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Nearly 10,000 plant species are represented by RNA-seq datasets in the NCBI
sequence read archive, which are difficult to search in unassembled format
due to database size. Here, we optimize RNA-seq assembly to transform most
of this public RNA-seq data to a searchable database for biosynthetic gene
discovery. We test our transcriptome mining pipeline towards the diversifi-
cation of moroidins, which are plant ribosomally-synthesized and
posttranslationally-modified peptides (RiPPs) biosynthesized from copper-
dependent peptide cyclases. Moroidins are bicyclic compounds with a con-
served stephanotic acid scaffold, which becomes cytotoxic to non-small cell
lung adenocarcinoma cells with an additional C-terminal macrocycle. We dis-
cover moroidin analogs with second ring structures diversified at the crosslink
and the non-crosslinked residues including a moroidin analog from water
chickweed, which exhibits higher cytotoxicity against lung adenocarcinoma
cells than moroidin. Our study expands stephanotic acid-type peptides to
grasses, Lowiaceae, mints, pinks, and spurges while demonstrating that large-
scale transcriptome mining can broaden the medicinal chemistry toolbox for

chemical and biological exploration of eukaryotic RiPP lead structures.

Plants produce a large diversity of ribosomally-synthesized and
posttranslationally-modified peptides (RiPPs) with endogenous func-
tions in development and abiotic and biotic stress responses'™. These
bioactivities have been translated into pesticides, immunosup-
pressants, and lead structures for chemotherapy drug candidates*”.
RiPPs are natural products biosynthesized by the ribosomal formation
of a precursor peptide that is posttranslationally modified in a core
peptide sequence and proteolytically cleaved to release the modified
core as the mature RiPP®’. In prokaryotes, the discovery of RiPPs has
been driven over the past two decades by advances in sequencing
technologies, the availability of large numbers of genome sequences,
and the identification of genes and motifs involved in RiPP biosynth-
esis for bioinformatic prediction®'>. However, genome mining as a
strategy for plant RiPP discovery is constrained by the limited number

of high-quality plant genomes with annotated gene products in
searchable repositories such as the NCBI non-redundant protein
database (Supplementary Table 1)". In addition, plant genome mining
of natural product biosynthetic genes in the context of their metabolic
pathways is complicated by eukaryotic gene structures and less bio-
synthetic gene clustering than in prokaryotes™. An alternative to plant
genomics-guided discovery is the use of transcriptomes to predict
peptide chemistry"™".

In the past decade, over 9000 phylodiverse plant species have
had their transcriptomes sequenced'® and deposited as RNA-seq data
in the NCBI Sequence Read Archive (SRA)"’ (May 2024, Supplementary
Table 1). However, only a small fraction of this data has been utilized
for gene-guided discovery of plant natural products to date. Most
transcriptomes are sequenced using next-generation sequencing
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(NGS) technologies that provide short-read sequence data’®?, and a
key step in the transcriptomics-guided discovery of RiPPs is the
assembly of such short-read sequences into longer transcripts that
represent full-length coding sequences of expressed genes. For non-
model organisms, i.e., those lacking a reference genome, tran-
scriptome assembly is performed de novo using specialized short-read
NGS assemblers?. Three common RNA-seq assemblers are Trinity>,
SPAdes*?, and SOAPdenovo-trans®, which have been described as
efficient in multi-species benchmarking®. Trinity and SPAdes were
applied in RiPP discovery studies from plant RNA-seq data”’>° and
SOAPdenovo-trans was originally employed to assemble tran-
scriptomes of the 1000 plant transcriptomes initiative (1IKP)', Another
common assembler, MEGAHIT®, was developed for fast and memory-
efficient assembly of metagenomic short-read NGS data, but has lim-
ited applications in RNA-seq data assembly to date®’. De novo tran-
scriptome mining of RiPPs requires assembly of a precursor peptide
gene so that the core peptide sequence is connected to a searchable
sequence motif for bioinformatic precursor gene identifica-
tion (Fig. 1a).
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Burpitides are a recent addition to the diversity of plant RiPPs
(Supplementary Fig. 1)*7, which consist of 4-8 amino acids and
feature crosslinks between aromatic amino acids, such as tryptophan
or tyrosine, and other amino acids or the peptide backbone>***%3¢,
These crosslinks often involve functionalization of C(sp®)-H-bonds by
copper-dependent burpitide cyclases comprising a C-terminal BURP
domain®**., The stephanotic acid-type burpitide scaffold is derived
from a QLxxW core peptide (where x is any proteinogenic amino
acid), and defined by a C-C-bond between a Leu-Cf and a tryptophan-
indole-C6***. These peptides can be monocyclic such as stephanotic
acid-[LV] from Cercis canadensis, or bicyclic such as moroidin from
Dendrocnide moroides (Fig. 1b)****. In moroidins, the stephanotic acid
scaffold forms the first ring and the second ring is formed by a C-N-
crosslink between the tryptophan-indole-C2 and the imidazole-N1 of
a C-terminal histidine (Fig. 1c). Reported moroidins are 7-8 amino
acids-long with the second ring comprising 2-4 amino acids“***,
Moroidin and its analog celogentin C exhibit moderate in vitro
cytotoxicity against non-small cell lung cancer whereas stephanotic
acid-[LV] has no such detectable cytotoxicity, indicating that the
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Fig. 1| Transcriptome mining of plant RiPPs. a General workflow of
transcriptomics-guided discovery of plant RiPPs including de novo assembly of
NGS data as a challenging step addressed in this work. b Chemical structures of
stephanotic acid-type burpitides. ¢ The moroidin scaffold. d Moroidin precursor
peptide KjaBURP from Kerria japonica. Moroidin core peptides are highlighted in
red and blue color. Sequence highlighted in gray was not assembled with the BURP

domain by SOAPdenovo-trans in 1kp database'®. BURP-domain sequence is
underlined. e Comparison of unassembled and assembled RNA-seq data search for
discovery of stephanotic acid-type burpitides. f Transcriptome mining workflow of
this study with either (1) Sequenceserver-based tblastn search or (2) commandline
PHI-BLAST search. sp. species, FDR false discovery rate. Source data are provided as
a Source Data file.
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second ring of moroidin is required for its bioactivity**. The mor-
oidin burpitide cyclase KjaBURP, discovered in Kerria japonica
through transcriptome mining, contains four moroidin core peptide
sequence repeats within a 380-amino-acid protein domain (Fig. 1d)".
Similarly, many plant RiPP precursors feature multiple core peptides
embedded in sequence repeats**2%¢*¢*’ which pose a challenge
for de novo assembly as it can result in incomplete assembly of the
precursor-defining sequence motifs and its core peptide(s) (Fig. 1d,
and Supplementary Fig. 1). An example is the misassembly of
moroidin precursor gene KjaBURP from Kerria japonica tran-
scriptome by SOAPdenovo-trans® within the 1kp database which
misses the N-terminal repetitive core peptide domain with moroidin
cores (QLLVWRGH) required for moroidin discovery in japanese
kerria (Fig. 1d). Given the importance of de novo assembly of pre-
cursor gene transcripts from RNA-seq data, a systematic comparison
of NGS assemblers in the context of scaled plant RiPP discovery from
transcriptomes is needed.

Herein, we assess three de novo short-read assemblers to gen-
erate precursor peptides from RNA-seq datasets of RiPP-producing
plants and apply the most effective assembler towards mining the
transcriptomes of 7569 plant species for new bioactive stephanotic
acid-type burpitides and their biosynthetic cyclases.

Results

RNA-seq assembly benchmarking for discovery of plant RiPP
precursor peptides

Towards large-scale transcriptome mining of plant RiPPs such as ste-
phanotic acid-type burpitides, we wanted to first test if sequencing
data assembly is advantageous for peptide discovery from RNA-seq
data. We searched unassembled and SPAdes-de novo assembled
transcriptomes of 890 plant species for the presence of the stepha-
notic acid core peptide QLLVW (Fig. 1e). The target plant species had
metabolomic data deposited in plantMASST*4, a repository of tandem
mass spectrometry-based metabolomic data, and which can thus be
tested for the presence of the stephanotic acid-QLLVW analyte. The
unassembled RNA-seq data were first searched for the presence of the
QLLVW motif as nucleotide or protein queries via blastn or seqkit2*’,
respectively. These searches of the stephanotic acid motif yielded too
many false positives (98-99%) for effective peptide discovery (Fig. 1e).
Next, we searched homologs of moroidin cyclase KjaBURP with a
QLLVW motif in both unassembled and assembled data via PHI-BLAST,
a protein BLAST with target motif query*. Searching assembled data
yielded 9 of 11 stephanotic acid-containing plants based on metabo-
lomic data (Supplementary Fig. 2) compared to 7 hits in the unas-
sembled data query. In addition, the assembled data search had a
lower false discovery rate (36% versus 46%) compared to the unas-
sembled data search. The BLAST database size of assembled tran-
scriptomes was 0.2% of unassembled RNA-seq data and search time
and memory was 0.5% and 33%, respectively, with the same compu-
tational resource for assembled RNA-seq data (Fig. 1e, and Supple-
mentary Fig. 2). Given the smaller database size, lower search cost, and
better search results, we focused on applying RNA-seq assembly for
plant peptide discovery from short sequence motifs.

As a prerequisite for large-scale plant transcriptome assembly, we
aimed to identify a de novo NGS assembler that balances accuracy,
speed, and computational cost for generating transcripts of published
plant RiPP precursor genes. We included non-burpitide precursor
peptides to expand the benchmarking data to 27 RNA-seq datasets
from RiPP-producing plants. These datasets encompassed 36 pre-
cursor genes of (a) burpitides®**°*¢, (b) cysteine-rich peptides® , (c)
cyclotides***%*, (d) orbitides****°, (e) PawS-derived RiPPs®, and (f)
linear RiPPs"*”*® (Supplementary Fig. 1). The 36 corresponding pre-
cursor peptides encoded 138 total core peptides and 65 unique core
peptide sequences. 120 of the total core peptides were localized in
sequence repeats within 18 precursor peptides. These datasets allowed

us to assess the de novo assembly of sequence repeats within pre-
cursor peptides for subsequent bioinformatic core peptide detection.
Each RNA-seq dataset was trimmed and assembled in triplicate on a
computing cluster using the de novo NGS assemblers Trinity*,
SPAdes***, or MEGAHIT*. MEGAHIT was the fastest of all assemblers
and used the lowest total memory (Table 1). SPAdes assembly of all
datasets required on average 19% more time and 15% more memory
than MEGAHIT, while Trinity assembly needed on average ~19x more
time and ~15x more memory than MEGAHIT (Table 1). For the detection
of core peptides for RiPP discovery, a core should be assembled with a
searchable motif, such as a BURP domain, to enable discovery of its
RiPP. Some RiPPs require the correct assembly of short, often repeti-
tive core peptide domains in addition to assembly with a searchable
motif for successful RiPP discovery. SPAdes assembled more total core
peptides with searchable motifs (67%) than Trinity (47%) and MEGAHIT
(49%). Furthermore, SPAdes assembled 74% unique core peptides
correctly with searchable motifs for RiPP discovery, whereas Trinity
(57%) and MEGAHIT (58%) assembled less unique cores correctly. To
further assess the accuracy of precursor gene assembly, the sum of
sequence similarity and sequence identity values of all assembled
precursors were determined by comparison to the database precursor
sequences. Herein, SPAdes had the highest similarity and identity
scores (81.4% and 80.6%, respectively) (Table 1). Finally, SPAdes
assembled the most repetitive cores (62%), followed by MEGAHIT
(43%) and Trinity (37%). Based on replicates of all de novo bench-
marking data assemblies, MEGAHIT and SPAdes assemblies were fully
reproducible, whereas differences could be observed for individual
Trinity assemblies. Read trimming before assembly resulted in more
detected core peptides and more accurate precursor peptide assem-
bly (Supplementary Table 2). Ultimately, our benchmarking identified
SPAdes as the de novo assembler, which generated precursor peptide
transcripts with most unique core peptides at low computational cost
and high speed. This assessment was further realized by a scaled de
novo transcriptome assembly of the 1kp higher plant RNA-seq data
with SPAdes and comparison of moroidin precursor search results via
PHI-BLAST with the published datasets assembled by de novo tran-
scriptome assembler SOAPdenovo-trans (Supplementary Table 3,
Supplementary Data 1)'**°. SPAdes-assembled 1kp data enabled iden-
tification of six fused moroidin cyclases with twelve different moroidin
core peptides in five species, whereas published 1kp data contained
only three fused moroidin cyclases with five different core peptides in
three species (Supplementary Table 3, Supplementary Data 1), showing
that de novo SPAdes assembly can yield more predicted peptides at
scale than existing plant transcriptomes from other assemblers.

