences with >70% amino acid 

identity were conflated to a single node and connected by an edge if significant sequence similarity 

was shared between the two sequences (expectation value < 1e-50). Thus, only highly similar 

rSAM proteins form clusters by this analysis. Given that the similarly of a RiPP modifying enzyme 

strongly correlates with the similarity of the cognate precursor peptides (i.e. similar rSAM 

enzymes produce similar products),8 a properly annotated SSN provides a simplified but 

informative view of the peptide substrate diversity.  
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To provide context for the rSAM SSN, the nodes were colored based on the sequence 

characteristics of the cognate precursor peptide identified by RODEO (Figure 4.3). Several of the 

clusters were readily annotated by similarity to known sactipeptide precursor peptides, such as 

subtilosin (SboA), thurincin H (ThnA), thuricin CD (TrnA), and sporulation killing factor (SkfA). 

The novel sactipeptide huazacin (HuaA) described above is also indicated on the network. Two 

outlier sequences, the thermocellins (CteA and Tte1186a), belong to the so-called SCIFF family 

and are contained in a much larger separate group. Additionally, two large groupings of 

uncharacterized rSAM proteins with low-level similarity to TrnC were readily identified. The 

RODEO-identified precursor peptides encoded next to these rSAM proteins comprise the above-

mentioned hypervariable groups 1 and 2 (Supplementary Dataset 2).  
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Figure 4.3. Sequence similarity network of rSAM enzymes. rSAM enzymes involved in 

sactipeptide and SCIFF biosynthesis were used as BLAST inputs to gather additional rSAM 

enzymes predicted to form RiPP thioether linkages (n = 4,693). Sequences were analyzed by EFI-

EST43 and visualized using Cytoscape.50 Nodes are colored based on the category of its associated 

precursor peptide (see legend). Sequences sharing >70% identity are conflated as a single node, 

and connected nodes indicate a similarity score of < 1e-50.43,50,51 Sequence logos for core peptides 

associated with these rSAMs are shown in Figures S1 and S9. QhpD, non-RiPP rSAM involved 

in modifying quinohemoprotein amine dehydrogenase.40 
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Several trends for the number and position of Cys residues within the peptides were further 

analyzed to gain deeper insight into the RiPP thioether landscape (Figure S8). The positioning of 

the Cys residues indicated that many groups had the potential to form the traditional sactipeptide 

hairpin-like topology wherein Cys residues are concentrated near the N-terminus and crosslink to 

acceptor residues concentrated near the C-terminus. Only the SkfA and SCIFF groups seemed 

capable of adopting an alternative structural topology based on their Cys residues being more 

evenly distributed (Figure S8). However, SKF is known to be N-to-C macrocyclized and it is the 

only known sactipeptide to contain an internal disulfide bond. No mature SCIFFs have been 

reported in the literature, thus their topologies have remained undetermined. The positioning of 

the Cys residues would suggest SCIFFs display non-hairpin topologies (Figures 4.1 and S9).  

 

The majority of the identified thioether-forming rSAM enzymes reside within the large SCIFF 

cluster. Despite their greater numbers, the cognate precursor peptides display low sequence 

diversity. The RiPP products of these BGCs have been termed the thermocellins, although the final 

structure of thermocellin has not been reported. We identified ~2600 SCIFF precursor peptides 

(1,023 unique sequences), which outnumber the RODEO-identified sactipeptides by three-fold 

(Figure S9 and Supplemental Dataset 1). While the majority of these precursor peptides are 

virtually identical to thermocellin (CteA/Tte1186a), numerous smaller groupings display distinct 

core peptides (Figure S9). Several of these smaller groups display conserved Asp residues along 

with the putative Cys donors, indicating that the Asp residues may often serve as an acceptor for 

thioether formation. 
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To uncover additional phylogenetic trends, we inspected the taxonomic distribution of all rSAMs 

predicted form thioether-containing RiPPs. The vast majority (~95%) are encoded by Firmicutes, 

consistent with Clostridium sequencing bias as well as the fact that all previously isolated 

sactipeptides originate from Bacillus (Figure S10). Nonetheless, divergent examples occur in 

numerous other phyla, including Proteobacteria, Actinobacteria, and Bacteroidetes, albeit with 

much lower frequency. We note that some of the genes encoding the rSAM enzyme from 

Clostridium showed significantly higher % GC content when compared to the entire genome, 

which may be indicative of horizontal gene transfer (Figure S11). Additionally, based on local 

genomic context (Table S1), many unusual gene cluster architectures were identified including 

cases where the RiPP may be further elaborated by locally encoded enzymes (Figure S12). Co-

occurrence with genes related to tRNA metabolism were also highly represented in the genomic 

context of SCIFFs, which may hint towards a function for these RiPPs, although this will require 

additional investigation (Table S2 and Figure S12).  

Not every rSAM enzyme in our dataset could be confidently assigned a substrate peptide. 

Therefore, the precursor peptides in such cases remain “unidentified” due to one of several possible 

reasons, such as (i) poor quality genome assembly, (ii) the precursor peptide is encoded elsewhere 

in the genome, (iii) the BGC has been deactivated (a relic) and there is no longer a coding sequence 

for the precursor peptide, or finally, (iv) the rSAM is not involved in RiPP biosynthesis. Indeed, 

some members within the unidentified group do not appear to be involved in RiPP biosynthesis; 

however, our investigation found that only a few examples could be confidently placed in “non-

RiPP” category based on local genomic context. A final group of rSAM enzymes were identified 

as orthologs of QhpD. These proteins are not involved in RiPP biosynthesis but rather they are 

involved in the posttranslational modification of a large protein.52-54 Nonetheless, this indicates 
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that our targeted BLAST searching was sufficient in identifying many thioether-installing rSAM 

enzymes involved in RiPP biosynthesis. 

4.2.3 Insights from relatedness to QhpD 

Given our targeted BLAST searching, it was initially surprising to retrieve such a large number of 

enzymes annotated as QhpD (n = 674, Supplemental Dataset 2). QhpD is not involved in RiPP 

biosynthesis but rather the posttranslational maturation of quinohemoprotein amine 

dehydrogenase (QHNDH) which catalyzes the oxidative deamination of aliphatic and aromatic 

amines.55-57 QHNDH is composed of three subunits and contains several unusual posttranslational 

modifications, including a cysteinyl tryptophylquinone cofactor as well as three catalytically 

essential thioether linkages. Two are between Cys-Asp (S-Cβ) while the third thioether linkage is 

between Cys and Glu (S-Cg).52-54 As illustrated on the SSN, QhpD and orthologous rSAM 

enzymes share considerable sequence similarity to rSAM enzymes involved in SCIFF biosynthesis 

(Figure 4.3). This finding is significant because sactipeptides are defined based on a thioether 

crosslink to the alpha carbon (S-Cα) of an acceptor residue. Therefore, in addition to modifying a 

protein instead of a RiPP precursor peptide, the QhpD group should be carefully distinguished 

from rSAM enzymes that form sactipeptides. However, considering the stringency used during our 

bioinformatics survey and the similarity score threshold in the SSN, we predicted that any rSAM 

enzyme connected to the QhpD (i.e. the SCIFF cluster) would be more likely to catalyze S-Cβ 

and/or S-Cg thioether linkges rather than a sactionine linkage. While an SSN provides a useful and 

simplified illustration of sequence similarity, the relatedness of the separate clusters is not 

depicted. Thus, the same set of rSAM enzymes were analyzed after constructing a maximum 

likelihood tree (Figure S13). Corroborating the previous analysis, rSAM enzymes implicated in 

SCIFF biosynthesis are more related to QhpD than those involved in sactionine formation (Table 
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S7).  A subset of SCIFFs with precursor peptides distinct from those previously reported (Tte1186a 

and CteA) were also identified that are more similar to NxxcB, a rSAM enzyme recently described 

to form a S-Cβ thioether linkage to an Asn acceptor in a RiPP that is neither a sactipeptide nor a 

SCIFF.58 It should be noted that this target dataset was aggregated using BLAST queries of 

biosynthetic enzymes known to be involved in sactipeptide and SCIFF biosynthesis, rather than 

using an all-inclusive list of rSAM proteins. This resulted in a more manageable dataset size but 

one that also lacks many proteins that may or may not be involved in peptidic thioether formation. 

Thus, the relationship of the rSAM proteins involved in sactipeptide versus SCIFF biosynthesis 

appear here artificially more related to one another. To illustrate this, a BLAST query using AlbA 

(subtilosin, sacipeptide) will return nearly 40,000 protein sequences before retrieving the less-

similar CteB (thermocellin, SCIFF).  

4.2.4 Freyrasin is a S–Cβ crosslinked peptide: MS evidence 

With bioinformatic evidence that rSAM proteins annotated as SCIFF maturases might not contain 

S-Cα thioether linkages, and that previous studies never confirmed the nature of the SCIFF 

crosslink in the SCIFFs,24,25 we next sought to determine the connectivity of the SCIFF thioether 

crosslink. To obtain the milligram quantities of peptide that would be required for spectroscopic 

characterization, we first targeted the predicted SCIFF from Paenibacillus polymyxa ATCC 842 

(Figure 4.4). This BGC was selected because it displayed a unique sequence variation of six CX3D 

repeats which suggested that each of the six Cys donors would be linked to an Asp acceptor 

(similar to QhpD, Figure S9). After MS-based screening of various culturing conditions, we did 

not detect any ions consistent with the expected natural product. Therefore, we heterologously 

coexpressed the precursor peptide (PapA) and rSAM enzyme (PapB) in Escherichia coli following 

a previously published method.44,59 After purification, the peptide product obtained was analyzed 
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by MALDI-TOF-MS, which indicated that the precursor peptide had undergone processing with a 

mass loss of 12 Da (consistent with six thioether linkages, Figure S14). Controls where the 

precursor peptide was expressed in the absence of the rSAM enzyme resulted in a product with a 

mass loss of 6 Da from the starting material, consistent with the formation of three disulfide bonds). 

In contrast to the single crosslinks reported from in vitro studies on Tte1186a and CteA 

(thermocellin),24,25 we observed a single product where all of the six Cys were modified. We have 

termed this group the freyrasins.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Freyrasin biosynthetic gene cluster and related peptides. (A) Biosynthetic gene cluster 

diagram. (B) Freyrasin precursor peptide sequence with six CX3D motifs and thioether topologies 

highlighted. (C) Alignment of additional freyrasin members. Leader peptide residues are 

negatively numbered relative to the core peptide, which we predict begins with Gly.  
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The structure of freyrasin obtained through heterologous expression was further examined by HR-

MS/MS (Figure S15). The observed m/z value ([M+4H]4+ = 1397.6113) agreed with the molecular 

formula for the predicted structure (C233H262N66O80S7
4+; [M+4H]4+ = 1397.6094; error = 1.4 ppm). 

The tandem MS data were also consistent with the freyrasin precursor peptide, although the 

fragmentation pattern observed showed a limited number of ions for a peptide of this size. 

Significant ions were only detected for sites that dissociated either directly before or after non-

overlapping CX3D motifs. Such fragmentation behavior was reminiscent of a lanthipeptide-like 

structure as opposed to a sactipeptide-like structure.60-62 Indeed, prior work from our lab and others 

have shown that the sactionine linkage itself (S-Cα thioether) readily dissociate under standard 

CID condition whereas S-Cb thioether linkages do not, as is well-documented for 

lanthipeptides.16,59,63 These observations are further consistent with the lack of inter-ring 

fragmentation data recently reported from in vitro work on SCIFF peptides that contain a single 

thioether.24,25 By virtue of not undergoing this characteristic fragmentation, we speculated that 

freyrasin might not contain S-Cα linkages.  

 

To better understand this difference in CID fragmentation behavior, we initiated quantum 

mechanical calculations of two model tripeptides (Gly-Cys-Gly and Gly-Asp-Gly) that were Cys-

Asp thioether linked to the Cα or Cβ of Asp (Supplemental Methods). These calculations 

revealed that the difference in zero-point energy between the two model peptides was comparable 

to thermal energies (1 kcal/mol) and thus negligible. However, the electronic energy of the S-Cβ 

linked model peptide was found to be 12 kcal/mol more stable than the corresponding S-Cα linked 

isomer (Figure S16). We attribute the weaker bond energy of the S-Cα linkage to the greater 

stability of the alpha-centered radical that arises after homolytic bond dissociation. Taken with the 
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bioinformatic predictions, these calculations provide an explanation for the differential CID 

behavior between the two linkage types and further suggests that SCIFF thioethers are not alpha 

linked.  

