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ABSTRACT 

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a 

large class of natural products with significant human health implications. RiPPs are 

synthesized from a genetically encoded precursor peptide that undergoes significant 

modifications by maturing enzymes, or maturases. Recently, radical-S-

adenosylmethionine (rSAM) enzymes have emerged as an important family of RiPP 

maturases. rSAM enzymes have been shown to install ether, thioether, and carbon-carbon 

bonds on the precursor peptide. These modifications usually define the backbone structure 

of the mature RiPP. This thesis describes the characterization of a novel RiPP modification 

catalyzed by the radical S-adenosylmethionine enzyme TigE. TigE belongs to the TIG 

biosynthetic gene cluster (BGC), which is encoded by tigABCDEF, found in the bacterium 

Paramaledivibacter caminithermalis. The TIG precursor peptide, TigB, is comprised of a 

repeating TIGSVSG motif. Using a variety of chromatography, mass spectrometry, 

isotopic labeling, and NMR spectroscopy techniques, we show that TigE catalyzes the 

formation of C-C bond between the γ-carbons on TigB isoleucine residues (Ile), forming a 

methyl-cyclopropyl glycine (mCPG). Using crystallography and site-directed mutagenesis, 

we also revealed that the TigE residue Tyr339 is critical for both the coordination of iron-

sulfur clusters and chemistry and could be used as a biomarker for the discovery of other 

cyclopropyl synthases. This novel RiPP modification provided a reaction scope of radical 

S-adenosylmethionine enzymes.  
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CHAPTER ONE: INTRODUCTION 

RiPP Biosynthesis 

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a 

large and diverse family of natural products.1 They serve important critical physiological 

roles functions in the host species.2–4 For example, some RiPP products were found to be 

quorum sensing molecules,5–7 antimicrobials,8 and redox cofactors.9,10 Importantly, RiPPs 

have gained attention as a potential source of biologically pharmacophores, such as 

antibiotics and anticancer agents11 because of their immense distribution in bacteria and 

their potential to be engineered.12,13 RiPPs could be a resource for antimicrobial resistance 

crisis since several of them have been found to inhibit the growth of pathogenic bacteria. 

Currently, three major classes of RiPP - lasso peptides, cyclotides, and lanthipeptides - 

have been shown to display antimicrobial activity against Gram-negative bacteria due to 

their specific post-translational modifications (PTMs).14,15 The most notable is nisin, a 

lanthipeptide from Lactococcus lactis, which has been applied to food preservation for 

several decades.16 Various lasso peptides are active against both Gram-negative and Gram-

positive bacteria. For instance, MccJ25 exhibits antibacterial activity against Gram-

positive bacteria, such as, Salmonella, Shigella flexneri, E. coli, and Enterobacter 

bugandensis.17,18 Sviceucin was found to be active against Gram-positive bacteria, 

including Bacillus megaterium, Lactobacillus bulgaricus, Staphylococcus aureus, and 
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Lactobacillus sakei.19 Lastly, cyclotides were examined to possess weak antibacterial 

activity by disrupting the cell membrane.20 However, including the examples mentioned 

above, none of the antimicrobial RiPPs were currently approved for clinical use in humans 

because of their poor solubility and bioavailability. Furthermore, RiPPs could be a resource 

for the ongoing antimicrobial resistance crisis. For instance, many RiPP antibiotics have 

been found to inhibit the growth of multidrug resistant bacteria. Specifically the RiPPs 

patellamides B, C, and D have been reported to reverse multidrug resistance in Prochloron 

didemni.21,22 Despite the potential for RiPPs to impact human health, it remains difficult to 

predict structures directly from biosynthetic gene clusters (BGCs) and to identify new RiPP 

BGCs that can lead to the discovery of new chemical structures. A reason for this is the 

field tends to focus on classes of well characterized RiPPs and their modifying enzymes. 

To address these limitations, an understanding of the chemistry within the PTMs of natural 

products is important. 

To synthesize these functional natural products, RiPP precursor peptides undergo 

significant PTMs by diverse families of tailoring enzymes, or maturases.23–25 RiPPs 

maturation starts from a genetically encoded long and ribosomally synthesized precursor 

peptide. This peptide typically contains 20-110 amino acid residues in length. After the 

synthesis of precursor peptide, the maturase enzymes sequentially modify the precursor 

peptide. Those enzymes are thought cyclases, proteases, transporters. For example, NisB 

is the nisin dehydratase that catalyzes eight dehydrations on Ser and Thr in the biosynthesis 

of the antibacterial peptide nisin.1 YcaO heterocyclases are the most common PTM 

enzymes in bacteria and archaea and install both thiazoline and oxazoline on Cys, Ser, or 

Thr residues.2 MftC is a radical S-adenosylmethionine protein in mycofactocin 
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biosynthesis. It catalyzes the decarboxylation of the C-terminal tyrosine residue on its 

substrate.3 In general, following modification of the peptide, a peptidase hydrolyzes the 

mature product to form the mature RiPP.26 When we take a closer look at the precursor 

peptides of RiPPs, most of them have a leader, core, and follower sequence. The leader 

sequence often dictates the binding of tailoring enzymes. In the case of RiPPs with multiple 

core peptides, the leader peptides play a significant role in post-translational modification, 

export, immunity and enzyme recognition.27 The follower sequence provides a cleavage 

sign for the protease and is eventually removed during the maturation process to deliver 

the final natural product. The core region is where the tailoring enzymes install PTMs 

(Figure 1A).  

A notable example of RiPP maturation is pyrroloquinoline quinone (PQQ) 

biosynthetic pathway. PQQ is a water soluble, heat-stable, redox cofactor. Its unique redox-

feature has been reported to utilized by various dehydrogenases, oxidases, oxygenases, 

hydratases, and decarboxylases due to the high redox potential.28 The pathway is encoded 

by six genes, pqqABCDEF. PqqA is the precursor peptide that recognized by the 

recognition element, PqqD.29 Next, the PqqAD complex is bound by the radical S-

adenosylmethionine (rSAM) enzyme PqqE, which forms a C-C bond between Glu and Tyr 

on the precursor peptide. Subsequently, the protease PqqF, hydrolyzes the Glu-Tyr 

crosslink from the precursor peptide. The Glu-Tyr dimer is then oxidized and cyclized by 

the oxidases PqqB and PqqC, yielding PQQ (Figure 1B). 
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A 

 

B 

 

Figure 1. A cartoon depiction of RiPP biosynthesis A) Generic representation of precursor 

peptide. B) Pyrroloquinoline quinone biosynthesis pathway presenting how a precursor 

peptide is modified by gene-encoded enzymes within the cluster, resulting in a mature 

natural product. 
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Discovery of the RiPP Biosynthetic Pathways 

Before 2006, user-friendly genome mining tools for RiPP discovery did not exist. 

Instead, researchers used a BLAST analysis30 to search genome based on certain PTM 

enzymes.31,32 In 2006, the first web tool was developed by Jong et al. spelling as BAGEL.33 

BAGEL performs a rule-based strategy, where it implements six-frame translation of 

genomic region, which is used to search for the motifs and core peptides and classifies 

them into the RiPPs class.34,35 The core peptide is detected by homology to the already 

known core peptides or the expected properties of the given class.34 In 2011, an integrated 

genome mining tool antiSMASH was designed to find different biosynthetic gene cluster 

(BGS) including RiPPs. Later, the web tool, Rapid ORF Description and Evaluation Online 

RODEO, was designed to analyze RiPPs. RODEO implements profile hidden Markov 

models (HMM)-based local genomic analysis and precursor peptide/structure prediction 

by implementing heuristic scoring, motif analysis, and machine learning to detect RiPPs.36 

Notably, the sactipeptide RiPP biosynthetic gene cluster was mapped via the rSAM-

SPASM enzymes, which catalyze the sactionine bond by employing the recent improved 

version of RODEO 2.0.37 Recently, bioinformatics web tools that participate in the RiPPs 

classification and cluster mining were divided into four groups35: 1) Searching for 

conserved RiPP tailoring enzymes 2) Searching for PTM enzymes and precursor peptides 

3) Searching by using machine learning 4) BGC comparison and clustering by sequence 

similarity networks (SSN) (Table2).  
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Searching both PTM enzymes and precursors 

Method Description Year References 

BAGEL3 
Combines direct mining for the gene and 

indirect mining via context genes. 
2013 38 

RODEO 

Rapid ORF Description and Evaluation 

Online: Analyzes RiPP BGCs via 

heuristic scoring, motif analysis, and 

machine learning 

2017 36 

BAGEL4 

Adds more features to BAGEL3, 

including the integration of RNA-Seq 

data, an improved web blast and 

integration of promoter and terminator 

predictions. 