An alternative to de novo RNA-seq assembly is genome-guided
transcriptome assembly which requires an annotated reference
genome®. With increasing numbers of high-quality plant genomes
complementing available RNA-seq data, we also compared genome-
guided transcriptome assembly with StringTie’® or Trinity to de novo
assemblers regarding precursor peptide assembly (Table 2). Overall,
genome-guided assembly via StringTie outperformed de novo SPAdes
assembly in time, total detected cores, and assembly of cores in
sequence repeats. However, SPAdes assemblies of precursor peptides
were superior to genome-guided assembly by StringTie or Trinity in
the number of detected unique cores and identity scores (Table 2).
Based on lower number of high-quality plant genomes compared to
plant RNA-seq datasets (Supplementary Table 1), we proceeded with a
de novo assembly strategy with SPAdes.

Large-scale transcriptome mining of fused moroidin cyclases

Given that the second ring of moroidins is required for their lung
adenocarcinoma cell cytotoxicity, we aimed to generate and search a
large plant transcriptome database bioinformatically for new moroidin
chemotypes and underlying burpitide cyclases for bicyclic diversifi-
cation of the stephanotic acid scaffold for improved bioactivity.
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To create a large plant transcriptome database, 8893 plant tran-
scriptomes were de novo assembled with SPAdes from RNA-seq data
from the NCBI SRA representing 7579 plant species from 498 plant
families. The assembly database was searched by tblastn”’? for the
presence of BURP-domain-encoding genes as a starting point for the
discovery of stephanotic acid-type burpitides. Burpitide cores can be
predicted from BURP-domain protein sequences of fused burpitide
peptide cyclases, i.e., their core peptide(s) are encoded in the
N-terminal domain (RD22 BURP domains) or within the BURP domain
(USP BURP domains)***. The assembled plant transcriptome database
included 27,224 full-length non-redundant BURP-domain sequences,
which were then analyzed via RepeatFinder*® for BURP-domain
sequences with one or more internal stephanotic acid core peptide
motif(s). Among the BURP-domain proteins, candidate stephanotic
acid-type burpitide cyclases were identified from 37 species, which
represented 7 plant families without reported stephanotic acid che-
motypes (Supplementary Table 4, Supplementary Data 2). In addition
to Sequenceserver-tblastn search, we also applied PHI-BLAST search
with moroidin cyclase KjaBURP and the stephanotic acid core QLxxW
as a search motif. PHI-BLAST search yielded the same core peptide hits
as Sequenceserver-tblastn search but PHI-BLAST resulted in 28 addi-
tional predicted stephanotic acid-type core peptides from transcripts
without or with incomplete BURP-domain sequence (Supplementary
Tables 4 and 5, Supplementary Data 2 and 3). Given the focus on fused
burpitide cyclases in this study, we excluded these additional core
peptides in subsequent RiPP discovery experiments.

Candidate cyclases from 17 species included a stephanotic acid
core with a histidine at positions 7-9 from the N-terminal glutamine
that identified them as putative moroidin cyclases capable of forming a
second-ring via Trp-His-crosslinking (Supplementary Table 4, Supple-
mentary Data 2). The predicted moroidin cyclases included 46 unique
core peptides with most of the sequence diversity occurring in the
second-ring, i.e., at core positions 6-9 (34 unique motifs, Supple-
mentary Table 5, Supplementary Data 2). In addition, several predicted
cyclases featured extended stephanotic acid cores with tyrosine or
tryptophan at positions 7-9 instead of histidine indicating the possi-
bility of new second-ring crosslinks (Supplementary Table 4, Supple-
mentary Data 2).

Characterization of stephanotic acid-type burpitides with a Trp-
Val-crosslinked second-ring

We first set out to search for a stephanotic acid-type burpitide with a
second-ring-crosslink via a C-terminal tryptophan. One corresponding
burpitide cyclase with a core including a C-terminal tryptophan (Sup-
plementary Table 4, Supplementary Data 2) was encoded in a tran-
scriptome of Glechoma hederacea (Lamiaceae, Fig. 2a), encoding the
core peptides QLFVWGW and QLLVWGW (Supplementary Table 4,
Supplementary Data 2). An analyte with a mass value of 914.419 Da,
which matched the core peptide QLFVYWGW with mass shifts corre-
sponding to pyroglutamate (PyroGlu) formation and two macro-
cyclizations, was detected in the methanolic extract of G. hederacea
leaves (Fig. 2b, and Supplementary Fig. 3). The candidate burpitide

b ] c
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Fig. 2 | Characterization of stephanotic acid-burpitides with a Trp-Val-
crosslinked second ring. a Glechoma hederacea in the University of Michigan
Arboretum. b Glechomanin detection in methanolic leaf extracts of G. hederacea
and of transgenic N. benthamiana 6 days after infiltration with Agrobacterium
tumefaciens LBA4404 pEAQ-HT-GheBURP. ¢ Glechomanin structure. d Key HMBC

signals of glechomanin side-chain-crosslinks. e Orchidantha maxillarioides plant in
Missouri botanical garden. f Glechomanin detection in methanolic leaf extract of
transgenic N. benthamiana 6 days after infiltration with A. tumefaciens LBA4404
PEAQ-HT-OmaBURPI-1xQLFVWGW. EIC: extracted ion chromatogram. Source data
are provided as a Source Data file.
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cyclase gene, named GheBURP, of this analyte was cloned from the leaf
transcriptome of G. hederacea and included four core peptides, three
QLFVWGW and one QLLVWGW. Transient expression of GheBURP in
Nicotiana benthamiana via the pEAQ-HT expression vector’ through
Agrobacterium tumefaciens LBA4404 infiltration yielded the same
QLFVWGW analyte in methanolic leaf extract of transgenic tobacco six
days after infiltration (Fig. 2b). To elucidate the structure of burpitide 1
(Fig. 2¢), the analyte was isolated from G. hederacea collected from the
University of Michigan Arboretum due to higher peptide yields in the
source plant than transgenic N. benthamiana expressing GheBURP,
and subsequently subjected to NMR and Marfey’s analysis.

An N-terminal pyroglutamate was characterized by COSY,
TOCSY and HMBC and the spin systems of all other amino acids of
the predicted core peptide QLFVWGW were determined by COSY,
TOCSY, HMBC and ROESY. The core peptide sequence QLFVWGW
was confirmed by HMBC and ROESY (Supplementary Figs. 4-10, and
Supplementary Tables 6 and 7). The two macrocyclizations were
defined as Leu2-Cg to Trp5-Cé6 such as in stephanotic acid-[LV] and
Val4-Cp to Trp7-Cé. The Leu2-Trp5-crosslink was characterized by (a)
HMBC of Leu-Hp to Trp5-C6, Trp5-C5, Trp5-C7 (Fig. 2d) and ROESY
from Leu-HS to Trp5-H7, from Leu-Ha to Trp5-H5 and from Leu-Hé1
to Trp5-H7 (Supplementary Figs. 8, 9, 11 and 12) and (b) the detection
of stephanotic acid-[LV] (core: QLLVW) after transient expression of
GheBURP, which encodes a QLLVWGW core, in N. benthamiana
(Supplementary Fig. 13). The Val4-Trp7-crosslink was characterized
by (a) HMBC of Val4-Hyl to Val4-Cg and Trp7-Cé (Fig. 2d) and (b)
ROESY of Val4-Hyl with Trp7-H7 and of Val4-Hy2 with Trp7-H5 and
Trp7-H7 and of Val4-Ha with Trp7-H7 (Supplementary Fig. 8, 9,
11 and 12). In addition, no Val4-Hp signal was detected. Furthermore,
two indole-NH-signals were detected excluding a crosslink via an
indole-nitrogen as seen in lyciumins?. Marfey’s analysis of glecho-
manin revealed PyroGlul and Phe3 are both L-configuration (Sup-
plementary Fig. 14). Moroidin features the same macrocyclic Leu-
Trp-connection in the first ring as glechomanin and we observed that
the chemical shift value and coupling constants of the (3-position
hydrogen in the Leu2 fragment of moroidin and glechomanin were
comparable (8, 3.06 (dd, /=3.0, 11.5Hz)" and &, 2.87 (dd, /=3.1,
11.6 Hz), respectively) (Supplementary Table 6). Therefore, we
deduce that the B-carbon of Leu2 in glechomanin shares the same
relative configuration as observed in moroidin. In addition, the ste-
reochemistry of the first five glechomanin residues (QLFVW) was
assigned as stephanotic acid-[LV] because transient expression of WT
GheBURP, which has a QLLVWGW core, and GheBURP-1xQLLVW,
which has a stephanotic acid-[LV] core peptide, yielded stephanotic
acid-[LV] (Supplementary Fig. 13). The stereochemistry of the
C-terminal tryptophan was determined as L-Trp7 (Trp7-S-Ca) by
comparison of glechomanin NOE data to two geometry-optimized
structures of glechomanin with R- or S-configuration at Trp7-Ca and
the coupling constant of the hydrogen atoms at the a and 1 posi-
tions (J,p;=11.2 Hz) (Supplementary Fig. 15). In addition to glecho-
manin from G. hederacea, we detected a glechomanin analyte with
the core peptide QLLVWKW in Orchidantha maxillarioides (Low-
iaceae) (Fig. 2e) based on a predicted glechomanin cyclase in its
transcriptome (Supplementary Table 4, Supplementary Data 2).
Cloning and heterologous expression of the corresponding burpitide
cyclase gene OmaBURPI in N. benthamiana yielded the putative
glechomanin-QLLVWKW analyte as observed in O. maxillarioides leaf
extract (Supplementary Fig. 16). The structure of this analyte was
confirmed as a glechomanin scaffold by expression of a synthetic
OmaBURP1 with one core peptide of QLFVWGW, i.e., the glechoma-
nin core, in transgenic N. benthamiana which resulted in the detec-
tion of glechomanin from ground ivy (Fig. 2f).