4.2.5 Freyrasin is a S–Cβ crosslinked peptide: NMR evidence 

To rigorously establish the atomic connectivity of the freyrasin thioether linkages, various 

multidimensional NMR experiments were performed. Proteolytic digestion yielded a peptide 

cleaved between Tyr/Gly that was employed for NMR analysis (Figure S17). Using the known 

precursor peptide sequence (Figure 4.4) and 1H-1H TOCSY spectrum, residues were assigned 

based on the cross-peak patterns observed in the amide region from 7.70–8.60 ppm (Figure S18). 

The 1H-1H NOESY spectrum was used to confirm the linear freyrasin sequence (Figure S19). All 

residues were confidently assigned with the exception of Cys17 (Table S5).  Through-

space correlations were visible for all residues with the exception of Asn5 and Asn16. This is likely 

due to a flexible structure, as demonstrated by a narrow amide chemical shift dispersion.64 As 

revealed in the TOCSY spectrum, freyrasin displayed NH-CαH-CβH correlations for five of the 

six Asp residues believed to be thioether crosslinked, confirming a continuous spin system. This 

correlation would not be possible for a S-Cα thioether (i.e. sactionine). Additionally, each of the 

six Asp residues generated NH-CαH-CβH TOCSY correlations similar to that of Ser, with two 

deshielded resonances occurring in the CαH region (3.6–4.7 ppm), again supportive of a Cys-Asp 

(S-Cβ) linked thioether (Figure S20). To assign the ring topology of freyrasin, NOESY 

correlations between Cys-Asp were assigned based on the chemical shift values obtained by 

TOCSY (Figure 4.5). Two of the six thioether rings were assigned unambiguously. The 

redundancy of the freyrasin primary sequence unfortunately led to extensive chemical shift overlap 

compounded with line broadening, presumably arising from the flexibility of the peptide, so 
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complete NOESY correlations were not evident for the remaining rings in freyrasin. Nonetheless, 

when coupled with the bioinformatics, MS data, and the definitive NMR assignments, freyrasin 

has been determined to contain exclusively Cys-Asp (S-Cβ) linkages. With the structure 

confirmed, we next tested for antibiotic activity of the heterologously obtained freyrasin, but it 

was not significantly active against any strain tested (MIC ≥ 32 μM). It is possible that additional 

modifications are present in the native product, but also possible are that freyrasin harbors very 

narrow-spectrum activity towards an untested strain or instead functions in a capacity unrelated to 

growth suppression (Table S4). 

4.2.6 Thermocellin contains a Cys-Thr (S-Cγ) linked thioether  

Given that freyrasin contains exclusively S-Cβ linkages in agreement with our bioinformatic 

predictions, we sought to determine if other “SCIFFs” also lacked sactionine linkages. The only 

two (partially) characterized SCIFFs thus far reported (i.e. Tte1186a and thermocellin) were 

previously investigated after in vitro enzymatic reconstitution, which resulted in the formation of 

 

Figure 4.5. Freyrasin contains beta-linked thioethers. (A) Cys-Asp (S–Cβ) connectivity with 

hydrogens colored pink (Cys) or blue (Asp). (B) 1H-1H NOESY correlations confirming a S–Cβ 

thioether linkage between Cys26-Asp30. (C) Same as panel B but for Cys20-Asp24. 
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only one Cys-Thr thioether.24,25 Owing to the precursor containing six cysteines, the single 

thioether-containing species is likely a biosynthetic intermediate and not reflective of fully mature  

thermocellin. Despite these studies drawing on homology to sactionine-forming rSAM enzymes 

to predict linkage type, the presumed thioether installed by these enzymes did not undergo the gas-

phase dissociation reaction that is characteristic of sactionine linkages. When further considering 

(i) our tandem MS data that show huazacin, a Cys-Thr (S-Cα)-containing sactipeptide, behaved as 

expected under CID conditions (Figure S3) and (ii) the thermocellin-forming rSAM enzyme, 

CteB, is more related to QhpD than any known sactionine-forming rSAM enzyme (Figure S13), 

we questioned whether thermocellin actually contains S-Cα linkages, as previously reported.  

The possible thioethers for the Cys-Thr crosslink in thermocellin could theoretically include either 

the alpha, beta, or gamma carbon of Thr. We believed that in addition to an unlikely Cys-Thr (S-

Cα) linkage for the above-mentioned reasons, a (S-Cβ) linkage would also be unlikely given the 

instability of resulting thiohemiacetal. To confirm or refute if thermocellin possessed a Cys-Thr 

(S-Cγ) crosslink, we prepared an isotopically labeled version of the thermocellin precursor peptide, 

CteA, that included 2H at the α and β positions of Thr while retaining 1H at the γ-methyl group. 

Isotopically labeled Thr was incorporated by overexpression of CteA in a Thr auxotroph (ΔthrC) 

of E. coli in defined minimal media where the only source of Thr was the supplied L-[4-13C,2,3-

2H2]-Thr. Initial protein preparations led to scrambling of the 13C and 2H labels into other amino 

acids, resulting in a complex series of masses (Figure S21). Isotopic scrambling was readily 

suppressed by the addition of natural abundance Ile and Gly to the expression media, resulting in 

production of fully labeled CteA with no detectable under- or over-labeling (Figure S21).65 The 

location of the isotopic labels was verified to be confined to Thr residues by HR-MS/MS (Figure 

S22). 
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Having devised a means to probe the chemical nature of the thioether linkage in thermocellin, we 

next coexpressed CteA with CteB (the rSAM enzyme) using the same conditions that led to 

exclusive Thr isotope labeling. Consistent with a Cys-Thr (S-Cγ) linkage, a two Da mass loss was 

observed relative to the starting material. This result is consistent only with the abstraction of 1H 

from Thr and the loss of the thiol hydrogen during thioether formation. Abstraction of 2H from 

either the α or β carbons of Thr would have yielded a three Da mass loss (Figure S23). HR-MS/MS 

analysis of the product confirmed a Cys-Thr (S-Cγ) thioether species that did not undergo gas-

phase dissociation associated with S-Cα thioethers. Unexpectedly, the tandem MS data 

unequivocally showed that the Cys-Thr linkage is to the Thr that resides two positions away to the 

donor Cys, which is in contrast to previous reports that show localization to a Thr five residues 

away from the donor Cys (Figure 4.6). This localization was further corroborated by the 

observation of fragmentation within the new assignment of the macrocycle in unmodified peptide 

reacted with N-ethylmaleimide (Figure S24). To evaluate if the incorporation of stable isotopes 

altered the in vivo activity of CteB, we analyzed the coexpression product with natural abundance 

Thr and verified the same location for the thioether linkage (Figure S25). While it cannot be ruled 

out that the difference in localization is due to previous work being done in vitro with purified 

enzymes, our data conclusively show that 1H was abstracted from the γ-methyl group of Thr during 

thioether formation which is consistent only with a (S-Cγ) linkage.  
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Figure 4.6. Thermocellin contains a Cys-Thr (S-Cγ) thioether. (A) Coexpression of the 

thermocellin precursor containing labeled Thr (blue) features a -2 Da shift relative to unmodified 

peptide, demonstrating a S-Cγ linkage was formed. The modified peptide was treated with 

endoproteinase GluC and unmodified Cys were alkylated with N-ethylmaleimide (red) Residues 

are numbered based on the sequence after GluC treatment. (B) Structure of the isotopically labeled 

thioether linkage. (C) MS/MS analysis yielded fragmentation consistent with a macrocycle   



 

150 
 

Figure 4.6 (cont.)formed between Cys9 and Thr11. Error tables for assigned ions are available in 

Table S6.  

 

4.2.7 Proposal to alter nomenclature for thioether-containing natural products 

Both freyrasin and thermocellin belong to the “SCIFF” family owing to both containing six Cys 

residues in a span of ~45 total precursor residues. As we have shown that freyrasin and 

thermocellin lack S-Cα thioethers but instead harbor S-Cβ and S-Cγ linkages, respectively. 

Therefore, we propose to rename this class the ranthipeptides (radical non-alpha thioether 

peptides) to distinguish them both structurally and biosynthetically from other thioether-containing 

RiPP classes, namely the sactipeptides and lanthipeptides. 

4.3 Conclusion 

In this work, we revealed that SCIFFs are not sactipeptides but instead feature rSAM-installed 

thioether crosslinks between Cys donor residues and the β- or γ-carbon of an acceptor residue. To 

better reflect their rSAM-dependent biosynthesis and to draw a correlation to lanthipeptides, which 

are S-Cβ linked, we propose the name ranthipeptides for this RiPP class. Our assignment of 

ranthipeptides as a RiPP class distinct from sactipeptides is supported by several independent lines 

of evidence including: (i) rSAM enzymes associated with ranthipeptide precursor peptides are 

considerably more sequence similar to QhpD, a known S-Cβ and S-Cγ thioether-forming enzyme, 

than any sactipeptide-associated rSAM enzyme, (ii) unlike sactionines, ranthipeptide thioethers do 

not fragment under mild CID conditions, an observation now supported by quantum mechanical 

bond dissociation energy calculations, (iii) multidimensional NMR spectroscopy, including 1H-1H 

TOCSY and 1H-1H NOESY that support a Cys-Asp S-Cβ linkage for freyrasin, (iv) direct tandem 

MS and NMR comparison of freyrasin to the sactipeptide huazacin, which contains a Cys-Asp S-
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Cα linkage, and (v) CteB (thermocellin-forming rSAM enzyme) abstracting hydrogen from the γ-

carbon of the acceptor Thr during thioether formation. Collectively, these data provide conclusive 

evidence that both freyrasin and thermocellin are not alpha-linked. With previously reported beta-

linked thioether-containing RiPPs being restricted to the lanthipeptides and the recently reported 

NxxcA, the ranthipeptide linkage chemistry is now considerably much richer as it is theoretically 

compatible with any non-Gly acceptor residue. This feature renders ranthipeptides an attractive 

target for engineering conformationally restrained peptides.  

Over the past few years, several new peptide reaction chemistries catalyzed by RiPP rSAM 

enzymes23 have been discovered and include the proteusins,66 epipeptides,67 streptide and 

structurally similar doubly-crosslinked RiPPs,68,69 mycofactocin,70,71 and the alpha-keto beta-

amino acid-containing peptides.45 The discovery of S-Cβ and S-Cγ linked thioethers adds 

ranthipeptides to this growing list of unique chemistry found in RiPP biosynthetic pathways. We 

propose that a combination of sequence similarity and tandem MS analysis will provide valuable 

insight in discerning the various linkage chemistries of yet-uncharacterized ranthipeptide products.  
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Chapter 5: Reactivity-Based Screening for Citrulline-Containing Natural 

Products Reveals a Family of Bacterial Peptidyl Arginine Deiminases3 

Lonnie A. Harris, Patricia M. B. Saint-Vincent, Xiaorui Guo, Graham A. Hudson, Adam J. 

DiCaprio, Lingyang Zhu, and Douglas A. Mitchell1 

 

5.1 Introduction 

Ribosomally synthesized and post-translationally modified peptides (RiPPs) comprise a natural 

product (NP) family defined by a common biosynthetic logic, wherein a genetically encoded 

precursor peptide is modified by associated biosynthetic enzymes to form the mature product.1, 2 

RiPP precursor peptides are typically bipartite, composed of an N-terminal leader region 

responsible for enzyme recognition and a C-terminal core region which is enzymatically modified. 

Often, a locally encoded protease will remove the leader region prior to yielding the mature RiPP. 

Owing to substrate recognition being guided by motifs within the leader region, RiPP biosynthetic 

enzymes are often highly permissive of sequence variation in the core region, which facilitates 

access to analogs.3 One RiPP class gaining increased attention is the lasso peptides, which are 

defined by a unique lariat topology that grants most members high levels of thermal stability and 

protease resistance.4,5 These collective properties are stimulating interest in the design of lasso 

peptide-based therapeutics.6, 7, 8, 9  

After ribosomal synthesis of the lasso precursor peptide, the next biosynthetic step involves RiPP 

recognition element (RRE) engagement of the precursor peptide, which occurs through binding to 

a recognition sequence within the N-terminal leader region. The RRE domain mediates recruitment 

of the subsequent enzymes10, 11, 12, 13, 14  and is found as either a discretely encoded protein or fused 

to the leader peptidase. Upon RRE binding, the leader peptidase (an enzyme homologous to 

transglutaminases) removes the leader region from the precursor peptide.15, 16, 17 The characteristic 

 
3 A.J.D. contributions: All NMR data acquisition and assisted in manuscript preparation. Assisted Lonnie Harris in 
data processing and interpretation. 
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lariat topology is then formed by an ATP-dependent lasso cyclase (homologous to asparagine 

synthetases), which installs a macrolactam linkage between the newly formed N-terminus of the 

core with the side chain carboxylate of a downstream Asp or Glu acceptor residue, trapping the C-

terminal tail inside the ring. 