2018 34 

RODEO2 
Launched with support of more RiPPs 

classes. 
2019 39 

BGCs comparison and clustering by similarity network 

EFI-EST 

Enzyme Function Initiative-Enzyme 

Similarity Tool: The tool can create SSNs 

for the closest neighbors. 

2015 40 

BiG-SCAPE 

Biosynthetic Gene Similarity Clustering 

And Prospecting Engine: facilitates fast 

and interactive sequence similarity 

network analysis of BGS and gene cluster 

families 

2020 41 

Searching conserved RiPP tailoring enzymes 

antiSMASH 2.0 

Analyzes draft genomes comprising 

multiple contigs and detects additional 

classes of secondary metabolites, such as 

oligosaccharide antibiotics. 

2013 42 

PRISM 

PRediction Informatics for Secondary 

Metabolomes: First launched as a 

genome mining tool that link BGCs with 

natural products. 

2015 43 

RiPP- PRISM 

Provides the systematic investigation of 

RiPP genetic and chemical space and 

targets the discovery of RiPPs based on 

genome sequencing. 

2016 44 

PRISM3 

Increases the cluster detection and 

improves sequence input and ORF 

detection 

2017 43 

antiSMASH 4.0 
Improves the chemistry prediction and 

gene cluster boundary identification 
2017 45 

antiSMASH 5.0 
Updates the secondary metabolite 

genome mining. 
2019 46 
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Mining precursor peptides using machine learning 

RiPPMiner 

Classify the precursor into nine sub-

classes of RiPPs by support vector 

machines. 

2017 47 

DeepRiPP 
Integrates multiomics data to automate 

discovery of novel RiPPs. 
2019 48 

Table 1. Genome mining strategies of RiPPs. 

 

It has been 15 years since the first RiPP mining tool was designed. Since, different 

bioinformatic strategies have been applied to RiPP mining, such as targeting conserved 

tailoring enzymes or targeting the precursor peptide in their search. These mining tools are 

useful and commonly used in RiPP research which can effectively isolate the molecules 

shared with gene similarity. However, these studies do not expand the scope of chemical 

modifications which impedes the discovery of new RiPPs.  

 

Radical SAM Enzymes with a SPASM Domain 

The radical S-adenosylmethionine (rSAM) superfamily has become increasingly 

common in RiPP maturation49. rSAM enzymes participate in RiPP maturation by utilizing 

a [4Fe–4S] cluster and SAM to initiate a diverse set of radical reactions, in most cases via 

the generation of a 5’-deoxyadenosyl radical (5’-dA•) intermediate.50 The 5’-dA• abstracts 

a hydrogen atom from the substrate and produces a substrate radical. The radical on the 

substrate drives the PTM, resulting in the mature RiPP (Figure 2A). To initiate the 

reductive cleavage of SAM, a [4Fe‐4S] cluster needs to be reduced from +2 oxidation state 

to the +1 oxidation state. In vitro, the widely-used reducing agent are biological reducing 

system Fpr/Fld and chemical reductants such as dithionite. The NADPH‐dependent 

flavodoxin reductase system was found to be able to transfer the electron from NADPH to 
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the [4Fe‐4S] cluster. The oxidation of NADPH to NADP+ generates two electrons which 

are used to reduce flavin adenine dinucleotide (FAD) bond by flavodoxin reductase (Fpr). 

Next, the reduced Fpr passes the electrons to a second FAD bound by flavodoxin (Fld). 

Lastly, one electron is passed to the rSAM [4Fe‐4S] cluster, reducing it from +2 to +1 

oxidation state (Figure 2B).51 The reduced [4Fe‐4S] cluster then has the ability to transfer 

the radical to SAM and generate the 5’-dA• by rSAM enzymes. 

 

A 

 
B 

 
Figure 2. Strategy of SAM cleavage. A) Schematic representation of the homolytic 

cleavage of SAM enzyme, yielding the 5’-deoxyadenosyl radical (5’-dA•) B) NADPH‐

dependent flavodoxin reductase system reduces the AdoMet radical cluster.  

 

Despite the diversity of rSAM enzymes, there are unifying structural and mechanistic 

themes. The majority of rSAM enzymes involved in RiPP modification can be dissected 

into two domains, a TIM-Barrel domain and a SPASM domain. The TIM-Barrel domain 

was named after the partial (β/α)6 triose-phosphate isomerase (TIM) barrel fold that 
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maintains the structure of the enzyme. It has a conserved CX3CXφC motif (where φ is an 

aromatic residue) that typically binds the [4Fe–4S] cluster. In 2011, Haft and Basu52,53 

recognized that enzymes with the rSAM motif appear to be colocalized with putative 

peptide modifying pathways. They observed that in addition to the main cluster, the 

putative peptide modifying rSAM members have the C-terminal extension called “SPASM,” 

named after the founding members subtilosin A, pyrroloquinoline quinone, anaerobic 

sulfatase, and mycofactocin.54 The X-ray crystal structure of anaerobic sulfatase-

maturating enzyme (anSME) from Clostridium perfringens corroborated the observations 

by Haft and Basu. Indeed, the SPASM domain on AnSME was found to coordinate two 

auxiliary [4Fe-4S] clusters, in addition to the rSAM [4Fe-4S] cluster. It should be noted 

that although AnSME is not a RiPP maturase, its structure is homologous to RiPP-

modifying rSAM-SPASM enzymes (Figure 3A).  
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Figure 3. A cartoon depiction of the rSAM-SPASM protein AnSME. A) Crystal structure 

of radical SAM enzyme anSME. (PDB ID: 4K35) Radical SAM TIM-barrel domain is 

colored blue, SPASM domain is in coral. Within the iron-sulfur cluster, the Fe atoms are 

colored red, and the sulfur atoms are colored yellow. The SAM molecule is represented in 

stick mode. B) rSAM [4Fe–4S] cluster. C) AnSME auxiliary [4Fe-4S] cluster I. D) AnSME 

auxiliary [4Fe-4S] cluster II. 

As mentioned above, AnSME binds three [4Fe-4S] clusters. The rSAM [4Fe–4S] 

cluster is located in a loop following the β1 strand in the parallel (β/α)6 partial triose 

phosphate isomerase (TIM) barrel. The amino acid residues C15, C19, and C22, which 

belong to the CX3CXφC motif, each ligate an iron atom of rSAM [4Fe–4S] cluster (Figure 

3B). Two additional auxiliary [4Fe-4S] clusters of AnSME were found in the SPASM 

domain. Residues C255, C261 and C276 coordinate the first auxiliary cluster (Figure 3C) 

while residues C317, C320, and C326 coordinate the second auxiliary cluster (Figure 3D). 
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This structure shares homology with rSAM enzymes and has been applied to 

bioinformatics RiPP mining tools. 

