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ABSTRACT: Ribosomally synthesized and post-translationally modified peptides (RiPPs) are a growing family of natural products
with diverse activities and structures. RiPP classes are defined by the tailoring enzyme, which can introduce a narrow range of
modifications or a diverse set of alterations. In the latter category, RiPPs synthesized by radical S-adenosylmethionine (SAM)
enzymes, known as RaS-RiPPs, have emerged as especially divergent. A map of all RaS-RiPP gene clusters does not yet exist.
Moreover, precursor peptides remain difficult to predict using computational methods. Herein, we have addressed these challenges
and report a bioinformatic atlas of RaS-RiPP gene clusters in available microbial genome sequences. Using co-occurrence of RaS
enzymes and transporters from varied families as a bioinformatic hook in conjunction with an in-house code to identify precursor
peptides, we generated a map of ~15,500 RaS-RiPP gene clusters, which reveal a remarkable diversity of syntenies pointing to a
tremendous range of enzymatic and natural product chemistries that remain to be explored. To assess its utility, we examined one
family of gene clusters encoding a YcaO enzyme and a RaS enzyme. We find the former is noncanonical, contains an iron—sulfur
cluster, and installs a novel modification, a backbone amidine into the precursor peptide. The RaS enzyme was also found to install a
new modification, a C—C crosslink between the unactivated terminal 5-methyl group of Ile and a Trp side chain. The co-occurrence
search can be applied to other families of RiPPs, as we demonstrate with the emerging DUF692 di-iron enzyme superfamily.

B INTRODUCTION

Microbial natural products have offered an immense source of

therapeutic agents, including some of our most celebrated
- 12 -

cures, such as penicillin or vancomycin. ’~ But their impact has

microbial genome sequences, which have ushered in a new
paradigm in natural product research.”’

Although uncharacterized metalloenzymes can now be easily
spotted in genome sequences, it remains difficult to predict the

gone beyond medicine, and one of the disciplines that has
benefitted from their continued interrogation is metal-
loenzymology. Investigations into natural product biosynthesis
have revealed numerous new enzymatic transformations. The
enzymes, however, have been identified rather by accident.
Penicillin and vancomycin provide illustrative cases: both
antibiotics were discovered in bioactivity-guided screens, and
biosynthetic studies revealed, only decades later, the
remarkable reactions carried out by the mononuclear iron-
dependent isopenicillin N synthase and the cytochrome P450
“Oxy” enzymes.” > Enzyme-first or gene-first discovery
methods have only recently become possible with the advent
of DNA sequencing technologies and the ensuing explosion in
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substrate for new enzyme families. Moreover, most natural
product gene clusters are at best sparingly expressed under
standard growth conditions and therefore necessitate alter-
native approaches to access the encoded metabolites. To
overcome these challenges, we have focused on ribosomally
synthesized and post-translationally modified peptide (RiPPs)
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Figure 1. Workflow for generation of a global RaS-RiPPs network. (A) Steps in creating the RaS-RiPP SSN included limiting RaS enzymes to
SPASM/Twitch Pfams, searching for neighboring transporter genes, and removing RaS enzymes from primary metabolism and cofactor
biosynthesis. (B) Automated detection of precursor peptides was achieved by searching for all possible small open reading frames (ORFs) around
each RaS enzyme within a subfamily and then grouping these possible precursors into their own SSN to determine the most likely precursors.

LogoPlots were generated from the list of predicted precursors.

natural products that are quorum-sensing (QS)-regulated and
generated by radical S-adenosylmethionine (RaS) en-
zymes.'*”'? RiPPs have the unique advantage of a genetically
encoded substrate, which enables easy identification of the
substrate for the tailoring enzyme of interest. We selected RaS
tailoring enzymes, reasoning that the versatile chemistry that
members of this superfamily carry out would ensure new
classes of RiPPs, rather than variants of known RiPPs.'*™'”
Finally, to avoid working on silent biosynthetic gene clusters
(BGCs), we focused on those that are regulated by a QS
operon.'”"” Application of these parameters to streptococcal
bacteria led to the identification of ~600 unique RiPP BGCs
that are QS-regulated and synthesized by RaS enzymes.”’
Contrary to expectation, our bioinformatic search suggested
that streptococci are a deep source of novel metalloenzyme
chemistry and RiPP natural products.

We have subsequently validated both propositions by
elucidating nearly a dozen new Ra$S enzyme-catalyzed reactions
as well as five classes of RiPP natural products. The
transformations include carbon—carbon, carbon—oxygen, and
carbon—sulfur bond formation at unactivated positions leading
to unusual heterocycles or macrocycles.”’’ *° The mature
RiPPs that we have discovered—streptide,”® streptosactin,”*
tryglysin,”” bicyclostreptin,”® and enteropeptin®’—show there
is much to be learned regarding the secondary metabolome of
streptococci, most of which are associated with human oral
microbiomes.