GheBURP belongs to the RD22-type burpitide cyclases, which are
autocatalytic and contain repetitive N-terminal core peptide
domains®?*. To characterize GheBURP as a glechomanin cyclase,

GheBURP was synthesized as an E. coli-codon-optimized gene con-
struct with one core peptide of QLFVWGW and expressed hetero-
logously as a His-tagged protein in E. coli BL21(DE3) (Supplementary
Fig. 17). GheBURP-IxXQLFVWGW was subsequently purified via
denature-refolding from inclusion bodies and immobilized nickel-
affinity chromatography (Supplementary Fig. 17)”*. LC-MS/MS-based
bottom-up proteomic analysis of GheBURP-IXQLFVWGW with trypsin
yielded an analyte with the mass of 2398.134 Da matching the
sequence QVTTYNAASDNGNQLFVWGWK and, thus, including the
glechomanin core peptide (Supplementary Fig. 18 and 19, Supple-
mentary Table 8). Incubation of GheBURP-IXQLFVWGW with 1mM
cupric chloride at pH 7 for 24 h and subsequent tryptic digest resulted
in the detection of a tryptic core peptide species with a loss of four
hydrogens in the peptide motif QLFVWGWK (Supplementary Fig. 18).
The characterized MS/MS fragmentation of these tryptic core peptides
indicated the formation of two macrocyclization bonds in the
QLFVWGW core peptide (Supplementary Fig. 20, Supplementary
Table 9). To confirm the mass loss of four hydrogens in the core
peptide as the crosslinks of the glechomanin structure, the tryptic core
peptide species was purified by HPLC from a scaled GheBURP-
IXQLFVWGW enzyme assay with cupric chloride followed by trypsin
proteolysis. The purified modified GheBURP peptide was then incu-
bated with an aminopeptidase and a carboxypeptidase for 24 h. LC-MS
analysis of the exopeptidase assay detected an analyte matching gle-
chomanin (Supplementary Fig. 18) which shows that the mass loss
observed after GheBURP enzyme assay represents the bicyclic bonds
of glechomanin. Our chemotyping and biochemical analysis revealed
that stephanotic acid-type burpitide pathways yielding bicyclic scaf-
folds via a C-terminal tryptophan-crosslink exist in plants.

Characterization of stephanotic acid-type burpitides with a Tyr-
Phe-crosslinked second-ring

Next, we aimed to identify a stephanotic acid pathway yielding a
bicyclic scaffold with a C-terminal tyrosine from candidate cyclases
with corresponding core peptides in our transcriptome database
(Supplementary Table 4, Supplementary Data 2). A transcriptome of
annual mercury (Mercurialis annua, Euphorbiaceae) encoded RD22-
type BURP-domain proteins with putative stephanotic acid-type cores
QLFFWRY and QLFFWKY with C-terminal tyrosines. The full-length
sequence of one such BURP-domain protein, named ManBURP, was
obtained from the recently released annual mercury genome
(GenBank ID XP_050232080.1)". Transient expression of a full-length
ManBURP in N. benthamiana yielded an analyte with the mass
1038.483 Da, which matched the core peptide sequence QLFFWRY
after loss of four hydrogens corresponding to two putative macro-
cyclizations and loss of ammonia due to N-terminal pyroglutamate
formation (Supplementary Fig. 21). The same analyte was detectable in
an herbarium sample of M. annua (Fig. 3a, b) but we could not obtain
this source plant in sufficient quantities for peptide isolation. There-
fore, we transiently expressed a truncated ManBURP-1xQLFFWRY
construct via pEAQ-HT expression system in N. benthamiana at scale
and purified 5 mg of the target peptide from methanolic extracts of
1.3 kg of transgenic tobacco leaves.

The pure peptide, named mercurialin, was characterized by ana-
lysis of 1D and 2D NMR spectroscopic data (Fig. 3¢, Supplementary
Table 10, Supplementary Figs. 22-29). All its amino acids, including an
N-terminal pyroglutamate, were determined by COSY, TOCSY, HMBC
and NOESY. The core peptide sequence QLFFWKY was confirmed by
HMBC and ROESY. Mercurialin has the characteristic stephanotic acid
crosslink between Leu2-Cf and Trp5-Cé, evidenced by HMBC corre-
lations of Leu-Hp with Trp5-C5, C6 and C7 as well as NOESY correla-
tions from Leu2-Hp to Trp5-H7, from Leu2-Ha to Trp5-HS, and from
Leu2-HéI to Trp5-H7. The crosslinking position of the second identi-
fied ring is established between Phe4-CS and Tyr7-O, as unambigu-
ously supported by HMBC correlations of Phe4-HpS with Tyr7-C4 and
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Fig. 3 | Characterization of stephanotic acid-burpitides with a Tyr-Phe-
crosslinked second ring. a Mercurialis annua from University of Michigan her-
barium. b Mercurialin detection in methanolic leaf extracts of M. annua and of
transgenic N. benthamiana 6 days after infiltration with A. tumefaciens LBA4404

PEAQ-HT-ManBURP. ¢ Mercurialin structure. d Key HMBC correlations of mercur-
ialin side-chain-crosslinks. EIC: extracted ion chromatogram. Source data are pro-
vided as a Source Data file.

NOESY correlations from Phe4-Hp to Tyr7-H3 and Tyr7-HS (Fig. 3d, and
Supplementary Table 10, and Supplementary Figs. 26 and 27). To
determine the stereochemistry of mercurialin, we performed Marfey’s
analysis, which indicates that PyroGlu, Phe, and Arg are all present in
the L-configuration. The stereochemistry of the stephanotic acid ring
(QLFFW) was inferred as the stephanotic acid stereochemistry based
on (a) the similar coupling constants of Leu-HS in mercurialin and
glechomanin (Supplementary Tables 6 and 10) and (b) the generation
of stephanotic acid-[LV] after transient expression of ManBURP-
IXQLLVWRY in N. benthamiana (Supplementary Fig. 30). Given that
the amino acid backbone synthesized by the ribosome exhibits an L-
configuration, the stereochemistry of the C-terminal tyrosine is
assigned as L-Tyr. The second macrocyclization site at the Cf of phe-
nylalanine in core residue 4 was determined to be S by comparing NOE
correlations of mercurialin with two geometry-optimized structures
featuring R- or S-configuration at Phe4-Cf (Supplementary Fig. 31).

A truncated construct of mercurialin cyclase ManBURP with one
core of QLFFWRY was expressed and purified like glechomanin cyclase
construct GheBURP-IXQLFVWGW (Supplementary Fig. 32). Bottom-up
proteomic analysis of the ManBURP-IXQLFFWRY with LysC digestion
identified an analyte with a mass of 4123.068 Da, corresponding to the
sequence IPQNYNFQPEPNQLFFWRYQNRGNDIIRLPSMK, which
includes the mercurialin core peptide (Supplementary Fig. 33 and 34,
Supplementary Table 11). Incubation of ManBURP-1xQLFFWRY with
1mM cupric chloride at pH 7 for 24 h, followed by LysC digestion,
resulted in a loss of four hydrogens in the detected LysC-proteolytic
core peptide (Supplementary Fig. 33). MS/MS fragmentation con-
firmed two macrocyclic bonds in the QLFFWRY core peptide (Sup-
plementary Fig. 35, and Supplementary Table 12). To verify the 4H loss
as crosslinks in the mercurialin structure, the LysC-proteolytic core
peptide was purified by HPLC and incubated with aminopeptidase and
carboxypeptidase for 24 h. LC-MS detected a product consistent with

mercurialin (Supplementary Fig. 33), confirming the 4H mass loss
reflects the two macrocyclic crosslinks of mercurialin. Mercurialin and
its cyclase from M. annua show that the stephanotic acid pathway has
also evolved bicyclic scaffolds with a C-terminal tyrosine-crosslink in
plants.

Chemotaxonomic expansion and cancer cell cytotoxic
improvement of moroidins

Bioinformatic analysis of moroidin core peptides within our predicted
moroidin cyclases showed that the core QLLVWRGH representing
moroidin (Fig. 1b) only appeared twice in nineteen candidate moroidin
cyclases whereas the core peptide QLLVWRNH was present in nine of
the candidate moroidin cyclases from three plant families (Fig. 4a,
Supplementary Table 4, Supplementary Data 2). Motivated by a
rationale that evolution of a single core in multiple plant families might
suggest potent bioactivity’®, we targeted moroidin-QLLVWRNH for
isolation and biological evaluation. A candidate moroidin-QLLVWRNH
burpitide cyclase was identified in the transcriptome of water chick-
weed (Stellaria aquatica, Caryophyllaceae) (Fig. 4b). The cloned can-
didate cyclase from S. aquatica contained 18 QLLVWRNH cores and a
corresponding moroidin-QLLVWRNH analyte was detected in the
methanolic extract of water chickweed from a park close to Lake Erie,
Michigan (Fig. 4c). Moroidin-QLLVWRNH was purified (32 mg) and
characterized by LC-MS/MS, NMR and transient tobacco expression of
Stellaria aquatica burpitide cyclase SagBURP and reported moroidin
cyclase KjaBURP with an updated core peptide (KjaBURP-
IxQLLVWRNH), as a moroidin natural product (Fig. 4c, d, and Sup-
plementary Table 13, Supplementary Figs. 36-44). High-content
screening of moroidin-QLLVWRNH against H1437, H1299, and U20S
cancer cell lines revealed significant cytotoxicity in H1437 non-small
cell lung adenocarcinoma cells (ICso = 1.4 uM, Fig. 5a), exhibiting a five-
fold lower I1Csq than celogentin C, the most potent previously reported
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Fig. 4 | Characterization of moroidin burpitides in pinks and grasses. a Second-
ring sequence diversity of moroidin cores in transcriptomics-derived fused burpi-
tide cyclases. b Stellaria aquatica. ¢ LC-MS characterization of moroidin-
QLLVWRNH in S. aquatica and transgenic N. benthamiana after 6 days of expres-
sion of SagBURP-IxQLLVWRNH. d Moroidin-QLLVWRNH structure. e Sacciolepis

striata. Photo credit: Larry Allain, U.S. Geological Survey. f LC-MS characterization
of moroidin-QLLVWRNH in S. striata and in transgenic N. benthamiana after 6 days
of expression of SstBURP-4xQLLVWRNH. EIC: extracted ion chromatogram. Source
data are provided as a Source Data file.

moroidin analog’. To evaluate selectivity and bioactivity, the peptide
was orthogonally screened in three additional cancer cell lines (A549,
LNCaP, and HUH-7) and three non-cancerous fibroblast lines (IMR-90,
HFF, and MEF, Fig. 5a, b). Moroidin-QLLVWRNH was found inactive in
H1299, U20S, and LNCaP cells, but exhibited moderate dose-
responsive cytotoxicity in A549 (IC5p=12.7uM) and HUH-7
(ICso=26.3uM) cells. Notably, no significant dose-responsive cyto-
toxicity was observed in any non-cancerous fibroblast lines, under-
scoring its promising cancer cell specificity-an essential factor for
clinical translation.