Auxiliary clusters are believed to serve dual roles as both an electron acceptor and/or 

electron donor depending on the reaction.55 The auxiliary clusters in MftC help to catalyze 

two distinct reactions, oxidative and redox-neutral, on the precursor peptide.56 It has been 

proposed that both rSAM [4Fe–4S] cluster and two auxiliary [4Fe–4S] clusters are required 

for MftA modification. First haft e- acceptor and the second haft e- donor. 

rSAM enzymes catalyze a variety of PTMs on the precursor peptide. They include the 

formation of C-C bonds7,57,58, C-S bonds37,59–63, C-O bonds64, epimerization65,66 and 

methyltransfer.67–70 The first reported in vitro C−C bond formation by a rSAM-SPASM in 

RiPP biosynthesis involved streptide.7,71Streptide is a quorum sensing molecule that is 

synthesized from the precursor peptide, StrA, by the str gene cluster.72 Within the cluster, 

the rSAMS-PASM protein, StrB, was shown to install a Cβ-C7 bond between Lys and Trp, 

yielding a cyclophane.7,73 Soon after, a PqqE was reported to catalyze the formation of a C

γ-C3 bond between Glu and Tyr on the precursor peptide PqqA, a critical step in the 

formation of PQQ. 57 More recently, XyeB, GrrB, FxsB, WgkB, and RrrB have all been 

reported to catalyze the formation of cyclophanes on their respective precursor peptide.74–

77 The linkages from nonaromatic carbons can occur from Cα, Cβ, Cγ, or Cδ and typically 

are attached to the C3 of Tyr or, less discriminately, to C4-C8 of Trp. From these studies, 

it is becoming more apparent that rSAM-SPASM proteins have been recruited to install 

cyclophanes in RiPP biosynthesis. 

The first thioether bond between Cα and S was discovered by the studies on AlbA. 

They were later classified as sactipeptide78 (sulfur-to-alpha carbon thioether cross-linked 



   

 

12 

 

 

peptides) and include sporulation killing factor (SKF),79 the thuricin family,80,81 

ruminococcin C,82 six-cysteines-in-forty-five (SCIFF),83 and streptosactin.84 SkfB 

catalyzed the formation of a thioether bond between a Cα-S bond on the precursor peptide 

to (SKF)79 and on ThnB, showing that it installed a Cα-S bond on the precursor peptide of 

thuricin H. While reports of Cα-S thioether bridges were predominant in the early stages 

of rSAM dependent RiPP discovery, it should be noted that Cβ-S and Cγ-S bonds, or 

ranthipeptides (radical non-α -thioether peptides), have since become increasingly 

common. The first rSAM-SPASM enzyme to catalyze non-Cα-S thioether bonds was 

QhpD.85 QhpD installs both Cβ-S and Cγ-S thioether bonds during the maturation of the 

γ-subunit (QhpC) of quinohemoprotein amine dehydrogenase.85  

Lastly, rSAM-SPASM proteins have been shown to install C-O bonds on RiPP 

precursor peptides. Recently, the Seyedsayamdost group reported on the formation of an 

aliphatic ether in a streptococcal quorum sensing molecule encoded by the tqq biosynthetic 

gene cluster.64 TqqB was shown to catalyze the formation of a C-O bond between a Thr-

derived alcohol and the Cα of an adjacent Gln on the precursor peptide TqqA (Table 1).64  

Bond formation Current List of Known rSAM-SPASM Proteins 

C-C Bond 
PqqE57,86, StrB/SuiB7,73, MftC87–89, RrrB90, WgkB76, XyeB75,91, 

GrrB75,91, FxsB75,91, TvgB92 

C-S Bond 
AlbA93,94, CteB, Tte118695,96, ThnB62, QhpD97, RumC82, 

QmpB98, NxxcB99, GggB84, PapB100,101 

C-O Bond TqqB (Twitch)102 

Other PlpD103 

Table 2. Current list of known rSAM-SPASM proteins. 
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We now know that rSAM-SPASM enzymes are widely used peptide-modifying 

enzymes, with expanding functionality. The development of new bioinformatic tools has 

led to genome-based discovery of rSAM-dependent RiPPs and has been successfully 

employed in the discovery of sactipeptides,82 ranthipeptides,8 and ryptides,77 to name a few. 

Despite the progress of mining tools and the growing interest of rSAM-dependent RiPP 

natural products, little of the full extent of modifications is known. The variety of different 

modifications, the rules that these rSAM enzymes follow, the mechanism that makes these 

enzymes selectively target the precursor peptides, and the relation between the activities 

and the structure need to be answered. Therefore, we sought to expand the number of RiPP 

biosynthetic pathways that require rSAM enzymes to further understand the chemistry of 

this field.  

 

Identification of the TVG Biosynthetic Pathway 

Recently, our lab leveraged rSAM enzymes belonging to the rSAM-SPASM 

(IPR023867) subfamily,54 in a bioinformatic search to discover new chemistry and new 

RiPP modifications (Figure 4A and 4B).92 In particular, the IPR023867 rSAM subfamily 

consists of 24,000 protein sequences (at the time of analysis) including many rSAM 

enzymes that are known104 or expected63 to modify peptides. As mentioned above, 

members of the rSAM-SPASM subfamily are known RiPP modifying enzymes and the 

majority have been shown to install critical bonds that define the skeleton of the mature 

RiPP.105 Our bioinformatic analysis identified a substantial number of potentially new 

RiPP classes that were previously unannotated or unexplored. From this analysis, we 

targeted a RiPP biosynthetic gene cluster (BGC) that encoded a precursor peptide with a 
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repeating TVGG motif and a single rSAM-SPASM enzyme, TvgB (Figure 4C). We 

structurally characterized the TvgB reaction product and showed that TvgB installs 

repeated units of cyclopropylglycine (CPG), where a new bond is formed between the C 

carbons on the precursor Val (Figure 4D). From this work, we discovered the first rSAM 

enzyme to catalyze the formation of a cyclopropane motif without being coupled to methyl 

addition and the first rSAM enzyme to catalyze the formation of a CPG in RiPP maturation. 

Since cyclic peptide natural products play important roles as therapeutics. Enzymatic or 

chemical macrocyclization is the key transformation for constructing these drug molecules. 

Methods to generate new and diverse cyclic peptides are essential leading to predictable 

synthesis of nature products derived peptides in the fields of pharmaceutical chemistry and 

chemical biology. 106 We set out to determine the extent of the TvgB family of rSAM 

enzymes. 

The overall goal of this thesis was to determine the extent of CPG forming rSAM 

enzymes. To do so, we bioinformatically annotated and expanded the family of cyclopropyl 

(CP) synthases associated with RiPP biosynthesis. We used this analysis to discover an 

unprecedented methyl-CPG containing RiPP. We demonstrated in vitro, that the CP 

synthase annotated as TigE, catalyzes the formation of methyl-CPG from Ile residues 

within a TIGSVS repeating sequence on the precursor peptide. To gain insight to how TigE 

catalyzes its reaction and recognizes substrates, we solved the crystal structure of the 

protein. In doing so, we discovered an unusual [4Fe-4S] amino acid ligand which we 

propose could be used as a biomarker to discover other CP synthases or other rSAM 

enzymes that catalyze new chemistries.  
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Figure 4. A bioinformatic workflow for rSAM enzymes. A) The sequence similarity 

network of the IPR023867 family of rSAM enzymes using the Uniref90 database, an E 

value of 10-80, and a 40% sequence identified cutoff. Clusters were colored by gene 

description. B) The representative sequence for each cluster was used to generate a genome 

neighborhood diagram from which precursor peptides were identified and used in 

subsequent sequence alignments. rSAM, radical-SAM. C) A depiction of the TVG 

biosynthetic pathway. D) A schematic representation of the proposed mechanisms for 

TvgB.
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CHAPTER TWO: MATERIALS AND METHODS 

Bioinformatic Analysis of IPR023867 

The Radical-SAM.org webtool was used to search for protein networks comprised of 

TvgB homologues.106 The sequence similarity network (SSN) cluster (1-1-201:AS65) that 

defined TvgB as well as 49 other Uniprot IDs was identified. Using the Genome 

Neighborhood Diagram tool, all available precursor peptides in the intergenic regions were 

identified and the conserved repeating regions of the peptide sequences were mapped to 

each TvgB homologue. The SSN was then reorganized by peptide sequence to yield the 

network.  