Bioinformatic searches based on gene co-occurrence offer a
productive method for categorizing and subsequently analyzing
the stores of RaS enzymes that can be found in streptococcal
genomes. The QS regulatory operon mentioned above is an
effective bioinformatic hook for streptococcal RaS-RiPPs.

However, it is not conserved beyond this genus, necessitating
other bioinformatic strategies to glean a picture of the
“universe” of RaS-RiPPs that are available in sequence
databases. In the current work, we have implemented one
such strategy to map RaS-RiPP BGCs regardless of microbial
origin. Using a co-occurrence search based on the Ra$S enzyme
superfamily and transporters of diverse classes, we generate an
atlas of all such instances in available microbial genomes. To
locate the precursor peptide, we developed a new algorithm
based on sequence similarity networking. Our subsequent map
reveals ~15,500 largely uncharacterized BGCs that organize
into 800 subfamilies in diverse microbial phyla. Analysis of one
such subfamily that encodes a RaS enzyme and a YcaO
homolog revealed two unprecedented transformations, verify-
ing that the encoded enzymes are active and catalyze
interesting reactions. The bioinformatic strategy we describe
can be applied to any desired enzyme Pfam, and our network
of RaS-RiPPs will provide a source of novel enzymology,
natural product chemistry, and biology for years to come.

B RESULTS AND DISCUSSION

Bioinformatic Rationale. Initial work by Haft and Basu
showed that the family of RaS-RiPPs is diverse and widely
encoded.’”" In recent years, sequence similarity networks
(SSNs) and genomic enzymology pioneered by Gerlt and co-
workers have become popular tools for identifying new RiPP
BGCs.”> ™" As mentioned above, we previously used a
streptococcal SSN of RaS-RiPPs to uncover novel RaS enzyme
reactions and natural products. More recently, manual
inspection of clusters from an EFI-EST-based network of
RaS enzymes led to the discovery of an enzyme that catalyzes
the repeated formation of cyclopropylglycine from valine, a
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Figure 2. SSN of RaS-RiPPs with neighboring transporters. (A, B) Each node represents an individual RaS enzyme, and nodes connecting them
indicate sequence similarity. Nodes are colored based on phyla showing Firmicutes (green), Proteobacteria (purple), Bacteroidetes (red),
Actinobacteria (orange), and other phyla (blue). The network contains 15,428 nodes organized as 1294 singletons and 853 families with at least
two nodes (see Data S1). Known RaS-RiPP families (A) or interesting ones discussed in the main text or SI (B) are labeled. (C) Representative
BGCs from a selection of subfamilies. Biosynthetic proteins are labeled based on annotations; precursor peptide sequences are shown.

new reaction for RaS enzymes.”> Additionally, an SSN
approach has been used to map the biosynthetic landscape
of cyclophane-forming Ra$S enzymes, revealing new cyclophane
macrocycles.”® To make these sorts of analyses easier,
RadicalSAM.org was created as a web-based tool for the
analysis of SSNs for the entire RaS family.”*

We set out to develop a bioinformatics platform that could
benefit from the use of SSNs but would also include
computational filtering steps to limit the amount of manual
analysis required. Importantly, we did not want the method to
rely on a high level of homology to a single protein but rather
co-occurrence of two proteins to enhance the fidelity of finding
RiPP BGCs. Examination of known RaS-RiPP clusters revealed
that, aside from the RaS enzyme, transporters are the most
common element, specifically seven Pfams describm%
MES, MATE, and SecDF transporters (Table S1).*”~* Whlle
a previous study has used the LanT transporter to identify
additional examples of lanthipeptide gene clusters, we planned
to use a broadly defined search for transporters as one hook in
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a co-occurrence search.*' The RaS enzyme superfamily Pfam
(PF04055) contained 662,106 members at the time of the
most recent search in December 2021, which was too large for
the analyses we envisioned. Given that the majority of RaS
enzymes found in RaS-RiPP clusters so far belong to either the
SPASM or Twitch subfamilies, we narrowed our search to
these, reducing the total number of enzyme sequences to
260,523 (Table S2). These RaS enzymes carry an extended C-
terminal domain that can bind additional [4Fe-4S] clusters,
which can participate in electron transfer reactions and/or
directly bind substrates.*”

All SPASM/Twitch RaS enzymes along with their
neighborhood regions were obtained using the EFI-EST and
EFI-GNN tools (Figure 1A).** The neighborhood information
was used to filter the list of RaS enzymes for instances in which
a transporter belonging to one of seven transporter Pfams
(PF00005S, PF00664, PF07690, PF01554, PF01061, PF0235S,
or PF13346) occurred within five genes from the RaS enzyme
on the same strand. Cases in which the RaS enzyme and
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Figure 3. SSN of RaS-RiPPs from the human microbiome. The network contains 1,905 BGCs with 138 singletons and 150 subfamilies with at least
two nodes. Representative BGCs from selected subfamilies are shown. Family names are based on the full SSN (Figure 2).

transporter occur on opposite strands are far less common and
focusing only on same-strand instances wherein the Ra$
enzyme and transporter are within five genes of each other
provided an optimal balance between a low number of false
positives and capture of most known RaS-RiPPs BGCs. This
selection step returned 26,355 instances, which were further
filtered to remove RaS enzymes that are involved in cofactor
biosynthesis and primary metabolism (Table S3). The
remaining 15,428 RaS enzymes were submitted to EFI-EST
to create a final sequence similarity network (SSN), which was
visualized in Cytoscape.*’ The final network contained 15,428
nodes, each representing a RaS enzyme, with 1,757,639 edges
connecting them based on an alignment score of 70. The RaS
enzymes clustered into 853 families with at least two nodes
and 1294 singleton nodes.