As with other RiPP classes, post-translational modifications (PTMs) beyond the class-defining, 

threaded macrolactam are known, among them are disulfide formation (e.g. BI-32169, etc.),18 C-

terminal O-methylation (lassomycin),19 Asp β-hydroxylation (canucin A),20 Lys ε-acylation 

(albusnodin),21 Trp 7-hydroxylation (RES-701-2),22, 23 epimerization to D-Trp (MS-271),24 Ser O-

phosphorylation (paeninodin),25 and Arg deimination (citrulassin A).26 Citrulassin A was 

discovered along with several other new lasso peptides using the Rapid ORF Description and 

Evaluation Online (RODEO) automated genome-mining tool.26 Briefly, RODEO uses profile 

hidden Markov models (pHMMs), heuristic scoring, and supervised machine learning to identify 

putative RiPP biosynthetic gene clusters (BGCs) and score potential precursors based on 

characterized family members. Since its initial application to lasso peptides, additional RODEO 

modules have been developed, which have helped catalog and classify other RiPP classes, such as 

the thiopeptides,27 lanthipeptides,28 sactipeptides, and ranthipeptides.29  

During our previous RODEO-guided lasso peptide discovery effort, an uncharacterized family of 

55 lasso peptides was bioinformatically identified (Figure 1).26 The first member of this family, 

citrulassin A, was isolated and characterized from Streptomyces albulus NRRL B-3066. 

Citrulassin A was so named owing to an unprecedented citrulline at position nine of the core region 

(Cit9) rather than the genetically encoded Arg. Because Cit is a non-proteinogenic amino acid, it 

was hypothesized that an additional tailoring enzyme would be required for Arg conversion to Cit. 

One possible candidate would be a peptidyl arginine deiminase (PAD), as these enzymes carry out 
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post-translational deimination of Arg for a variety of biochemical functions. However, genome 

sequencing of S. albulus NRRL B-3066 revealed no enzymes with predicted PAD activity near 

the citrulassin A BGC (lasso cyclase NCBI accession identifier: WP_079136914.1). Moreover, 

heterologous expression of the citrulassin A BGC with ~20 kb 5’ and 3’ flanking regions in 

Streptomyces lividans resulted in des-citrulassin A production, which contains Arg rather than Cit 

(Figure 1). Given this result, we concluded that the gene(s) responsible for Cit formation was 

distally encoded.26 

 

 

Figure 5.1. Overview of citrulassin lasso peptides. (A) Citrulassin biosynthetic gene cluster (BGC) 

architecture. (B) Sequence logo (http://weblogo.berkeley.edu/logo.cgi)30 of the 181 citrulassin 

precursor peptides bioinformatically identified in this study. Isopeptide bond formation between 

the Asp side chain and N-terminal Leu of the core region is indicated with a blue bar. The Arg9 

residue modified to Cit in citrulassin A is red. (C) Structure and molecular mass of citrulassin A 

from S. albulus with Cit9 highlighted in red. (D) Structure and molecular mass of of des-citrulassin 

http://weblogo.berkeley.edu/logo.cgi
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Figure 5.1. (cont.) A heterologously obtained from S. lividans with Arg9 highlighted in blue. Non-

threaded, two-dimensional versions of the structures are shown for clarity. 

 

To the best of our knowledge, only one bacterial PAD has been characterized. This protein from 

Porphyromonas gingivalis functions as a virulence factor conserved among periodontal 

pathogens.31 The P. gingivalis PAD is known to deiminate human fibrinogen, leading to gingivitis 

and an increased risk of rheumatoid arthritis.32 This PAD belongs to Protein Family33 PF08527 

(PAD_porph) and thus is distinct from characterized human PADs (PF03068). PAD4 is the best 

studied human isoform and known to deiminate Arg residues within histones, which affects 

transcription as well as cellular differentiation. Dysfunctional PAD4 activity has been implicated 

in rheumatoid arthritis and in certain cancers.34       

To identify the gene(s) responsible for converting Arg to Cit during citrulassin biosynthesis, a 

comparative genomics approach was employed on Arg- versus Cit-containing citrulassin 

producers. Arg deimination is easily overlooked by routine mass spectrometry (MS) given that the 

PTM results in a small mass deviation (replacement of NH with O, +0.98 Da). Moreover, the 

commonly observed modification of Asn/Gln to Asp/Glu is isobaric with Arg deimination, further 

complicating matters.35 We previously described strategies for the rapid discovery of NPs bearing 

specific organic functional groups in the extracts of cultured bacteria, termed reactivity-based 

screening (RBS, Figure S1).36 RBS involves the chemoselective labeling of an organic functional 

group present within a NP to enable rapid detection via comparative MS of reacted and unreacted 

samples. RBS has facilitated the discovery and characterization of RiPPs,  non-ribosomal 

peptides,37 polyketides,38,39 and hybrid compounds.40 RBS is therefore a valuable tool for bridging 

the theoretical, bioinformatics-guided identification of NPs with experimental detection of the 
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bona fide compound(s). RBS-based discovery strategies are agnostic to the biological activity of 

the NP, which allow the NP hunter to focus on chemical novelty by through the rapid dereplication 

of already-characterized NPs36 and detection of low-abundance species using sensitive MS-based 

techniques such as matrix-assisted laser/desorption ionization time-of-flight MS (MALDI-TOF-

MS). Further, RBS is compatible with variable probe chemistries that enhance detection due to 

unique isotopic patterns of labeled compounds or selective enrichment through affinity 

purification.37, 41, 42  

Herein, we describe the expansion of RBS as a tool to aid in identifying the PAD responsible for 

the Arg to Cit conversion required to form a Cit-containing lasso peptide. Repurposing work from 

Thompson,43, 35 a brominated phenylglyoxal probe was used to specifically label primary ureido 

groups over primary guanidino groups. This probe was used to survey for the presence of Cit in a 

subset of lasso peptides and enable partial phylogenetic profiling, thus revealing a PAD gene 

putatively responsible for each citrulassin producer. Using functional expression of the PAD from 

Streptomyces glaucescens, we demonstrated the deimination of a citrulassin precursor peptide in 

vivo, providing a gene-to-function link for RiPP citrulline formation. A broader bioinformatic 

survey of bacterial PADs was also performed, which revealed a wide taxonomic breadth and 

diversity of genomic contexts for these understudied enzymes.  

5.2 Results and Discussion 

5.2.1 Validation of 3-bromophenylglyoxal as a selective probe for primary ureido groups 

Previous work has demonstrated selective labeling of Cit in eukaryotic cellular extracts at low pH 

with phenylglyoxal probes (Figure 2).35,43 Under mildly acidic conditions, guanidino groups are 

protonated and thus unreactive towards the glyoxal moiety; however, ureido groups remain 

nucleophilic and thus react rapidly.43 The reaction of Cit with phenylglyoxal has been further 
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elaborated to readily identify labeled species in complex samples by employing brominated 

phenylglyoxal derivatives. Natural abundance bromine provides a distinct isotopic pattern (~1:1 

79Br/81Br) while the UV laser-absorbing arene increases signal intensity in MALDI-TOF-MS.44 

Thus, we imagined that 3-bromophenylglyoxal (1) could selectively target primary ureido group-

containing NPs within bacterial extracts. As predicted from the known reactivity of glyoxal, the 

free amino acid L-Cit was robustly modified by 1 while L-Arg was unmodified under identical 

conditions (Figure S2). To evaluate probe suitability within a bacterial extract, S. albulus NRRL 

B-3066 (the native producer of citrulassin A) and Streptomyces lividans 3H4 (a heterologous 

producer of des-citrulassin A)37 were grown for 7 d prior to extraction of metabolites with 

methanol. When treated with 1 under identical reaction conditions, citrulassin A was nearly fully 

labeled while no product was observed in the des-citrulassin A sample (Figure 2). The non-

ribosomal peptide deimino-antipain, another Cit-containing NP from S. albulus NRRL B-3066, 

was also labeled under these conditions (Figure S3).37  Extract from S. lividans heterologously 

producing antipain confirmed selectivity for Cit over Arg, with antipain displaying negligible 

labeling by 1. Taken together, these experiments validate 1 as useful for the rapid identification of 

primary ureido group-containing NPs. 
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Figure 5.2. Validation of 3-bromophenylglyoxal (1) selectivity. (A) Reaction conditions that 

selectively label citrulassin A (left) over des-citrulassin A (right). TFA = trifluoroacetic acid. (B) 

MALDI-TOF mass spectra of a methanolic extract of Streptomyces albulus (citrulassin A 

producer) prior to addition of 1 (top) and after reaction with 1 (bottom). Magnified inset shows the 

79Br:81Br isotopic pattern. Peaks indicated with an asterisk are (from left to right): [CitA+K]+, 

[CitA+1+K]+, and [CitA+1+K+H2O]+. (C) MALDI-TOF mass spectra of a methanolic extract of 

des-citrulassin A heterologously expressed in Streptomyces lividans prior to addition of 1 (top) 

and after reaction with 1 (bottom).26 Peaks indicated with an asterisk are [des-CitA+Na]+ and [des-

CitA+K]+. 

 

5.2.2 3-bromophenylglyoxal (1) screening of citrulassin producers 

With 1 validated, we next sought to identify which members of the citrulassin family of lasso 

peptides contain Cit. Previous screening of bacterial extracts suggested that not all citrulassins bear 
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a Cit residue (the Arg-containing counterpart is referred to as des-citrulassin),26 but owing to a 

small mass difference between guanidino- versus ureido-containing products, we tested all 

putative citrulassin producers through reactivity with 1. To identify probable citrulassin producers, 

a BLASTP search45 was performed using the citrulassin A lasso cyclase as the query. Proteins with 

an expectation value below 10-200 were then subjected to RODEO analysis. The identified 

citrulassin precursor peptides were well conserved, with only a few positions in the ring and loop 

regions showing sequence variation (Figure 1 and Supplemental Dataset 1). In addition, co-

occurrence analysis indicated that no putative PADs were encoded in the neighborhood of the 

citrulassin BGCs, in accord with the earlier heterologous expression study (Table S2).26 With this 

list in hand, a selection of 109 strains predicted to contain citrulassin BGCs were obtained from 

the Agriculture Research Service (ARS) Culture Collection and grown for 10 d on a variety of 

media at 30 ˚C. The cells were then harvested, extracted with methanol, and analyzed by MALDI-

TOF-MS. Samples possessing a mass within the expected molecular weight range for a citrulassin-

type lasso peptide (n = 14) were screened for Arg deimination using reactivity towards 1 (Table 

1). Extracts from eight of these strains underwent labeling and were subjected to high-resolution 

and tandem mass spectrometry (HR-MS/MS), which confirmed the molecular formula and 

location of Cit (Figure S4). Several citrulassins identified contain Arg within the ring, typically at 

position four, in addition to the conserved Arg9 encoded within the loop region. Cit formation was 

confined to core position nine for all citrulassins with one exception: citrulassin K from 

Streptomyces sp. NRRL S-920 contained a second site of deimination within the ring (at Arg3 or 

Arg4). The extent of deimination was accurately reflected by reactivity towards 1, with all singly  
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Table 5.1. Characterized citrulassins 

Confirmed deiminated Arg (i.e. positions containing Cit) are shown in red. 

*Citrulassin K contained a second Cit at Arg3 or Arg4 (underlined). 

deiminated citrulassins showing exactly one labeling event, while the doubly deiminated 

citrulassin K was labeled twice (Figure S4). Thus, RBS is useful for determining the equivalents  

of targetable organic functional groups within a compound of interest. 

