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Plants are prolific peptide chemists and are known to make thousands of different peptidic molecules. These

peptides vary dramatically in their size, chemistry, and bioactivity. Despite their differences, all plant peptides to

date are biosynthesized as ribosomally synthesized and post-translationally modified peptides (RiPPs). Decades

of research in plant RiPP biosynthesis have extended the definition and scope of RiPPs from microbial sources,

establishing paradigms and discovering new families of biosynthetic enzymes. The discovery and elucidation of

plant peptide pathways is challenging due to repurposing and evolution of housekeeping genes as both

precursor peptides and biosynthetic enzymes and due to the low rates of gene clustering in plants. In this

review, we highlight the chemistry, biosynthesis, and function of the known RiPP classes from plants and

recommend a nomenclature for the recent addition of BURP-domain-derived RiPPs termed burpitides.

Burpitides are an emerging family of cyclic plant RiPPs characterized by macrocyclic crosslinks between

tyrosine or tryptophan side chains and other amino acid side chains or their peptide backbone that are formed

by copper-dependent BURP-domain-containing proteins termed burpitide cyclases. Finally, we review the

discovery of plant RiPPs through bioactivity-guided, structure-guided, and gene-guided approaches.
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dening RiPP biosynthetic feature is the ribosomal generation
of a precursor peptide which is post-translationally modied
(PTM) and proteolytically cleaved to yield a mature RiPP natural
product1,2 (Fig. 1A). Plants are a prolic source of peptide
chemistry3 and the investigation of underlying peptide biosyn-
thetic genes has revealed that plants produce peptide natural
products exclusively via the ribosomal pathway based on
current knowledge.4–21 Plant RiPPs have yielded sustainable pest
control agents in agriculture such as Sero-X,22,23 and they have
emerged as promising lead compounds for medicinal applica-
tions exemplied by the clinical lead immunosuppressant
T20K.24 With growing plant genetic resources25 and recent
advances in identication of precursor peptides and biosyn-
thetic enzymes involved in plant RiPP biosynthesis, the eld of
plant RiPPs is primed for an expansion of plant RiPP chemistry
and enzymology that will further advance research about their
agricultural and therapeutic applications. This review aims to
give an overview of plant RiPP chemistry, biosynthesis, and
bioactivity while also recommending nomenclature for the
recent discovery of side-chain-macrocyclic RiPPs produced by
BURP-domain peptide cyclases.

In this review, we will rst introduce plant peptide chemistry
to highlight characterized ribosomal peptides with post-
translational modications. We will then give insights into
plant RiPP biosynthetic trends based on current biochemical
knowledge (Section 2). Next, plant RiPP classes will be reviewed
in structure, biosynthesis, and bioactivity (Section 3). We
summarize the distribution of these plant RiPPs across vascular
plants in Section 5. Finally, discovery approaches for plant
RiPPs are described (Section 6) and we look ahead in future
research directions of plant RiPPs (Section 7). We also review
biosynthetically undened peptides derived from plants
(Section 4). This review has a particular focus on BURP-domain-
derived RiPPs due to their recent biosynthetic discovery. For the
other plant peptide classes, we further recommend excellent
reviews discussed in their respective sections.
2. Plant peptide chemistry and
biosynthesis

To date, over 1500 modied peptides have been isolated from
plants.3,18,26,27 Detailed biosynthetic studies have rmly estab-
lished the biosynthetic basis for many of these peptides,
allowing for classication based on both structure and
construction (Fig. 1B). The plant itself is typically responsible
for biosynthesis of the RiPP, which is contrary with other sessile
organisms like sponges that rely on a complex microbiome to
produce the observed bioactive metabolite.28–30 There are
notable exceptions to this trend in plants, such as the macro-
cyclic depsipeptide FR900359,31 which is produced by the
endosymbiotic bacterium Candidatus Burkholderia crenata in
the leaves of the plant Ardisia crenata. FR900359 is a potent
inhibitor of the Gq subfamily of G protein signaling, a novel
therapeutic target for treating asthma, inammation, and
cancer.32–35 Other peptidic natural products derived from plant
1022 | Nat. Prod. Rep., 2024, 41, 1020–1059
sources such as the bouvardins still await biosynthetic classi-
cation (Fig. 1B and Section 4).

Plant RiPPs have a wide range in size, from four amino acids
(cyclopeptide alkaloids)36 up to 66 amino acids (cysteine-rich
peptides)37 or 430 Da to 7 kDa (Fig. 1B). A common structural
feature of plant peptide natural products is macrocyclization.
Macrocyclic plant RiPPs can be constructed in a variety of ways:
head-to-tail (cyclotide), side-chain-to-side-chain (cyclopeptide
alkaloids) or side-chain-to-backbone (lyciumins). Below we
describe important features of plant RiPP pathways following
general RiPP biosynthetic order of precursor peptide formation,
post-translational modication, and proteolysis.
2.1. Precursor peptides

As characteristic of RiPPs, genetically encoded precursor
peptides serve as the substrate for the biosynthetic pathways.
Precursor peptide sequences can oen be subdivided by their
functional role. Since many contrasting denitions have been
used for plant precursor peptide organization over the past
decades, we propose the following in addition to accepted RiPP
precursor peptide denitions:1,2

� Leader (peptide) is the non-repeating N-terminal portion of
the precursor peptide following the signal sequence (if a signal
peptide is present) before the rst N-terminal core peptide.

� Core (peptide) is a sequence of the precursor peptide which
is transformed to the RiPP natural product.

� Recognition sequence is the repeating unit demarcating
core sequences in multi-core precursor peptides.

� Follower (peptide) is the non-repeating C-terminal portion
of the peptide following the core sequence.

Leader, follower and recognition sequences oen function
as regions for interactions with PTM enzymes or domains and
proteases in RiPP pathways.1,2 The presence of leader peptide,
follower peptides, or recognition sequences is not a require-
ment for plant RiPP precursor peptides.

Plant RiPPs can be derived from single-core and multi-core
precursor peptides (Fig. 1C). Most plant RiPP classes have
precursor peptides that have been characterized to include
more than one core peptide in sequence repeats, known as
multi-core precursor peptides (Table 1).38 For example, two of
the originally reported cyclotide precursor peptides (Oak2,
Oak4) from Oldenlandia affinis include 2 or 3 core peptides,
respectively, but precursor peptides with only one cyclotide core
peptide (Oak1, Oak3) were reported from the same plant.4 Other
multi-core precursor peptides have been described for orbi-
tides,39 linear RiPPs,11 several cysteine-rich peptides,40–42 lyciu-
mins,17 moroidins19 and cyclopeptide alkaloids18,20 (Table 1).
Multi-core precursor peptides are also in biosynthetic pathways
of fungal RiPPs such as dikaritins43–46 and borosins,47,48 and
cyanobacterial RiPPs such as cyanobactins49,50 and micro-
viridins.51 A multi-core precursor in plant RiPPs could have the
advantage over a single-core precursor in that RiPP production
could be increased faster and more efficient, i.e. transcription
and translation of one precursor gene can yield multiple plant
RiPP products. The evolution of multi-core precursors has been
hypothesized to occur through internal gene duplication and
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Plant RiPP chemistry and biosynthesis. (A) RiPP biosynthetic dogma.1,2 (B) Representative structures of plant RiPPs and their corresponding
size ranges. Peptide mass ranges were determined based on plant peptide databases and studies.18,26,27 (C) Single-core and multi-core precursor
peptides of kalata cyclotides. B1 represents kalata B1 core peptide. (D) Precursor proteins with storage, catalytic, and multi-core domains. (E)
Fused and split precursor peptides in cyclopeptide alkaloid RiPP biosynthesis. Disulfide bond formation and pyroglutamate formation can occur
enzymatically or spontaneously. Abbreviations: PTM – post-translational modification, alb. – albumin, core – core peptide, Leader – leader
peptide, Follower – follower peptide.
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neofunctionalization in the form of core peptide diversication,
as observed for squash trypsin inhibitor cyclotides.5 Many
precursor peptides from plant RiPP pathways are above 100
amino acids in length (Table 1 and Fig. 1D) and therefore larger
than typical precursor peptides from bacterial RiPPs.1,2 The
large size of plant precursor peptides arises for several reasons:
(a) plant RiPP precursor peptides oen include signal peptides
for processing through the secretory pathway in plant cells, (b)
they can include multiple core peptides,4,5,17 (c) core peptides
have evolved into storage proteins22,52,53 and (d) precursor
peptides can be fused to catalytic domains.18,54 In some cases,
the large size of plant RiPP precursors has been hypothesized to
be a result of cyclic peptide motifs ‘hijacking’ plant proteins and
their processing enzymes for biosynthesis.52 Such cyclic peptide
motifs can function as stand-alone inhibitor protein loops like
in Bowman–Birk-inhibitors55 or serve as RiPP core peptides for
This journal is © The Royal Society of Chemistry 2024
post-translational modication and proteolysis during cyclic
peptide biosynthesis.6
2.2. Post-translational modication