Automated Detection of Precursor Peptides. A major
challenge in the analysis of new RiPP BGCs is the accurate
identification of precursor peptides. In previous bioinformatics
studies, they have been located using RODEO for large-scale
analysis of BGCs of known RiPP families,** RiPPER for
precursor peptides of unknown RiPP classes,*” or, alternatively,
manuallgr for novel families of RiPPs in a much smaller set of
BGCs.” Methods using machine learning predictions have also
been developed including NeuRiPP and DeepRiPP, which rely
on training neural networks."”*” We opted to generate our
own simplified approach, which shares some similarities with
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the RiPPER workflow (Figure 1B). It takes advantage of the
fact that the RaS enzymes are already organized in an SSN. We
surmised that RaS enzymes sharing a high level of sequence
similarity would carry out a similar reaction on their substrates;
these peptides therefore would also contain significant
sequence similarity. Based on this idea, we developed an
algorithm that identifies all possible intergenic open reading
frames (ORFs) or annotated genes that are 20—85 amino acids
long within a 4000 base pair window upstream and
downstream from each RaS enzyme. We found that this
length was optimal for correctly identifying known precursor
peptides, although we acknowledge that longer precursor
peptides such as those belonging to the Nifl1/NHLP families
will not be detected. For each subfamily in the RaS enzyme
network with more than four nodes, the algorithm creates an
SSN containing all of the identified ORFs representing
potential precursor peptides. From each of these networks,
the subfamily carrying the maximum connected components
was identified. Peptide sequences contained in this subfamily
were mapped back to the corresponding BGC and designated
as the precursor peptide. The strategy was applied to the
network to identify precursor peptides (Figure S1).

While this approach is imperfect and could not identify
precursor peptides for all families in our network, it correctly
identified precursor peptides for nearly all previously
characterized RaS-RiPP BGCs (11 out of 15 clusters, Table
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S4). In some cases, no precursors were identified, perhaps
because the BGC is not a true RiPP cluster. In other cases, the
algorithm incorrectly identified precursor peptides when all
members of the family are highly similar, so the intergenic
regions contain many random ORFs with high sequence
similarity. Conversely, in cases where there was a large amount
of sequence diversity in the RaS enzymes, particularly in the
largest families, there can be several identifiable subfamilies and
the precursors are only located for the largest of these. The
effectiveness of the algorithm was highly dependent on the
alignment score used in the RaS enzyme network and the
parameters used for the generation of the precursor network,
both of which were optimized based on their ability to predict
precursors for the known RaS-RiPP families. Identification of a
precursor peptide was not required for inclusion in the final
network. These challenges notwithstanding, the algorithm
predicted precursor peptides for most subfamilies in the SSN.
The combined approaches allowed us to generate an atlas of all
available RaS-RiPP BGCs in microbial genomes within the
selected criteria.

Analysis of the RaS-RiPPs Atlas. The network is rich
with novel and interesting BGCs. Most previously charac-
terized RaS-RiPP BGCs, including those from our Streptococcus
network, were identified and are highlighted (Figure 2A, Data
S1, and Table S4). Sequences from Firmicutes make up nearly
half of the network (45%), consistent with the previous
identification of many RaS-RiPPs from this phylum (Table
SS5). The network also shows many RaS-RiPPs from
Proteobacteria (21%) and Bacteroidetes (9%), both prevalent
in the human microbiome. Many families are made up of
sequences from a single phylum, but several contain sequences
that range across multiple phyla, such as Family 22 and 31.

Analysis of individual families revealed that the network
contains many clusters that do not seem to belong to known
RaS-RiPP classes. Many contain regulators, peptidases, RiPP
recognition element (RRE) proteins, and other biosynthetic
enzymes like lanthipeptide synthases, YcaO-like proteins, and
epimerases within their gene clusters (Figure 2B,C, Data S1,
and Table S6). Family 30, primarily from Pseudomonas and
Xenorhabdus, contains an interesting set of BGCs, which
harbor a combination of a RaS enzyme, ATP-Grasp enzyme,
and a member of the iron/2-oxoglutarate (Fe/20G) family
along with an MFS transporter.”” RaS-RiPP BGCs from
actinomycetes were not common, but several were identified
including the one shown from Family 31 that contains a Ra$S
enzyme along with a flavoprotein and B-12-dependent RaS
enzyme. Clusters containing glycosyltransferases, indicative of
a possible glycosylated RaS-RiPP, were relatively common
(e.g, Family 43). Uncommon regulatory genes were observed
as well, e.g, in Family 106, which encodes an upstream
accessory gene regulator (Agr) quorum-sensing system."’