We identified additional moroidin analogs in Sacciolepis striata
(Poaceae) and Orchidantha maxillarioides (Lowiaceae), two plant
families without reported moroidin chemotypes. A fused burpitide
cyclase with core peptides for moroidin-QLLVWRNH was predicted in
the S. striata transcriptome (Fig. 4e) and moroidin-QLLVWRNH was
confirmed in the methanolic extract from a herbarium S. striata spe-
cimen, matching the chemotype of moroidin-QLLVWRNH from S.
aquatica and KjaBURP-1xQLLVWRNH (Fig. 4f). Similarly, four moroidin
core peptides predicted in a transcript from the O. maxillarioides
transcriptome and sequenced from cloned burpitide cyclase gene
OmaBURP2 were verified as analytes in methanolic leaf extracts of O.
maxillarioides by LC-MS/MS (Supplementary Figs. 45-48). Two of
these analytes were confirmed as moroidins through LC-MS compar-
ison with methanolic extracts of transgenic N. benthamiana expressing
OmaBURP2 or KjaBURP with one core peptide of QLLVWRSH or
QLLVWPKH (Supplementary Figs. 45-48).

Discussion

Here we applied de novo plant transcriptome assembly and tran-
scriptome mining for large-scale bioinformatic discovery of bioactive
stephanotic acid-type burpitides. Based on our benchmarking analysis,

SPAdes emerged as the most effective assembler for scaled tran-
scriptome assembly due to a balance of high speed, high accuracy and
low computational cost. MEGAHIT is faster, but not as accurate in de
novo assembly of precursor transcripts as SPAdes, likely due to its
design to maximize contig length during metagenomic assembly.
SPAdes was best in assembly of repetitive plant RiPP precursor genes
given their high number of detected core peptides in sequence repeats
compared to other tested NGS assemblers. SPAdes has been applied in
transcriptome mining of burpitides from fused and split precursor
peptides but at one order of magnitude smaller data scale and with
smaller outcome in terms of characterized burpitide chemistry (Sup-
plementary Table 14).

Our transcriptome mining of fused burpitide cyclases utilized
most plant species with RNA-seq data in the NCBI SRA and revealed a
large diversity of second ring analogs of the stephanotic acid scaffold
with the core peptide QLLVWRNH being found in three plant families
and therefore representing an interesting candidate for biological
evaluation. Moroidin-QLLVWRNH demonstrated selective dose-
responsive cytotoxicity against H1437 lung cancer cells and exhib-
ited limited toxicity in non-cancerous fibroblasts. These findings pro-
pose moroidin-QLLVWRNH as a lead structure with a specific
mechanism-of-action in non-small cell lung cancer, offering a puta-
tive target for rational drug design based on the stephanotic acid
scaffold. Furthermore, our study showed that other stephanotic acid-
type burpitides exist in nature which utilize a tryptophan or tyrosine as
the C-terminal residue for crosslinking in the second ring. Although
glechomanin and mercurialin did not exhibit in vitro dose-responsive
cytotoxicity (Supplementary Fig. 49), their characterized cyclases
could increase the number of biosynthetically feasible second-ring
analogs of moroidin in the future. The minimal cytotoxicity of gle-
chomanin and mercurialin against H1437 lung adenocarcinoma cells
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Fig. 5 | Bioactivity of moroidin-QLLVWRNH. a In vitro anticancer assays of
moroidin-QLLVWRNH. Cell viability in six human cancer cell lines is plotted for the
peptide across ten concentrations: H1299 (non-small cell lung cancer), U20S
(osteosarcoma), LNCaP (prostate cancer), HUH-7 (hepatoma), A549 (lung carci-
noma), and H1437 (non-small cell lung adenocarcinoma). The data points represent
the mean of triplicate samples (n = 3) and error bars represent one standard error of
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the mean. b In vitro counterscreen of moroidin-QLLVWRNH in three non-cancerous
cell lines is plotted for the peptide across ten concentrations: HFF (human foreskin
fibroblast), IMR-90 (human lung fibroblast), and MEF (mouse embryonic fibro-
blast). The data points represent the mean of triplicate samples (n=3) and error
bars represent one standard error of the mean. Corresponding ICsq values of (a and
b) are listed. Source data are provided as a Source Data file.

could be due to the deviation from the QLLVW sequence of the mor-
oidin first ring, a 7 aa-core peptide, or no second ring crosslink
between the C-terminal residue and the central tryptophan-5-indole
like in moroidins. Screening additional stephanotic acid-type cyclases
with 8 aa-core peptides and C-terminal tyrosine or tryptophan residues
could enable access to these stephanotic acid scaffolds.

Our study expands stephanotic acid-type burpitide chemistry by
introduction of two bicyclic scaffolds and we uncover a broader che-
motaxonomic distribution of stephanotic acid-type burpitides (Fig. 6,
Supplementary Table 15) such as stephanotic acids in pinks, mints,
spurges, grasses and Lowiaceae (Supplementary Figs. 13, 30 and 50);
moroidins in pinks, grasses and Lowiaceae (Fig. 4c, f, and Supple-
mentary Figs. 45-48); glechomanins in mints and Lowiaceae (Fig. 2b, f),
and mercurialins in spurges (Fig. 3b). The Val-Trp- and Phe-Tyr-
crosslinks of glechomanin and mercurialin represent new post-
translational modifications in RiPP biosynthesis. C-C-crosslinks
between amino acid side chains, such as the Leu-Trp-bond in the ste-
phanotic acid scaffold and the Val-Trp-bond in glechomanin, are a
common occurrence in cyclic peptide natural products. Glechomanin
highlights that burpitide C-C-crosslinks usually include an unactivated
carbon™*°*¢ which is similar to C-C-macrocyclic bonds in bacterial
radical SAM-derived RiPPs”"®. In contrast, bacterial CYP450-peptide
cyclases generate peptide macrocycles largely by C(sp?)-C(sp?)-
bonds®*®’, if C-C-crosslinks are formed, with few C(sp®)-C(sp?)-
exceptions®*° (Supplementary Fig. 51). Analogous to moroidin®, a
biosynthetic proposal for glechomanin and mercurialin peptides in G.
hederacea and M. annua could be established based on transient
expression studies of GheBURP and ManBURP in N. benthamiana, as
well as in vitro reconstitution of GheBURP and ManBURP (Supple-
mentary Fig. 52). Initially, GheBURP is translated by the ribosome,
yielding the precursor peptide with an N-terminal domain containing
three repeated core peptides for glechomanin. Subsequently, the
BURP domain catalyzes the bicyclization of the core peptides within
the N-terminal domain, serving as a substrate, in the presence of
copper ions. The modified N-terminus will then undergo proteolytic
cleavage by endopeptidases, resulting in the formation of a glecho-
manin analog with an N-terminal glutamine. This residue can cyclize
either spontaneously or through a glutamine cyclotransferase to
pyroglutamate®. Finally, exopeptidase cleavage facilitates the
maturation of the C-terminus of glechomanin. Mercurialin biosynth-
esis occurs most likely through a similar mechanism from ManBURP in

M. annua which features the formation of a cyclopeptide alkaloid
crosslink, i.e., a tyrosine-phenol ether bond, after formation of the
stephanotic acid scaffold.

In summary, our study informs the selection of current de novo
NGS assemblers to efficiently address a major bottleneck in gene-
guided discovery of plant natural products from RNA-seq data, i.e., the
generation of large searchable genetic data. Since plants are eukar-
yotic organisms spanning a wide range of genome sizes from 61 Mbp
to 160 Gbp”°* and plant RiPP precursor genes are structurally
diverse®, our results of plant transcriptome assembly should be
applicable to other eukaryotic RNA-seq data for transcriptomics-
guided peptide discovery”. Furthermore, our study can inspire next
steps in development of stephanotic acid-type burpitide leads through
discovery of a bioactive moroidin analog for mechanism-of-action
studies and moroidin cyclases for further second-ring diversification.

Methods

Materials

All chemicals and reagents were from Thermo Fisher Scientific Inc. if
not otherwise noted. All LC-MS solvents were Optima LC-MS-grade
solvents (Fisher Scientific Inc.). All synthetic gene fragments were from
Twist Biosciences Inc. Deoxynucleotide primers were from Integrated
DNA Technologies Inc. LC-MS analysis was performed on a Thermo
QExactive Orbitrap mass spectrometer coupled to a Vanquish Ultra
high performance liquid chromatography instrument. LC-MS data was
analyzed with QualBrowser from Thermo Xcalibur software package
(v4.3.73.11, Thermo Scientific). Preparative and semi-preparative high
performance liquid chromatography (HPLC) was performed on a Shi-
madzu HPLC with two binary LC20-AP pumps, a DGU-403 Degasser, an
SPD-20A ultraviolet-visible light detector, and a FRC-10A fraction col-
lector. NMR analysis was done on a Bruker Ascend 800 MHz NMR
spectrometer with a 5mm Triple Resonance Inverse Detection
TCI CryoProbe. NMR data was analyzed with MestReNova (v14.0.0,
Mestrelab Research).

Plant cultivation

Nicotiana benthamiana and Glechoma hederacea were grown from
seeds in Premier Horticulture Pro Mix HP High Porosity with Mycor-
rhizae for plant growth under plant growth lights with a 16 h light/8 h
dark cycle for 4-12weeks at room temperature. N. benthamiana
seedlings were transferred once to larger pots with the same soil and
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Fig. 6 | Phylogenetic distribution of characterized stephanotic acid-type burpitides in flowering plants. Displayed phylogenetic resolution are plant orders. See
Supplementary Table 15 for species information. ANA: Amborellales, Nymphaeales, and Austrobaileyales clade; x: any proteinogenic amino acid.

added Osmocote fertilizer. G. hederacea seeds were obtained from the
Seed Corner Inc. (Cat #: GROUNDIVYS100). Sacciolepis striata was
collected from a sample in the University of Michigan Herbarium (Cat
# 1423220). Glechoma hederacea for glechomanin isolation was col-
lected from the University of Michigan Arboretum (42°16'32.7“N
83°4327.2“W, June 2022/2023). Stellaria aquatica for moroidin-
QLLVWRNH isolation and RNA isolation was collected from Pointe
Mouillee State Game Area (41°59'54.8“N 83°11'47.7“W) with Depart-
ment of Natural Resources permit 24-25 (June 2024). Mercurialis
annua was collected from a sample in the University of Michigan
Herbarium (Cat # 1642848). Orchidantha maxillarioides (accession
1989-4177-1) for peptide chemotyping and RNA isolation was collected
from the Missouri Botanical Garden (June 2024). Bauhinia forticata for
stephanotic acid-QLLVW chemotyping was purchased from Plant
Delights Nursery Inc. Kerria japonica for stephanotic acid-QLLVW
chemotyping was purchased as a mature plant from Green Promise
Farms™.

RNA-seq data download and trimming

Paired-end RNA-seq data (Supplementary Table 4, Supplementary
Data 2) were downloaded from NCBI SRA via fasterq-dump (--split-
files) of the SRA Toolkit (v2.10.9)" to the Great Lakes High Perfor-
mance Computing (HPC) Cluster at the University of Michigan, Ann
Arbor. The datasets were trimmed via TrimGalore (v0.6.7) with default
settings (Phred cutoff: 20, Default pair-cutoff: 20 bp).