Bacterial RiPPs are oen heavily modied to contain many non-
proteogenic amino acids, whereas plant RiPPs are generally
comprised of proteinogenic amino acids with only a limited
number of post-translationally modied amino acids. Plant RiPP
PTMs can be differentiated into terminalmodications such as N-
to-C-macrocyclization or pyroglutamate formation and into side-
chain-modications such as crosslinking of tryptophan and
tyrosine side chains with other amino acids (Fig. 2). Multiple
plant RiPP classes feature PTMs common to eukaryotic proteins,
including cystines, pyroglutamate, tyrosine sulfation, and proline
hydroxylation.56 We rationalize the inclusion of common protein
PTMs in plant RiPPs because of the general denition of RiPPs as
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1023
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ribosomal peptides with a post-translational modication and an
altered structure–activity-relationship (e.g. a change in biological
target affinity, stability, conformation, charge state) of the
unmodied ribosomal peptide through the PTM. For example,
cystines were not detailed in seminal RiPP reviews as PTMs
dening a ribosomal peptide as post-translationally modied, but
one of these reviews mentions ribosomal peptides with disulde
bonds, so called cysteine-rich peptides (CRPs), following
RiPP biosynthetic logic.1,2 We suggest including cystines as RiPP-
dening PTMs given their nature as a covalent precursor peptide
modication and their impact on peptide SAR (Section 3.4). Plant
RiPPs with cystines are cyclotides, PawS-derived peptides, and
CRPs. In contrast to established RiPP-dening PTMs which are
only formed enzymatically, cystines can form non-enzymatically
through oxidative folding57,58 or enzymatically by protein disul-
de isomerases.59

Plant RiPP biosynthesis can occur through a split pathway or
an autocatalytic (fused) pathway (Fig. 1E). Most plant RiPPs
such as cyclotides, orbitides, PawS-derived peptides and cyclo-
peptide alkaloids are derived from precursor peptides, which
are expressed as separate proteins from their PTM enzymes
(Table 1). Recently, several BURP-domain-containing proteins
(Section 3.6) have been characterized which can catalyze
macrocyclic PTMs in core peptides within the same protein as
the cyclase domain. This discovery showed that plant RiPP
biosynthesis can involve autocatalysis,18 a biochemical mecha-
nism rst observed for peptide-N-methyltransferases of fungal
RiPP pathways in borosin biosynthesis.60,61
2.3. Proteolysis

Plant RiPP biosynthesis utilizes protein processing enzymes
found in secretory pathways. For example, the biosynthesis of
cyclotides involves asparaginyl endopeptidases (AEP), proteo-
lytic enzymes oen involved in processing vacuolar proteins like
vacuolar storage protein albumins.62,63 Precursor peptides with
albumin domains are indeed observed for head-to-tail-
macrocyclic plant RiPPs PawS-derived peptides, PawL-type
orbitides, and cyclotides. The genetic, structural, and
biochemical connection of plant RiPP chemistry to larger plant
proteins indicates evolutionary roots of some plant RiPPs from
functional motifs in such proteins.52,55
3. Plant RiPP classes
3.1. Cyclotides

Cyclotides are dened by a head-to-tail-macrocyclization and
the presence of a cystine knot motif in their structure (Fig. 3).
The founding member kalata B1 was discovered as an oxytocic
agent in extracts of the Congolese plant Oldenlandia affinis,
which is used as an herbal medicine to facilitate child birth
during labor.80–83 Since the discovery of O. affinis cyclotides,
many other cyclotides have been characterized with 761 cyclo-
tides documented in the cyclic plant peptide database
CyBase26,84 that establishes cyclotides as the largest plant RiPP
family to date. For more details about cyclotides, we direct
readers to several dedicated reviews.85,86
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1025
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Fig. 2 Post-translational modifications in plant RiPPs. Terminal modifications are in blue and side-chain-modifications are shown in red.
Abbreviations: AEP – asparaginyl endopeptidase, PCY1 – peptide cyclase 1, N-MT – N-methyltransferase, GlnNT – glutamine aminotransferase,
PDI – protein disulfide isomerase, TPST – tyrosylprotein sulfotransferase.
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3.1.1 Structure. Cyclotides are 28–37 amino acid-long,
head-to-tail-macrocyclic plant peptides with a ‘cyclic cystine
knot’-motif formed by three disulde bonds87 (Fig. 3). The
characteristic macrocyclic structure of kalata B1 was conrmed
by NMR analysis in 1995 88 and the name cyclotide and cyclic
cystine knot were subsequently introduced.87 Kalata B1 and
other cyclotide structures were further conrmed via synthetic
studies.89 Notably, the cystine knot of cyclotides was previously
characterized in knottin plant peptides which have no head-to-
tail-macrocyclization.90 Cyclotides have high stability against
heat and enzymatic and chemical degradation.91 Three sub-
groups of cyclotides have been dened based on primary and
secondary structure: bracelet cyclotides have an all-trans back-
bone, Möbius cyclotides have a cis-proline residue, and trypsin
inhibitor-type cyclotides have high sequence similarity to
knottin-type trypsin inhibitors. An additional proposed sub-
group are lysine-rich cyclotides.86,87,92

3.1.2 Biosynthesis. The ribosomal biosynthesis of cyclo-
tides was rst established in kalata B1.4 In 2001, the Craik and
Anderson labs examined the mRNA of Oldenlandia affinis and
identied a cDNA termed Oak1 that contained a core peptide
sequence that perfectly matched kalata B1 (Fig. 3). The clone
possessed an N-terminal endoplasmic reticulum signal
sequence followed by an N-terminal leader peptide. Three
additional clones, termed Oak2–4, were also found to code for
alternative cyclotides. Notably, Oak2 and Oak4 possessed two
and three separate core peptides, respectively (Fig. 1C). Each
core was separated by a conserved N-terminal recognition
sequence. Oak1–4 also contains a conserved C-terminal follower
1026 | Nat. Prod. Rep., 2024, 41, 1020–1059
peptide aer the core peptide sequence essential for processing.
Shortly thereaer, additional cyclotide precursor peptides were
discovered from different plants, each displaying a similar
arrangement of conserved N-terminal leader peptide or recog-
nition sequence, core peptide, and short C-terminal follower
peptide.93–95 Cyclotide precursor peptides range from one to
seven core peptide sequences.5 The core peptides usually start
with a glycine at the N-terminus, end with an asparagine or
aspartate at the C-terminus, and are anked by N-terminal and
C-terminal recognition sequences.4,86,93 Cyclotide precursor
peptides are mostly stand-alone precursor peptides, however
a precursor peptide from Clitoria ternatea (Fabaceae) includes
a proalbumin subunit.96,97

Once the signal sequence is cleaved, it is thought the disul-
de bond formation is the rst step of the biosynthesis. The
cyclic cystine knot is proposed to be formed by a protein
disulde isomerase in the secretory pathway59 (Fig. 3). Oxidative
folding studies on kalata B1 core peptide determined that the
cystine knot can also form correctly via a non-enzymatic
pathway in the presence of reducing agents such as gluta-
thione.57 Next, the precursor peptides need to be processed to
expose the primary amine of the N-terminal amino acid, which
is typically glycine.26 The Craik and Durek Labs used an activity-
based isolation approach to identify a papain-like cysteine
protease (NbCysP6) from Nicotiana benthamiana that could
hydrolyze a short kalata B1 precursor peptide (LQLK-kB1) to
acyclic kalata B1.76 A homologous enzyme identied in the
transcriptome of O. affinis named OaRD21A was also able to
process the kalata B1 precursor peptide. Notably, the kalata B1
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Biosynthesis of cyclotide kalata B1. PDB accession: 1NB1.
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core sequence needed to be properly folded with the requisite
three disulde bonds to prevent further degradation by
OaRD21A. These experiments with OaRD21A support that the
cyclic cystine knot forms rst in the pathway.

The nal step of the biosynthesis is the N- to C-terminus
macrocyclization. The rst cyclase was identied by focusing
on the cyclotide producer Clitoria ternatea. Tam and colleagues
conducted an activity-guided fractionation and isolation of an
enzyme that could cyclize a short model peptide substrate to
produce kalata B1.74 Notably, this is not the native cyclotide
produced by C. ternatea. Using this approach, they identied an
asparaginyl endopeptidase (AEP) they called butelase 1 that
efficiently cyclized a wide range of peptide substrates to make
cyclotides, PawS-derived peptides, and peptides from animals.
Detailed substrate scope assays showed this cysteine protease
requires a C-terminal NHV motif to cyclize with an N-terminal
glycine. Additional cyclizing AEPs were later screened and
characterized from other plants. From the kalata B1 producer
Oldenlandia affinis, the Anderson and Craik labs identied
OaAEP1b (Fig. 3).75 This enzyme was successfully heteroge-
neously expressed in E. coli and its activity was reconstituted in
vitro. OaAEP1b efficiently cyclized the kalata B1 precursor
peptide along with a variant that lacked the characteristic
This journal is © The Royal Society of Chemistry 2024
disulde bonds of cyclotides. To understand the structural
basis that differentiates a normal AEP from a cyclase, detailed
structural and mutagenesis studies were undertaken. A crystal
structure of OaAEP1 identied a mutation of a single Cys
“Gatekeeping” residue to Ala that improves the cyclization kcat
by 160 fold.98 Further studies in AEPs from the garden petunia
(Petunia × hybrida) demonstrated that this Gatekeeping Cys
mutation can be combined with swapping a short “marker of
ligase activity” (MLA) loop from a robust AEP cyclase into a weak
AEP cyclase to dramatically increase cyclase activity.99 Moreover,
this MLA region can be used diagnostically to predict if a given
AEP is a cyclase.

Instead of separate enzymes for N-terminal processing and
cyclizations, some cyclotides may employ a bifunctional
enzyme. For example, examination of trypsin inhibitor cyclo-
tides from Momordica cochinchinensis (MCoTI-I and MCoTI-II)
by the Craik and Durek Labs identied an AEP named
MCoAEP2.100 This enzyme was able to efficiently both cleave the
N-terminus of the MCoTI-II precursor peptide to expose the
conserved Gly and then cyclize to generate MCoTI-II. These two
reactions were pH dependent, so it was hypothesized the
cellular trafficking of the precursor peptide into compartments
with different pHs may be important in the maturation process.