RaS-RiPPs from the Human Microbiome. Many of the
streptococci that we focused on in our previous network are
important members of the human microbiome. We wondered
how many additional RaS-RiPPs might be found from this
broader network. The data obtained from the EFI-EST
webserver for each RaS enzyme included information on its
source and could thus be filtered for those from the Human
Microbiome Project (HMP),*>°031 giving rise to an SSN of
1905 RaS-RiPP BGCs across numerous phyla (Figure 3).

Many of the clusters from the original streptococcal network
were found in this network including members of the HGH,
WGK, STR, QMP, GGG, and SSH subfamilies, highlighting the

importance of future investigations into the functions of these
RiPP classes.”’ Additionally, gene clusters related to subtilosin,
SCIFF, ruminococcin, PQQ, thuricin CD, and cyclophanes
could be identified. Beyond these known clusters, there are
many interesting families that do not share similarities with
known clusters. One example containing a RaS enzyme, ABC
transporter, and peptidase from Family 26 comes from
Bacteroides vulgatus, one of the most common bacterial species
in healthy adults.”> Family 42 contains a single RaS enzyme
but has four precursor peptides with varying sequences and
four ABC transporters. One of the most complex BGCs is
found in Family 59 from Ruminococcus gnavus and contains
four RaS enzymes. Additional examples of interesting RaS-
RiPP BGCs from the human microbiome are depicted (Figure
3). The analysis shows that RaS-RiPPs are prevalent in the
human microbiome that could encode health-relevant
molecules.

RaS-RiPPs from Clostridium spp. Clostridium is an
especially important genus in the human gut with established
roles in health and disease. We therefore generated a
subnetwork focusing on RaS-RiPPs from this genus, resulting
in 936 BGCs grouped into 73 families (Figure S2). Here again,
we could easily locate clusters with interesting gene
composition. Family 29 from Clostridium hiranonis, for
example, is a complex cluster with multiple RaS enzymes,
transporters, and precursors as well as a regulator and
peptidase. Two examples from Clostridium perfringens, a
common cause of intestinal disease in humans and animals,™
are found in Families 296 and 335. Another interesting
example from Clostridium butyricum in Family 158 contains
four copies of an identical precursor peptide in addition to a
RaS enzyme, transporter, and protease. Similar analyses can be
carried out to generate subsets from the original network by
selecting any feature of interest. For example, networks can
easily be generated for RaS enzymes with a neighboring RRE,
glycosyltransferase, or regulator as well as for RaS enzymes
from any specific phylum or genus. These analyses are effective
starting points for prioritizing BGCs for further interrogation.

Bioinformatic Search for DUF692-RiPP Gene Clusters.
The co-occurrence search strategy is not limited to Ra$
enzymes and can be applied to other enzyme families as well.
One emerging class is the multinuclear iron enzymes belonging
to the DUF692 Pfam. Two members have been characterized
thus far, MbnB, which generates an oxazolone—thioamide
moiety in an unprecedented four-electron oxidation reaction in
methonobactin synthesis,’4 and TglH, which also catalyzes an
unusual four-electron oxidative rearrangement that results in
excision of the Cf atom from a Cys residue in pearlin
biosynthesis.”> These remarkable reactions left us wondering
whether additional DUF692-RiPP BGCs could be uncovered
using our bioinformatic strategy. To generate a DUF692-RiPPs
network, we followed a similar workflow as with RaS-RiPPs:
we found all DUF692 enzymes adjacent to the same family of
transporters as above and subsequently located precursor
peptides (Figure S3). Starting with a total of 12,342 DUF692
enzymes, we identified 1102 RiPP BGCs, which arranged in a
network consisting of 36 families with at least two homologous
members and 36 singletons (Figure S4). Unlike the RaS-RiPP
network, this SSN is dominated by sequences from
Proteobacteria, which account for 85% of BGCs (Table S7).
There are two very large subfamilies from proteobacteria that
do not obviously resemble RiPP gene clusters, though many of
the smaller subfamilies resemble genuine RiPP BGCs. Some of