 

5.2.3 Characterization of citrulassin and des-citrulassin F 

During our screen for citrulassin producers, it was noted that two sequenced bacteria encoded the 

same citrulassin core sequence; however, one strain (Streptomyces avermitilis NRRL B-16169), 

exclusively produced des-citrulassin F, while the other (Streptomyces torulosus NRRL S-189) 

exclusively produced citrulassin F. No solution structure for any citrulassin family member has 

Bacterial strain (NRRL) Core Sequence Citrulassin Deimination PAD 

Streptomyces albulus B-3066 LLGLAGNDRLVLSKN A Y Y 

Streptomyces aurantiacus B-2806 LLQRHGNDRLIFSKN B Y Y 

Streptomyces tricolor B-16925 LLQRSGNDRLILSKN C N N 

Streptomyces katrae B-16271 LLGRSGNDRLVLSKN D N N 

Streptomyces glaucescens B-11408 LLQRHGNDRLILSKN E Y Y 

Streptomyces avermitilis B-16169 LLGRSGNDRLILSKN F N N 

Streptomyces torulosus S-189 LLGRSGNDRLILSKN F Y Y 

Streptomyces auratus 8097 LLNSSGNDRLILSKN G N N 

Streptomyces sp. S-118 LLAFHGNDRLILSKN H Y Y 

Streptomyces sp. F-5140 LLGRHGNDRLILSKN I Y Y 

Streptomyces natalensis B-5314 LLEFRGNDRLILSKN J N N 

Streptomyces sp. S-920 LLRRSGNDRLILSKN* K Y Y 

Streptomyces sp. S-481 LLGDAGNDRLILSKN L N Y 

Streptomyces pharetrae B-24333 LLQRNGNDRLILSKN M Y Y 
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been reported, thus we set out to determine the solution structure of des-citrulassin F as this 

compound was produced at a relatively high level in S. avermitilis. HR-MS/MS of the two HPLC-

purified lasso peptides confirmed primary structures consistent with the RODEO-predicted core 

regions (Figure S4). MS/MS fragmentation analysis also confirmed that only Arg9 was converted 

to Cit in citrulassin F. Two-dimensional, homonuclear NMR data (1H-1H TOCSY and 1H-1H 

NOESY) were collected for des-citrulassin F and used to assign chemical shifts of individual 

residues (Table S3, Figures S5-S6). Strong NOE correlations between the Leu1-HN and the Asp8 

β protons confirmed the isopeptide linkage while NOE correlations between Gly3-Leu12 and 

Asp8-Leu12 suggested Leu12 as the most probable steric-locking residue. (Figure S6). The 1H-

NMR spectrum of des-citrulassin F taken in D2O revealed that several backbone amides were 

resistant to deuterium exchange, specifically Leu1, Asp8, Leu10, Ile11, and Leu12 (Figure S7). 

Recalcitrance of amide NH groups to deuterium exchange is consistent with a lasso topology and 

further supports the assignment of Leu12 as the steric-locking residue.46 Distance constraints 

obtained from the NOESY data were used to calculate an ensemble structure (Figure 3 and S8)47. 

The resulting ensemble formed the expected right-handed lasso topology, with the C-terminal tail 

passing through the macrocycle between Ile11 and Leu12. Analysis of the solvent-accessible 

surface of the lowest energy structure revealed that the topological surface area of side chains of 

Ile11 and Leu12 are larger than the inner diameter of the ring and thus are competent to serve as 

steric-locking residues. After determining the solution structure of des-citrulassin F, the 

antibacterial activity of des-citrulassin F and citrulassin F were assessed against a small panel of 

Gram-positive and Gram-negative strains. Neither lasso peptide showed activity up to 500 μM, 

consistent with published assays performed using citrulassin A.26    
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Figure 5.3. Structure of des-citrulassin F. (A) Topological diagram of des-citrulassin F. Blue, ring 

region; orange, steric-locking residues. (B) NOE-based NMR ensemble of the 20 lowest energy 

structures of des-citrulassin F (amide backbone is shown for clarity). (C) Surface-filling mode of 

des-citrulassin F, with the ring and steric-locking residues colored blue and orange, respectively. 

(D) Lowest energy structure of des-citrulassin F. Arg4 and Arg9 are labeled, with the latter being 

modified to Cit in citrulassin F (red). Ile11 and Leu12 are highlighted in orange. 
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5.2.4 Partial phylogenetic profiling identifies a PAD for citrulline formation 

The fact that two distinct bacterial strains (S. avermitilis and S. torulosus) produced lasso peptides 

differing only in the state of Arg9 deimination was unique among the citrulassin producers 

screened. This scenario presented an opportunity to identify genomic differences between the 

organisms to identify the gene(s) responsible for Cit9 formation. Using the profiling algorithm 

PhyloProfile,48, 49 a search was conducted for genes present in the S. albulus genome (7,734 

predicted genes) and in four other citrulassin producers (Table 1, NRRL identifiers: S-189, S-118, 

B-11408, and B-24333) but absent from four des-citrulassin producers (B-16925, B-16271, B-

16169, and 8097). This analysis returned 32 S. albulus genes that correlated with the Cit 

phenotype, one of which encoded a hypothetical protein containing a PAD domain 

(WP_064069847.1, Supplemental Dataset 1). This gene encodes a member of protein family 

PF03068 and thus is homologous to human PADs. No significant sequence homology is shared 

between the putative S. albulus PAD and the only other characterized bacterial PAD from P. 

gingivalis (WP_005873463.1, Table S4).33,31 Position-specific iterative BLAST (PSI-BLAST)50 

of citrulassin producers confirmed the correlation between the genome of a bacterial strain 

encoding a PAD and the presence of Cit in the mature citrulassin, with only one strain producing 

des-citrulassin while encoding a PAD in the genome (Streptomyces sp. S-481, des-citrulassin L, 

Table S1 and Figure S4). Analogously, all organisms that lacked a PAD were associated with 

des-citrulassin productions. However, the small sample size prevented the establishment of a 

statistically significant correlation between genotype and phenotype.51 Nonetheless, having 

identified a candidate PAD, we sought to confirm the role of this PAD in citrulassin biosynthesis. 
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5.2.5 PAD complementation in a des-citrulassin producer results in citrulassin production 

The co-occurrence of PAD with the production of citrulassin provided circumstantial support for 

the proposed role in Arg deimination. To further evaluate this putative biochemical role, a 

functional expression experiment was designed to introduce the PAD-encoding gene from a 

verified citrulassin producer to the genome of a verified des-citrulassin producer that lacked a 

PAD-encoding gene. Using the Streptomyces phage φC31 integrase, plasmids containing an attP 

locus can be inserted into the chromosome of a recipient organism at the corresponding attB locus. 

Nearly all identified des-citrulassin producer genomes contain a φC31 attB, enabling Escherichia 

coli to Streptomyces conjugative transfer.52,53 The integrative plasmid placed the PAD under strong 

constitutive promotion (ermE*p) to facilitate a higher level of expression within the heterologous 

host.53,54 Owing to a consistently higher yield of the citrulassin from Streptomyces glaucescens, 

we chose to integrate the I. glaucescens PAD into Streptomyces katrae NRRL B-16271, a native 

producer of des-citrulassin D (Figure 4). Exconjugants were isolated by iterative cultivation on a 

selective medium and chromosomal insertion of the PAD gene was confirmed via DNA 

sequencing (Figure S9). Successfully integrated strains were then grown on a medium that elicited 

des-citrulassin D production in wild-type S. katrae. Metabolites were extracted with MeOH and 

subsequently analyzed via MALDI-TOF-MS. PAD integration in S. katrae resulted in the 

production of an ion consistent with Cit-containing citrulassin D (Figure 4). Reaction with 1 

resulted in complete labeling, while wild-type des-citrulassin D was not labeled, suggesting that 

PAD integration had resulted in the conversion of one Arg within des-citrulassin D to Cit. HR-

MS/MS confirmed that the produced lasso peptide was 0.98 Da heavier than expected for des-

citrulassin D and elicited a fragmentation pattern consistent with the sequence of citrulassin D, 

featuring Arg9 converted to Cit. Notably, the site-specific deimination of Arg9 of des-citrulassin 
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D over Arg4 confirms our previously assigned site of deimination on citrulassin and demonstrates 

that expression of PAD is necessary and sufficient for conversion of Arg to Cit in the context of 

citrulassin biosynthesis. Future work will be necessary to uncover the origins of the selectivity and 

the timing of deimination during citrulassin biosynthesis. 

 

 

Figure 5.4. Citrulassin production in a des-citrulassin producer by PAD functional expression (A) 

MALDI-TOF mass spectrum of Streptomyces katrae extract containing des-citrulassin D        

Figure 5.4 (cont.) unreacted (top) and reacted (bottom) with 1. (B) MALDI-TOF mass spectrum 

of S. katrae extract expressing the PAD from Streptomyces glaucescens. Shown are samples 

unreacted (top) and reacted (bottom) with 1. Insets show zoomed regions to visualize the isotopic 
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Figure 5.4 (cont.) ratios. Asterisks denote solvated adducts corresponding to [M+ 1+H2O+H]+ 

(left) and [M+1+MeOH+H]+ (right). 

 

5.2.6 Bioinformatic survey of bacterial members of PF03068 

Having identified the PAD responsible for citrulassin deimination, we next surveyed bacterial 

strains encoding members of protein family PF03068. An hmmscan-based comparison of the S. 

albulus PAD against the pHMMs that define PF03068 and PF04371 confirmed that the S. albulus 

PAD is a member of PF03068 (Table S4). Moreover, an alignment of the S. albulus PAD with 

human PAD4, the best-characterized isoform,55 shows conservation of functionally important 

residues, such as the catalytic Cys645, stabilizing triad of Asp350-His471-Asp473, as well as 

numerous Ca2+-binding residues (Figure S10).55 In contrast, the P. gingivalis (PAD_porph) is 

calcium-independent and cannot be aligned with the S. albulus PAD outside of short motifs near 

the active site.56 Indeed, few residues are conserved between members of PF03068 and PF04371 

beyond those common to all members of the guanidino-modifying enzyme superfamily.57,58  

The S. albulus PAD was used to generate a dataset of 837 bacterial PF03068 PADs using a PSI-

BLAST against all bacterial genomes in the NCBI non-redundant database (Supplemental 

Dataset 1).50 Protein accession identifiers were compiled, analyzed by RODEO,26 and then used 

to generate a sequence similarity network (SSN) and a maximum-likelihood phylogenetic tree to 

visualize the distribution of bacterial PADs belonging to PF03068 (Figures 4 and S11).59 

Homologs of the S. albulus PAD are present in diverse bacterial phyla, but are predominantly in 

Actinobacteria, Cyanobacteria, and Proteobacteria, with very few homologs in Bacteroidetes and 

Firmicutes. Genomes that encode a member of PF03068 within these genera is fairly limited, as 

illustrated by only 1.6%, 0.1%, and 3.9% of sequenced Actinobacteria, Proteobacteria, and 
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Cyanobacteria, respectively, featuring an annotated homolog. The highest occurrence of annotated 

PADs is found within the Riflebacteria, which despite having only 11 genomes in the NCBI 

database currently, includes 15 annotated PADs. With a few notable examples, there is little 

evidence of horizontal gene transfer with PF03068, as proteins tend to cluster with other PADs 

from species within the same phylum (Figures 5 and S11). Additionally, the %GC content of the 

genes encoding the PAD correlate strongly with the overall %GC content of the genome (Figure 

S12).60 These data indicate bacterial members of PF03068 are not disseminated across bacterial 

genomes due to recent horizontal gene transfer, although we cannot rule out the possibility that the 

genes were acquired by organisms having similar GC content. Notably, several PAD proteins 

encoded by Proteobacteria are more closely related to homologs from Actinobacteria, which 

includes those implicated in citrulassin biosynthesis. Intriguingly, most of these PAD-containing 

bacteria are uncultured strains detected from aquatic and sediment metagenomic studies, raising 

questions concerning the genomic origin and ecology of PADs. 
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Figure 5.5. Protein sequence similarity network (SSN) of bacterial PADs. The SSN was 

generating using EFI-EST61, Sequences sharing 100% identity are conflated as a single node, and 

connected nodes indicate an alignment score of 125, see methods) and visualized by Cytoscape.62 

Nodes are colored by phylum and detection of citrulassin (deiminated product) within the same 

strain.  

 

Co-occurrence analysis of citrulassin BGCs (± 8 protein-coding sequences) shows little correlation 

beyond genes encoding lasso peptide biosynthetic proteins and furthermore demonstrates that 

PADs do not appear within lasso peptide biosynthetic operons (Table S7). Even PADs, which 

exhibit a higher degree of similarity, appear in diverse genome neighborhoods that do not bear 

resemblance to RiPP BGCs (Figure S13). Thus, these PADs are likely to exert their activity on 

distally encoded substrate(s).  
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5.3 Conclusion 

Advances in genome sequencing and bioinformatics have prompted a renaissance in NP discovery. 