3.1.3 Bioactivity. Insecticidal activities of cyclotides have
been well characterized and indicate that these plant natural
products function endogenously as defense compounds in
source plants.4 A common mode of action for insecticidal
cyclotide activity is the disruption of plasma membranes in
insect gut epithelial cells101 or in insect cell culture.102 In addi-
tion, cyclotides have shownmolluscicidal activity against the rice
pest golden apple snail.103 The insecticidal activities of cyclotides
have led to development and approval of a cyclotide-based
insecticide Sero-X that includes a mixture of cyclotides from
the seeds of the legume Clitoria ternatea.22,23 Sero-X is a sustain-
able agrochemical pest control agent as it does not show cyto-
toxicity against pollinators. This success demonstrates the
potential of cyclic plant peptides for sustainable agriculture.

Besides agricultural applicability, cyclotides have a broad
range of medicinal activities with several pre-clinical and clin-
ical lead structures to treat human diseases. Cyclotides have
anthelmintic activity against gastrointestinal nematodes of
sheep104 and humans.105 In addition, cytotoxicity of multiple
cyclotides against cancer cells and in in vivo cancer models has
been reported.92,106–114 Several cyclotides have in vitro antibac-
terial activity, yet less activity in mouse models.89,115–118 Antiviral
activities, such as anti-HIV function, was determined early in
the medicinal exploration of cyclotides119 and a recent kalata B1
analog, T20K, has reached clinical trials as a immunosuppres-
sive drug candidate for the treatment of multiple sclerosis (MS)
based on promising immune modulatory activity in MS mouse
models.24

The mode of action of cyclotides is based on their stabilized
cyclic cystine knot structure and conserved residues that
promote binding to therapeutic targets. The conserved residues
found in most cyclotides are a positively charged residue and
a glutamate. The positively charged residue can promote
binding to target proteases, such as trypsin.120
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1027
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Fig. 4 Structures of iconic orbitides and proposed biosynthetic route
for segetalin A.
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3.2. Orbitides

Orbitides are small head-to-tail-macrocyclic RiPPs with no
disulde bond (Fig. 4). They were originally described as
Caryophyllaceae-type cyclic peptides because some founding
members of these compounds, such as nonapeptide cyclo-
linopeptide A from ax (Linum usitatissimum), were discovered
from plants in the pink family.121 A wider taxonomic distribu-
tion of these compounds was revealed in the same and
following decades122–124 and the precursor genes of several
orbitides were sequenced and conrmed recently which dened
them as RiPPs.6,7,39,77,123,125,126 In 2013, the name orbitides was
proposed for these head-to-tail-cyclic RiPPs without disulde
bonds.1 To date, nearly 200 orbitides have been deposited to
CyBase26,84 and are broadly distributed across plants as they are
found in the Asterales, Caryophyllales, Lamiales, Magnoliales,
Malpighiales, and Sapindales orders.

3.2.1 Structure. Orbitides are head-to-tail cyclized peptides
between 5 and 16 amino acids in length.127 They lack disulde
1028 | Nat. Prod. Rep., 2024, 41, 1020–1059
bonds and are largely devoid of additional post-translational
modications outside a few examples including isoleucine
hydroxylation128 and N-methylation.129 The core sequences are
highly enriched in uncharged amino acids, with Gly and Pro
particularly well represented. Glycine oen serves as the N-
terminus of the core peptide and, as such, is an important
determinant in the macrocyclization reaction.

3.2.2 Biosynthesis. As orbitides are dened based on
structural features and not biosynthetic enzymes, multiple
distinct pathways appear to have evolved in plants. The
biosynthesis for the Caryophyllaceae-type orbitides is the most
well characterized with multiple detailed studies of the orbitide
cyclase available. The PawL-type appears to mirror the PawS-
derived peptide biosynthesis pathway (Section 3.3), however
specic identication of biosynthetic enzymes remains to be
completed. Finally, other orbitides may be synthesized by
undiscovered pathways.

3.2.2.1 Caryophyllaceae-type. Based on the early work on
cyclotides, it was hypothesized that orbitides would also be
produced from a linear precursor peptide. To investigate this,
the Covello lab focused on Vaccaria hispanica (Saponaria vac-
caria), a well-known and prolic producer of orbitides.7 They
examined a cDNA-derived expressed sequence tags library for
the presence of core sequences that directly mapped onto the
structures of segetalins A through H. A total of 12 core peptide-
containing precursor peptides about 35 amino acids in length
were discovered. Each precursor contained conserved leader
and follower regions anking the variable core (Fig. 4). While
the segetalins are found in precursors with only a single core,
other orbitides such as those from Annona muricata (soursop),39

appear to be biosynthesized from precursor peptides with
multiple cores. The segetalin A precursor peptide was expressed
in Vaccaria hispanica root cultures and detected by LC-MS to
conrm the authentic precursor with multiple core peptides.
The root extracts additionally processed the linear presegetalin
A precursor peptide into the cyclic segetalin A product.7

The identication of biosynthetic enzymes of orbitides was
done by the Covello lab, who used activity guided fractionation
of V. hispanica seeds to look for processing of presegetalin A.77

Their approach led to two enzyme activities: (1) cleavage of the
conserved N-terminus by an unidentied oligopeptidase 1
(OLP1) and (2) cyclization of the presegetalin A1 by peptide
cyclase 1 (PCY1)130 (Fig. 4). In vitro assays of heterologously
expressed and puried PCY1 validated that this enzyme was
responsible for cyclization to form the nal segetalin A product.
PCY1 could process a diverse array of orbitide precursor
peptides into the cyclic products and was tolerant to mutations
in the core region.

While the identity of OLP1 has not been rmly established,
PCY1 has been extensively studied. Crystallization by the Nair
group revealed PCY1 to be a member of the prolyl oligopepti-
dase (POP) family of serine enzymes.130 Co-crystal structures of
PCY1 with the presegetalin A1 substrate along withmutagenesis
studies demonstrated that the conserved C-terminal follower
peptide was important for recognition by PCY1.130 They
hypothesized that PCY1 cleaves the core peptide from the
follower to form an acyl-enzyme intermediate to facilitate
This journal is © The Royal Society of Chemistry 2024
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macrocyclization with the N-terminal amine of the core peptide
to form the nal product. Further crystallographic and mecha-
nistic studies by the Naismith group gave detailed insights into
substrate recognition by PCY1.131 Notably, their work has
characterized substrate tolerance for PCY1 to function as
a versatile peptide cyclase.

3.2.2.2 PawL-type. The PawL-type orbitides were discovered
using a bioinformatic approach. While characterizing the
evolution of the PawS core sequence (Section 3.3), the Mylne
group identied the PawS-Like genes (PawL).124 Similar to PawS,
the PawL core peptide is contained within a two-subunit seed
storage albumin (Fig. 5). Post-translational processing by
asparaginyl endopeptidases separate the seed storage albumin
proteins and cyclize these core sequences. A combination of
both transcriptomics and metabolomics validated that these
PawL core peptides were processed into cyclic peptides.123 The
biosynthesis is distinct from the Caryophyllaceae-type orbitides,
yet the N- to C- macrocyclic nature and lack of disulde bonds
dene PawL-derived peptides as orbitides.

3.2.2.3 Others. While biosynthetic enzymes have been
demonstrated or proposed for the maturation of Car-
yophyllaceae- and PawL-type orbitides, other orbitides do not
have a clearly dened pathway. For example, transcriptomics-
based analysis of Melicope xanthoxyloides by the Mylne group
enabled the discovery of the evolidine precursor peptide.122

Characteristic of orbitides, evolidine is a small N- to C-
macrocyclic peptide without any disulde bonds. Like many
of the Caryophyllaceae-type orbitides, the evolidine is
Fig. 5 Biosynthesis of SFTI-1. SSU and LSU are small and large
subunits, respectively, of albumin domain. PDB accession: 1JBL.

This journal is © The Royal Society of Chemistry 2024
biosynthesized from a stand-alone precursor peptide with
a single core sequence homologous to Citrus clementina.
However, a lack of conserved proline/alanine in the core region
along with differences in the C-termini compared to the
precursor peptides from V. hispanica led the authors to suggest
that a PCY1 homolog is likely not responsible for cyclization of
the core sequences, and the cyclase for evolidine remains to be
determined.122

Similarly, the precursor peptides in Linum usitatissimum
(ax) are distinct from those processed by PCY1. L. usitatissi-
mum is a prolic producer of orbitides, specically
cyclolinopeptides/linusorbs. Efforts from the Reaney group to
link the isolated orbitides to precursor peptides have identied
genes that encode for multiple core sequences anked by
conserved recognition sequences.125,132,133 A recent bio-
informatic study has explored these results to identify ve
separate precursors peptides from L. usitatissimum, along with
25 additional linusorb-like domains, that have features
consistent with orbitide precursor peptides;8 a biosynthetic
route remains to be elucidated for these orbitides.

3.2.3 Bioactivity. The physiological function of orbitides in
plants is unknown, yet they have demonstrated a wide range of
biological activities. In the 1990s, studies completed with
cyclolinopeptide A ([1–9-NaC]-linusorb B3) to investigate its
immunosuppressive activity found it was comparable to the
clinically approved cyclosporine A in mouse models.134 Detailed
mechanistic studies later indicated that cyclolinopeptide A
inhibits peptidyl-prolyl cis–trans isomerase (PPIase) that has the
downstream effect of blocking the transcription of interleukin-2
and other cytokines.135,136 Other orbitides, hymenistatin I137 and
cycloleonurinin,138 were also found to be immunosuppressive,
with the latter demonstrating inhibition of human peripheral-
blood lymphocytes response (IC50 of 28 ng mL−1).