Unassembled RNA-seq data search for stephanotic acid core
peptides

Unassembled RNA-seq datasets of 890 plant species (Supplementary
Table 3, Supplementary Data 1) were either searched for nucleotide
sequence CAACTTCTTGTTTGG encoding stephanotic acid core

peptide QLLVW (from the Kerria japonica moroidin cyclase KjaBURP,
GenBank ID QIG55799.1) via blastn on the NCBI BLAST webserver
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, default parameters: matrix
BLOSUMSG62, gap-open 11, gap-extended 1, Filter L, e-value 0.05) or for
protein sequence of core peptide QLLVW via segkit2 (v2.3.0)*° on the
Great Lakes HPC cluster. For webserver search, each SRA dataset was
searched individually for the target nucleotide sequence with a max-
imum search hit number of 100. For seqkit2 search, the 890 species
datasets were downloaded and trimmed in batches of 100 datasets.
Duplicate reads were then removed from each dataset via seqkit2
rmdup command and the resulting fastq datasets were converted to
fasta datasets via seqkit2 fq2fa command. The output fasta files were
combined into one fasta-file for each 100-transcriptomes-batch and
they were 6-frame translated via orfipy (v0.0.4, parameters: --pep --min
90 --between-stops)’*. The orfipy output pep files were reduced in
fasta-header size via awk command and the formatted pep file was
searched via seqkit2 grep command for the presence of translated
reads with the core peptide QLLVW. The identified reads were
extracted from the seqkit2 grep output file for their respective SRA
numbers with awk command. Unassembled data was converted to
BLAST databases by makeblastdb and searched by commandline PHI-
BLAST (BLAST+ v2.16.0, default settings, E-value 10)*° for the presence
of BURP-domain proteins including stephanotic acid core peptide
QLLVW with KjaBURP GenBank accession QIG55799.1) as a query
sequence. For comparison to assembled data, the same datasets were
assembled de novo by SPAdes (v3.15.5, rnaSPAdes), combined and
6-frame translated by orfipy (v0.0.4, parameters: --pep --min 450
--between-stops), converted to BLAST databases by makeblastdb and
searched by commandline PHI-BLAST (BLAST+ v2.16.0, default set-
tings, E-value 10) for the presence of BURP-domain proteins including
stephanotic acid core peptide QLLVW with KjaBURP. The ORF length
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of 90 bp was chosen for unassembled data 6-frame translation due to
recommended PHI-BLAST database length minimum of 30 amino
acids and a common RNA-seq read length of 90 bp. For benchmarking
of stephanotic acid prediction via unassembled or assembled RNA-seq
data searches, a deposited stephanotic acid-[LV] tandem mass spec-
trum (GNPS: CCMSLIB00006709935) was searched via plantMASST*®
(v2025.3.25, parameters: PM Tolerance (Da) 0.05, Fragment Tolerance
(Da) 0.05, Cosine Threshold 0.7, Minimum Matched Peaks 3) in a
metabolomic database including all 890 plant species searched in their
RNA-seq data. False discovery rate was calculated as [(number of false
positives)/((number of false positives) + (number of true positives))].

Transcriptome assembly

For de novo assembly benchmarking, datasets (Table 1) were trim-
med via TrimGalore (v0.6.7) with default settings (Phred cutoff: 20,
Default pair-cutoff: 20bp) and assembled de novo with Trinity
(v2.15.1)%, SPAdes (v3.15.5)**%, or MEGAHIT (v1.2.9)* with the para-
meters in scripts specified on a GitHub repository (https://github.
com/UM-KerstenLab4009/Moroidin-Transcriptomics). The working
memory for all benchmarking datasets was 48 GB except for Trinity
assembly of SRR7440026 data (80 GB memory), which failed at 48
GB memory. For large-scale de novo assembly, the datasets were
assembled with SPAdes on the Great Lakes HPC cluster with the same
parameters as for benchmarking. Assemblies which failed at 48 GB
memory were assembled at 180 GB memory (Supplementary Table 4,
Supplementary Data 2). For genome-guided assembly benchmark-
ing, datasets (Table 2) were trimmed via TrimGalore (v0.6.7) with
default settings. For each RNA-seq dataset, reads were aligned and
mapped to the genome assembly fasta file with STAR (v2.7.11a) using
the genome-specific gtf/gff3 annotation file. STAR alignment of a
genome was done with the parameter -sjdbOverhang RNA-seq read-
length minus 1. The resulting sam file was converted to bam file via
samtools (v1.21). The transcriptome was assembled from the bam file
either by StringTie (v2.2.1) or Trinity (v2.15.1). For genome-guided
transcriptome assembly with Trinity, the parameter genome_gui-
ded_max_intron 50,000 was used. For StringTie transcriptome
assembly, the final gtf file was converted with gffread (v0.12.7) to a
fasta file.

Transcriptome analysis

For BLAST library preparation, fasta headers of all de novo assemblies
and genome-guided assemblies were added with their SRA number
and reduced in length below 51 letters. Precursor assembly bench-
marking was done via Sequenceserver-based BLAST search: De novo
assembled transcriptomes were searched for their corresponding
precursor peptides via tblastn (v2.16.0+)" on Sequenceserver
(v3.1.0)"* with the following BLAST parameters: e-value le-5, matrix
BLOSUM62, gap-open 11, gap-extend 1, filter L. The top hit of each
search was translated into protein sequence and aligned by Needle®
pairwise alignment with the target precursor peptide. The resulting
similarity and identity scores of all 36 precursor peptides were recor-
ded (Table 1), added and compared to the maximum score
(3600 =36*100%) (Table 1). Large-scale search of BURP-domain tran-
scripts was performed either via Sequenceserver BLAST and sub-
sequent RepeatFinder analysis or via commandline PHI-BLAST and
subsequent RepeatFinder analysis. For Sequenceserver-based BLAST
search, all SPAdes de novo assembled transcriptomes (Supplementary
Table 4, Supplementary Data 2) were combined into 100
transcriptome-databases and searched via tblastn (BLAST+ v2.16.0 +)
for homologs of Sali3-2 as a BURP-domain-containing protein query
(GenBank ID AAB66369) on Sequenceserver (v3.1.0) with the following
BLAST parameters: E-value 1e-05, matrix BLOSUM®62, gap-open 11, gap-
extend 1, filter L, max, max_target_seqs 5000. tblastn hits from all
databases were combined into a fasta-file and translated into protein
sequences via orfipy (v0.0.4)°* with the following parameters: --pep

--min 450 --between-stops. The resulting protein sequence pep file was
converted to a fasta file and analyzed by standalone RepeatFinder*® on
the Great Lakes HPC Cluster at the University of Michigan, Ann Arbor
(see GitHub repository for RepeatFinder settings). Candidate stepha-
notic acid-type burpitide cyclases were characterized in RepeatFinder
output as core QLxxW, where x is any proteinogenic amino acid, and
presence in an open reading frame, which encoded a BURP-domain
motif. For commandline BLAST search, all SPAdes de novo assemblies
(Table 1) were combined into a fasta file and then translated into
protein sequences via orfipy (v0.0.4)** with the following parameters:
--pep --min 450 --between-stops. The resulting pep file was searched via
PHI-BLAST (BLAST+ v2.16.0 +) with phi_pattern QQL-(x)2-W and Kja-
BURP (GenBank ID QIG55799.1) on default settings (E-value 10). The
resulting hits were analyzed by RepeatFinder. In our searches, a BURP-
domain motif was defined by the presence of at least half the BURP-
domain-conserved residues (i.e., FF/Fx-C-C-CH of FF/Fx-C-C-CH-CH-
CH-CH)¥. Hits with a single QLxxW core peptide at the first N-terminal
a-helix of BURP-domain proteins’* were removed. PHI-BLAST results
(Supplementary Table 4, Supplementary Data 2) also included pre-
dicted stephanotic acid-type core peptides from transcripts without or
incomplete BURP-domain sequence. Reduction of the PHI-BLAST
E-value 10 to le-5 had no effect on search results from fused burpitide
cyclases but it reduced hits from incomplete or non-BURP-domain
transcripts (Supplementary Table 5, Supplementary Data 3). In order
to search for other core peptide motifs within BURP-domain proteins,
the phi_pattern should be changed accordingly and a query BURP-
domain protein sequence should be selected which includes the target
motif, e.g., for a moroidin (core: QLLVWRGH) PHI-BLAST search, use
the phi_pattern QQLLVWRGH and KjaBURP (GenBank ID QIG55799.1)
which includes a QLLVWRGH motif in its sequence.

Peptide chemotyping

Leaf and stem plant material (0.2 g fresh weight) was collected from
aerial tissues, frozen and ground with a MP Biomedicals FastPrep-24-
5G Tissuelyser in 2-mL MP Biomedicals tubes with 2.3-mm Zirconia
beads for 60 s at 6 m/s. 1 mL of 80% methanol was added to ground
tissue and ground for 20 s at 6 m/s. The methanolic extract was incu-
bated for 10 min in a 60°C water bath, centrifuged for 5min at
16,000 x g at room temperature, and filtered through Whatman 0.2 um
syringeless LC-MS filters (UN5SO3NPEORG) before LC-MS analysis. Fil-
tered extracts were transferred to LC-MS vials and analyzed by LC-MS/
MS with the following settings: LC-Phenomenex Kinetex® 2.6 pum C18
reverse phase 100 A 150 x 3 mm LC column; LC gradient, solvent A,
0.1% formic acid; solvent B, acetonitrile (0.1% formic acid); 0 min, 10%
B; 5min, 60% B; 5.1 min, 95% B; 6 min, 95% B; 6.1 min, 10% B; 9.9 min,
10% B; 0.5 mL/min, 30 °C; MS, positive ion mode; full MS, resolution
70,000; mass range 400-1200 m/z; dd-MS? (data-dependent MS/MS),
resolution 17,500; AGC target 1x10° loop count 5, isolation width
1.0 m/z, collision energy 25eV and dynamic exclusion 0.5s. Sample
numbers were n=3 (biological replicates) for each source plant
extraction and each transient gene expression experiment in N. ben-
thamiana and n=1 for Mercurialis annua chemotyping from Herbar-
ium specimen. The negative control of transient gene expression
experiment in N. benthamiana was an empty pEAQ-HT vector infil-
tration experiment.