https://doi.org/10.1021/jacs.2c06497
J. Am. Chem. Soc. 2022, 144, 17876—17888


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c06497/suppl_file/ja2c06497_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c06497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
A B 6HMBP-itfA
A
Family 244 1
Bacteroides thetaiotaomicron ITF cluster 100-
) . . i . . 2 80
itfB itfA itfE  itfC itfD itfF itfG 2
- ™
» D) Peh— g 60 s
J L = 401 ™
T ] (%) o
MNTLNESTKSLNTMTEVQEEQIQGGLKSA = 20 o |
LQEEAYGVVASVATESDNGSLSPWS3TITFS? 0 : =1 —
711 712 713 714 715
H YcaO-like E Transporter/Peptidase m/z
B Radical SAM  OHypothetical
HzN{S,D{N,G\S}{JP{W}T}IfrJtFJCOOH
C 6HMBP-itfA itfB D 6HMBP-itfA itfB itfC itfD
A IN
) ) ; P —)——
. 1 4
1907 5 98 Da 01 3 pa
2 80 - 2 8071
(72} [72]
g 60 S §60] w©
£ 40 3 £ 401 S
2 @ (%) 0
= 20 o | > 201 © |
0 LSS I o Sl N .
711 712 713 714 715 711 712 713 714 715
m/z m/z
-0.98 Da -3.0 Da
HZN‘S’D\NJ(;JSJ{SJP{W'TJ[&T\%COOH HZN\S,D’»N/(GJ;J{SJ{W,T\[/T\FJ,COOH

-0.98 Da

-3.0 Da

Figure 4. Reactions of ItfBCD characterized by HR-MS and HR-MS/MS. (A) itf BGC from B. thetaiotaomicron. Genes are color-coded, and the
sequence of the precursor peptide is shown. (B—D) HR-MS and HR-MS/MS analyses of heterologous expression constructs indicated. Shown are
data for ItfA after coexpression with (B) no other enzymes as control, (C) with ItfB, or (D) with ItfBCD. The construct is shown above each
spectrum, which is zoomed in on the [M + 2H]*" ion of the GluC-cleaved peptide. Coexpression with ItfB and ItfBCD gives a product that is
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the most common neighbors were PF01370 (NAD-dependent
epimerase/dehydratase family), PF02219 (methylenetetrahy-
drofolate reductase), PF07690 (MFES), PF12833 (HTH),
PF12849 (periplasmic binding protein), and PF01494 (FAD-
dependent enzyme) (Table S8).

ITF Subfamily. With an SSN of available RaS-RiPPs at
hand, we next sought to test its ability in identifying new
families of modifications. We selected Family 244 from the
RaS-RiPP SSN as it (i) is encoded by Bacteroides
thetaiotaomicron, a prominent member and model strain in
the human microbiome,””"” (ii) contains an unusual
combination of a RaS enzyme and a YcaO, an enzyme
involved in the ATP-dependent formation of diverse hetero-
and macrocycles,” and (iii) is associated with a precursor
peptide that lacks Cys residues eliminating the possibility of
thioether bond formation, a common modification in RaS-
RiPPs. We have named this cluster itf based on the conserved
C-terminal Ile-Thr-Phe triad in the precursor peptide. This
BGC can be found in six strains with an identical $7mer
precursor peptide (ItfA) (Table S9), a YcaO enzyme (ItfB),*"
a RaS enzyme (ItfD), an ABC transporter/C39 peptidase
(IfE), and a TonB-dependent transporter (ItfF) (Figure 4A).
Additionally, two small hypothetical proteins (ItfC and ItfG)
were found in the gene cluster, but neither encoded a bona fide
RiPP recognition element.>”
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Characterization of the Reactions Catalyzed by ItfB,
ItfC, and ItfD. Due to the length of the precursor peptide and
the presence of multiple tailoring enzymes in the gene cluster,
we chose to pursue a heterologous coexpression strategy to
characterize the reactions carried out by each biosynthetic
enzyme. The precursor peptide, ItfA, was expressed in
Escherichia coli with an N-terminal hexaHis maltose-binding
protein (6HMBP) tag with a 3HRV3C protease cleavage site
between the tag and the ItfA sequence. The 6HMBP-tagged
ItfA was inserted into the first multiple cloning site of a
pRSFDuet vector to allow for coexpression with ItfB or ItfBCD
inserted into the second multiple cloning site (Tables S10 and
S11). While ItfC was not bioinformatically identified as an
RRE,” it was included in case it was necessary for the activity
of the Ra$S enzyme (ItfD). After expression, the biosynthetic
enzymes can modify the precursor peptide in E. coli followed
by purification of the product by metal affinity chromatog-
raphy. The tag can be removed through proteolysis and the
structure of the product is determined using high-resolution
mass spectrometry (HR-MS), tandem HR-MS (HR-MS/MS),
and one-dimensional/two-dimensional (1D/2D) NMR spec-
troscopy.

Expression and purification of the ItfA precursor alone,
followed by digestion with the GluC protease gave the
expected unmodified linear m/z and fragmentation pattern
(Figure 4B, Tables S12, and S13). Following coexpression with
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Figure S. Structural elucidation of the products of ItfB and ItfBCD. (A) Comparative analysis of COSY spectra of unmodified ItfA and ItfB-
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the YcaO protein (ItfB) alone, a mass loss of 0.98 Da and a
reduction in retention time was observed (Table S12 and
Figure SS). This mass loss was intriguing and suggested a
possible conversion of an oxygen to a nitrogen in the peptide.
HR-MS/MS analysis located the modification to the terminal
Thr56-PheS7 dyad: all b-ions generated in the collision-
induced dissociation of the ItfB product before ThrS7 were
either unmodified or not observed (Table S14). Tellingly, the
final b-ion following Phe57 and all y-ion fragments observed
beginning after the C-terminal ITF were 0.98 Da lighter than
the equivalent fragments in the unmodified substrate (Figure
4C).