The segetalin series of orbitides were originally discovered
based on their estrogen-like bioactivity. The seeds from V. his-
panica (Vaccaria segetalis) have been traditionally used to acti-
vate blood ow, promote milk secretion, and treat amenorrhea,
and breast infections. Using these purported effects as a guide,
segetalin A and B were isolated.139,140 Subsequent bioactivity
testing of these two orbitides demonstrated a positive effect on
rat uterine weight and contraction strength, further supporting
their estrogen-like effects. Another study in 1997 found that two
new segetalins (G and H) also isolated from V. hispanica
possessed estrogen-like activity due to their ability to increase
uterus growth in rats.141

Numerous orbitides have been shown to have anti-
inammatory activity.142,143 Of particular note are the cyclo-
montanin series with cyclomontanin A active in anti-inammatory
activity assays at 1 and 3 mg mL−1.143 Another recent study on
linusorbs (axseed orbitides) showed that these orbitides can
inhibit the NF-kB pathway and production of pro-inammatory
cytokines at concentrations ranging from 1–4 mM.144

Orbitides have also been investigated for anticancer prop-
erties. Glaucacyclopeptide B and cherimolacyclopeptide G, were
found to be cytotoxic against a nasopharyngeal carcinoma cell
line with IC50 values of 16.5 mM and 0.52 mM, respectively.145

Further examples of cytotoxic orbitides including yunnanin A
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1029
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and yunnanin C showed cytotoxicity with IC50 values of 2.1 and
2.2 mg mL−1, respectively.146 Other orbitides such as [1–9-NaC]-
linusorb (LO) B2 and [1–9-NaC]-linusorb B3 (cyclolinopeptide A)
demonstrated anti-proliferative properties by the reduction of
cancer cell viability and increased apoptosis, and induction of cell
cycle arrest.147,148 A later study found that linusorb B3 modulated
the expression of apoptosis related genes and suppression of cell
motility by inhibiting actin polymerization in glioblastoma
cells.149 Numerous other bioactivity studies have been completed
with orbitides and variety of properties relevant to human health
have been observed including vasorelaxant activity (segetalin F–
H),150 moderate antibacterial activity (evolidine),142 and weak anti-
plasmodial activity (ribifolin).151
3.3. PawS-derived peptides

PawS-derived peptides (PDPs) are head-to-tail-macrocyclic
RiPPs with one disulde bond. The founding member of the
PDPs, sunower trypsin inhibitor (SFTI-1 Fig. 5), was discovered
in 1999 from sunower seeds (Helianthus annus).152 Additional
isolation and genetic mining efforts have revealed around 20
total PDPs.52,124,153 These natural products do not appear to be
widespread in plants and are largely localized around species
phylogenetically related to H. annus.124 We recommend a review
that focuses on SFTI-1 with many details on the extensive
engineering efforts of SFTI-1 154 and another review that
discusses PDPs more broadly53 for further reading.

3.3.1 Structure. PDPs are head-to-tail-macrocyclized
peptides containing a single disulde bond. All cyclic PDPs to
date are formed between an N-terminal Gly and a C-terminal
Asp (Fig. 5). While they share conceptual similarities to cyclo-
tides, they are distinct in that they are smaller than cyclotides
(12–18 amino acids) and contain only one disulde bond
compared to the three found in cyclotides. Many PDPs are rich
in proline and contain a tandem cis and trans proline pair. PDPs
oen possess a Bowman–Birk inhibitor155 sequence loop mimic
that is responsible for the observed trypsin inhibition
bioactivity.124

3.3.2 Biosynthesis. By searching for the amino acid
sequence of SFTI-1 within H. annus cDNA-derived expression
sequence tags, Mylne et al. were able to identify a region within
a protein they termed PawS1 (preproalbumin with SFTI-1) that
was an exact match to the SFTI-1 sequence.52 PawS1 is a small
151-amino acid protein that contains three features: an ER
signal peptide, the SFTI-1 precursor peptide, and a 2S seed
albumin (Fig. 5). Subsequent NMR studies on PawS1 conrmed
this structural organization.156 Seed albumins are used as
a nutrient source during development.157,158 Bioinformatic
searching revealed a second gene termed pawS2 with the same
structure that also matched the same tripartite organization.
Mass spectrometric analysis conrmed that the SFTI-Like1
precursor peptide of PawS2 matured into a cyclic peptide like
SFTI-1. Using an A. thaliana expression system, the authors
demonstrated that asparaginyl endopeptidases mature PawS1
into both albumin and SFTI-1. Notably, the native A. thaliana
AEPs could accomplish the SFTI-1 production and a specialized
AEP is not essential.
1030 | Nat. Prod. Rep., 2024, 41, 1020–1059
Additional work from the Mylne and Craik labs further
dissected the maturation process of SFTI-1.159 Examination of
the H. annus transcriptome revealed at least ve AEPs, and one
was particularly upregulated, HaAEP1. In vitro reconstitution of
HaAEP1 showed hydrolysis aer Asn residues to generate
a SFTI-1+Follower peptide, but no cyclization (Fig. 5). While the
AEP responsible for cyclizing SFTI-1 remained elusive in H.
annus, the authors also screened other known AEPs from
different organisms. Notably, the AEP from Canavalia ensiformis
(jack bean) termed CeAEP1 was able to fully process a 25-amino
acid peptide into cyclic SFTI-1. CeAEP1 acts rst as a typical AEP
peptidase to trim the peptide to reveal the N-terminal Gly and
then as a macrocyclase to form the Gly1-Asp14 peptide bond.
While CeAEP1 only forms the cyclic SFTI-1 product 15% of the
time, the acyclic SFTI-1 is rapidly degraded in vivo. It remains
unclear whether the authentic H. annus cyclase would have
similar cyclization efficiency.

Later studies examined processing of the full length PawS1
protein.156 As before, HaAEP1 was able to function as a protease
and cleave both the proalbumin and liberate a linear SFTI-1
containing peptide. More recently, a crystal structure of
HaAEP1 and subsequent characterization revealed that the
maturation process of HaAEP1 and assay conditions strongly
inuence cyclization activity.160 When HaAEP1 is puried as
a zymogen, matured by autoactivation at pH 4.0, and assayed at
pH 6.5, it is able to catalyze the formation of cyclic SFTI-1
(Fig. 5).160 This pH dependent cyclization appears to be
a conserved feature of AEPs as it was observed in AEPs from
other organisms.

3.3.3 Bioactivity. SFTI-1 is a potent trypsin inhibitor with
a Ki of 0.1 nM.152 Initial isolation and co-crystallization with
bovine trypsin revealed binding in the active site similar to the
Bowman–Birk inhibitor family of natural products.152 Speci-
cally, the lysine of SFTI-1 ts into the P1 site of bovine trypsin
and adopts a conformation favorable for hydrolysis. Upon
cleavage of the labile Lys5–Ser6 bond of SFTI-1 by trypsin,
cyclization of the acyl-enzyme intermediate to re-form intact
SFTI-1 outcompetes hydrolysis.154,161 To evaluate the physiolog-
ical function of PDPs, bioactivity assays of SFTI-1 with gut
extracts of the cotton bollworm (Helicoverpa armigera) also
showed inhibition indicating that these natural products may
serve to protect the plant from insect predation.124
3.4. Cysteine-rich peptides

In addition to cyclotides, plants produce many peptides
without head-to-tail-macrocyclization, but with multiple
cysteines that engage in macrocyclization via disulde bonds.
The classication of cysteine-rich peptides (CRPs) is histori-
cally based on activity (antimicrobial peptides, defensins,
rapid alkalinization factors), structure (knottins, thionins,
snakins), or chemotaxonomy of founding members (heveins).
Given current knowledge of cysteine-rich peptide (CRP)
chemistry and biosynthesis, the most applicable classication
scheme for CRPs is the number and pattern of disulde bonds,
which translates into distinct structures (Fig. 6). CRP
precursor peptide sequences can differ signicantly in size
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Chemical structures and precursor peptides of cysteine-rich plant peptides. (A) Sequences and disulfide bond patterns of representatives
of CRP subclasses. Class-defining DSBs and cysteines are highlighted in orange. Solid lines in gray are non-class-defining DSBs to the CRP.
Peptide net charges are shown behind species names. (B) Precursor peptides of CRP subclass representatives. (C) Topology diagrams of CRP
subclass representatives based on experimentally determined structures.
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and domain structure within individual classes so that core
peptide sequence and its cysteine pattern appear to be the best
features for CRP prediction (Fig. 6). In addition, the net charge
This journal is © The Royal Society of Chemistry 2024
of a core peptide sequence is oen considered for CRP char-
acterization (Fig. 6A). Multiple excellent reviews have been
published for CRPs.162–164
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1031
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3.4.1 Structure. The number of disulde bonds in plant
CRPs ranges from two (rapid alkalinization factors) to six
(snakins), and from 18 to >50 amino acids total. CRPs discussed
in this review include the following subclasses: knottins,90,165,166

thionins,167 defensins,67,168 snakins,37,169 heveins,170,171 a-hair-
pinins,172 potentides,40 b-ginkgotides,173 jasmintides,174 lyba-
tides,175 impatiens AMPs,42 nodule cysteine-rich peptides,176 and
rapid alkalinization factors.73 Another antimicrobial peptide
class which is oen included in CRP classication is lipid-
transfer proteins.162,177 Lipid-transfer proteins are 9–10.5 kDa
and more appropriately classied as a post-translationally
modied protein, as they exceed the upper limit of 10 kDa for
RiPPs.1

Knottins feature a cystine knot motif, also called inhibitor
cystine knot178 or knottin fold,166 based on three cystines in
cyclotides: two disulde bonds form a loop and the third one
passes through the rst two disuldes, producing a knot with
ve loops between the disuldes in the RiPP.90 The core peptide
cysteine pattern of knottins is C(1)X3–6C(2)X5C(3)X3–5C(4)X1–