The versatility of genome-guided NP discovery is strongly complemented by reactivity-based 

screening (RBS) which exploits chemoselective targeting of organic functional groups to facilitate 

metabolite identification and isolation. In this work, we expanded the RBS toolkit to include 

primary ureido groups (i.e. citrulline) through their reactivity towards glyoxal-based probes, 

which, under mildly acidic conditions, are largely inert towards guanidino groups (i.e. Arg). 

Harnessing this reactivity led to the discovery of 13 new citrulassins and provided a means to 

perform comparative genomic analysis to discover the enzyme responsible for the previously 

observed Arg deimination in citrulassin biosynthesis. Our data implicated bacterial members of a 

protein family previously only described in eukaryotes for this activity. Members of this PAD 

family are unrelated to the PAD described from P. gingivalis. We confirmed the Arg deimination 

activity of this PAD by converting a des-citrulassin producer into a citrulassin producer through 

heterologous PAD expression. This work highlights the synergy between genome- and reactivity-

guided discovery approaches and provides a platform for identifying additional bacteria that 

produce NPs featuring the rare, non-proteinogenic primary ureido functional group. More broadly, 

we expect this workflow to be amenable towards uncovering both the prevalence and enzymatic 

origins of other reactive moieties present in RiPPs and other NPs. 
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Chapter 6: Structure Prediction and Synthesis of Pyridine-Based Macrocyclic 

Natural Products4 

Graham A. Hudson, Annie R. Hooper, Adam J. DiCaprio, David Sarlah, Douglas A. Mitchell 

 

6.1 Introduction

Advances in genome sequencing and analysis have rapidly expanded our knowledge of natural 

product biosynthetic space.1,2 This is especially true for the ribosomally synthesized and post-

translationally modified peptides (RiPPs), where characterization of new compounds is outpaced 

by an increasingly inundating number of biosynthetic gene clusters (BGCs).3–6 Natural product 

discovery efforts often involves time-consuming and frequently unsuccessful techniques, such as 

traditional “grind-and-find” or heterologous BGC expression.7 Given sufficient knowledge of the 

biosynthetic enzymes, the structure of the final product can be predicted, permitting access to the 

compound by chemical synthesis.8–11 RiPP structures are often more readily predicted from 

genomic information compared to other natural product classes given their direct ribosomal 

origin.12,13 Structural predictions can enable directed synthetic efforts, which offer several 

advantages including  an unparalleled capacity for analog generation (often with scalability) and 

obviating the need for tedious isolation from a producing organism.  

Recently, we reported a comprehensive genomic landscape survey of the thiopeptides, an 

extensively modified RiPP class.14 All thiopeptides feature azole/azoline heterocycles (from Cys, 

Ser, Thr), dehydroamino acids (from Ser/Thr), and (dehydro)piperidine/pyridine post-translational 

modifications (PTMs).12,14,15 While certain thiopeptides contain a significant number of ancillary 

modifications, the class-defining PTM is the six-membered, N-heterocycle, which arises from an 

 
4 A.J.D. contributions: All NMR data acquisition, processing and interpretation of chemoenzymatically prepared 
samples. Generation of all NMR figures and assistance with manuscript preparation. 
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enzyme-catalyzed [4+2]-cycloaddition of two dehydroalanine (Dha) residues and the amide 

backbone.  

6.2 Results and Discussion 

We sought to determine if orthologs of the thiomuracin pyridine synthase, TbtD,15,16 occurred in 

contexts beyond canonical thiopeptide BGCs. A bioinformatic search yielded several RiPP-like 

BGCs that lacked an azoline-forming cyclodehydratase while still possessing a split LanB, 

putatively responsible for Ser glutamylation and elimination, to yield Dha,17,18 as well as a pyridine 

synthase (Figures 1A, S1, and Supplementary Dataset 1).19,20 No other local genes were conserved, 

suggesting pyridine formation as the sole PTM for these RiPP products. The neighboring precursor 

peptides also generally lacked Cys, which would be required for thiazole/thiazoline formation, a 

PTM ubiquitous to all known thiopeptides. Given the lack of sulfur (and thus, thiazol(in)e rings), 

we termed these RiPPs as “pyritides”.  

We next tested our genome-guided structural prediction using the pyritide BGC from 

Micromonospora rosaria owing to strain availability. The C-terminal core regions of MroA1 and 

MroA2 (precursor peptides) contained two Ser residues (Figure 1), both presumably converted to 

Dha. A subsequent [4+2]-cycloaddition would result in 14- and 17-atom macrocyclic products, 

hereafter pyritide A1 (1) and pyritide A2 (2). To assess the validity of these predictions, we 

attempted to isolate 1 and 2 from the native producer; however, we were unsuccessful in detecting 

either pyritide from M. rosaria. Instead, an orthogonal, 11-step total synthesis (Figure S2) and 

chemoenzymatic route were first devised to obtain 1 (Scheme 1 and Supplementary Methods).  

Pursuant to the chemoenzymatic approach, we recombinantly expressed and purified the MroA1 

precursor peptide and MroD pyridine synthase as fusions to maltose-binding protein (MBP, Table 

S1 and Figure S3). To sidestep the tRNA-dependency of MroB/C, we carried out a 
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dehydrothiolation using dibromohexanediamide (3, DBHDA)20–23 of an MroA1 variant with Ser1 

and Ser6 replaced with Cys (4). The resulting di-dehydrated intermediate (5) was detected by 

matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS, 

Figure 2). As the predicted substrate for the pyridine synthase, 5 was then reacted with MroD, 

yielding masses congruent with the predicted structure of 1 and the leader peptide (LP) bearing a 

C-terminal carboxamide, 6. 

 

 

Figure 6.1. Biosynthesis of pyritides. (A) BGC from Micromonospora rosaria, encoding two 

precursor peptides, split LanB dehydratase, and pyridine synthase. (B) Proposed biosynthetic route 

to pyritide A1 (1). (C) Structure of pyritide A2 (2). LP, leader peptide.  

 

This chemoenzymatic route was then carried out on a larger scale to produce a quantity of 1 

sufficient for spectroscopic comparison to the total synthesis product. Approximately 30 L of 

MBP-MroA1 and 8 L of MBP-MroD culture was used to produce 2.5 mg (post-HPLC yield) of 1. 

Several analytical techniques were used to characterize the synthetic and chemoenzymatic samples 
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of 1, including high-resolution and tandem mass spectrometry (HR-MS/MS), C18 reverse-phase 

HPLC retention time, and 1H NMR (Figures S4-S9, Tables S2-S3). Data from all three methods 

confirmed that the structure of 1 was correctly predicted and the synthetic and chemoenzymatically 

prepared samples were indistinguishable. 

 

Scheme 6.1. Orthogonal routes to obtain 1. (A) Chemical synthesis beginning from pyridine-2,5-

dicarboxylic acid and protected tripeptides (see Figure S2). (B) Chemoenzymatic synthesis using 

MroA1 double cysteine variant to allow DBHDA-mediated (3) dehydrothiolation and subsequent 

enzymatic [4+2]-cycloaddition. 
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Figure 6.2. MALDI-TOF mass spectra detailing the chemoenzymatic synthesis of 1. Compound 

4 (m/z 5978 Da) was didehydrothiolated to 5 (m/z 5910 Da) followed by reaction with MroD. The 

resulting masses correspond to the [M+H]+ ions for 1 (m/z 933 Da) and the eliminated leader 

peptide (6, m/z 4959 Da). Asterisks, Na+/K+ ions.  

 

Using the chemoenzymatic route, we obtained an equivalent quantity of pyritide A2 (2). The 

principle difference between 1 and 2 is the presence of an Arg in 2 adjacent to the pyridine. This 

position is conserved in several other bioinformatically predicted pyritides (Figure S1). Analogous 

to MroA1, the two Ser within the core region of MroA2 were substituted with Cys prior to chemical 

dehydrothiolation by 3. This resulted in the production of a mass consistent with the predicted 

structure of 2, which was verified by 1H NMR and HR-MS/MS (Figures S10-S13, Tables S2 and 

S3). The LP byproduct of MroA2 was detected as a C-terminal carboxamide (Figure S14). Purified 

1 and 2 were then subjected to a brief panel of microbial growth-suppression assays; however, 

unlike the well-known activity of thiopeptides towards Gram-positive bacteria,24 we did not 

observe any antimicrobial activity for 1 or 2 individually or in combination (Table S4). Further 

studies are warranted to investigate other potential bioactivities of pyritides. 

Our data show that MroD catalyzes the formation of pyridine-based macrocycles of 14 or 17 atoms 

in size, mirroring the smallest size reported using enzymes and engineered substrates from the 
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lactazole biosynthetic pathway.25 MroD is unique amongst characterized RiPP-related pyridine 

synthases in that it does not require preinstallation of azole heterocycles prior to yielding a 

macrocyclic product.16,26 It should be noted that while a chemoenzymatic route offers convenient 

access to pyritide analogs, a drawback is that installing Dhb from Thr-containing ribosomal 

peptides cannot employ a dehydrothiolation route. However, alternate strategies using unnatural 

amino acids to incorporate Dhb have been developed.27,28 Further, total synthesis provides a 

complementary avenue to produce Dhb-containing pyritide analogs.  

Another pitfall of the chemoenzymatic approach is that it assumes one knows the extent of 

dehydration to a precursor peptide. In the cases of 1 and 2, the predicted structures were 

unambiguous as only two Ser were present and both were required for pyridine formation. For 

other pyritide core sequences that contain additional Ser, Thr, or Cys, several distinct structures 

could result, which requires further exploration. 

Advances in genomics has led to a renaissance in natural product discovery. Bioinformatic 

analyses offer a means to prioritize BGCs predicted to give rise to novel compounds, mitigating 

the rediscovery of known natural products. This paradigm shift is further enhanced by the 

unification of biosynthetic enzymology and total synthesis as it provides a dual platform to access 

new molecules. Here, we applied this methodology by identifying an unusual genomic context for 

RiPP-related pyridine synthases, leading to the structural prediction, chemical synthesis, and 

enzymatic verification of the pyritides. Given that the only PTM present in pyritide A1 and A2 is 

a trisubstituted pyridine (formed via an aza-[4+2]-cycloaddition), and the same PTM is class-

defining for the thiopeptides, we propose that thiopeptides be reclassified as thiazole/thiazoline-

containing pyritides.  
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We anticipate future investigations into pyritides will yield greater insight into the requisite 

enzymology and biological activity, which will undoubtedly be augmented by complementary 

chemical synthesis. Moreover, we predict that the interplay between natural product enzymology 

and chemical synthesis will become an increasingly useful means of accessing natural products 

and analogs thereof.  
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Chapter 7: Bioinformatics-Guided Expansion and Discovery of Graspetides5 

Sangeetha Ramesh, Xiaorui Guo, Adam J. DiCaprio, Ashley Delio, Bryce L. Kille|, Taras V. 