When ItfB, ItfC, and ItfD were coexpressed with ItfA, a
product that was 3 Da lighter than the substrate with another
reduction in retention time was observed suggesting that an

17882

additional —2 Da modification had occurred in the presence of
the RaS enzyme (ItfD) and hypothetical protein (ItfC) (Table
S12 and Figure SS). HR-MS/MS showed that all b-ions before
b8 were unmodified and the final b13 contained the same —3
Da mass loss as the final product (Table S15). All y-ions
observed beginning with y5 were 3 Da lighter than the
substrate. This fragmentation pattern suggests that ItfD installs
a second modification in the region containing Trp53-PheS7
(Figure 4D).

Structural Elucidation of the ItfB and ItfBCD
Products. To gain more detailed structural information, the
unmodified peptide, the ItfB product, and the ItfBCD product
were generated on a large scale, proteolyzed with GluC to
reduce the length of the peptide, and subsequently subjected to
1D/2D NMR spectral analysis (Table S16 and Figures S6 and
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S8). A DEPT-edited HSQC spectrum of the ItfB product
revealed no new peaks but a significant change in the chemical
shifts assigned to Thr56 and PheS7. Specifically, the a-H of
ThrS56 shifted from 4.31 to 4.56 ppm, and the peaks assigned
to the @-H and f-Hs of PheS$7 shifted from 4.43 to 4.32 and
2.92/3.15 to 3.02/3.26, respectively (Figure SA). All other
peaks in the NMR spectrum remained unchanged between the
substrate and the ItfB product. Together with the HR-MS data,
these results suggest that ItfB converts the backbone amide
between Thr56 and PheS7 to an amidine. Additionally,
previously reported NMR data on peptides containing
backbone amidines show similar changes to what we observed
in which the N-terminal a-H shifts significantly downfield (as
for Thr56), the C-terminal a-H shifts slightly upfield (as for
PheS7), and the signal for the adjacent carbonyl group is
split.”° Members of the YcaO family have been previously
shown to install backbone thioamides as well as cyclize
peptides through amidine linkages. In this case, however, ItfB
installs a backbone amidine, a new type of modification for the
YcaO family but one that is analogous to the reactions that this
enzyme family is known to catalyze.

We next investigated the structure of the ItfBCD product.
Correlations related to the amidine were still present,
indicating that it remained unchanged after reaction with
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ItfD. However, peaks assigned to TrpS3 and IleSS were
significantly altered. In the HSQC spectrum, an aromatic
proton of TrpS3 was missing and the remaining peaks had
shifted upfield. The TOCSY spectrum showed that only three
of the aromatic protons were correlated with each other,
identifying the missing proton as either C4 or C7 (Figure SB).
Comparison to the NMR data obtained for C-4- and C-7-
modified indoles, such as streptide, pinpointed C7 as the site of
modification. The peaks assigned to IleSS in the substrate data
had also shifted. Importantly, one of the peaks assigned as the
terminal methyl proton on IleSS was absent in the DEPT-
edited HSQC spectrum, and a new methylene group appeared
at 29.1 ppm (*C) associated with shifts at 2.48/2.18 ppm
('"H) (Figure SC). This methylene showed TOCSY
correlations to the a-, f-, and y-Hs of Ile, identifying it as
the 0-Hs and implicating it as the site of the new crosslink to
TrpS3 (Figure SD). Additionally, the TrpS3 H-6 showed an
HMBC correlation to the Ile 6-C and through-space ROSEY
correlations to the Ile f-Hs and 6-Hs, thus confirming the C—
C crosslink joining the TrpS3 C-7 to the IleSS 6-C (Figure
SE,F). Together these data show that ItfD installs a carbon—
carbon crosslink between TrpS3 and IleSS, giving rise to a 3-
residue, 1S-membered macrocycle (Figure SG,H). While C—C
crosslinks involving Trp are known to be installed by Ra$
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enzymes, previous reports have always involved crosslinks at
more activated positions such as the Lys f-C, as was observed
in streptide.” The methyl group of Ile is one of the least
activated positions found in peptides, making this an
impressive modification that functionalizes Ile for macrocycle
formation. It represents a new reaction for RaS enzymes,
further expanding their catalytic capabilities.