 

Preparation of TigE 

SAMN02745912_03532 gene (UniProt: A0A1M6T2I7) that encoded by 

Paramaledivibacter caminithermalis str. DSM 15212 was synthesized and cloned into the 

pET-28a vector (Genscript) by using NdeI and XhoI as the restriction sites. The pPH151 

plasmid, which contains the suf operon and sequence-verified /pET28a plasmid was co-

transformed into E. coli BL21 (DE3). A single colony was picked and incubated starting 

from 10 mL of terrific broth and subjected to the 6 L large-scale incubation. The cultures 

were grown and shook under 37 °C at 200 rpm until the OD600 nm reached 0.9. After cooling 

down in the 4 °C cold room, 1 mM isopropyl thiogalactopyranoside, 1.5 g/L of sodium 

fumarate, and 1X auto-induction metals were added to the media for induction. The 
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induction process was conducted at 21 °C for 12 h. to 16 h. The cells were harvested by 

centrifuging at 7,000 rpm for 10 min. The purification and protein reconstitution were 

performed in the anaerobic environment. The collected cell pellet was re-suspended in the 

degassed lysis buffer (50 mM HEPES, 300 mM NaCl, pH 8.0) with 1% w/v 3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 0.1 mg/g of 

lysozyme, and 0.1 mg/g DNase. After sonication, the lysate was centrifuged at 14,000 rpm 

for 10 min at 4 °C. The protein was purified from the soluble supernatant by Ni2+-affinity 

chromatography. A 5 mL HisTrap HP column was washed and prepared with lysis buffer. 

TigE bound on the column and was eluted with elution buffer (50 mM HEPES, 300 mM 

NaCl, 100 mM Imidazole, pH 8.0). Using a desalting column, purified TigE was exchanged 

into the storage buffer (50 mM HEPES, 300 mM NaCl, 10 mM DTT, 10% glycerol, pH 

8.0).  

 

Protein Reconstitution 

To reconstitute TigE, 10 mM DTT, and 12 molar equivalents of both FeCl3 and Na2S 

were added to the protein solution and stirred on ice for 30 min. The reconstitution solution 

was centrifuged at 7,000 rpm for 10 min. Precipitation in the supernatant was removed 

through the 0.2 um sterile membrane filter. The buffer of reconstituted protein was 

exchanged to the storage buffer and concentrated by a 50 kDa concentrator 

(MilliporeSigma). The protein was stored at -80 °C for further use. 
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Flavodoxin and Flavodoxin Reductase Purification 

Flavodoxin and flavodoxin reductase were cloned from E. coli into sequence-verified 

pET11a and pET24b plasmids respectively. The plasmid was transformed into E. coli BL21 

(DE3) to optimize the expression of the target protein. A single colony was picked and 

incubated starting from 10 mL of lysogeny broth and subjected to the 1 L large-scale 

incubation. The cultures were grown and shook under 37 °C at 200 rpm until the OD600 nm 

reached 0.9. After cooling down in the 4 °C cold room, 1 mM isopropyl 

thiogalactopyranoside were added to the media for induction. The induction process was 

conducted at 21 °C for 12 h. to 16 h. The cells were harvested by centrifuging at 7000 rpm 

for 10 min. The collected cells pellet was re-suspended in the lysis buffer (50 mM HEPES, 

pH 7.5) with 1% w/v 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate 

(CHAPS), 0.1 mg/g of lysozyme, and 0.1 mg/g DNase. After sonication, the lysate was 

centrifuged at 14,000 rpm for 10 min at 4 °C. The protein was purified from the soluble 

supernatant aerobically by ion-exchange chromatography. Two connected 5 mL HiTrap 

DEAE columns were washed and prepared with lysis buffer. Flavodoxin bound on the 

column and was gradient eluted with elution buffer (50 mM HEPES, 500 mM NaCl, pH 

7.5). The gradient program was as follows: 0–100% elution buffer in 30 min at a flow rate 

of 5.0 mL/min. Using a desalting column, purified TigE was changed into the degassed 

storage buffer anaerobically (50 mM HEPES, 300 mM NaCl, 10 mM DTT, 10% glycerol, 

pH 8.0). Protein purity remained at >97% as determined by SDS-PAGE. Flavodoxin 

concentration was determined by measuring the absorbance at 464 nm (molar extinction 

coefficient = 8420 M
-1

cm
-1) and flavodoxin reductase concentration was measured the 

absorbance at 456 nm (molar extinction coefficient = 7100 M
-1

cm
-1). 
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EPR Spectroscopy Analysis 

The TigE sample with reduced iron-sulfur clusters was achieved by addition of excess 

(10 mM) dithionite to 250 μL of 300 μM TigE in storage buffer (50 mM HEPES, 300 

mM NaCl, 10 % glycerol, 1 mM DTT and pH 8). Samples were transferred into 4 mm 

outside diameter quartz tubes in the inert atmosphere chamber and flash frozen in liquid 

nitrogen. The tubes were temporarily capped with clamped tygon tubing, removed from 

the chamber, partially evacuated, back-filled with a partial pressure of helium (100 mTorr) 

to facilitate thermal equilibration, and flame-sealed. Samples were kept frozen in liquid 

nitrogen for a few hours, until they were inserted into a precooled resonator. Continuous 

wave EPR spectra at 20 K were acquired at 9.3714 GHz on a Bruker E580 spectrometer 

with an SHQE resonator and equipped with a Bruker/ColdEdge Stinger cryogenic system. 

Spectra were acquired at 100 kHz, 2000 G scan width, a time constant of 82 ms, sweep 

time of 84 s with a 7 s delay to allow field settling at the end of each scan, and signal 

averaging of four scans. The microwave power was selected to be in a range where the 

signal increases linearly with square root of power. Simulations were performed using the 

Bruker BioSpin software Aniso-spin fit. The g values for two overlapping signals were 

adjusted manually using values reported for MftC as the starting points.107  

 

Synthesis and Purification of Substrate TigB-3R 

Fmoc-based solid phase syntheses of C-amidated peptide TvgA-4R and its variants 

were performed using CEM Liberty Blue Automated Microwave Peptide Synthesizer. All 

peptides were synthesized on a scale of 0.5 mmol with Rink Amide ProTide (LL) resin 

100-200 mesh (0.18 mmol/g). A 2 M Standard Fmoc and tBu-protected amino acids were 
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prepared in N, N-Dimethylformamide (DMF). DMF was used as a wash buffer. The 

deprotection cocktail consisted of 10% piperazine (w/v) in the ratio of EtOH:N-Methyl-2-

pyrrolidone (NMP) is 10:90. 0.5M N, N'-Diisopropylcarbodiimide (DIC) in DMF was 

utilized as an activator buffer. 0.5 M Oxyma in DMF was an activator base. Nitrogen (gas) 

was kept supplied during the synthesis. When the synthesis was completed, the resin was 

washed twice with 10 mL of methanol and once with 3 mL of chloroform. After drying 

under the vacuum, the resin was soaked in the 2 mL of cleavage cocktail which contains 

TFA:TIS:H2O=95:2.5:2.5 for 35 min at 38 °C to cleave the peptide from the resin. The 

mixture was filtered into the cold 20 mL of diethyl ether and the peptides started 

precipitating at room temperature for 15 min centrifuging for 10 min at 4°C at 10000 rpm 

removes diethyl ether layer. The peptide pellet was resuspended in DMSO. Shimadzu 

UFLC was used to purify the crude peptide. The crude peptide was purified through a 

Semi-preparative 10 × 250 mm C4 15-20 μm reverse-phase column (Vydac 214TP152010) 

using 0.1%Formic acid and acetonitrile as mobile phase. The collection of different peaks 

was subjected to LC-MS. The aimed peptide collection was lyophilized overnight and kept 

in -20°C for further use. 