Pogorelov, Douglas A. Mitchell†  
 

 

7.1 Introduction 

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a diverse family 

of natural products that display a range of biological activities.1 Although structurally and 

functionally diverse, RiPPs are united by a common biosynthetic logic. RiPP biosynthesis begins 

with the ribosomal synthesis of the precursor peptide, which typically consists of an N-terminal 

leader region and a C-terminal core region. The leader region includes a recognition sequence 

bound by biosynthetic proteins to allow enzymatic modification of the core region. The leader 

region is subsequently removed enzymatically, occasionally by a peptidase encoded in the 

biosynthetic gene cluster (BGC). Further tailoring of the core region can ensue by the action of 

leader-independent modification enzymes, followed by cellular export of the mature RiPP. A 

compelling feature of RiPP biosynthesis is that a direct gene product (ribosomal peptide) can be 

converted into a structurally complex natural product through only a few enzymatic steps.1 

Furthermore, genome sequencing efforts and improvements in RiPP genome-mining tools in the 

past decade have facilitated the emergence of RiPPs as a major family of natural products with 

over 40 classes described to date.2–4 

Microviridins (Figure 1) are RiPPs exhibiting a tricyclic structure resulting from ATP-grasp 

ligase-dependent installation of macrolactones/macrolactams.5,6 The ATP-grasp ligases (InterPro: 

IPR011761)7 include well-studied enzymes such as D-Ala-D-Ala ligase, glutathione synthetase, 

 
5 A.J.D. contributions: All NMR data acquisition, processing, and interpretation. Generation of all NMR figures and 
assistance with manuscript preparation. Generation of NOE constraints for structure generation. 
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and biotin carboxylase, which use ATP to phosphorylate a carboxylate moiety within a small 

molecule or peptidic substrate.8 The ligase then directs a nucleophile towards the electrophilic acyl 

phosphate intermediate to yield a new carbonyl-containing functional group, often an amide or 

ester. MdnC/MvdD and MdnB/MvdC homologs (InterPro families: IPR026439 and IPR026446)7 

that install the macrolactone and macrolactam linkages, respectively, in microviridins are 

homologous to RimK (InterPro: IPR023533), which appends the amino group of L-Glu to the C-

terminus of the ribosomal protein S6.5,6 Nineteen microviridin congeners have been characterized 

thus far, and all are inhibitors of serine proteases such as trypsin, chymotrypsin, subtilase, and 

elastase.9–12 Aside from canonical microviridins, a structurally related peptide, marinostatin, 

comprised of two macrolactone rings, has also been characterized from Alteromonas sp. B-10-

31.13 Several genome-mining studies have been conducted on microviridin-like RiPPs.  One early 

bioinformatic study revealed the presence of BGCs across diverse bacterial phyla, encoding an 

assortment of peptides enriched in Asp/Glu and Ser/Thr/Lys residues, which serve as the acceptor 

and donor residues, respectively, for macrolactone/macrolactam formation.14 A more recent 

genome-mining study identified 174 microviridin and marinostatin BGCs present within 

Proteobacteria, Cyanobacteria, and Bacteroidetes, revealing a greater diversity of microviridin 

precursor peptides, the majority of which are uncharacterized.11  

Non-microviridin RiPPs containing ATP-grasp ligase-mediated macrolactones, namely plesiocin 

and thuringinin (Figure 1), have been expressed heterologously in E. coli.15,16 Plesiocin and 

thuringinin both portray a hairpin (ring-within-a-ring) topology, formed through two macrolactone 

linkages on a conserved “TTx4EE” (where x is any amino acid) and “Tx2Tx3Ex2DxD” motif, 

respectively. Unified by an ATP-grasp ligase-dependent biosynthetic pathway, macrolactone-

containing microviridins, plesiocins, and thuringinins were termed the omega ester-containing 
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peptides (OEPs).16 The most recent genome-mining study significantly expanded the OEP family,  

identifying 1,724 BGCs across 12 groups, each exhibiting distinct core peptide consensus 

sequences.17 The OEPs were recently renamed as the graspetides, a term that describes the enzyme 

that installs both the class-defining modifications.4 Currently, only graspetides from groups 1-6 

and 11 have at least one characterized member11,15–18, underscoring that most structural and 

functional diversity is yet to be uncovered (Figure 1). 

While the previous bioinformatic studies have illustrated the prevalence of diverse graspetides, the 

current repertoire of RiPP mining tools does not readily facilitate the genomic detection of 

graspetides. Tools such as antiSMASH19, RiPP-PRISM20, and RiPPER21 allow genome-mining 

for microviridins but do not confidently predict plesiocins, thuringinins, or other members of the 

graspetide family. To enable rapid identification of putative graspetide precursor peptides and 

BGCs, we enhanced the capabilities of Rapid ORF Description and Evaluation Online (RODEO)22 

by including a graspetide scoring module. RODEO uses profile hidden Markov model (pHMM)-

based analysis to predict the function of genes flanking a query protein. RODEO utilizes a 

combination of heuristic scoring, motif analysis, and support vector machine classification to 

provide the most accurate, RiPP class-specific predictions for precursor peptides currently 

available. The current version identifies precursor peptides for lanthipeptides, lasso peptides, 

linaridins, ranthipeptides, sactipeptides, and thiopeptides.22–26 
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Figure 7.1. Graspetide biosynthesis and ring topologies. A. Formation of a macrolactone (blue) 

and macrolactam (orange) linkage during graspetide biosynthesis. B. Ring topology of graspetide 

representatives from each characterized group.  In group 1 graspetides, the 

macrolactone/macrolactam rings are installed by two distinct ATP-grasp ligases, whereas in group 

5 and 11 graspetides, a single ATP-grasp ligase installs both linkage types.  

Here, we developed an improved version of RODEO and compiled a dataset of all observable 

graspetides in the NCBI non-redundant database, revealing 4,356 (3,455 unique) high-confidence 

graspetide precursor peptides distributed amongst 3,923 BGCs. Significant portions of the 

RODEO code have been rewritten, which renders the future incorporation of scoring modules less 

cumbersome. This report features the most comprehensive analysis of the graspetides to date, 

consisting of 24 graspetide groups. Of these, 12 groups are new and contain 1,769 unique        
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Figure 7.1. (cont.) graspetide BGCs. Thatisin, from a newly identified group (group 16), was 

structurally characterized to feature two macrolactones with an interlocking ring topology. 

Interestingly, thatisin could be isolated as two atropisomers at room temperature. NMR 

spectroscopy and computational analyses attribute cis/trans Pro isomerization to the observed 

atropisomerism in thatisin.  

 

7.2 Results and Discussion 

7.2.1 Development of a graspetide-specific RODEO scoring module 

The class-defining modification for the graspetides are macrolactone/macrolactam linkages 

installed by an ATP-grasp ligase.4 Thus, the minimum requirement for a graspetide BGC are two 

genes encoding for an ATP-grasp ligase and a precursor peptide, which requires at least one 

Asp/Glu and one Ser/Thr/Lys residue in the core region. Such minimal attributes for a graspetide 

precursor peptide render discriminating bona fide substrates from hypothetical, non-coding 

sequences a challenging task, for which machine learning seemed ideally suited to solve. Another 

obstacle to constructing a database the encompasses all graspetides is that the ATP-grasp ligases 

are one of the largest enzyme superfamilies comprising over 444,000 members (InterPro: 

IPR011761). However, the vast majority are involved in primary metabolic pathways, including 

glutathione, purine, cell wall, and ribosomal biosynthesis.8 To restrict our dataset to include only 

ATP-grasp ligases potentially involved in graspetide biosynthesis, a Position-Specific Iterative 

BLAST27 search was performed against the NCBI non-redundant database using ATP-grasp 

ligases from known graspetide BGCs (one from each of the seven characterized groups) as 

queries.6,17,18 The search was restricted to 3 iterations with an expectation value threshold of e-30 

to exclude unlikely candidates. The resulting non-redundant set of 6,625 ATP-grasp ligases was 
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analyzed using the newly developed RODEO graspetide module (described below) to annotate the 

local genomic region and identify putative graspetide precursor peptides. 

The graspetide precursor peptide scoring module utilizes a combination of heuristic scoring, 

MEME-based motif analysis, and support vector machine learning similar to previously reported 

RODEO modules.22–26 The relevant parameters (Tables S1-S2) were chosen based on trends 

observed among graspetide groups with characterized members (groups 1-6, 11).11,17 Unlike 

precursor peptides from most other RiPP classes, which tend to be short and are missed by 

automated gene finders, graspetide precursor peptides are often longer. Indeed, the average length 

of group 1-6 graspetide precursor peptides is nearly 100 amino acids. Some representatives feature 

multiple repeats and can be over several hundred amino acids in length. For example,  a putative 

plesiocin (group 2) precursor peptide from Acidobacteria bacterium isolate gp7 AA5  (ATP-grasp 

ligase accession: PYQ56175.1) is 225 amino acids long and contains 13 “TTx4EE” repeats.17 Such 

precursors are not typically scored by RODEO, given the default upper limit for precursor peptide 

length is 110 amino acids. However, increasing this parameter results in a more significant false-

positive rate and an increase in computation time. To solve this problem, we incorporated RADAR 

(Rapid Automatic Detection and Alignment of Repeats)28 into the graspetide scoring module. The 

number of polypeptide sequences subject to graspetide precursor peptide scoring is reduced by 

removing large sequences (< 400 amino acids) that lack RADAR-identified repeats enriched in 

Asp, Glu, Ser, Thr, or Lys residues from the analyses. The detailed graspetide module workflow 

is available in Figure S1. Seven custom pHMMs were constructed (one each for groups 2-6 and 

two for group 1) and included in the graspetide module to readily distinguish graspetide-modifying 

ATP-grasp ligases from other members of the ATP-grasp ligase family (Supplemental Dataset 

1). The graspetide module was trained using a randomly selected set of characterized and high-
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confidence, predicted graspetide precursors from groups 1-6 published in a previous study.17 Upon 

testing an optimized module (Figure S2) with the remaining set of predicted, high-confidence 

graspetide precursors from groups 1-617, we obtained precision (true positives/observed positives) 

and recall (true positives/actual positives) values of 0.98 and 0.98 at a cut-off score of 12.  

Hypothetical peptides were considered a candidate graspetide precursor peptide if one of the 

following criteria were met: (i) the translated open-reading frame (ORF) received a RODEO score 

greater than 11, given the optimized balance between precision and recall, (ii) the translated ORF 

scored between 8-11 and also formed a group with similar members on a sequence similarity 

network (SSN). The precursor peptides identified by these stringent criteria were analyzed further 

using an SSN to remove less likely candidates resulting in 4,356 precursor peptides (3,455 unique) 

associated with 4,329 ATP-grasp ligases distributed amongst 3,923 unique BGCs (Supplemental 

Dataset 2). Many ORFs scoring below the validity threshold recapitulate some features of higher 

confidence graspetide precursors and may represent false negatives; however, we have excluded 

these from further analysis owing to the lower score (Figure S2). As new graspetide members are 

characterized, the scoring module can be retrained for confident identification of divergent 

members of this family, as recently demonstrated for the lasso peptides.29  

7.2.2 Bioinformatic analysis of the graspetide family 

To examine the sequence diversity of the graspetides and subsequently classify them into different 

groups, SSNs for the precursor peptides and the ATP-grasp ligases (Figures S3 and 2, 

respectively) were generated. Among the 3,923 RODEO-identified graspetide BGCs, 2,154 BGCs 

belong to groups 1-12, which were also identified in a previous genome-mining study.17 In this 

study, graspetide (OEPs, previously) precursor peptides were identified by searching for sequence 

patterns enriched in macrolactone/macrolactam donor and acceptor residues within protein 
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sequences less than 200 amino acids long and encoded within 3 kb of an ATP-grasp ligase gene. 

This tedious process is now automated by RODEO.  A detailed bioinformatic analysis of group 1-

12 graspetides can be found in the aforementioned study. The remaining 1,769 graspetide BGCs 

are classified into 12 groups based on the cooccurrence of genes and conservation of motifs in the 

leader and core regions of the precursor peptide. 

The largest of the newly cataloged groups (group 13) is the Grasp-with-Methyltransferase (GwM) 

group, comprising 1,326 BGCs. The GwM group is almost exclusively found in Actinobacteria 

(99%), although a few examples derive from Chloroflexi and Acidobacteria (1%, Figures 2 and 

S3; Table S3). The methyltransferases found in GwM BGCs (Figure S4) are annotated as S-

adenosylmethionine (SAM) dependent O-methyltransferases (InterPro: IPR026448). Members of 

this family are related to InterPro families IPR000682, which convert L-isoaspartyl and D-aspartyl 

residues to L-Asp, and IPR027573 that frequently cooccur with lanthipeptide biosynthetic 

enzymes.30  Recently, a member of the latter family, OlvSA, was implicated in lanthipeptide 

biosynthesis.31  OlvSA catalyzes a three-step reaction (methylation, cyclization, and hydrolysis) of 

a highly conserved L-Asp to the corresponding L-isoaspartyl residue in the lanthipeptide OlvA 

(BCSA). The prevalence of conserved Asp residues in the C-terminus of the GwM group precursor 

peptides (Figure S5) suggests that these residues may be similar targets for the methyltransferase. 

The GwM group can be further classified into five subgroups based on conserved motifs in the N-

terminal region of the precursor peptide, potentially involved in leader peptide recognition. GwM 

subgroup 1 features a microviridin-like leader region motif, “PFAFRFL”. The “PFFARFL” motif 

in the microviridin leader peptide mediates recognition of the precursor peptide by the cognate 

ATP-grasp ligases MdnB and MdnC for macrocyclizations. The GwM subgroup 1 core regions, 

however, are unlike any characterized graspetide. GwM subgroups 3 and 4 are classified further 
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based on conserved motifs in the core regions enriched in Asp, Glu, Ser, Thr, and Lys residues. 