Glechomanin isolation

Mature Glechoma hederacea (root, leaves, stem, flowers, 10 kg total)
was collected and frozen at —80 °C and ground with dry ice in a food
processor to a fine powder. The plant powder was extracted with 1L
methanol (HPLC grade) per 500 g plant powder for 16 h at 37°C at
160 rpm. The crude extract was vacuum-filtered through a silica filter
and then dried in vacuo. The dried methanol extract was resuspended
in 2 L of water. The resuspension was partitioned 1:1 (v/v) with hexanes
(3x) and ethyl acetate (2x) and then extracted with n-butanol (1:1, v/v,
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2x). The n-butanol extract was dried in vacuo, resuspended in 20%
methanol and applied to a Sephadex LH20 (Sigma-Aldrich, LH20100)
liquid chromatography (LC) solid phase column (60 x 8 cm) with a
mobile phase gradient of 20%, 40%, 60%, 80% and 100% methanol
(500 mL each). LH20 LC fractions were analyzed for the presence of
the target analyte with the following LC-MS settings: injection volume
2uL; LC, Phenomenex Kinetex 2.6 pum CI8 reverse phase 100 A
50 x 3 mm LC column; LC gradient. solvent A, 0.1% formic acid; solvent
B, acetonitrile (0.1% formic acid); O min, 5% B; 2.5 min, 95% B; 3.0 min,
95% B; 3.1 min, 5% B; 5.0 min, 5% B, 0.5 mL/min, 30 °C; MS, positive ion
mode; full MS, resolution 35,000, mass range 400-1200 m/z; dd-MS?,
resolution 17,500; loop count 5, collision energy 25eV and dynamic
exclusion 0.5s. LH20 LC fractions with glechomanin were combined
and dried in vacuo.

Glechomanin extracts were separated by preparative HPLC with
the following LC conditions in two rounds: 1. separation: Phenom-
enex Kinetex® 5um CI8 100A LC Column 150 x21.2mm, LC gra-
dients: solvent A - 0.1% TFA, solvent B - acetonitrile (0.1% TFA),
7.5mL/min, 1. separation: O min: 10% B, 1 min: 10% B, 36 min: 50% B,
39 min: 95% B, 42 min: 95% B, 42.5min: 10% B, 60.1 min: 10% B. 2.
separation: Phenomenex Kinetex® 5um CI8 100A LC Column
150 x 21.2 mm, 7.5 mL/min, O min: 15% B, 1 min: 15% B, 36 min: 35% B,
39 min: 95% B, 42 min: 95% B, 42.5 min: 15% B, 60.1 min: 15% B. Pre-
parative HPLC fractions were analyzed for glechomanin described
above. Subsequently, glechomanin fractions were combined, dried in
vacuo and dissolved in 20% acetonitrile. The glechomanin fraction
was separated by semipreparative HPLC with the following condi-
tions: 1. separation: Kinetex® 5um C18 100 A 250 x 10 mm column,
solvent A - 0.1% TFA, solvent B - acetonitrile (0.1% TFA), 1.5 mL/min,
O min - 20% B, 1 min - 20% B, 21 min - 30% B, 22 min - 95% B, 25 min -
95% B, 25.1 min - 20% B, 45 min - 20% B. 2. separation: solvent A - 0.1%
TFA, solvent B - methanol (0.1% TFA), 1.5 mL/min, O min - 65% B, 1 min
- 65% B, 30 min - 85% B, 31 min - 100% B, 36 min - 100% B, 37 min - 65%
B, 47 min - 65% B. Subsequently, glechomanin fractions were com-
bined and dried in vacuo. Glechomanin (2 mg) was a white powder.

Moroidin-QLLVWRNH isolation

Stellaria aquatica aerial tissue (1.5 kg) was frozen at =80 °C and ground
in a food processor with dry ice and extracted in 6 L of methanol for
16 h at 37 °C with agitation (160 rpm). The methanol extract was fil-
tered over silica and dried under reduced pressure. The dried extract
was resuspended in 2 L of water and partitioned sequentially with 2 L of
hexanes (3x), ethyl acetate (2x), and n-butanol (2x). The n-butanol
fraction was dried, resuspended in 10% methanol, and subjected to
Sephadex LH20 chromatography (60 x 8 cm) using a methanol gra-
dient (10%, 20%, 30%, 40%, 50%; 500 mL each). Fractions were ana-
lyzed by LC-MS with the following parameters: injection volume, 2 uL;
column, Phenomenex Kinetex® 2.6 um C18 100 A (50 x 3 mm); solvent
A, 0.1% formic acid in water; solvent B, acetonitrile (0.1% formic acid);
0.5 mL/min, 30 °C; gradient: O min, 5% B; 2.5 min, 95% B; 3.0 min, 95%
B; 3.1 min, 5% B; 5.0 min, 5% B. MS settings: positive ion mode; full MS
resolution, 35,000; mass range, 400-1200 m/z; dd-MS? resolution,
17,500; collision energy, 25eV; dynamic exclusion, 0.5s. Moroidin-
QLLVWRNH-containing fractions were combined, dried in vacuo, and
then separated by preparative HPLC with the following LC conditions
in two rounds: Phenomenex Kinetex® 5um C18 100A LC column
150 x21.2 mm; 1. separation: LC gradients: solvent A - 0.1% TFA in
water, solvent B - acetonitrile (0.1% TFA), 7.5mL/min, 1. separation:
0 min: 10% B, 1 min: 10% B, 36 min: 50% B, 39 min: 95% B, 42 min: 95% B,
42.5 min: 10% B, 60.1 min: 10% B. 2. separation: 7.5 mL/min, O min: 15%
B, 1 min: 15% B, 36 min: 35% B, 39 min: 95% B, 42 min: 95% B, 42.5 min:
15% B, 60.1'min: 15% B. Fractions were analyzed for moroidin-
QLLVWRNH by LC-MS as for LH20 LC and combined. Final purifica-
tion was achieved by semipreparative HPLC (Kinetex® 5 pm C18 100 A
250 x 10 mm, solvent A: 0.1% TFA in water, solvent B: acetonitrile, 0.1%

TFA, 1.5 mL/min: 1. Separation: O min - 20% B, 1 min - 23% B, 45 min - 23%
B), 2. Separation: O min - 23% B, 30 min - 23% B. Moroidin-QLLVWRNH
(32 mg) was obtained as a white powder.

Mercurialin isolation

Transgenic tobacco leaves expressing ManBURP-IXQLFFWRY (1.3 kg)
were frozen at —80 °C and ground in a food processor with dry ice and
extracted in 8 L of methanol for 16 h at 37 °C with agitation (160 rpm).
The methanol extract was filtered over silica and dried in vacuo. The
dried extract was resuspended in 2L of water and partitioned
sequentially with 2 L of hexane (3x), ethyl acetate (2x), and n-butanol
(2x). The n-butanol fraction was dried, resuspended in 10% methanol,
and subjected to Sephadex LH20 chromatography (60 x 8 cm) using a
methanol gradient (20%, 40%, 60%, 80%, 100%; 500 mL each). Frac-
tions were analyzed by LC-MS with the following parameters: injection
volume, 2uL; column, Phenomenex Kinetex® 2.6uym CI8 100 A
(50 x 3 mm); solvent A, 0.1% formic acid in water; solvent B, acetonitrile
(0.1% formic acid); 0.5 mL/min, 30 °C; gradient: O min, 5% B; 2.5 min,
95% B; 3.0 min, 95% B; 3.1 min, 5% B; 5.0 min, 5% B. MS settings: positive
ion mode; full MS resolution, 35,000; mass range, 400-1200 m/z; dd-
MS? resolution, 17,500; collision energy, 25eV; dynamic exclusion,
0.5 s. Mercurialin-containing fractions were combined, dried in vacuo,
and then separated by preparative HPLC with the following LC con-
ditions in two rounds: Phenomenex Kinetex® 5um C18 100 A LC Col-
umn 150 x21.2mm, solvent A - 0.1% TFA in water, solvent B -
acetonitrile (0.1% TFA); 1. separation: LC gradients:, 7.5mL/min, 1.
separation: O min: 10% B, 1 min: 10% B, 36 min: 50% B, 39 min: 95% B,
42 min: 95% B, 42.5 min: 10% B, 60.1 min: 10% B. 2. separation: 7.5 mL/
min, 0 min: 20% B, 1 min: 20% B, 36 min: 40% B, 39 min: 95% B, 42 min:
95% B, 42.5 min: 20% B, 60.1 min: 20% B. Fractions were analyzed for
mercurialin by LC-MS and combined. Final purification was achieved
by 2 rounds of semi-preparative HPLC (Kinetex® 5 um C18 100 A 250 x
10 mm column, solvent A: 0.1% TFA in water, solvent B: acetonitrile,
0.1% TFA, 1.5 mL/min; 1. and 2. separation: O min - 38% B, 35 min - 38% B.
Mercurialin (5 mg) was obtained as a white powder.

Structure elucidation of glechomanin and mercurialin

For 1D and 2D NMR analysis, glechomanin was dissolved in DMSO-d,
or methanol-d, (Cambridge Isotope Laboratories, Inc.), whereas mer-
curialin and moroidin-QLLVWRNH were prepared in DMSO-de. All data
were acquired using corresponding Shigemi NMR tubes (Wilson
Glass). To compare ROESY/NOESY data with geometry-optimized
structures of glechomanin and mercurialin, geometry optimizations
were performed for the Trp7-Ca stereoisomers of glechomanin and
the Phe-Cf stereoisomers of mercurialin. Initially, the four stereo-
isomer structures were energy-minimized using MM2 followed by
MMFF94 calculations in Chem3D (v.22.2.0, Revvity Signals, maximum
iterations set to 10,000). The resulting conformers were subsequently
geometry-optimized using the B3LYP-D3/6-31+G(d,p) method in
Gaussian 16 (revision A.03)°° on the Great Lakes HPC cluster and ana-
lyzed in Chem3D.

For Marfey’s analysis, ~400 pg of purified glechomanin or mer-
curialin were hydrolyzed in 600 pL of 6 M hydrochloric acid (HCI) in a
sealed thick-walled reaction vessel. The sample was heated at 110 °C
and stirred overnight for 12 h. Subsequently, the hydrolysate was
concentrated to dryness under nitrogen gas and redissolved in 100 pL
water. Then, 100 pL of 1M sodium bicarbonate (NaHCO5) and 100 pL
of a 1% acetone solution of Marfey’s reagent, 1-fluoro-2,4-dini-
trophenyl-5-.-alanine amide (.-FDAA), were added to the solution. The
reaction mixture was incubated at 40 °C for 1 h and then quenched by
adding 100 pL of 1M HCI. For the preparation of L.-FDAA-amino acid
standard derivatives, 50 mM of each amino acid (p/L-Phe, b/t-Glu, p/t-
Leu, o/t-Trp, po/i-Val, o/t-Phe, p/L-Arg and p/i-Tyr) dissolved in water
(50 pL) was treated with 1M NaHCOj3 (20 pL) and 1% .-FDAA (100 pL) at
40°C for 1h, respectively. After the reaction, the solution was
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quenched with 1M HCI (20 pL) and diluted with acetonitrile (810 pL)
for LC-MS analysis. LC-MS/MS analysis parameters were as follows:
injection volume 2 uL; LC, Phenomenex Kinetex 2.6 um C18 reverse
phase 100 A 150 x 3 mm LC column; LC gradient: solvent A, 0.1% formic
acid; solvent B, acetonitrile (0.1% formic acid); O min, 10% B; 40 min,
60% B; 41 min, 95% B; 44 min, 95% B; 45 min, 10% B, 50 min, 10% B,
0.5 mL/min, 30 °C; MS, positive ion mode; full MS, resolution 70,000,
mass range 100-1000 m/z. For the determination of p/i-Arg, the fol-
lowing LC-MS/MS parameters were employed: injection volume 5puL;
LC, Higgins Analytical PROTO300 C4 5um 250 x 4.6 mm LC column;
LC gradient: solvent A, 0.1% formic acid; solvent B, acetonitrile (0.1%
formic acid); 0 min, 10% B; 38 min, 20% B; 39 min, 95% B; 45 min, 95% B;
46 min, 10% B, 56 min, 10% B, 0.5mL/min, 30 °C; MS, positive ion
mode; full MS, resolution 70,000, mass range 100-1000 m/z. The
configurations of the amino acid residues were determined by com-
paring their retention times and elution orders with those of FDAA
derivatives of amino acid standards.