 

Peptide Modification Reactions 

TigB and TigE reactions were set up in an anaerobic chamber and all the reactants 

and reagents were prepared anaerobically. The synthesized and lyophilized TigB-3R was 

transferred and dissolved in DMSO. The concentrations of TigB-3R and TigE were 

determined by UV spectroscopy at 280 nm and 410 nm respectively (ε = 1.49 mM−1cm−1 

and 45 mM−1cm−1). The reaction was set up with 10 mM DTT, 200 μM TigB-3R, 200 μM 
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TigE, 1mM NADPH, 10 μM Fld, 10 μM FldR, and 10 mM SAM, and in reaction buffer 

(50 mM HEPES, 300 mM NaCl, pH 8.0). An overnight reaction was carried out and 

quenched by 1% TFA. After centrifugation and filtration of the reaction mixture, the 

product was separated over HLPC by using a C4 column (150 × 4.6 mm, 5 μm) 

(Phenomenex) with 0.1% formic acid (A) and acetonitrile (B) as mobile phases. The 

gradient program was as follows: 20–30% B (0-6 min), 30–50% B (6-11.5 min), 50–100% 

B (11.5-14 min), 100% B (14-15 min), and then 100%–20% B (15-17 min), 20% B (17-

18min) at a flow rate of 1.0 mL/min and 35°C. The products were verified by LC-MS/MS. 

Wavelengths at 254 nm and 274 nm were monitored, and the chromatogram was reported 

at 274 nm. 

 

HPLC Purifications 

A UFLC (Shimadzu) equipped with pumps (LC-20AB), a column oven (CTO-20A), 

a control module (CBM-20A), and a detector (SPD-20A) was used to purify TigB-3R. 

Separation was carried out on a C4 column (150 × 4.6 mm, 5 μm) (Phenomenex) The 

mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B). The flow rate was 

5.0 ml/min, and the elution was carried out with a gradient of 10–50% B (0-13 min), 50–

100% B (13-16 min), 100–10% B (16-18 min) at 35°C. 

 

LC-QToF-MS and MS/MS Analysis of Peptides 

All mass spectrometry analyses were carried out on Shimadzu Prominence-i LC-2030 

HPLC coupled to a Shimadzu LC-MS 9030 which is equipped with an ion accumulation 

(UFaccumulation), a grating (UFgrating), a funnel (Funnel MCP), a temperature-controlled 
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tube (UF-FlightTube), and a ToF (iRefTOF). An LC gradient described in the “Peptide 

modification reactions” section was used. The samples were verified by LC-QToF-MS 

with 4 kV ion spray voltage at 35 °C. Ionization was achieved using electrospray ionization 

(ESI) in positive mode. Tandem analysis was carried out on parent ions between 1625.15 

amu to 1626.65 amu, using a collision energy of 80.8 keV, and a mass range of 200-2000 

amu. Data was collected and processed by LabSolutions Insight and the UCSF Protein 

Prospector web server. 

 

NMR Analyses of TigB-3R and Its Product. 

The lyophilized starting material (TigB-3R) and product were prepared in 99.9% 

deuterated DMSO. NMR spectra were recorded on Bruker UltraShield 500/54 Plus 

spectrometer at the University of Denver. kHSQC data collection and residues assignment 

were processed using MestReNova v. 10.0.1 program (Mestrelab Research). 
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CHAPTER THREE: RESULTS 

A family of CP Synthases 

We expanded our bioinformatic analysis of TvgB homologues and found at least six 

subfamilies of related BGCs. To find TvgB homologues, we used the radical-SAM.org 

webtool and ran a BLAST search of TvgB homologue (Uniprot: S2KMD3).108 From this, 

we identified a sequence similarity network (SSN) cluster (1-1-201:AS65) that defined 

TvgB as well as 49 other Uniprot IDs. Using the Genome Neighborhood Diagram tool,109 

all available precursor peptides in the intergenic regions were identified and the conserved 

repeating regions of the peptide sequences were mapped to each TvgB homologue. The 

SSN was then reorganized by peptide sequence to yield the network shown in Figure 5A. 

From this analysis at least six conserved sequence motifs within the TvgB family of RiPP 

BGCs were identified. Interestingly, in each case a Val or Ile is conserved, suggesting that 

rSAM enzymes represented in this network could be a family of cyclopropyl (CP) 

synthases.
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Figure 5. Bioinformatic analysis of the family of cyclopropyl synthases. A) The SSN of 

cluster 1-1-201:AS65 from radical-SAM.org was sorted by the associated RiPP pathway 

precursor peptide repeating sequence. From this, at least six distinct RiPP families that 

require putative cyclopropyl synthases were discovered. B) The TIG biosynthetic 

pathway with TigB that contains a TIGSVS repeating sequence.  

 

The TIGSVS Subfamily 

To provide evidence that the SSN network does represent a family of CP synthases, 

we characterized a rSAM enzyme from the TIGSVS biosynthetic gene cluster (BGC). We 

chose the TIGSVS BGC because it had unique features. First it encoded a distinct 

transporter, two rSAM enzymes (tigD and tigE) and a peptidase. The gene, TigC, appears 

to be an orphan and does not have any homologues. Second, the 60-amino acid precursor 

peptide, TigB, consists of a TIGSVS motif that is repeated up to five times, suggesting that 

five identical products were formed from the peptide (Figure 5B). We expected that either 
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TigD and/or TigE would catalyze the formation of a cyclopropane on the conserved Ile 

and/or Val residues, similar to what we showed for TVG biosynthesis.  

Characterization of TigE and the TigE Reaction 

To determine if our hypothesis was correct, we reconstituted enzymatic activity in the 

pathway rSAM enzyme, TigE. The His-tagged protein was recombinantly expressed in E. 

coli, purified anaerobically using immobilized metal affinity chromatography, and 

reconstituted with iron and sulfide (Figure 6A). The UV-Vis spectrum of the reconstituted 

protein showed a peak absorbance at 410 nm (Figure 6B), consistent with the incorporation 

of [4Fe-4S] clusters. Further characterization of the iron-sulfur clusters by EPR 

spectroscopy show that that reduced form of TigE contains two iron-sulfur cluster species 

each with distinct g values and linewidths (Figure 6C). This suggests that at least one [4Fe-

4S] cluster has a significantly different environment compared to the remaining cluster(s). 

A potential explanation for this feature will be discussed later.  

 
Figure 6. Characterization of TigE protein. A) An SDS-PAGE gel showing that purified 

TigE is nearly homogenous. B) The appearance of a 410 nm shoulder in the absorbance 

spectra of reconstituted TigE suggests that [4Fe-4S] clusters are present. C) The X-band 

(9.3715 GHz) CW spectrum (black) of reduced TigE at 20 K. The simulation of the data 

(red dashes) 
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Next, we set up reactions with TigE. We used microwave assisted solid phase peptide 

synthesis to attain a truncated TigB peptide with three repeating TIGSVS motifs and an N-

terminal Trp to increase absorbance (herein referred to as TigB-3R). The C-terminally 

amidated peptide was purified by HPLC and the mass of TigB-3R was validated by LCMS 

(observed [M+2H]2+ m/z: 1627.8739, Δppm 13.0). To evaluate enzymatic activity, 

reactions were set up containing TigE, TigB-3R, SAM, dithiothreitol (DTT), and dithionite 