Several precursor peptides from subgroups 3 and 4 contain a “DPxTQb” motif (where x is any 

amino acid and b is a branched-chain amino acid, Figure S5), suggesting a functional role. 

 

Figure 7.2. Sequence similarity network of graspetide-associated ATP-grasp ligases. Non-

redundant ATP-grasp ligases with a RODEO-identified precursor peptide were used as input for 

this SSN (n = 4,329). The SSN was generated using EFI-EST32 and visualized using Cytoscape33 
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Figure 7.2. (cont.) at an alignment score of 70. Nodes are numbered and colored according to 

graspetide group and phylum, respectively.  An SSN for the corresponding precursor peptides and 

sequence analysis for Figure 7.2 (cont.) the new graspetide groups identified in this study are 

available in the supplementary information document. 

 

The second-largest newly identified group (group 14) includes 245 BGCs, predominantly from 

Bacteroidetes, and is the Grasp-with-SPASM (GwS) group (Figure 2). All GwS BGCs (Figure 

S4) include an ATP-grasp ligase and a “SPASM” domain-containing enzyme (InterPro: 

IPR026497). “SPASM” is an acronym derived from the founding members of the family: 

subtilosin, pyrroloquinoline quinolone, anaerobic sulfatase-maturing enzyme, and mycofactosin, 

all radical SAM (rSAM)  enzymes.4 rSAM enzymes featuring an auxiliary SPASM domain are 

involved in various RiPP biosynthetic reactions that include C-C and C-heteroatom 

macrocyclizations, site-specific epimerizations, and other chemically demanding 

transformations.4,34  SPASM domain-containing enzymes from GwS clusters, however, lack the 

4Fe-4S cluster in the N-terminal domain required for binding rSAM. The GwS group is further 

divided into 14 subgroups based on conserved motifs observed in the leader and core regions of 

the precursor peptide. The extent of precursor peptide diversity within the GwS subgroups (Figure 

S6), combined with the likely processing by the neighboring, yet-to-be characterized SPASM-

domain-containing enzyme, increases the appeal of the GwS group for uncovering new graspetide 

structures. The majority (>90%) of GwS precursor peptides harbor a Gly-Gly motif, a common 

RiPP leader peptide cleavage site that is often a substrate for peptidase-containing ATP-binding 

transporters (PCATs, Interpro: IPR005897).35 The conserved leader peptide motifs of the GwS 

group are enriched in Lys and Leu residues with variations among the different subgroups, likely 
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involved in binding interactions with the biosynthetic proteins (Figure S7). The recent RODEO-

mediated expansion of the lanthipeptide family also noted a similar trend among class I 

lanthipeptide precursors from Bacteroidetes, which feature an “LxLxKx5L” motif and a double 

Gly motif at the leader/core junction and a clan C39 peptidase in the BGC.25 

Among the remaining graspetide BGCs, 104 can be classified into 10 new groups (groups 15-24 

Figure S4) based on distinct conserved motifs in the leader and core regions of the precursor 

peptides (Figure S8). Notably, group 15 precursors are confined to the taxonomic order 

Myxococcales and are about 200 amino acids long and feature multiple core repeats. The BGCs 

typically encode an α-ketoglutarate/Fe(II)-dependent oxygenase (Interpro: IPR005123) (Figure 

S9). A small population of graspetide BGCs (94 total) is either singletons or forms groups of less 

than five unique BGCs. Among these, some natural hybrid RiPP BGCs were observed (Figure 

S10). For instance, three graspetide precursors from Nitrospira sp. display a “YxxP” motif in the 

leader region, a known recognition sequence (i.e., the motif directly engaged by the RiPP 

Recognition Element, RRE) from lasso peptide biosynthesis.4 Besides harboring two ATP-grasp 

ligases, the Nitrospira sp. BGCs also encode a lasso peptide-like leader peptidase, lasso peptide-

like RRE36, and several other modification enzymes.  These BGCs, however, lack the cyclase 

responsible for lasso peptide formation (Figure S10). Five BGCs encode a TfuA and YcaO pair 

known to install thioamide linkages in polypeptides, in addition to an ATP-grasp ligase.4,23,37 

Actinobacteria, Bacteroidetes, and Proteobacteria encode the vast majority of the graspetide BGCs 

(87%). (Figure 2, Table S3). Most graspetide groups are confined to a single phylum, with a few 

exceptions. Although comprising only ~20% of the graspetide dataset (n = 753 BGCs), 

Proteobacteria represent the most diverse taxonomic group with members in 19 of the 24 defined 

graspetide groups. Several RiPP scoring modules in RODEO support the prediction of leader 
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peptide cleavage sites, allowing quantitative analysis of the amino acid composition of the core 

peptide.22,23,26 However, graspetides present a unique challenge in that they cover a wide range of 

lengths (Figure S11), and little to no information is known about leader peptide removal. Thus, a 

similar analysis of the core region could not be performed for the graspetide precursors identified 

in this study. 

To understand the relationship between graspetide-modifying ATP-grasp ligases and other 

members of the ATP-grasp ligase superfamily, we generated an SSN of representative members 

of the InterPro family IPR011761. The graspetide-modifying ATP-grasp ligases were artificially 

introduced into this dataset since most of them were not part of the Uniprot database. This SSN 

suggests that graspetide-modifying ATP-grasp ligases are more closely related to RimK and LysX 

than to other members of the ATP-grasp ligase superfamily (Figure S12).  While RimK appends 

L-Glu residues to the C-terminus of the ribosomal protein S6, LysX is involved in the biosynthesis 

of Lys via the α-amino adipate pathway.8 The SSN further teases the possibility that the graspetide-

modifying ATP-grasp ligases emerged once from an ancestral ATP-grasp ligase and diversified 

later on to introduce different ring topologies. To probe this further, we generated a maximum-

likelihood tree using representative graspetide-modifying ATP-grasp ligases and rooted the tree 

using RimK. In addition to supporting the hypothesis, the tree also indicates that ATP-grasp ligases 

modifying groups 2 and 15 graspetides diverged early from the rest of the graspetide-modifying 

ATP-grasp ligases and are more closely related to the last common ancestral ATP-grasp ligase 

(Figure S13, Supplemental Dataset 3). This observation seems reasonable from an evolutionary 

standpoint since the substrates for groups 2 and 15 more closely resemble a protein and comprise 

some of the largest known graspetide precursor peptides (Figure S11). Parametric %GC content 

comparison between the gene encoding the ATP-grasp ligase and the genome of the organism 
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confirms that most graspetide BGCs cataloged in this study were vertically acquired (Figure S14). 

However, we can’t exclude the possibility of horizontal gene transfer between organisms with 

similar %GC content. 

7.2.3 Thatisin, a new graspetide, exhibits atropisomerism 

We next sought to isolate and characterize a graspetide from Lysobacter antibioticus ATCC 29479 

that belongs to a newly cataloged group, group 16. Based on a conserved Tx2Tx4DDx2D motif in 

the core region, we expected that mature graspetides from group 16 would be structurally unique 

(Supplemental Dataset 2). The BGC is comprised of genes encoding a precursor peptide (ThtA, 

WP_057916646.1), ATP-grasp ligase (ThtB, WP_057916645.1), PCAT (ThtC), and HlyD-like 

transporter (ThtD, Figure 3). Although thtA was annotated as a protein-coding gene, ten of the 16 

precursor peptides from group 16 are not annotated as genes in the NCBI database. ThtA precursor 

peptide was co-expressed as a tobacco etch virus (TEV) protease-cleavable fusion to the C-

terminus of maltose-binding protein (MBP) with the ATP-grasp ligase, ThtB.  After an induction 

period, amylose affinity chromatography was used to purify modified and unmodified MBP-ThtA 

peptides from the cell pellet before TEV protease treatment and analysis by matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Upon co-expression 

of ThtA with ThtB, we observed a mass 36 Da lighter than a control lacking ThtB, suggestive of 

two dehydrations (Figure S15). Analysis of group 16 (ThtA-like) precursor peptides revealed 

strictly conserved Thr5, Thr8, Asp13, Asp14, and Asp17 (Figure 3). Given the lack of a conserved 

Lys, the 36 Da mass loss was hypothesized to arise from two Thr-Asp (macrolactone) linkages.  

To aid the MS-based analysis, we next removed the leader region from modified ThtA using the 

PCAT LahT (WP_051646490.1, residues 1-150). LahT150 is the soluble, substrate-tolerant Cys 

protease domain of the PCAT from Lachnospiraceae sp. that shares 54% amino acid similarity 
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(39% identity) to the homologous domain of ThtC (Figure S16).35 LahT150 recognizes and 

cleaves after Lx4Lx4Gy (where x = any amino acid; y = Ala, Gly, or Ser) motif in the leader 

region.35  Although ThtA has a slightly altered recognition motif (Lx4Ix4Gy, Figure 3), it was 

processed by LahT150.  After confirming leader peptidolysis by MALDI-TOF-MS (Figure S15), 

the modified core region of ThtA was purified via HPLC. Analysis of the chromatographic 

fractions by MALDI-TOF-MS revealed two isobaric products corresponding to doubly dehydrated 

ThtA core peptide (Figure S17). We named the major, earlier-eluting product, and the minor, later-

eluting isobaric product as thatisin and iso-thatisin, respectively.  

Figure 7.3. Overview of thatisin group graspetides. A. BGC diagram. PCAT, peptidase-

containing ATP-binding transporter. B. Alignment of thatisin (group 16) precursor peptides. Top 

sequence is ThtA. The core region is bolded, and the acceptor and donor residues for 

macrolactones are in green and blue, respectively. Numbers indicate residue position in ThtA. 

PCAT recognition sequence is in red.35 C. Ring topology of thatisin. Cyan line indicates 

macrolactone.  
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To confirm or refute if thatisin contains two macrolactone rings, we subjected purified thatisin to 

methanolysis under basic conditions with subsequent analysis using high-resolution and tandem 

mass spectrometry (HRMS/MS). Given the selective susceptibility of lactones to methanolysis, 

this procedure readily discriminates between macrolactone and macrolactam rings.17 The number 

of macrolactones is also discernible, given the expected 14 Da increase to each methanolized 

acceptor residue (Asp). Methanol-treated thatisin yielded a product ([M + 3H]3+ = 718.9904) in 

good agreement with the expected mass of a peptide containing two methyl esters ([M + 3H]3+ = 

718.9907; error = 0.3 ppm, Figure S18). This ion was then subjected to collision-induced 

dissociation (CID) with the resulting b- and y-ion series consistent with the +14 Da masses 

localizing to Asp13 and Asp17. The identity of these acceptor residues was further corroborated 

by heterologous co-expression experiments and MALDI-TOF-MS analysis of ThtA Ala-

substituted variants. Two dehydrations were observed for the D3A, D14A, and D19A variants, 

while only 18 Da mass losses were observed for the D13A and D17A variants (Figure S19). Given 

the invariance of two macrolactone donor residues, Thr5 and Thr8, among ThtA-like precursor 

peptides (Figure 3), and the lack of fragmentation between Thr5 and Asp17 in thatisin (Figure 

S18), we rationalized that Thr5 and Thr8 were the most probable macrolactone donor residues for 

thatisin. Co-expression of Thr to Ala ThtA variants with ThtB and subsequent analysis of the 

products by MALDI-TOF-MS were consistent with this hypothesis. While substitution of Thr8 

completely abolished thatisin production, a detectable amount of a doubly modified product was 

observed for the T5A variant (Figure S19). 

Given the presence of two macrolactone rings, two ring topologies are possible for thatisin: a ring-

within-a-ring topology with Thr5-Asp17 and Thr8-Asp13 macrolactones or an interlocked set of 

macrolactones at Thr5-Asp13 and Thr8-Asp17. To distinguish between these two ring topologies, 
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we subjected thatisin to partial methanolysis and analyzed the products by HRMS/MS. HRMS/MS 

spectra of partially methanolized thatisin revealed a series of b- and y-ions consistent with Asp17 

being the acceptor residue of the most methanolytic-susceptible macrolactone (Figure S18). No 

fragmentation was observed between Thr5 and Asp13 on the singly methanolized ion, suggesting 

that the unreacted macrolactone involved Thr5 and Asp13. This fragmentation pattern was 

consistent with thatisin displaying an interlocked ring topology with macrolactones at Thr5-Asp13 

and Thr8-Asp17. Methanolysis and HRMS/MS analysis of thatisin-related products (with one or 

two modifications) from co-expression of wild-type ThtA and Ala-substituted ThtA-variants (i.e., 

T5A, T8A, D13A, and D17A) with ThtB (Table S4) provide additional support for the proposed 

ring-topology of thatisin: (i) biosynthetically immature Thr5-Asp13 linkage products were 

observed for wild-type thatisin (Table S4, Figure S20); (ii) ThtA variants T8A and D17A both 

formed Thr5-Asp13 linkage products (Table S4, Figures S21-S22); and (iii) ThtA variants T5A 

and D13A yielded an alternative, non-wild-type Thr8-Asp17 linked product (Table S4, Figures 

S23-S24). 