BURP-domain gene cloning

Leaves of 10-week-old Glechoma hederacea, stem tissue of Stellaria
aquatica, and leaves of Orchidantha maxillarioides were collected and
total RNA was extracted from each plant with QIAGEN RNeasy Plant
Mini Kit. Complementary DNA was prepared from G. hederacea leaf
total RNA, S. aquatica stem total RNA, and O. maxillarioides leaf total
RNA with Thermo Scientific™ Maxima H Minus First Strand cDNA
Synthesis Kit. Cloning primers for GheBURP, SagBURP, and Oma-
BURPI/2 were designed from candidate GheBURP transcripts, SagBURP
transcripts, and OmaBURPI1/2 transcripts, respectively (Supplementary
Table 16). GheBURP and OmaBURP1/2 were amplified with Phusion
High-Fidelity DNA polymerase (New England Biolabs) and cloned by
Gibson cloning assembly®” (New England Biolabs) into pEAQ-HT” lin-
earized by restriction enzymes Agel and Xhol. Cloned GheBURP were
sequenced by Sanger sequencing. Similarly, SagBURP was cloned into
pHis8 (pET28a with N-terminal 8xHis-tag) linearized by restriction
enzyme Ncol. Cloned SagBURP was sequenced by Nanopore sequen-
cing (Plasmidsaurus Inc).

Transient gene expression in Nicotiana benthamiana

SstBURP-1xQLLVWRNH, SstBURP-4xQLLVWRNH, SagBURP-1IxQLLVWRNH,
OmaBURPI-1IxQLFVYWGW, ManBURP-IxQLFFWRY, ManBURP-1xQLLVWRY,
GheBURP-IxQLLVW, KjaBURP-IxQLLVWRGH, KjaBURP-IxQLLVWRNH,
KjaBURP-IXxQLLVWRSH, and KjaBURP-IxQLLVWPKH (Supplementary
Data 4) were synthesized with N-terminal overhang TGCCCAAATTCG
CGACCGGT and C-terminal overhang CTCGAGGCCTTTAACTCTGG for
Gibson cloning into pEAQ-HT” linearized with Agel and Xhol. Agro-
bacterium tumefaciens LBA4404 was transformed with pEAQ-HT-Ghe-
BURP wildtype or synthetic constructs (GheBURP-IxQLLVW), pEAQ-HT-
KjaBURP synthetic constructs (KjaBURP-IXQLLVWRNH, KjaBURP-
IXQLLVWRSH, KjaBURP-IxQLLVWPKH), pEAQ-HT-SstBURP synthetic
constructs (SstBURP-IXQLLVWRNH, SstBURP-4xQLLVWRNH), pEAQ-HT-
SagBURP synthetic construct (SagBURP-1xQLLVWRNH), pEAQ-HT-Oma-
BURP1 wild-type and synthetic constructs (OmaBURPI-IXQLFVWGW),
PEAQ-HT-OmaBURP2 wildtype construct and pEAQ-HT-ManBURP wild-
type and synthetic constructs (ManBURP-IxQLFFWRY, ManBURP-
IxQLLVWRY) by electroporation (2.5kV) and then plated on YM agar
plates (0.4 g of yeast extract, 10 g of p-mannitol, 0.1 g of sodium chloride
(NaCl), 0.2 g of magnesium sulfate (heptahydrate), 0.5g of potassium
phosphate (dibasic, trihydrate), 15 g of agar, and 1L of deionized water,
adjusted to pH 7) with 100 pg/mL rifampicin, 50 pg/mL kanamycin, and
100 pg/mL streptomycin, and incubated for 2 days at 30°C. A S5mL
starter culture of the YM medium with 100 pg/mL rifampicin, 50 pg/mL
kanamycin, and 100 pg/mL streptomycin was inoculated with a clone of
A. tumefaciens LBA4404 pEAQ-HT-GheBURP or other precursor gene
constructs and incubated for 24-36 h at 30 °C in a shaking incubator at
220 rpm. Subsequently, the starter culture was used to inoculate a 25 mL

culture of the YM medium with 100 pg/mL rifampicin, 50 pg/mL kana-
mycin, and 100 pg/mL streptomycin, which was incubated for 24 h at
30°C in a shaking incubator at 220 rpm. The cells from the 25 mL cul-
ture were centrifuged for 30 min at 3000 x g, the YM medium was dis-
carded, and cells were resuspended in MMA medium (10 mM MES KOH
buffer (pH 5.6), 10 mM magnesium chloride (MgCl,), 100 pM acetosyr-
ingone) to give a final optical density (ODggo) of 0.8. The Agrobacterium
suspension was infiltrated into the bottom of the leaves of N. ben-
thamiana plants (6-8 weeks old) using 1mL plastic syringes. N. ben-
thamiana plants were placed in the shade 2 h before syringe infiltration.
After infiltration, N. benthamiana plants were grown as described above
for 6 days. Subsequently, infiltrated leaves were collected and subjected
to peptide chemotyping. For peptide purification, infiltrated leaves were
collected after 7 days and stored at -80 °C until purification.

Protein purification

E. coli-codon-optimized GheBURP-IxQLFVWGW and ManBURP-
IxQLFFWRY (Supplementary Data 4) were cloned via Gibson cloning
into Ncol-linearized pHis8 expression vector (pET28a with an
N-terminal 8xHis-tag) with 5-overhang GAAAACTTGTACTTCCAGGC
CCATGGC and 3-overhang CCATGGCGGATCCGAATTCGAG. They
were transformed into E. coli BL21(DE3) respectively. Each colony of E.
coli BL21(DE3) was inoculated to a 10 mL Luria-Bertani medium with
50 pg/mL kanamycin for 16 h incubation at 37 °C and 200 rpm. The
starter culture was used to inoculate 1L Terrific Broth liquid medium
with 50 yg/mL kanamycin and the culture was incubated at 37 °C and
200 rpm until OD¢gg reached 0.7-1. The culture was then added with
Isopropyl-B-p-1-thiogalactopyranoside to a final concentration of
50 ug/mL and cooled to 18 °C for incubation at 200 rpm for 16 h.

Cells were centrifugated at 3500 x g and 4 °C. The cell pellet was
resuspended in solution buffer (50 mM Tris-hydrochloride (Tris-HCI)
(pH 8), 1mM ethylenediaminetetraacetic acid (EDTA, pH 8), 1mM
dithiothreitol (DTT), 25% sucrose (w/v)) with 5 mL per g wet cell pellet.
Resuspended cells were sonicated on ice to break cells open for 2 min
57 sec at 80% amplitude (59 s on, 59 s off). Subsequently, 1 mg lyso-
zyme and 1 mg DNAse | is added per mL lysate and 25 pL divalent cation
solution (400 mM MgCl,, 400 mM calcium chloride (CaCl,)) is added
per mL lysate. The lysate was then stirred at room temperature for
20 min. Next, the same volume of lysis buffer (50 mM Tris-HCI (pH 8),
1mM EDTA (pH 8), 1mM DTT, 200 mM NaCl, 1.0 % Triton X-100 was
added to the lysate and mixed for 1h at 4 °C. The lysate was sonicated
again on ice for 2 min 57 sec and 60% amplitude (59 s on, 59 s off) and
then added with EDTA solution (pH 8, final concentration 20 mM). The
inclusion bodies were subsequently checked for full resuspension. The
resulting lysate was centrifugated for 30 min at 6000 x g and 4 °C. The
supernatant was discarded and the inclusion bodies were resuspended
in the same volume as the discarded supernatant of Wash Buffer with
Triton X-100 (50 mM Tris-HCI (pH 8), 1mM EDTA (pH 8), 1 mM DTT,
100 mM NaCl, 0.5% Triton X-100). The inclusion body resuspension
was sonicated on ice for 2 min 57 sec and 60% amplitude (59 s on, 59 s
off). The inclusion bodies are checked for full resuspension and cen-
trifugated for 30 min at 6000 x g and 4 °C. The inclusion bodies were
washed one more time with Wash Buffer with Triton X-100, before the
inclusion bodies were washed twice with Wash Buffer without Triton
X-100 (50 mM Tris-HCI (pH 8), 1 mM EDTA (pH 8), 1mM DTT, 100 mM
NaCl). After the final centrifugation, the supernatant was discarded
and the inclusion body pellet was resuspended in TE buffer (10 mM
Tris-HCI (pH 8), 1 mM EDTA (pH 8)) at 5 mL per g wet inclusion bodies
and then aliquoted as 1 mL inclusion body resuspension for storage at
-80 °C before further protein purification.

Unless otherwise specified, all subsequent procedures were con-
ducted at room temperature. The denaturing solution was prepared in
a 15 mL conical tube by mixing solid urea with 4 mL of 50 mM Tris-HCI
(pH 8) and 100 mM NaCl, achieving a final concentration of 7.5-8.0 M,
followed by the addition of 8 mM [-mercaptoethanol. Thawed
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inclusion bodies (I mL aliquot) were then added to the denaturing
solution and gently mixed. The mixture was inverted or pipetted every
10 min for 60 min until complete dissolution was achieved. Subse-
quently, the solution was filtered through a 0.45 um syringe filter into a
conical tube. The dissolved and filtered GheBURP-1xQLFVWGW/Man-
BURP-1xQLFFWRY was diluted into 500 mL of 50 mM Tris-HCI (pH 8),
500 mM NaCl, and 2.5 M urea to prevent aggregation during refolding,.
Before use, a 4L stock of refolding buffer (50 mM Tris-HCI pH S8,
500 mM NaCl, 0.5mM tris(2-carboxyethyl)phosphine (GoldBio), 10%
glycerol) was cooled to 4°C. The diluted GheBURP-IXQLFVWGW/
ManBURP-IxQLFFWRY (each 500 mL) was then introduced into
3.5 kDa molecular weight cut-off (MWCO) dialysis tubing and dialyzed
overnight at 4°C in 4L of refolding buffer. Following dialysis, the
protein was removed from the tubing and centrifuged at 4000 x g at
4°C for 30 min to eliminate aggregates prior to purification. Subse-
quently, 2.5 mL of Ni-NTA resin was added to a 20 mL column, washed
with deionized water, and equilibrated with 10 column volumes (CV) of
refolding buffer containing 30 mM imidazole at pH 8. The refolded
protein was then applied onto the resin, and the flow-through was
discarded. The resin was washed with 10 CV of refolding buffer con-
taining 30 mM imidazole at pH 8, followed by elution of the protein
with 10 CV of refolding buffer containing 600 mM imidazole at pH 8. A
mixture containing 1mg of TEV protease for every 10 mg of eluted
protein was subjected to overnight dialysis in 3.5 kDa MWCO dialysis
tubing at 4 °C with stirring in 4 L of TEV protease buffer (50 mM Tris-
HCI (pH 8), 100 mM NaCl, 3 mM reduced glutathione (GSH), 0.3 mM
oxidized glutathione (GSSG)). Subsequently, GheBURP-1XQLFVWGW/
ManBURP-1xQLFFWRY was separated from uncleaved Hisg-GheBURP-
1XQLFVWGW/Hisg-ManBURP-1xQLFFWRY, respectively, and the His-
tagged TEV protease using a second 2.0 mL Ni-NTA column, which had
been pre-equilibrated with 10 CV of TEV protease buffer in a disposable
20 mL column. The flow-through was then concentrated using Amicon
Ultra-15mL 10 kDa MWCO centrifugal concentrators, subjected to SDS-
PAGE analysis, and utilized for enzyme assays.