(DTH). Unexpectedly, a change in the retention time and mass of TigB-3R were not 

observed by HPLC or LC-MS, respectively. It is known that some rSAM enzymes are only 

active in vitro with the flavodoxin (FldA)/flavodoxin reductase (Fpr) system.110 

Accordingly, the E. coli FldA and Fpr proteins were recombinantly expressed in and 

purified from E. coli. New overnight reactions with TigE were set up substituting DTH 

with FldA, Fpr, and NADPH. The reactions were then quenched and evaluated by HPLC 

and LCMS. This time, changes in the retention time of the peptide were observed in HPLC 

chromatograms, with three new peaks resolving at 8.25 min, 8.0 min, and 7.5 min (Figure 

7A). Further analysis of the reactions by LCMS showed the appearance of three mass new 

species corresponding to the loss of -2H (observed [M+2H]2+ m/z: 1626.8674, Δppm 13.9), 

-4H (observed [M+2H]2 m/z: 1625.8597, Δppm 14.0), and -6H (observed [M+2H]2 m/z: 

1624.8515, Δppm 13.7). These masses are consistent with the formation of one, two, and 

three intramolecular bonds (Figure 7B).  
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Figure 7. LC-MS analysis of overnight TigE reaction with TigB-3R. A) Stacked LC 

chromatogram of unmodified (black) and modified (red) peptide TigB-3R. SM, starting 

material. P, product. B) HR-MS spectra of [M+2H]2+ ions of substrate TigB-3R and three 

formed products. From the bottom to the top: TigB-3R (black), one modification product 

(blue), two modifications product (purple), and three modifications product (red). 

 

To determine the site of TigE modification, an LC-MS/MS analysis was performed 

on the [M+2H]2+ ion of unmodified and modified TigB-3R with the loss of 6H. To do so, 

the purified product of overnight reaction was applied to LC-MS/MS. The MS/MS data 

yielded both b- and y-fragments with the amino acid coverage of the peptide. The N-

terminal b-fragments of all three products were unchanged. This indicates the modification 

occurred on the repetitive TIGSVS sequence. The y-fragment data showed that the last Ile 

residue was modified by 2 Da lost. By analyzing the 4 Da and 6 Da lost products, we found 

that TigE modified the Ile residue of TigB-3R in a non-processive order (Figure 8, Table 

3-7). To confirm that Ile is the modified residue, we mutated all the Ile to Ala, (I to A)4 

TigB-3R (Table 8) and reacted with TigE. As expected, we saw no mass change on the 

peptide.  
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Figure 8. HR-LC-MS/MS fragmentation pattern of substrate TigB-3R and TigE products 

with one, two, and three modifications. Fragments with one, two, and three asterisks are 

indicative of the loss of 2 Da, 4 Da, and 6 Da respectively. 

 

Determining the Structure of the TigE Product 

After determining the location of the modification on the TigB-3R peptide, we next 

sought to determine the structure of the modification. We expected that TigE belongs to a 

family of CP synthases and it is forming a methyl-CPG moiety from Ile. To test this 

hypothesis, we carried out the TigE reactions on a large scale, purified the reaction product, 

and collected 1H NMR spectra on the reaction product. Assessment of the unmodified and 

modified TigB-3R by 1H NMR revealed new features in the lower frequency range (~3.65 

ppm δH and <1 ppm δH, Fig 9A and 9B). The chemical shifts at δH ~0.58 and 0.15 ppm 



   

 

29 

 

 

are consistent with those found for Val Cγ’s that contribute to the cyclopropane ring in the 

TVG biosynthetic pathway.92 Therefore, we expect that the pair of low frequency chemical 

shifts correspond to the Ile Cγ’s belonging to a cyclopropane ring. In addition, a new 

doublet species at δH 0.9 ppm was observed. We expect that the double belonged to Cδ of 

Ile. Lastly, we observed a new species at δH 3.65 ppm which we expect belongs to Ile Cδ, 

which is also consistent with our previous findings.92  

To provide more concrete evidence that TigE could catalyze the formation of a 

methyl-CPG from Ile, we carried out 13C HSQC experiments using the isotopically labeled 

peptide (13C6, 
15N-Ile)3-TigB-3R, referred to as 13C-TigB-3R herein. Differences in the 13C 

HSQC spectra of the starting material and the TigE product (Figure 9C and D) were most 

prominent in the upfield region. We observed a new coupled feature at (δH 3.75 ppm; δC 

55.79 ppm) in the 13C HSQC spectra which is consistent with the Cα of methyl-CPG. We 

also observed new coupled features in the 13C HSQC spectra of the product at (δH 0.19 

ppm; δC 10.54 ppm) and (δH 0.61 ppm; δC 10.54 ppm). These features are consistent with 

the Cγ’s of methyl-CPG. Lastly, from the 13C HSQC spectra of the product, we assigned 

the feature at (δH 0.97 ppm; δC 17.91 ppm) as the Cδ and the feature at (δH 0.65 ppm; δC 

21.23) as Cβ.  
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Figure 9. Structural elucidation of the modified TigB-3R. A, B) Stack of1H NMR spectra 

for the peptide variant (13C6, 15N-Ile)3-TigB-3R (black) and TigE product (red). C, D) 

13C HSQC strips of overlaid spectra of peptide (black) and product (red) for the peptide 

variant (13C6, 15N-Ile)3-TigB-3R (black) and TigE product (red). 

 

Taken together, the MS analysis showing the incremental loss of 2, 4, and 6 Da, the 

localization of the modifications to Ile by MS/MS, and the 1D and 2D NMR experiments 

indicate that TigE installs a carbon-carbon bond between the Ile Cγ’s on the precursor 

peptide TigB, yielding methyl-CPG (Figure 13-16).  

 

Figure 10. A schematic representation of modification catalyzed by TigE.  
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Structural Characterization of TigE 

Working with Prof. Tyler Grove, we have a structure of TigE (Figure 11). The N-

terminus of TigE is a parallel β/α partial triose phosphate isomerase (TIM) barrel. Although 

the structure of the TigE rSAM domain is partially solved, we found a potential active 

[4Fe‐4S] cluster binding site. In the sequence alignment of TigE and the anSME, there is a 

conserved radical sequence motif, a CX3CXΦC motif, in which Φ is an aromatic residue 

and X is a random amino acid. In anSME, C15, C19, and C22 each ligates an iron atom in 

one of the [4Fe-4S] clusters which are conserved in TigE as C120, C124 and C127.111 

Downstream of the RS domain is the SPASM domain. Within the SPASM domain, 

residues C360, C377, C427, and Y339 appear to coordinate the Aux I cluster. Each residue 

resides within a distance of 3.316 Å , 2.318 Å , 2.46 Å , and 2.194 Å  respectively (Figure 

12A). Of note, this is the first reported instance of a tyrosine conjugate a Fe-S cluster in 

rSAM-SPASM domain.  

Within the C-terminus of SPASM domain, C414, C417, C423, and C446 cooperate 

with Aux II cluster. Each residue locates within a distance of 2.197 Å , 2.298 Å , 2.275 Å , 

and 2.356 Å  respectively (Figure 12B). Both Aux I and Aux II share a highly conserved 

CX2CX5CX3C motif (C414-C427). Within this motif, one cysteine ligates to Aux I and 

three cysteines interact with Aux II. The first three cysteines (C414, C417, and C423) of 

the motif provide three ligands to the second auxiliary cluster, Aux II. This phenomenon 

was also observed in anSME.111  
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Figure 11. A cartoon of our initial TigE structure solved at 1.74 Å . The structure shows RS 

domain (dark cyan) that contains the β/α TIM barrel and a SPASM domain (brown) 

comprises the CX2CX5CX3C motif (gold) that couples two auxiliary clusters (orange). 