To rigorously establish the ring connectivity of thatisin, we analyzed all thatisin-related peptides 

(with one or two modifications) produced upon co-expression of Asp to Ala and Thr to Ala ThtA 

variants by methanolysis and HRMS/MS. Positions not engaged in macrolactone formation (i.e., 

D3A, T4A, D14A, D19A) reacted with methanol and fragmented similarly to wild-type thatisin 

(Table S4, Figures S25-S28). However, Ala-substituted variants involving the acceptor and donor 

positions behaved differently, depending on the position. All four variants, T5A, T8A, D13A, and 

D17A, produced singly modified thatisin intermediates with linkages formed from the unperturbed 

set of available donor and acceptor residues (Table S4, Figures S21-S24). Two separate singly 

modified species corresponding to a T5-D13 linkage were observed via HPLC for both T8A and 
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D17A (Figures S21-S22) variants, whereas only a single T8-D17 species was observed for T5A 

and D13A (Figures S23-S24) variants. Variants T5A and D13A also utilized a neighboring residue 

for macrolactone installation in the absence of the native donor or acceptor. Variant T5A produced 

off-pathway single-modification products with Thr4-Asp13 and Thr4-Asp14 linkages; the Thr4-

Asp13 was further processed into a thatisin congener with Thr4-Asp13 and Thr8-Asp17 linkages 

(Figure S23), although in minuscule amounts. Similarly, the D13A variant could utilize Asp14 as 

an acceptor to form a product with Thr5-Asp14 linkage (Figures S24); however, we could not 

detect further processing of this product to a thatisin congener. 

Next, we sought to determine the modification type and ring topology of iso-thatisin. Methanolysis 

and HRMS/MS fragmentation pattern of iso-thatisin was identical to that of thatisin, suggesting 

the presence of two macrolactones and implicating Asp13 and Asp17 as the acceptor residues 

(Figure S29). Furthermore, the CID spectrum of iso-thatisin was also indistinguishable from that 

of thatisin (Figure S29), suggesting that the iso-thatisin also utilized Thr5 and Thr8 as the 

macrolactone donor residues. Given the utilization of the same set of acceptor and donor residues 

as thatisin, we considered the possibility that iso-thatisin adopts a ring-within-ring topology.  To 

test this idea, we subjected iso-thatisin to an identical partial methanolysis treatment and analyzed 

the products by HRMS/MS. Partially methanolized iso-thatisin upon HRMS/MS, produced b- and 

y-ion series consistent with Asp13 as the acceptor residue of the most methanolysis-susceptible 

macrolactone (Figure S29). No fragmentation was observed between Thr8 and Asp17 on the 

singly methanolized ion suggesting that these residues were involved in the intact macrolactone. 

Although different from that of thatisin, this fragmentation pattern is also consistent with an 

interlocked ring topology formed via Thr5-Asp13 and Thr8-Asp17 linkages. While both thatisin 

and iso-thatisin have identical ring topology, they show differential susceptibility to partial 
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methanolysis, suggesting a difference in the conformation of the two molecules. Far UV circular 

dichroism (CD) spectroscopy of purified thatisin and iso-thatisin further supports a conformational 

difference. While thatisin has an ellipticity minimum at 207.2 nm, iso-thatisin has ellipticity 

minima at 204.3 and 205.7 nm upon analysis by CD spectroscopy (Figure S30). Altogether, 

reverse-phase HPLC, partial methanolysis, HRMS/MS, and CD spectroscopy data suggest that 

thatisin exhibits atropisomerism. 

7.2.4 Atropisomerism in thatisin results from cis/trans Pro isomerization 

We considered two potential possibilities that could lead to atropisomerism in thatisin, cis/trans 

Pro isomerization, and position of the 9GPNG12-bridge. Unlike peptide bonds involving other 

amino acids, which predominantly adopt the trans configuration, Xaa-Pro (where Xaa is any amino 

acid) peptide bonds can adopt both cis and trans configurations.38 This is attributed to the lower 

energy difference and energy barrier between the trans and cis forms of Xaa-Pro peptide bond (~-

0.5 kcal/mol and ~13 kcal/mol, respectively)  compared to Xaa-nonPro peptide bonds (~-2.5 

kcal/mol and ~20 kcal/mol, respectively). Very few instances of cis/trans Pro isomerization have 

been observed among RiPPs. Microcin J25, an antimicrobial lasso peptide, can adopt both cis and 

trans configuration at Pro7 and Pro16.39 Given the presence of three Pro residues (Pro10, Pro15, 

and Pro18) in thatisin, we hypothesized that one or more might undergo cis/trans isomerization. 

A second possibility is that the 9GPNG12-bridge (part of both the macrocycles) can be positioned 

either above or below the plane of the macrocycles. Such “non-canonical” atropisomerism, where 

interconversion of the atropisomers would be theoretically possible but physically impossible 

through multiple bond rotations, was reported for tryptorubin A during total chemical synthesis 

(the natural product, however, is produced in an atropselective manner).40 Lasso peptides and their 

branched cyclic peptide counterparts are also considered non-canonical atropisomers of each other. 
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To investigate these two possibilities, we attempted to characterize both thatisin and iso-thatisin 

by NMR spectroscopy. However, this was challenging since each purified compound could 

interconvert to the other (Figure S31). Upon equilibration at room temperature for 18 h, thatisin 

underwent conversion to ~ 8% iso-thatisin. Similarly, iso-thatisin also converted to ~8 % thatisin 

upon equilibration at room temperature. While iso-thatisin undergoes slow conversion to thatisin 

at 4° C, no interconversion was seen for thatisin at this temperature (Figure S31). Attempts to 

characterize the atropisomer mixture by NMR spectroscopy at 25 °C were unsuccessful; therefore, 

temperature control was utilized to characterize thatisin. After confirming that no conformational 

exchange occurred at 12 °C, two-dimensional 1H-1H TOCSY and 1H-1H NOESY experiments 

were performed on thatisin. Residue identities were assigned based on characteristic TOCSY 

coupling patterns, and sequence positions were assigned based on interresidue NOEs (Figures 

S32-S34 and Table S5). NOE intensity and identity between Asp14 and Pro15 residues confirmed 

that Pro15 occupied a cis-configuration at 12 °C. The assigned NOEs of Pro15 demonstrated strong 

Pro15Hα-Asp14Hα and Pro15Hδ-Asp14Hβ1/2 contacts, characteristic of a cis-isomer for Asp14-Pro15 

(Figures 4 and S35). Furthermore, the absence of a Pro15Hδ- Asp14Hα NOE contact supports this 

configuration. Proximity of Gly9 and Asp17 to the water signal likely led to collateral suppression 



 

221 
 

of these signals, preventing observation of inter-residue NOEs to assign the configuration of Gly9-

Pro10 and Asp17-Pro18 peptide bonds. 

Figure 7.4. Structure of thatisin. A. Absolute NOE intensities between Asp14 and Pro15 indicate 

cis Pro15. Strong inter-residue Hα-Hα correlations suggest cis-isomerization of Pro15 (red 

asterisk), while the presence of Pro15Hδ-Asp14Hβ1/2 NOEs (green asterisks) and absence of 

Pro15Hδ- Asp14Hα further support a cis-isomerization of Pro15. B. SASA box plot for thatisin 

conformations. Box plot of SASA for all converged structures with 9GPNG12down P10trans-P15trans-

P18trans, 9GPNG12down P10trans-P15trans-P18trans, 9GPNG12up P10trans-P15trans-P18trans, and         
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Figure 7.4 (cont.) 9GPNG12up P10trans-P15cis-P18trans conformations. Raw data can be found in 

Tables S7-S10. Bold lines indicate the median SASA value and circles indicate outliers. The only 

conformation with a median SASA greater than 0 is GPNG-bridge-up trans-cis-trans. C) 

Computed structure for thatisin. D) Topology of thatisin. 

 

We next undertook a computational approach to explore thatisin atropisomerism. For this, 16 

different thatisin conformations were considered. These conformations differ in the position of the 

9GPNG12-bridge (up/down) and the configuration of the Xaa-Pro peptide bonds (cis/trans). 

Molecular Dynamic (MD) simulations were performed on all 16 energy-minimized thatisin 

conformations to determine whether 1) Pro could switch geometries 2) some conformations were 

preferred over the others. This analysis revealed that five conformations: 9GPNG12up P10trans-

P15trans-P18trans, 9GPNG12up P10trans-P15cis-P18trans, 9GPNG12up P10trans-P15trans-P18cis, 

9GPNG12down P10trans-P15trans-P18trans, 9GPNG12down P10trans-P15trans-P18cis produced more 

converged structures, i.e., they were more favored over the others (Table S6). Only one 

(9GPNG12up P10trans-P15cis-P18trans) of these 5 conformations features a cis Pro15, suggesting this 

as the most likely conformation of thatisin. To probe this further, we initiated solvent accessible 

surface area (SASA) calculations on the macrolactone carbonyl carbons of the four most favored 

conformations (Tables S7-S10). SASA analysis revealed that 9GPNG12up P10trans-P15cis-P18trans 

is the only favored thatisin conformation that shows preferential methanol accessibility to Thr8-

Asp17 carbonyl carbon (Figure 4), which is in line with the experimental observations for thatisin 

(Figure S18). Similarly, 9GPNG12up P10trans-P15trans-P18trans shows methanol accessibility 

preferentially to Thr5-Asp13 carbonyl carbon (Figure 4), which was experimentally observed for 

iso-thatisin (Figure S29). Taken together, experimental (partial methanolysis, HRMS/MS, NMR 
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spectroscopy) and computational (MD simulations and SASA calculations) data suggest that 

atropisomerism observed in thatisin results from cis/trans Pro isomerization. 

Next, we tested for growth suppression activity of thatisin against a brief panel of Gram-positive 

and Gram-negative bacteria; however, no such activity was detected under the conditions assayed.  

7.3 Conclusion 

Several cyanobacterial tricyclic RiPPs termed “microviridins”, exhibiting potent serine protease 

inhibitory activity, were characterized over the past two decades. Until recently, microviridins 

were the only known RiPPs that featured the ATP-grasp ligase-mediated 

macrolactone/macrolactam modifications. The discovery of non-microviridin, ATP-grasp ligase-

modified RiPPs, plesiocin, and thuringinin, in recent years, prompted the reclassification of the 

microviridin family of RiPPs to “OEPs” and now, “graspetides”.  While several genome mining 

studies show an impressive range of topological novelty among graspetides, the true breadth of 

possibilities within this family remained hidden due to a lack of bioinformatic tools to identify and 

analyze such BGCs readily. We expanded the predictive utility of RODEO to enable the confident 

prediction of graspetide BGCs and precursor peptides. The graspetide-specific scoring module 

combines the power of RODEO and RADAR to identify both short and long repeat-containing 

precursor peptides and uses machine learning and heuristics to score potential graspetide precursor 

peptides. Using this module, we surveyed the NCBI non-redundant database and uncovered 3,923 

graspetide BGCs widespread among prokaryotes. Furthermore, bioinformatic analysis of the 

precursor peptides and the BGCs identified in this study reveals unforeseen diversity in sequence 

and potential ancillary modifications among graspetides. Utilizing this dataset, we characterized a 

novel graspetide from Lysobacter antibioticus called thatisin, which displays two interlocked 

macrolactone linkages. Spectroscopic and chromatographic techniques revealed that thatisin 
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exhibits atropisomerism, a property rarely observed among characterized RiPP natural products. 

Furthermore, NMR spectroscopy and computational analyses provide evidence that 

atropisomerism in thatisin stems from Pro cis/trans isomerization. Overall, this work captures the 

breadth of the graspetide RiPP family and we expect that it will assist in the prioritized 

characterization of topologically novel members in the future. 
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