Enzyme assays

For core peptide analysis, enzyme assays were performed using 50 uL
volumes containing either copper(ll) chloride (CuCl,) from JT Baker
Chemical Co. or water. Assays for BURP-domain proteins comprised
300 uM GheBURP-1xQLFVWGW/100 uM ManBURP-1XQLFFWRY, 1 mM
CuCl,, and a citrate:phosphate buffer (pH 7) with final concentrations
of 18 mM citrate and 165 mM Na,HPO,. The enzyme reactions were
incubated for 24 h at 20 °C. Subsequently, 1ug of trypsin (Sigma-
Aldrich, T7575-1KT) in 20 pL of 1M Tris-HCI (pH 8)/1 ug of LysC (NEB,
P8109S) in 10 uL of 10 mM Tris-HCI (pH 8) buffer was added to Ghe-
BURP/ManBURP assay, respectively, and further incubated at 37 °C for
24 h. Each digest was centrifuged, added to Chromacol™ LC-MS vial,
and subjected to LC-MS/MS analysis. LC-MS/MS settings: Injection
volume 15 pL, LC-Higgins Analytical PROTO300 C4 5 um 250 x 4.6 mm,
solvent A-0.1% formic acid, solvent B-acetonitrile (0.1% formic acid),
0.7 mL/min, 30 °C, LC gradient: O min: 10% B, 10 min: 50% B, 11 min:
95% B, 13 min: 95% B, 13.1 min: 10% B, 20 min: 10% B, MS - Positive ion
mode, Full MS: Resolution 35,000, mass range: 700-1250 m/z for
GheBURP digest and 700-1450 m/z for ManBURP digest, dd-MS*
resolution 17,500, AGC target 1e5, loop count 5, isolation window
0.4 m/z, collision energy 25 eV, dynamic exclusion 2 s. Scaled enzyme
assays for exoproteolytic cyclic peptide formation were conducted on
a 2mL scale using purified GheBURP-IXQLFVWGW/ManBURP-
1XQLFFWRY obtained from a 4 L/2 L expression and purification pro-
cess. These assays included 130-350 uM of the BURP domain cyclase
and 1 mM CuCl, in a citrate:phosphate buffer at pH 7. The assays were
incubated for 24 h at 20 °C. Following incubation, trypsin/LysC was
introduced into the GheBURP/ManBURP reaction mixtures at a
protease-substrate molar ratio of 1:250/1:100, with the pH adjusted to 8
using a 1M Tris-HCI (pH 8) buffer and incubated at 37 °C for 24 h. Two

digests were subjected to preparative HPLC, respectively (LC settings,
Phenomenex Kinetex 5pm CI8 100A LC Column 150 x 21.2 mm,
7.5 mL/min; solvent A, 0.1% TFA; solvent B, acetonitrile (0.1% TFA); LC
gradient, O min, 10% B; 1 min, 10% B; 36 min, 50% B; 39 min, 95% B;
42 min, 95% B; 42.5 min, 10% B; 60.1 min, 10% B). HPLC fractions were
analyzed by LC-MS analysis for target masses of modified core pep-
tides with the following LC-MS parameters: injection volume 2 uL; LC,
Phenomenex Kinetex 2.6 pm CI8 reverse phase 100 A 50 x3mm LC
column; LC gradient. solvent A, 0.1% formic acid; solvent B, acetonitrile
(0.1% formic acid); 0 min, 5% B; 2.5 min, 95% B; 3.0 min, 95% B; 3.1 min,
5% B; 5.0 min, 5% B, 0.5 mL/min, 30 °C; MS, positive ion mode; full MS,
resolution 35,000, mass range 400-1200 m/z; dd-MS?, resolution
17,500; loop count 5, collision energy 25eV and dynamic exclusion
0.5s. LC fractions containing target peptides were dried and resus-
pended in 30 uL DMSO for further analysis. Exopeptidase assays were
conducted with ~25-50pug of peptides (with 4% DMSO), carbox-
ypeptidase Y (from S. cerevisiae, Sigma-Aldrich), and aminopeptidase
N (from Rat, Sigma Aldrich) at a peptidase:peptides ratio of 1:10 (w/w).
These assays were performed in 100 mM Tris-HCI buffer at pH 7 and
37 °C for 24 h. Following incubation, the assays were centrifuged and
analyzed by LC-MS/MS as follows: Injection volume 15 pL, LC-Higgins
Analytical PROTO300 C4 5um 250 x 4.6 mm, all gradients: solvent
A-0.1% formic acid, solvent B-acetonitrile (0.1% formic acid), 0.7 mL/
min, 30 °C, LC gradient: O min: 15% B, 60 min: 40% B, 61 min: 95% B,
63 min: 95% B, 63.1 min: 15% B, 80 min: 15% B, MS - Positive ion mode,
Full MS: Resolution 35,000, mass range: 800-1300 m/z for GheBURP
and 700-1450 m/z for ManBURP, dd-MS?* resolution 17,500, AGC tar-
get 1e5, loop count 5, isolation width 0.4 m/z, collision energy 25eV,
dynamic exclusion 0.6 s. The analysis was compared to purified gle-
chomanin or mercurialin standards.

Bioassay
Cancer cell lines H1437 (ATCC® CRL-5872), H1299 (ATCC® CRL-5803),
A549 (ATCC® CCL-185), U20S (ATCC® HTB-96), LNCaP (ATCC® CRL-
1740), HUH-7 (JCRB® JCRB0403), and noncancerous cell lines IMR-90
(ATCC® CCL-186), HFF (ATCC® CRL-2088), and MEFs were maintained
at 37°C and 5% CO, atmosphere. Standard isolation and culture of
primary mouse embryonic fibroblasts from pregnant female mice at
the University of Michigan established the MEF cell line®s. H1437,
H1299 and LNCaP were grown in Roswell Park Memorial Institute 1640
Medium (Fisher Scientific, 11875119), U20S were grown in McCoy’s 5 A
Medium (Thermo Fisher, 16600082), and the remaining lines grown in
Dulbecco’s Modified Eagle’s medium (Fisher Scientific, 11995065).
A549 cell media were supplemented with 15% Fetal Bovine Serum (FBS;
Thermo Fisher, A5670701), while the remaining media were supple-
mented with 10% FBS and 1x penicillin-streptomycin (Gibco, 15140122).
384-well plates (Perkin Elmer, 6057300) were seeded with H1437,
H1299, A549, U20S, LNCaP, HUH-7, IMR-90, HFF, and MEF at 5000
cells per well in 50 pL of their respective complete media. Cell seeding
densities were optimized such that the cells would be 90-100% con-
fluent in DMSO vehicle control wells after 72 h. Cells were allowed to
attach to the wells for 24 h at 37 °C and 5% CO,. Compounds (10 mM)
were added using the HPD300e digital compound dispenser in ran-
domized, ten-point, two-fold dose response (n = 3) from a starting
concentration of 40 pM. Compounds were normalized to the highest
class DMSO volume of 1%, then incubated at 37 °C and 5% CO, for 48 h.
Each cell line had n=16 positive controls (10 pM taxol) and vehicle
(DMSO). Cells were fixed with 4% paraformaldehyde for 20 min, per-
meabilized with 0.03% Triton X-100 for 20 min and rinsed twice with
PBS between each step. Cells were then stained for 30 min with a
1:1000 PBS dilution of Hoechst 33340 (Thermo Scientific, H1399) for
nuclei staining and 1:10,000 PBS dilution of CellMask Orange (Thermo
Fisher, H32713) for cell delineation. Fixed and stained plates were
washed twice with PBS, then left in a final volume of 25 pL per well for
imaging using a Thermo Fisher CXS5 high content imaging microscope
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with LED excitation (386/23 nm, 560/25 nm) at 10x magnification. Cells
were imaged at a single z-plane as optimized through image-based
autofocus for each channel, and the exposure times were selected to
maximize the signal-to-background ratio. Cellpose® was used to seg-
ment and count cell nuclei for each cell line, a percent viability score
for compounds was generated by normalizing the cell count to the
average well-level cell counts observed in the negative control
(DMSO0), and dose-response curves were fit using the GraphPad Prism
software (v10.1.0, Dotmatics).

Phylogenetic tree construction

The tree was constructed in the web server Interactive Tree of Life
displaying angiosperm orders distinguished as ANA grade, Magnolids,
Monocots and Eudicots'”.

100

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Gene sequences of BURP-domain precursor peptides were deposited
in GenBank (GheBURP-PP316100 [https://www.ncbi.nlm.nih.gov/
nuccore/PP316100.1/], SstBURP-PP316102 [https://www.ncbi.nlm.nih.
gov/nuccore/PP316102], SagBURP-PQ435901 [https://www.ncbi.nlm.
nih.gov/nuccore/PQ435901], OmaBURPI-PQ435900 [https://www.
ncbi.nlm.nih.gov/nuccore/PQ435900], OmaBURP2-PQ463684 [https://
www.ncbi.nlm.nih.gov/nuccore/PQ463684]). LC-MS/MS datasets (Gle-
choma hederacea leaf extract, Sacciolepis striata leaf extract, Mercurialis
annua stem extract, Stellaria aquatica stem extract, Orchidantha max-
illarioides stem and leaf extract) were deposited in GNPS-MassIVE'*?
under  accession  MSV000096083  [https://massive.ucsd.edu/
ProteoSAFe/dataset.jsp?task=20959bf587854448850f0ae82d834343].
Proteomic datasets of burpitide cyclase characterization were deposited
in GNPS-MassIVE'” under accession MSV000097169 [https://massive.
ucsd.edu/ProteoSAFe/dataset.jsp?task=811455e7894e47659396e322f5a
0Oe5f4]. Transcriptome assemblies were deposited in Deep Blue Data
repository of the University of Michigan under accession 9306t0217
[https://doi.org/10.7302/z14x-5m94]', NMR data was deposited in
NP-MRD'*  (glechomanin-NP0350903  [https://np-mrd.org/natural_
products/NP0350903], mercurialin-NP0350904 [https://np-mrd.org/
natural_products/NP0350904], moroidin-QLLVWRNH-NP0350905
[https://np-mrd.org/natural_products/NP0350905]). Source data are
provided with this paper.

Code availability
All scripts from this study were deposited in GitHub repository [https://
github.com/UM-KerstenLab4009/Moroidin-Transcriptomics/].
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