2C(5)X5–6C(6), where the numbers in parentheses indicate the
order of cysteines in the core and Xn between Cys indicates n
non-cysteine residue(s) between the next cysteine based on
characterized CRP structures. The knottin cysteine pattern yields
disulde bonds between C(1)–C(4), C(2)–C(5) and C(3)–C(6)
(Fig. 6A). Knottins are 26 to 37 amino acids long (∼2.7 to 5 kDa).
The founding member of the knottins is the potato carboxy-
peptidase inhibitor which yielded the rst structure of a cyclic
cystine knot peptide.90,179 The name ‘knottin’ was introduced in
a study of a microprotein with knotted cystine topology from
Ecballium elaterium seeds.166,180 Knottins such as trypsin inhibi-
tors from Momordica cochinchinensis (MCoTI-3/5/6) can have an
N-terminal pyroglutamate derived from an N-terminal gluta-
mine5 and they are generally neutral or positively charged.
Knottin structures such as pea albumin 1b knottin consist of
three antiparallel b-strands and one 310-helix crosslinked by the
three disulde bonds181 (Fig. 6C). Knottins have been charac-
terized from Solanaceae,90,182 Fabaceae,181,183,184 Cucurbitaceae,120

Apocynaceae,185 Rubiaceae,186,187 and Poaceae.188

Thionins belong to a group of CRPs termed antimicrobial
peptides (AMPs) that are characterized by positive charge and
antimicrobial activity due to interaction with negatively charged
bacterial membranes.189 Thionins are a plant AMP class with
three to four disulde bonds. The core cysteine pattern of thi-
onins with three disulde bonds (DSBs) is C(1)C(2)X11C(3)
X9C(4)X5C(5)X7C(6) with DSB between C(1)–C(6), C(2)–C(5) and
C(3)–C(4). The core cysteine pattern of thionins with four DSBs
is C(1)C(2)X7C(3)X3C(4)X8C(5)X3C(6)X1C(7)X7C(8) with DSBs
between C(1)–C(8), C(2)–C(7), C(3)–C(6) and C(4)–C(5) (Fig. 6A).
Thionins are 44 to 47 amino acids long (4.7 to 5.3 kDa). In
addition, several variants have been identied or predicted that
have uneven numbers of cysteines in the core peptides, and it
remains unclear how the structure would be affected in this
case.190 Thionins are generally positively charged with few
neutral exceptions.191 The rst characterized plant thionins
were a/b-purothionin isolated from wheat (Poaceae) as agents
toxic to baker's yeast192,193 with several others identied from
1032 | Nat. Prod. Rep., 2024, 41, 1020–1059
Brassicaceae,194–196 Liliaceae,197 Papaveraceae,190 Ranuncula-
ceae,198 and Santalaceae.199–202 Thionins share a fold consisting
of two antiparallel b-strands and two a-helices stabilized by
disulde bonds (Fig. 6C).167,193

Defensins are host defense peptides with four disulde
bonds and general positive charge which have also been called
‘g-thionins’ in the literature.67 Plant defensins belong to the cis-
defensin class which has two conserved disuldes crosslinking
a central b-strand to an a-helix203 (Fig. 6C). Plant defensins
usually have four DSBs with a cysteine pattern C(1)X10–11C(2)X3–

5C(3)X3C(4)X9–11C(5)X4–9C(6)X1C(7)X2–3C(8) with DSBs between
C(1)–C(8), C(2)–C(5), C(3)–C(6) and C(4)–C(7). PhD1, a Petunia
defensin, has an additional DSB and a cysteine pattern of C(1)
X3C(2)X6C(3)X5C(4)X2C(5)C(6)X9C(7)X6C(8)X1C(9)X3C(10) with
DSBs between C(1)–C(10), C(2)–C(5), C(3)–C(7), C(4)–C(8) and
C(6)–C(9) (Fig. 6A). The general size of plant defensins is 45 to
54 amino acids but several representatives with up to 71 amino
acids are known.204,205 The plant defensin fold contains a b-sheet
and an a-helix and is also referred to as a cystine-stabilized ab-
motif203,206 (Fig. 6B). The rst plant RiPPs recognized as plant
defensins were two g-purothionins that were initially classied
as thionins and later structurally differentiated as defen-
sins.67,168 To date, plant defensins were characterized from
Asteraceae,207 Brassicaceae,208–212 Caryophyllaceae,213

Fabaceae,213–218 Oleaceae,219 Pentadiplandraceae,204 Pinaceae,220

Poaceae,67,168,205,221–223 Ranunculaceae,224 Sapindaceae,225 Saxi-
fragaceae,226 Solanaceae,227,228 and Vitaceae.229

Heveins are a diverse class of CRPs which derive their name
from the founding member hevein, a wound-induced anti-
fungal peptide from the rubber tree (Hevea brasiliensis).170

Heveins have three to ve cystines with a foundational cysteine
pattern C(1)X4–8C(2)X4–6C(3)C(4)X4–5C(5)X4–7C(6), connected by
the three DSBs via C(1)–C(4), C(2)–C(5) and C(3)–C(6). Heveins
have a general size of 29 to 45 amino acids (3 to 5 kDa) and are
usually positively charged except for a few neutral representa-
tives. Two subclasses of heveins, hevein-type heveins and gin-
sentides, have eight cysteines (8C-hevein) in the core peptide
and thus an additional DSB with variable positioning to the core
DSB motif (Fig. 6A). An additional three subclasses of heveins
are represented by EeCBP from Euonymus europaeus, WAMP-1a
from Triticum kiharae, and EAFP1 from Eucommia ulmoides,
which all have ten cysteines (10C-heveins) in their core peptides
and form ve DSBs. The additional cysteines in 8C- and 10C-
heveins are generally located C-terminally of the core hevein
cysteine pattern (Fig. 6A). Heveins typically contain an anti-
parallel b-sheet, a 310-helix, and an a-helix, whereas ginsentides
thus far lack helices (Fig. 6C). Hevein CRPs have been charac-
terized from Amaranthaceae,230–235 Araliaceae,65 Asteraceae,236

Cactaceae,237 Caryophyllaceae,238,239 Celastraceae,240 Con-
volvulaceae,241 Cycadaceae,242 Eucommiaceae,54,243 Ginkgoa-
ceae,173 Malvaceae,244,245 Nyctaginaceae,246 Phytolaccaceae,247

Poaceae,248–250 and Polygonaceae.251

Several CRP subclasses with unique cysteine patterns of
three or four DSBs were discovered recently in plants. Lybatides
are 32 to 33 amino acid long CRPs (∼3.5 kDa) with an 8-cysteine
pattern of C(1)X3C(2)X3C(3)X2C(4)X10C(5)C(6)X3C(7)C(8) form-
ing the four DSBs C(1)–C(6), C(2)–C(8), C(3)–C(7) and C(4)–
This journal is © The Royal Society of Chemistry 2024
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C(5)175 (Fig. 6A). Lybatides were discovered from Lycium bar-
barum (Solanaceae). The structure of lybatide lyba2 revealed
a fold with disulde-stapled helices (Fig. 6C). b-Ginkgotides are
18–20 amino acid-long CRPs (∼2.5 kDa) from Ginkgo biloba
(Ginkgoaceae) with three DSBs of C(1)–C(4), C(2)–C(6) and C(3)–
C(5) derived from the cysteine pattern C(1)X2C(2)C(3)X6C(4)
X2C(5)C(6) (Fig. 6A). The NMR structure of b-ginkgotide B1 did
not show any helices or b-strands252 (Fig. 6C). Jasmintides are 27
amino acid long CRPs (3.1 kDa) isolated from Jasminum sambac
(Oleaceae), with six cysteines and three disuldes between C(1)–
C(5), C(2)–C(4) and C(3)–C(6) from cysteine pattern C(1)X2C(2)
X5C(3)X6C(4)X3C(5)C(6) (Fig. 6A) with more predicted varia-
tions.174 Two jasmintides have been elucidated by solution NMR
that are characterized by two antiparallel b-strands71,174

(Fig. 6C). A jasmintide from Achyranthes bidentata was identied
with an unusual N-terminal fructosylation and three antipar-
allel b-strands.253 Lastly, a subclass of CRPs from the roots of
Potentilla anserina has three DSBs called potentides,40 charac-
terized by C(1)–C(3), C(2)–C(6), and C(4)–C(5) DSBs in a C(1)
X3C(2)X2C(3)X2C(4)X10C(5)X1C(6) cysteine-pattern (Fig. 6A).
Potentides are 35 amino acid long and to date no structure has
been determined. While lybatides and b-gingkotides are slightly
acidic, jasmintides and potentides are neutral to slightly basic.

Snakins are a CRP subclass that was discovered in the late
1990s from potato. Snakins have 12 cysteines and six disulde
bonds (C(1)–C(7), C(2)–C(5), C(3)–C(4), C(6)–C(12), C(8)–C(11),
C(9)–C(10)) in the cysteine pattern C(1)X3C(2)X3C(3)X8C(4)
X3C(5)X2C(6)C(7)X2C(8)X1C(9)X11C(10)X2C(11)X12C(12).37 Sna-
kins are large peptides of 63 to 66 amino acids and are positively
charged. The rst characterized snakin CRP was snakin-1, with
antifungal properties. The structure revealed a fold with
multiple DSB-stapled helices169 (Fig. 6C).