 

 

A                                          B 

 
Figure 12. Auxiliary clusters binding site in SPASM domain. A) AxuI interacts with 

Cys360, Cys377, Cys427 and Tyr339. B) AuxII interacts with Cys414, Cys417, Cys423 

and Cys446. The auxiliary clusters are shown as a ball and stick representation with iron 

atoms colored orange and sulfur atoms colored yellow. 
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CHAPTER FOUR: DISCUSSION AND SUMMARY 

Currently, most rSAM-dependent RiPPs that have been characterized are derived 

from Haft and Basu’s initial bioinformatic study.63 While still lots of RiPPs biosynthetic 

pathway remain uncharacterized. Since 2011, many online RiPPs mining tools are designed 

to expand the understanding of different rSAM-dependent RiPPs. In this study, EFI-EST 

and EFI-GNT, and the recently launched radicalSAM.org were applied in the sereaching 

of new rSAM-dependent RiPPs.112 With these advanced mining tools, we have published 

a CP synthase, TvgB, in TVG biosynthetic pathway in the BGC associated with Cluster 

40.92 We targeted an other pathway in Cluster 40 a peptide with a highly conserved 

TIGSVS repeating motif. We found this motif to be peculiar because of its repeating nature 

and 2 rSAM enzymes. Therefore, we cloned, expressed, and purified the rSAM associated 

with the TIG biosynthetic cluster. We reconstituted TigE enzymatic activity with a 

truncated TigB peptide and solved the structure of the modified peptide. By doing so, we 

discovered a new RiPP topology that is based on the formation of methyl-CPG. 

Interestingly, the installation of methyl-CPG by TigE is repeated multiple times in the 

precursor peptide. Considering the composition of the biosynthetic cluster, it is likely that 

the TigB encodes for multiple small molecule products based on the TIGSVS motif. We 

expect that TigF could hydrolyze the maturing product and export it to the extracellular 

matrix. What we described here is, so far, TigE, the rSAM enzyme in TIG biosynthetic 

pathway, is a CP synthase that installs the methyl-CPG from Ile.
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To determine the structural elements that define a CP synthase, we have carried out a 

structure-function analysis of TigE. This is conceptually innovative because it will establish 

the paradigm for defining a CP synthase. We found that the phenol of Tyr339 coordinates an 

auxiliary Fe-S cluster proximal to the active site, the first of its kind in rSAM enzymes. We 

expect that Tyr339 could be a bioinformatic marker for discovering new CP synthase 

dependent RiPPs since Tyr339 is conserved in TvgB (35% sequence identity). Tyr339 could 

serve as the H donor for the redox neutral reaction. If this is the case, the reaction would likely 

pass through a tyrosyl radical. 

In summary, we reported on an updated bioinformatics characterization of the rSAM 

subfamily IPR023867. We describe multiple rSAM-dependent RiPP biosynthetic pathways 

that, despite being based on known chemical linkages, are expected to result in unprecedented 

RiPP topologies. Moreover, we made available the resources (e.g. SSN file, GNT files, tables) 

to broaden the focus of rSAM-dependent RiPP discovery. Lastly, we utilized our SSN results 

to discover the first poly-methyl-CPG containing RiPP product installed by the rSAM enzyme, 

TigE. Future work will entail solving the mechanism of TigE and the product of the pathway. 
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Table 3. MS ions of starting material (SM) TigB-3R and TigB-3R * products isolated from 

overnight reaction with TigE. Ions with 2 Da, 4 Da, and 6 Da lighter masses compared to 

unreacted TigB-3R are consistent with the one, two, and three modifications on the peptide. 

 Charge state 2+ Charge state 3+ 

 
Observed 

m/z 

Predicted 

m/z 

Δ 

ppm 

Observed 

m/z 

Predicted 

m/z 

Δ 

ppm 

TigB-3R 

SM 
1627.8739 1627.8526 13.0 1085.5685 1085.5708 -2.1 

TigB-3R* 

1 modification 
1626.8674 1626.8448 13.9 1084.9087 1084.8990 8.9 

TigB-3R** 

2 modifications 
1625.8597 1625.8370 14.0 1084.2415 1084.2271 13.3 

TigB-3R*** 

3 modifications 
1624.8515 1624.8292 13.7 1083.5677 1083.5552 11.6 
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Table 4. The b- and y- fragment ions of unmodified peptide TigB-3R were detected in HR-

MS/MS experiments. [M+2H]2+ ion with m/z 1627.75 was chosen as precursor ion. 

y-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

b-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

y2 162.0851 162.0873 13.8 b2 302.1103 302.1135 10.8 

y3 261.1539 261.1557 7.1 b3 415.1941 415.1976 8.5 

y4 348.1851 348.1878 7.7 b4 514.2627 514.2660 6.4 

y5 405.2071 405.2092 5.2 b5 677.3246 677.3293 6.9 

y6 518.2883 518.2933 9.7 b6 805.4206 805.4243 4.6 

y7 619.3387 619.3410 3.8 b7 902.4702 902.4771 7.7 

y8 676.3577 676.3624 6.9 b8 1015.5532 1015.5611 7.8 

y9 763.3885 763.3945 7.8 b9 1102.5826 1102.5932 9.6 

y10 862.4522 862.4629 12.4 b10 1159.6073 1159.6146 6.3 

y11 949.4837 949.4949 11.8 b11 1260.6532 1260.6623 7.2 

y12 1036.5159 1036.5269 10.6 b12 1373.7400 1373.7464 4.6 

y13 1135.5890 1135.5953 5.6 b13 1430.7605 1430.7678 5.1 

y14 1222.6100 1222.6274 14.3 b14 1517.8019 1517.7999 -1.3 

y15 1279.6387 1279.6488 7.9 b15 1616.8574 1616.8683 6.7 

y16 1392.7203 1392.7329 9.0 b16 1703.8855 1703.9003 8.7 

y18 1550.7955 1550.8020 4.2 b17 1760.9305 1760.9218 -4.9 

y19 1637.8231 1637.8341 6.7 b18 1861.9593 1861.9694 5.4 

y22 1880.9291 1880.9560 14.3 b19 1975.0392 1975.0535 7.3 

y26 2239.1521 2239.1412 -4.9 b20 2032.0513 2032.0750 11.7 

y28 2449.2636 2449.2780 5.9 b21 2119.0814 2119.1070 12.1 

    b22 2218.1474 2218.1754 12.6 

    b23 2305.1764 2305.2074 13.4 

    b25 2491.2868 2491.3079 8.5 

    b26 2578.3166 2578.3399 9.0 

    b28 2906.5076 2906.5146 2.4 
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Table 5. The b- and y- fragment ions of modified peptide TigB-3R with 2 Da loss were 

detected in HR-MS/MS experiments. [M+2H]2+ ion of TigB-3R* with single modification 

(m/z 1626.75) was chosen as precursor ion. *, fragments with 2 H loss. Fragmentation data 

for product with modification in the last TIGSVS repeat was used for representation. 

y-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

b-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

y2 162.0854 162.0873 11.7 b2 302.1109 302.1135 8.5 

y4 348.1883 348.1878 -1.5 b3 415.1932 415.1976 10.7 

y5 405.2080 405.2092 2.9 b4 514.2614 514.2660 9.0 

y6
* 516.2731 516.2776 8.8 b5 677.3244 677.3293 7.2 

y7
* 617.3211 617.3253 6.8 b6 805.4176 805.4243 8.3 

y8
* 674.3457 674.3468 1.6 b7 902.4729 902.4771 4.6 

y9
* 761.3737 761.3788 6.7 b8 1015.5523 1015.5611 8.7 

y10
* 860.4383 860.4472 10.4 b9 1102.5844 1102.5932 8.0 

y11
* 947.4725 947.4793 7.2 b10 1159.6049 1159.6146 8.4 

y12
* 1034.5042 1034.5113 6.9 b11 1260.6520 1260.6623 8.1 

y15
* 1277.6308 1277.6332 1.9 b12 1373.7299 1373.7464 12.0 

y16
* 1390.7030 1390.7172 10.2 b13 1430.7593 1430.7678 5.9 

y18
* 1548.7656 1548.7864 13.4 b14 1517.7946 1517.7999 3.5 

y19
* 1635.7829 1635.8184 21.7 b15 1616.8228 1616.8683 28.2 

y21
* 1821.8784 1821.9189 22.2 b16 1703.8849 1703.9003 9.1 

y22
* 1878.9423 1878.9403 -1.1 b17 1760.8814 1760.9218 22.9 

y26
* 2237.1103 2237.1256 6.9 b18 1861.9546 1861.9694 7.9 

y28
* 2447.2382 2447.2624 9.9 b19 1975.0361 1975.0535 8.8 

    b22 2218.1478 2218.1754 12.4 

    b23 2305.2113 2305.2074 -1.7 

    b25 2491.2887 2491.3079 7.7 
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Table 6. The b- and y- fragment ions of modified peptide TigB-3R with 4 Da loss were 

detected in HR-MS/MS experiments. [M+2H]2+ ion of TigB-3R with double modification 

