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Abstract

Recently developed bioinformatic tools have bolstered the discovery of ribosomally synthesized 

and posttranslationally modified peptides (RiPPs). Using an improved version of Rapid ORF 

Description & Evaluation Online (RODEO 2.0), a biosynthetic gene cluster mining algorithm, we 

bioinformatically mapped the sactipeptide RiPP class via the radical S-adenosylmethionine (SAM) 

enzymes that form the characteristic sactionine (sulfur-to-alpha carbon) crosslinks between 

cysteine and acceptor residues. Hundreds of new sactipeptide biosynthetic gene clusters were 

uncovered and a novel sactipeptide “huazacin” with growth-suppressive activity against Listeria 

monocytogenes was characterized. Bioinformatic analysis further suggested that a group of 

sactipeptide-like peptides heretofore referred to as SCIFFs (six cysteines in forty-five residues) 

might not be sactipeptides as previously thought. Indeed, the bioinformatically-identified SCIFF 
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peptide “freyrasin” was demonstrated to contain six thioethers linked the beta carbons of six 

aspartate residues. Another SCIFF, thermocellin, was shown to contain a thioether crosslinked to 

the gamma carbon of threonine. SCIFFs feature a different paradigm of non-alpha carbon thioether 

linkages and they are exclusively formed by radical SAM enzymes, as opposed to the polar 

chemistry employed during lanthipeptide biosynthesis. Therefore, we propose the renaming of the 

SCIFF family as radical non-alpha thioether peptides (ranthipeptides) to better distinguish them 

from the sactipeptide and lanthipeptide RiPP classes.

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 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 
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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 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 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-

Hudson et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2020 May 22.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



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.

Results and Discussion

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 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 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 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).

Hudson et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2020 May 22.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



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 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

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.

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.

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 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 < 
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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.

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 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).

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 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.

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, 
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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 that our 

targeted BLAST searching was sufficient in identifying many thioether-installing rSAM 

enzymes involved in RiPP biosynthesis.

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-

Cγ).52–54 As illustrated on the SSN, QhpD and orthologous rSAM enzymes share 

considerable sequence similarity to rSAM enzymes involved in SCIFF biosynthesis (Figure 

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-Cγ 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). 
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Corroborating the previous analysis, rSAM enzymes implicated in SCIFF biosynthesis are 

more related to QhpD than those involved in sactionine formation (Table 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).

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). 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 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.

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 
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itself (S-Cα thioether) readily dissociate under standard CID condition whereas S-Cβ 
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 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.

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) 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 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 

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 
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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).

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 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).

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 
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contrast to previous reports that show localization to a Thr five residues away from the donor 

Cys (Figure 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.

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.

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-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 
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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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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.
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Figure 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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Figure 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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Figure 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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Figure 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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Figure 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 
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yielded fragmentation consistent with a macrocycle formed between Cys9 and Thr11. Error 

tables for assigned ions are available in Table S6.
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