In Vitro Characterization of ItfB. We explored these
unprecedented reactions further in vitro. N-terminally
hexaHis-tagged ItfB was expressed recombinantly in E. coli
and purified aerobically through metal affinity chromatog-
raphy. The pure protein exhibited an orange color; a UV—
visible absorption spectrum revealed a shallow, broad feature
with A, at 415 nm, which is diagnostic for [4Fe-4S]*" clusters
and is routinely observed for RaS enzymes (Figure 6A).
Quantification of Fe and labile sulfide indeed showed 2.1 + 0.1
Fe and 3.7 + 0.4 S*~ per ItfB protomer (Table S17), consistent
with the presence of a Fe—S cluster, although its exact nature
remains to be determined.

A Fe—S cluster has not been observed in YcaO proteins
before. We conducted a multiple sequence alignment of ItfB to
other YcaO family members and found an additional C-
terminal domain rich in Cys residues that was not present in
previously characterized members of the family (Figure
§9).°%617%% The Cys residues are conserved in a subset of
the top ItfB BLAST hits including examples in what appear to
be RiPP gene clusters not resembling the ITF subfamily as well
as other examples of the ITF subfamily (Table S18 and Figure
$10). An SSN of the entire Pfam describing YcaO-like proteins
showed ItfB to belong to a unique subfamily that contains this
C-terminal extension (Figure S11). ItfB is the first charac-
terized member of this group of unique YcaO proteins, but
more examples are likely to be assessed in the future. We
conducted site-directed mutagenesis to change the four
conserved Cys residues in the C-terminal domain to Ala;
however, the mutant protein was not soluble and could not be
isolated.

Because full-length ItfA is a 57mer, a truncated 3Omer
version of the substrate (ItfA*) was synthesized through solid-
phase peptide synthesis to use for in vitro reactions with
purified ItfB. The reactions were carried out in an inert
atmosphere to avoid oxidative damage to the Fe—S cluster,
although the enzyme was active aerobically for short periods
immediately after purification. Based on previously reported
YcaO reaction conditions, the 30mer peptide was incubated
with ItfB, ATP, MgCl, as well as NH,ClI to serve as a reduced
nitrogen source for amidine formation. Under these con-
ditions, we observed the time-dependent formation of a
product with a mass loss of 0.98 Da, as determined by HR-MS
(Table S19 and Figure S12). HR-MS/MS yielded a very
similar fragmentation pattern as observed in the in vivo
analysis of the reaction above (Figure 6B and Table $20). This
product was not formed in the absence of ItfB, substrate, ATP,
MgCl,, or NH,Cl (Figure 6C). Additionally, reaction with
NH,Cl showed incorporation of "N into the product,
confirming that NH," is the source of nitrogen for amidine
formation (Table S21 and Figure S13). Together, these data
establish that ItfB converts the ultimate amide bond between
Thr56 and PheS7 into an amidine. The mechanism of this
transformation is likely analogous to that of backbone
thioamide formation previously reported for YcaO,” com-
mencing with the activation of the amide-carbonyl via reaction
with ATP followed by nucleophilic attack by NH;, which could

be activated through Lewis acid catalysis by the Fe—S cluster
(Figure S14).

In Vitro Characterization of ItfD. We next investigated
the RaS enzyme, ItfD, in vitro. It was expressed recombinantly
as an N-terminally hexaHis-tagged construct in E. coli and
subsequently purified anaerobically through metal affinity
chromatography. As expected, ItfD exhibited distinctive UV—
visible absorption features at 325 and 420 nm that is
characteristic of Fe—S clusters (Figure 6D). It contained
14.1 + 0.4 Fe and 19.0 + 0.7 labile sulfide per protomer (Table
S17). These data, along with a multiple sequence alignment to
the RaS enzyme SuiB for which the crystal structure has been
determined,” suggest that ItfD has two auxiliary [4Fe-4S]
clusters (Figure S15). Alignment with SuiB also suggests that
ItfD contains an RRE as an N-terminal fusion (Figure S16).

Reactions were carried out anaerobically by incubating ItfA*
with S-adenosylmethionine (SAM), reductant, ItfD alone, or in
combination with the small hypothetical protein, MBP-ItfC
(recombinantly expressed as a 6HMBP-tagged protein in E.
coli) and ItfB along with ATP, MgCl, and NH,Cl. No
products were observed when ItfD was incubated with ItfA*
alone (in the presence of SAM and reductant). However, when
ItfD was incubated with ItfA* in combination with ItfB (and
the necessary small molecules), the —3 Da product was
observed, suggesting that ItfD reacts only with the amidine-
containing peptide (Table S19). HR-MS/MS analysis showed
that this product had a very similar fragmentation pattern as
observed from coexpression of the peptide and enzymes in vivo
(Figure 6E and Table S22). Furthermore, this —3 Da product
was formed in the presence or absence of MBP-ItfC; no
additional products were observed when MBP-ItfC was
included. The role of ItfC remains unknown at this time, but
it does not seem to function as an RRE.