(m/z 1625.75) was chosen as precursor ion. *, fragments with 2 H loss. **, fragments with 

4 H loss. Fragmentation data for product with modification in the first and last TIGSVS 

repeat were used for representation.  

y-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

b-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

y2 162.0854 162.0873 12.0 b2 302.1105 302.1135 9.9 

y5 405.2057 405.2092 8.7 b3 415.1939 415.1976 9.0 

y6
* 516.2732 516.2776 8.6 b4 514.2626 514.2660 6.6 

y7
* 617.3189 617.3253 10.4 b5 677.3273 677.3293 3.0 

y8
* 674.3413 674.3468 8.2 b6 805.4189 805.4243 6.8 

y9
* 761.3727 761.3788 8.0 b7 902.4706 902.4771 7.2 

y10
* 860.4439 860.4472 3.8 b8 1015.5523 1015.5611 8.7 

y11
* 947.4755 947.4793 4.0 b9 1102.5888 1102.5932 4.0 

y12
* 1034.5063 1034.5113 4.8 b10 1159.6087 1159.6146 5.1 

y13
* 1133.5681 1133.5797 10.2 b11 1260.6565 1260.6623 4.6 

y14
* 1220.6110 1220.6117 0.6 b12

* 1371.7239 1371.7307 4.9 

y15
* 1277.6240 1277.6332 7.2 b13

* 1428.7490 1428.7522 2.2 

y16
* 1390.6883 1390.7172 20.8 b14

* 1515.7723 1515.7842 7.9 

y18
* 1548.7757 1548.7864 6.9 b1

** 1614.8457 1614.8526 4.3 

y19
* 1635.8157 1635.8184 1.6 b16

* 1701.8732 1701.8846 6.7 

y21
* 1821.8704 1821.9189 26.6 b17

* 1758.9055 1758.9061 0.3 

y22
* 1878.9410 1878.9403 -0.4 b18

* 1859.9466 1859.9538 3.9 

y23
** 1989.9811 1990.0087 13.9 b19

* 1973.0163 1973.0379 11.0 

y28
** 2445.1915 2445.2467 22.6 b22

* 2216.1562 2216.1598 1.6 

    b25
* 2489.2639 2489.2922 11.4 

    b30
** 2902.4179 2902.4833 22.5 
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Table 7. The b- and y- fragment ions of modified peptide TigB-3R with 6 Da loss were 

detected in HR-MS/MS experiments. [M+2H]2+ ion of TigB-3R with triple modification 

(m/z 1624.75) was chosen as precursor ion. *, fragments with 2 H loss. **, fragments with 

4 H loss. ***, fragments with 6 H loss. 

y-

ions 

Observed 

m/z 

Theoretical 

m/z 
Δ ppm 

b-

ions 

Observed 

m/z 

Theoretical 

m/z 

Δ 

ppm 

y2 162.0846 162.0873 16.8 b2 302.1107 302.1135 9.2 

y5 405.2052 405.2092 9.9 b3 415.1931 415.1976 11.0 

y6
* 516.2727 516.2776 9.5 b4 514.2609 514.2660 9.8 

y7
* 617.3154 617.3253 16.0 b5 677.3247 677.3293 6.9 

y8
* 674.3428 674.3468 5.9 b6 805.4184 805.4243 7.4 

y9
* 761.3719 761.3788 9.0 b7 902.4776 902.4771 -0.6 

y10
* 860.4426 860.4472 5.4 b8 1015.5534 1015.5611 7.6 

y11
* 947.4732 947.4793 6.5 b9 1102.5861 1102.5932 6.4 

y12
* 1034.5023 1034.5113 8.7 b10 1159.6086 1159.6146 5.2 

y15
* 1277.6285 1277.6332 3.7 b11 1260.6498 1260.6623 9.9 

y16
** 1388.6974 1388.7016 3.0 b12

* 1371.7216 1371.7307 6.6 

y18
** 1546.7618 1546.7707 5.8 b13

* 1428.7453 1428.7522 4.8 

y19
** 1633.7903 1633.8028 7.7 b14

* 1515.7708 1515.7842 8.9 

y21
** 1819.8681 1819.9032 19.3 b15

* 1614.8441 1614.8526 5.3 

y22
** 1876.9169 1876.9247 4.2 b16

* 1701.8720 1701.8846 7.4 

y23
*** 1988.0277 1987.9931 -17.4 b17

* 1758.8941 1758.9061 6.8 

    b18
* 1859.9452 1859.9538 4.6 

    b19
** 1971.0051 1971.0222 8.7 

    b20
** 2028.0512 2028.0437 -3.7 

    b22
** 2214.1408 2214.1441 1.5 

    b25
** 2487.2452 2487.2766 12.6 

    b30
*** 2900.5264 2900.4676 -20.3 
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Table 8. Sequences of substrate variants used in this study. All the peptides are amidated 

at C-terminus. 

TigB-3R MDLVYKPISGTIGSVSGTIGSVSSVSGTIGSVSG-Am up to -6 Da 

13C5 15N Val5 

TigB-3R 

MDLVYKPISGTIGSVSGTIGSVSSVSGTIGSVSG- 

Am 
up to -6 Da 

13C6 15N Ile3 

TigB-3R 
MDLVYKPISGTIGSVSGTIGSVSSVSGTIGSVSG-Am up to -6 Da 

(I to A)4 

TigB-3R 

MDLVYKPASGTAGSVSGTAGSVSSVSGTAGSVSG-

Am 
no reaction 

(I to V)3 

TigB-3R 

MDLVYKPVSGTVGSVSGTVGSVSSVSGTVGSVSG-

Am 
-2 Da 
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Figure 13. 13C HSQC NMR spectra of the substrate peptide TigB-3R and TigE product. A) 

Substrate peptide TigB-3R. B) TigE product in deuterated DMSO recorded on Bruker 500 

MHz. 
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Figure 14. 1H NMR spectra of the substrate peptide TigB-3R and TigE product. A) 

Substrate peptide TigB-3R. B) TigE product in deuterated DMSO recorded on Bruker 500 

MHz. 
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Figure 15. 13C HSQC NMR spectra of the substrate peptide 13C6 
15N Ile3 TigB-3R variant 

and its modified product. A) Substrate peptide 13C6 
15N Ile3 TigB-3R variant. B) Modified 

13C6 
15N Ile3 TigB-3R variant in deuterated DMSO recorded on Bruker 500 MHz. 
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Figure 16. Overlayed 13C HSQC of TigB-3R and 13C6 
15N Ile3 TigB-3R variant before and 

after the reaction with TigE. A) Overlayed 13C HSQC of TigB-3R before (green) and after 

(red) the reaction with TigE recorded in deuterated DMSO on Bruker 500 MHz. B) 

Overlayed 13C HSQC NMR spectra of the unmodified (green) and modified (red) 13C6 
15N 

Ile3 TigB-3R variant recorded in deuterated DMSO on Bruker 500 MHz. 
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