Finally, plants produce several RiPPs with two DSBs. a-
Hairpinins and impatiens AMPs have both two DSBs with the
pattern C(1)–C(4), C(2)–C(3) and C(1)–C(3), C(2)–C(4), respec-
tively, from cysteine patterns C(1)X3C(2)X11C(3)X3C(4) and C(1)
C(2)X8C(3)X3C(4), respectively (Fig. 6A)42,172 with more predicted
variations for a-hairpinins.254 a-Hairpinins such as EcAMP2
were discovered from Zea mays (Poaceae),255 later described
from Proteaceae,254 are 26–67 amino acids long, and generally
positively charged with a few negatively charged exceptions.
AMPs from Impatiens balsamina are 20 amino acid long, posi-
tively charged, and have a C-terminal glutamine-derived pyro-
glutamate.42 Another plant CRP subclass with two DSBs are
rapid alkalinization factors (RALFs) (Fig. 6A). RALF from Nico-
tiana tabacum was characterized to have a C(1)–C(2) and C(3)–
C(4) DSB pattern in a C(1)X9C(2)X12C(3)X5C(4) cysteine
pattern.73 RALF peptides are important signaling peptides, and
it was discovered based on its activity to alkalinize tobacco cell
suspension cultures and inhibit root growth.73,256 Nodule-
specic cysteine-rich peptides (NCR) of 36–58 amino acids
have been characterized from Fabaceae such as Medicago trun-
catula and Pisum sativum.72 The oxidative folding and solution
NMR analysis of the RiPP NCR169 showed that two DSB
patterns can form, i.e. C(1)–C(2), C(3)–C(4) or C(1)–C(3), C(2)–
C(4), from the C(1)X5C(2)X12C(3)X4C(4) cysteine pattern in vitro,
This journal is © The Royal Society of Chemistry 2024
where the former DSB pattern was found only in the presence of
reduced glutathione176 (Fig. 6A, solid lines).

3.4.2 Biosynthesis. Most precursor peptides of CRPs are
single-core precursors (Fig. 6B and Table 1) and have an N-
terminal signal peptide indicating processing through the
secretory pathway. The multi-core exceptions are precursor
peptides of potentides, a-hairpinins and AMPs from Impatiens
balsamina. Several hevein precursor peptides include additional
protein domains: the hevein precursor includes a C-terminal
Barwin-like domain,14,257 whereas the precursor peptides of
10C-heveins from Eucommia ulmoides and Euonymus europaeus
include C-terminal chitinase domains.16,54 Thionin precursor
peptides contain a C-terminal acidic domain without a known
function.190 Some CRPs, including several knottins, heveins,
and jasmintides, possess an N-terminal pyroglutamate which is
derived from an N-terminal core glutamine.

The PTM event in CRPs is the formation of disulde bonds
during the folding process of a core peptide, whereby the
peptide sequence and cellular environment dictates folding
and disulde formation. DSBs can form non-enzymatically
under increasingly oxidizing conditions of the secretory
pathway in plants and enzymatically by protein disulde
isomerases (PDI), which can reshuffle established disuldes,
typically from incorrectly formed DSBs to the native DSBs in
the peptide. The improvement of CRP disulde formation was
shown in vitro on a core peptide substrate of Amaranthus a-
amylase knottin-type inhibitor (AAI) by PDI DsbC. As for kalata
B1 disulde formation by OaPDI, the folding process towards
a-amylase knottin-type inhibitor does not require a PDI,
however its inclusion dramatically increases forming
a correctly folded RiPP.58,59 Transformation of a linear reduced
CRP core towards the most thermodynamically stable oxidized
(native) structure is generally catalyzed by the presence of
a redox pair, such as reduced and oxidized glutathione or
cysteine and cystine.258,259 Two general oxidative folding path-
ways have been described for CRPs: scrambled and native
folding. In the scrambled pathway, intermediates with non-
native DSBs are formed and reshuffled to native DSBs of the
native structure. Examples for the scrambled pathway are
knottins such as Amaranthus a-amylase inhibitor and potato
carboxypeptidase inhibitor.58,259 In the native folding pathway,
intermediates with native DSBs are formed without the need
for reshuffling. Examples include Ecballium elaterium trypsin
inhibitor II (EETI II)260 and Momordica charantia trypsin
inhibitor MCh-I.261 In the knottin EETI-II folding pathway, two
intermediates were characterized which were derived through
sequential formation of the C(3)–C(6) and then C(2)–C(5)
disulde bridges before the nal formation of the C(1)–C(4)
disulde. The investigation of such CRP folding pathways can
inform their synthesis from synthetic linear peptide substrates
with protection strategies mimicking the native folding
pathway of a CRP sub-class.262

Another important step in CRP biosynthesis is proteolytic
processing of precursor peptides. It is hypothesized that
proteolysis occurs aer disulde formation by proteases in the
secretory pathway for most of the CRPs. An example is the
characterization of a thionin-processing proteinase from barley
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1033
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leaf. The protease responsible for cleavage of an oxidized core
peptide in a precursor peptide in vitro to release a mature thi-
onin is a subtilisin-like vacuolar protease. The corresponding
studies revealed that the thionin precursor was processed in the
vacuoles of barley leaves from which the precursor processing
protease was isolated.263,264 Mature barley thionins have been
localized in vacuoles and in cell walls of leaf cells.265,266

3.4.3 Bioactivity.Many cysteine-rich plant peptides are part
of the innate immune response of plants against fungal and
bacterial pathogens and insect attacks. Knottins are potent
inhibitors of fungal and insect proteases.267–270 Several heveins
have inhibitory activity against phytopathogenic fungi as well.
For instance, hevein has a chitin-binding domain, which can
interact with chitin of pathogenic fungi, and further inhibit
fungal metalloproteases like chitinases that target plant defense
proteins.232,271 Thionins also have inhibitory activity against
phytopathogenic bacteria and fungi,266,272,273 which was rst
realized when a/b-purothionins were discovered as inhibitory
agents of baker's yeast.274 Thionin is hypothesized to target and
disrupt negatively charged phospholipids in cell membranes as
mode of action.275 Plant defensins exhibit antifungal, antibac-
terial and insecticidal activity,276–278 and can inhibit insect a-
amylase in vitro.279 Jasmintides have antifeedant activity against
mealworm Tenebrio molitor,174 and maize a-hairpinins and
snakins also showed antibacterial and antifungal activity
against phytopathogens.37,255,280 The main mode-of-action
hypothesis for snakins is non-specic pore-forming activity in
tested bacterial and fungal membranes.281 This mode-of-action
is supported by perforation of fungal biomembranes in the
presence of snakin-2.282 Full antifungal bioactivity is achieved by
enantiomer D-snakin-1 compared to L-snakin-1 indicating
a non-chiral mode-of-action such as interaction with negatively
charged membrane lipids.169 The snakin target interaction for
membrane pore formation remains to be determined. Several
nodule-specic cysteine-rich peptides function to control
bacterial differentiation during symbiosis of nitrogen-xing
bacteria in legume nodules for nitrogen xation283–285 despite
having in vitro antibacterial activity. For example, NCR247 from
Medicago truncatula was characterized to have nanomolar
affinity to haem and therefore iron sequestration activity in root
nodules which triggered uptake of iron in nodule symbiont
Sinorhizobium meliloti, a cofactor for its nitrogen xation.286

RALF peptides are involved in regulation of plant development
and have several cellular effects, including MAP kinase activa-
tion and blockage of a proton pump, the latter implicating RALF
as an alkalinization factor in tobacco cells. As an alkalinization
factor, RALF has been observed to increase the pH that causes
an observed stop in root growth.73

The endogenous bioactivity against phytopathogens and
herbivores from CRP subclasses such as heveins, snakins,
knottins, and defensins, has been successfully applied in
transgenic plants to generate more disease- and pest-resistant
plants.276,287–290 In addition, CRPs such as knottins have poten-
tial as therapeutics, drug delivery agents, and diagnostics. For
example, knottin–drug conjugates targeting integrins have
shown potent inhibition of tumor cell proliferation291 and
knottins have inhibitory activity against cancer-relevant
1034 | Nat. Prod. Rep., 2024, 41, 1020–1059
proteases such as matripase-1.292 Recently, the knottin excelsa-
toxin A from nettle Dendrocnide excelsa was described as a pain-
causing agent. Excelsatoxin A targets a transmembrane protein,
TMEM233, that modulates the voltage-gated sodium channel
NaV1.7 involved in pain sensation.293,294 Pain sensations of
Dendrocnide plants have been described as long-lasting and
intense; excelsatoxin A represents a major pain-causing agent
from these plants with potential as an analgesic lead structure.
Lastly, a mutant form of knottin can be labeled with 18F and
used in Positron Emission Topography (PET) imaging studies
by binding to integrin positive tumors with high affinity.295
3.5. Linear plant RiPPs

In addition to cyclic RiPPs, multiple linear plant peptides with
post-translational modications are produced by plants. Many
of these linear RiPPs have roles in plant development and
growth and are oen secreted. The most common post-
translational modications in linear plant RiPPs are known
from protein biosynthesis:56 tyrosine sulfation,296 proline
hydroxylation, and hydroxyproline arabinosylation (Fig. 2).297

We direct readers to dedicated reviews for additional
details296,298,299 as we discuss them only briey.

3.5.1 Structure. The discovery of the rst linear plant RiPP
was based on a desire to understand the molecular components
responsible for cellular division in the conditioned growth
media for plant cell culture. The Matsubayashi group con-
ducted activity-guided fractionation from the condition media
of Asparagus officinalis and identied a ve amino acid peptide
they named phytosulfokine-a (PSK) as a growth-promoting
signaling molecule for in vitro asparagus cell culture.9 Two of
the tyrosines in the peptide were sulfated (Fig. 7) based on
sequencing and mass spectrometry analysis. The authors vali-
dated PSK as a potent mitogen, stimulating cell growth at
nanomolar concentrations, when compared to a synthetic
standard. PSK was later isolated from Oryza sativa300 with its
single-core-containing precursor peptide identied shortly
thereaer.301 Other notable examples of sulfotyrosine-
containing linear peptides include Casparian strip integrity
factor 1 (CIF1)302,303 and root meristem growth factors (RGFs).304

Linear plant peptide hormones called systemins were charac-
terized in tobacco and featured a hydroxyproline PTM and O-
arabinosylation on the hydroxyproline hydroxyl group.11

3.5.2 Biosynthesis. The precursor peptides responsible for
linear plant RiPPs are typically around 80–150 amino acids in
length and commonly contain only a single core,301,305,306

although multi-core examples do exist.11 Elucidating the
maturation process of these linear RiPPs is challenging as the
observed modications overlap with typical protein PTMs.
However, some of the biosynthetic enzymes have been clearly
delineated.