Since ItfD was only active with the amidine-containing
peptide, we used the peptide produced from the coexpression
of 6HMBP-ItfA and ItfB as a substrate for additional reactions
with ItfD. These reactions showed that product was only
formed in the presence of SAM, ItfD, substrate, and reductant
(Figure 6F), and that both the product and 5’-dA appeared in
a time-dependent manner with similar kinetics (Figure S17).
We hypothesized that specific recognition of the amidine-
containing peptide over the unmodified substrate may be
achieved through the Lewis basicity of the former via ligation
to auxiliary Fe—S clusters. Flithe et al have previously shown
that ligation of an auxiliary Fe—S cluster by Cys-thiolate leads
to suppression of the extinction coefficient and thereby to
lowered absorption at the 400 nm feature.”' Indeed,
incubation of ItfD with varying concentrations of the
amidine-containing peptide substrate (in the absence of SAM
and reductant) resulted in concentration-dependent suppres-
sion of the absorption bands at 310 and 420 nm, which are
associated with the [4Fe-4S]** cluster (Figure S18).
Importantly, the addition of similar concentrations of
unmodified ItfA* did not lead to changes in these features.
These data provide interesting initial clues regarding substrate
recognition by ItfD.

Mechanistic Investigations of ItfD. To gain further
mechanistic insights, we synthesized ItfA* with uniformly
deuterated Tle (*H;y-Tle) at the position of the crosslink and
used it in a reaction with ItfB and ItfD. Analysis by HPLC-
Qtof-MS showed a —4 Da shift in the product, indicating that
deuterium is lost from Ile during the reaction (Tables $23 and
S24). Additionally, the reaction generated deuterated S’-dA as
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Figure 7. Mechanism of Ile-Trp crosslink formation by ItfD. (A) Reaction of ItfD with D,y-IleSS-ItfA yields a product that is 4 Da lighter than
substrate and formation of 5'-D-5’-dA. (B) Proposed mechanism for Ile-Trp crosslink formation by ItfD. See text for details.

a product consistent with the transfer of the deuterium atom
from IleSS to 5'-dA°®, implicating IleSS as the site of H-atom
abstraction (Figures 7A and S19). We propose that ItfD
follows a mechanism analogous to that of SuiB (Figure
7B),>*”>”* wherein the peptide is recognized by ligation of the
amidine to an auxiliary Fe—S cluster in ItfD. Reductive
cleavage of SAM leads to the formation of 5’-dAe, which
abstracts a 6-H atom from Ile. This substrate radical then adds
into the LUMO of the TrpS3-indole to generate a cross-linked
indoyl radical. Loss of a proton followed by rearomatization
concomitant with reduction of an auxiliary Fe—S cluster
completes the reaction. Resetting the redox states of the Fe—S
clusters then allows the enzyme to carry out multiple
turnovers.

B CONCLUSIONS

With the rising number of available microbial genome
sequences and the need for unexplored sources of natural
products, developing new tools for RiPP discovery is
paramount. While previously developed bioinformatics meth-
ods have performed exceptionally well in finding additional
examples of RiPPs from known classes, the detection of new
structural motifs has proved more difficult. Using a RaS
enzyme—transporter co-occurrence approach, we present
thousands of BGCs that can accelerate the discovery of
entirely new classes of RiPPs. The approach does not rely on a
high level of homology to a single tailoring enzyme family but

instead focuses on co-occurrence of two broad protein families.
Actinomycetes have been a prolific source of bioactive
compounds from NRPS and PKS BGCs; " our results suggest
that Firmicutes, Proteobacteria, and Bacteriodetes could prove
to be rich sources of RiPP natural products that have thus far
eluded detection. Moreover, the approach can be applied to
other enzyme classes, as the DUF692 network demonstrates.

Characterization of a BGC within the ITF family led to the
identification of two novel reactions and an intriguing
combination of modifications, thereby providing proof of
concept for the utility of the network. We show that ItfD can
functionalize the unactivated 6-methyl group of an Ile side
chain for macrocyclization, expanding the scope of reactivity
beyond the terminal methyl group of Thr as in thermocellin
biosynthesis.** Crosslinking to isoleucine is highly unusual,
with a C—N crosslink from tryptophan to the p-carbon of
isoleucine by a BURP-domain cyclase serving as the only
example thus far.”> Unexpectedly, in addition to Ile-Trp
crosslink, we also identified backbone amidine formation as a
new reaction for the YcaO family. ItfB proved divergent from
YcaO family members examined thus far with a Fe—S cluster as
its defining feature. The role for the Fe—S cluster remains to be
determined. One possibility is the activation of ammonia for
the nucleophilic attack via Lewis acid catalysis.

Our search for RaS-RiPPs in streptococci has already
identified nearly a dozen new transformations in natural
product biosynthesis. The work herein expands the original
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network to include all bacterial phyla and identifies hundreds
of families of RaS-RiPPs, which surely will reveal exciting new
RaS enzyme reactions and RiPP natural products for many
years to come. We have only begun to scratch the surface of
the diversity of RaS-RiPPs and the full scope of reactions that
the incredible superfamily of RaS enzymes is able to catalyze.
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