While the sulfotransferase reaction is well known to be
catalyzed by tyrosylprotein sulfotransferases (TPST) in mice and
humans, no enzyme with a high sequence similarity to TPST has
been identied in plants.78 Therefore, the Matsubayashi group
used an enzyme activity-based fractionation approach with the
precursor peptide for plant peptide containing sulfated
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Biosynthesis of linear RiPP PSY1.
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tyrosines 1 (PSY1) (discussed below) as a substrate.78 They
identied a membrane protein they named AtTPST that cata-
lyzed the anticipated tyrosine sulfation reaction using 30-phos-
phoadenosine 50-phosphosulfate (PAPS) as the sulfate source
(Fig. 7). Subsequent heterologous expression and in vitro assays
demonstrated that AtTPST could also utilize the PSK precursor
peptide, indicating it may be responsible for the in vivo matu-
ration of diverse linear plant RiPPs.

The formation of linear RiPP hydroxyproline and the
subsequent addition of three arabinose residues (Fig. 7) has
been the focus of recent studies.79 The initial hydroxylation is
predicted to be installed by a prolyl-4-hydroxylase. Many
members of this enzyme family are found in plants but one
This journal is © The Royal Society of Chemistry 2024
directly responsible for the hydroxylation in these plant RiPPs
has not been demonstrated.307 If present, the three arabinoses
are likely added in a stepwise order by one enzyme that catalyzes
the initial attachment to hydroxyproline and a second that
sequentially adds two more.79 A candidate for the rst step has
been identied, but the following arabinose additions have not
been dened.

Steps involved in the proteolytic maturation of the core
peptide have also been elucidated in several systems. CLE40 is
a 12 or 13 amino acid peptide with a single hydroxyproline.
Differential expression analysis and in vitro assays identied the
three subtilisin-like proteases that were able to cleave C-
terminal to the core sequence of the precursor peptide.308

Notably, the presence of the hydroxyproline residue prevented
an internal cleavage of the core sequence. Subtilisin-like
proteases were also found to be involved in the maturation of
PSK by cleaving three amino acids N-terminal and directly C-
terminal to the core peptide. Similar proteases are implicated
in production of several other linear plant peptides.

3.5.3 Bioactivity. In general, these linear plant RiPPs
function as important signaling molecules or hormones
involved in plant growth and cellular differentiation. PSK was
discovered as a component responsible for the conditioned
growth media needed for plant cell culture. Using a synthetic
standard, the Matsubayashi group validated that PSK was
a potent mitogen, simulating cell growth at nanomolar
concentrations.9 PSK was later isolated from Oryza sativa and
a similar activity was observed.300 A related approach was used
to nd PSY1, which also promotes cellular growth.305 CLV3
suppresses shoot apical meristem cell development and instead
upregulates cellular division.10 CIF1 peptides are necessary for
the formation of the Casparian strip in Arabidopsis roots,
a structure important for ion homeostasis.302 Other peptides are
involved in responses to stress such as dehydration,309 osmotic
stress,310 and nitrogen starvation.311 Notably, the fundamental
importance of these plant peptides has been targeted by path-
ogens. The sulfated tyrosine containing bacterial RiPP RaxX is
thought to mimic PSY1 and serve as a virulence factor.312
3.6. BURP-domain-derived RiPPs (burpitides)

BURP-domain-containing proteins were characterized as
precursor peptides for lyciumins and therefore for plant RiPP
biosynthesis in 2018.17 Subsequently, several additional RiPP
classes with new macrocyclic PTMs were revealed as BURP-
domain-derived peptides (Fig. 8).18–20 Given the rapid expan-
sion of new RiPP classes derived from the BURP domain,313 we
propose the name of burpitide for this family of peptide natural
products biosynthesized using a BURP-domain-containing
protein.

The BURP-domain-containing protein family was dened by
Hattori and co-workers based on a conserved CHX10CHX25–

27CHX25–26CH-motif313 in four foundingmember plant proteins:
microspore-derived embryo protein BNM2 from Brassica
napus,314 an unidentied seed protein (USP) from Vicia faba,315

drought-responsive protein RD22 from Arabidopsis thaliana316

and the b-subunit of polygalacturonase 1 (PG1b) involved in
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1035
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Fig. 8 Proposed burpitide classification. Representative precursor peptide names are in brackets. Class-defining bonds are highlighted in red,
other burpitide cyclase-derived PTMs are highlighted in blue.

Table 2 Recommendations for burpitide definition and nomencla-
ture. See main text for rationale and examples

Burpitide denition

The macrocyclic bond derived from a BURP-domain-PTM is the primary
class-dening feature of a burpitide
In multicyclic burpitides, the macrocyclic bond, that is formed rst
during biosynthesis is the class-dening feature
Ring size should not be a class-dening feature of a burpitide
Terminal modications should not be class-dening features if
a macrocyclic BURP-PTM is present in a burpitide

Burpitide classication

Class Class-dening PTM

Lyciumin-type peptides Crosslink of Trp-indole-N to
carbon in another amino
acid side chain or peptide backbone

Cyclopeptide alkaloids Crosslink of Tyr-phenol-O to carbon in
another amino acid side chain

Stephanotic
acid-type peptides

Crosslink of Trp-indole-C to
carbon in another amino acid side chain

Hibispeptin-type
peptides (proposed)

Crosslink of Tyr-phenol-C to carbon in
another amino acid side chain

Burpitide nomenclature

BURP-domain-containing proteins involved in a crosslinking step of
a burpitide biosynthesis should be called burpitide cyclases
Fused burpitide cyclases should be named with three letters referring to
genus (1 letter) and species (2 letters) and ‘BURP’ (e.g. SkrBURP for
Selaginella kraussiana burpitide cyclase)
In split pathways, the burpitide cyclase should be designated with a B
(e.g. ArbB2) and the precursor peptide should be designated with an A
(e.g. ArbA2)
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fruit ripening in Solanum lycopersicum.317 Bioinformatic anal-
yses of plant genomes show an abundance of BURP-domain
genes with diverse primary structures and on average twelve
BURP-domain genes per plant genome, ranging from one
(Marchantia polymorpha) to 53 (Coffea arabica).318 BURP-domain
protein expression is mainly associated with abiotic stress
responses in plants.319,320 Examples are the expression of Sali3-2
in soybean roots during acidic soil stress.319 Some BURP
domains are potentially involved in biotic plant stress
responses, for instance, a BURP-domain gene is up-regulated in
a virus-resistant soybean321 and a BURP-domain gene locus
mapped to bruchid resistance in mung beans.322

In 2022, several BURP-domain-containing precursor
peptides were reported as copper-dependent peptide cyclases,
which catalyze macrocyclic bond formations in RiPP biosyn-
thesis and dene the autocatalytic or fused burpitide pathway.18

In 2023, a BURP-domain peptide cyclase with a stand-alone
precursor peptide was reported dening the split burpitide
pathway.20

3.6.1 General recommendations for burpitide
nomenclature

3.6.1.1 Macrocyclic bond. We propose that a macrocyclic
bond derived from a BURP-domain-PTM is the primary class-
dening feature of a burpitide. Since BURP domains can cross-
link aromatic amino acid side chains with many different amino
acids via diverse chemical bonds, we recommend a burpitide
classication based on bond chemistry (C–O, C–N, C–C) and on
crosslinked aromatic residues for a given BURP-PTM. For
example, cyclopeptide alkaloids would be dened as a burpitide
class with C(sp3)-O-phenol-ether-crosslinks with the C(sp3)-mac-
rocyclization site being any amino acid and the phenol being
a tyrosine or similar residue. This classication (Table 2) is
inspired by fungal dikaritins RiPPs that are dened by an ether-
crosslink between a tyrosine to any amino acid side chain.2,43,46

3.6.1.2 Ring size. Ring size should not be a class-dening
feature of a burpitide class. Traditional classication denes
cyclopeptide alkaloids as 13-, 14- or 15-membered peptides.
1036 | Nat. Prod. Rep., 2024, 41, 1020–1059
However, recent discoveries of 17-membered arabipeptins20 and
elaeagnins21with cyclopeptide alkaloid-characteristic crosslinks
indicate that larger versions of these macrocycles exist in
This journal is © The Royal Society of Chemistry 2024
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nature. Similarly, ring size is not applied for any RiPP class with
a macrocyclic bond as a class-dening feature.1,2

3.6.1.3 Ring number and mixed modications. Several bur-
pitides have two macrocyclic bonds.18,19 Some identied bicyclic
burpitides to date have two different types of macrocyclic
bonds, which poses the question as to which PTM should be
considered class-dening. In this case, we recommend assign-
ing the macrocyclic bond that is formed rst during biosyn-
thesis as the class-dening feature. For example, in legumenin
biosynthesis the C-terminal lyciumin-bond is formed rst,18

which denes legumenin as a lyciumin-type burpitide. In
moroidin biosynthesis, the N-terminal Leu-Trp-crosslink of the
stephanotic acid ring is formed rst.19 Following the logic of
legumenin as lyciumin-type, moroidin is classied as
stephanotic-acid type.

3.6.1.4 Terminal modication.We recommend that terminal
modications should not be class-dening features if a macro-
cyclic BURP-PTM is present in a burpitide. Common N-terminal
modications of burpitides are N-methylation (cyclopeptide
alkaloids) and pyroglutamate formation. They are present in
multiple burpitides with different macrocyclic bonds (stepha-
notic acid-type, lyciumin-type, and hibispeptins).

3.6.1.5 Biosynthesis. We recommend that BURP domains
involved in a crosslinking biosynthetic step should be called
burpitide cyclases to differentiate them from BURP domains for
which no function is known. We also recommend that a split
and fused burpitide nomenclature be used to dene the
biosynthetic route. In the split burpitide pathway, the precursor
peptide and burpitide cyclase are encoded for by separate
genes,20 whereas in the fused burpitide pathway the core
peptides are encoded within the same gene as the burpitide
cyclase.18 To create consistency in split pathways, the burpitide
cyclase should be designated with a B (e.g. ArbB2) and the
precursor peptide should be designated with an A (e.g. ArbA2).
For fused burpitide cyclases, we recommend naming the
enzyme with three letters referring to genus (1 letter) and
species (2 letters) and ‘BURP’ (e.g. SkrBURP for Selaginella
kraussiana burpitide cyclase).

3.6.2 Lyciumin-type peptides (Trp-indole-N-to-C). Lyciu-
mins are originally described as monocyclic octapeptides iso-
lated from Lycium plants.17 Lyciumin A and B were isolated by
a bioactivity-guided approach from root extract of gojiberry
(Lycium barbarum), which is used in Chinese herbal medicine to
treat hypertension.323 Since this initial study, an additional 19
lyciumins have been reported including 17 lyciumins from
gene-guided discovery approaches.17,21 Lyciumins have been
detected from Fabaceae, Solanaceae, Berberidaceae, and
Amaranthaceae. We recommend the macrocyclic bond deni-
tion below of lyciumins that includes cercic acid and legumenin
into this burpitide class.

3.6.2.1 Macrocyclic bond. Lyciumin-type burpitides are
dened by a C(sp3)-N-macrocyclic bond between a tryptophan-
indole-N and the C(sp3)-carbon of another amino acid (Fig. 8).

3.6.2.2 Structure. Lyciumin-type burpitides can be side-
chain-to-backbone-macrocyclic or side-chain-to-side-chain-
macrocyclic peptides with a class-dening C(sp3)-N-
macrocyclic bond between the indole-nitrogen of a C-terminal
This journal is © The Royal Society of Chemistry 2024
tryptophan to an unactivated carbon of another amino acid
(Fig. 8). Known side-chain-to-backbone-macrocyclic lyciumins
include founding members lyciumin A and B, which are
monocyclic octapeptides and have a C(sp3)-N-crosslink between
the tryptophan-indole-nitrogen to the Ca of a glycine at the
fourth position of the core peptide. The stereochemistry of the
macrocyclic bond in lyciumin A has been characterized as R by
DFT calculations and comparison to experimental data.324 Cer-
cic acid is a side-chain-to-side-chain-macrocyclic pentapeptide
with a C(sp3)-N-crosslink between the tryptophan-indole-
nitrogen to the Cb of an isoleucine at the second position.
The stereochemistry of the Ile-Cb has been determined as R
based on stereoisomer DFT-calculations and NOE NMR analysis
of the puried natural product.18 The N-terminus of lyciumins is
a pyroglutamate, whereas the C-terminus of most lyciumins is
unmodied. Exceptions are lyciumins A and C methylates iso-
lated from Celosia argentea with a C-terminal methyl ester group
at the C-terminal tryptophan carboxyl group.325

A bicyclic lyciumin-type burpitide called legumenin was
isolated from alfalfa seeds (Medicago sativa) based on gene-
guided discovery approach. Legumenin is an octapeptide
derived from the core peptide sequence QPYGVYTW that has
a lyciumin-bond between a C-terminal tryptophan and a glycine
at the fourth position and an ether bond between the sixth
position Tyr-phenol-OH and the rst position PyroGlu-Cg. The
stereochemistry of the PyroGlu-Cg was determined as S based
on stereoisomer DFT-calculations and comparison to NOE NMR
analytical data of the isolated peptide.18

3.6.2.3 Biosynthesis. Lyciumins have been characterized as
RiPPs by the discovery of precursor peptide gene LbaLycA from
a root transcriptome of Lycium barbarum.17 LbaLycA has twelve
core peptides encoding for three lyciumins (A, B, D) in a highly
repetitive N-terminal domain and a C-terminal BURP domain.
The heterologous expression of LbaLycA in Nicotiana ben-
thamiana via Agrobacterium tumefaciens inltration and the
pEAQ-HT expression system resulted in the formation of the
lyciumins corresponding to LbaLycA-core peptides in trans-
genic tobacco leaves aer six days. In addition, a BURP-domain-
containing protein with an internal lyciumin core peptide called
Sali3-2 was identied by bioinformatic searches for BURP-
domain lyciumin precursor peptides. Sali3-2 is a homolog of
the founding member USP from soybean, comprised of the only
one lyciumin I core peptide QPYGVYTW, and has been impli-
cated in increased abiotic tolerance in plants grown in metal-
contaminated soil.326 Lyciumin I was detected in the root and
seed pods of soybean plants and in the leaf extracts of trans-
genic tobacco expressing Sali3-2.17 In addition, bicyclic legu-
menin was detected in transient gene expression experiments of
Sali3-2 homolog AhyBURP with the same core peptide.18 Tran-
sient tobacco expression conrmed a lyciumin precursor
peptide from the potato, StuBURP, which is connected to
production of lyciumin J (core: QPYGVFAW).17 Lastly, transient
expression of the cercic acid precursor CcaBURP1 in tobacco
resulted in the biosynthesis of cercic acid.

A Sali3-2 homolog from peanut called AhyBURP with the
same legumenin core peptide was further characterized as
a copper-dependent peptide cyclase by bottom-up proteomic
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1037
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analysis. Herein, a mass loss matching a legumenin macro-
cyclization in the core peptide region was detected. A lyciumin-
type bond formation was detected in the modied bicyclic core
peptide aer exopeptidase incubation of the puried core
peptide and comparison to legumenin. AhyBURP in vitro
reconstitution further established that the lyciumin bond is
Fig. 9 Biosynthetic proposal of lyciumin-type peptides. (A) Proposed
formation of cercic acid from CcaBURP1. (C) The homodimer of AhyBU
orange and colored according to element (oxygen, red; nitrogen, blue
proteins are shown as sticks. Main chain atoms are omitted for clarity. (D
and conserved Cys and His residues of BURP-domain proteins are shown
clarity. Dashed lines in (C) and (D) represent disordered regions in the cr

1038 | Nat. Prod. Rep., 2024, 41, 1020–1059
formed before the PyroGlu1-Tyr6-crosslink is formed (Fig. 9A).18

A direct characterization of a lyciumin PTM in a modied core
peptide was done in the cercic acid pathway from Eastern
redbud (Cercis canadensis). A truncated single core peptide
construct of cercic acid BURP-domain precursor CcaBURP1 was
reconstituted in vitro with copper, treated with exopeptidases,
formation of lyciumin I and legumenin from AhyBURP (B) Proposed
RP, PDB ID 8SY2. Each subunit is in blue, and the core peptides are in
). The core peptide and conserved His of BURP-domain-containing
) Copper-bound structure of AhyBURP, PDB ID 8SY3. The core peptide
as sticks (sulfur, yellow). Main chain atoms for Cys-His are omitted for
ystal structure.

This journal is © The Royal Society of Chemistry 2024
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and the resulting modied QILFW core peptide yielded an
analyte matching a cercic acid standard18 (Fig. 9B).

The AhyBURP protein structure was recently determined by
X-ray crystallography.327 AhyBURP is a homodimer in solution
and in the crystal structure (Fig. 9C). The BURP-domain fold
represented in the AhyBURP subunit is unique among experi-
mentally determined protein folds. In each AhyBURP subunit,
a cle is found, composed of a b-barrel and a b-sheet that face
each other, overlaid by the core peptide substrate. The four
conserved Cys–His residues of BURP-domain proteins are in
this cle, which forms the active site of two Type II copper
centers.328 Two conserved Cys residues form a disulde staple
and the sequential, conserved His residues extend into the cle
from the b-sheet, and the same arrangement is found on the
facing b-barrel (Fig. 9D). The active sites of the dimer are
separated by about 50 Å, and each core peptide is positioned to
react in cis to its active site subunit. This is contrary to fungal
autocatalytic peptide-N-methyltransferases, where the substrate
core peptides react in trans across a dimer interface.329 In
addition to the structural characterization of AhyBURP, func-
tional studies were reported.327 AhyBURP can use Cu(I) or Cu(II)
to facilitate peptide macrocyclization, it requires dioxygen for
activity and isotopic labeling with deuterated Gln in the core
peptide demonstrated a loss of 1 D and 3 H in the presence of
Cu(II), suggesting a radical-based reaction. Isotopic labeling
studies further supported an intramolecular reaction within the
AhyBURP subunit and its core peptide. Lastly, tandem mass
spectrometry identied two covalent radical trap adducts within
the core peptide region, indicating that two radicals can be
detected within the core peptide in the presence of Cu(II). Many
questions emerge from this work, including which steps in the
mechanism use single electron transfer, how and when dioxy-
gen is bound, and the copper coordination state throughout the
reaction.

The N-terminal pyroglutamate is generated from glutamine,
which can spontaneously cyclize to pyroglutamate aer
proteolytic cleavage at the N-terminus of a lyciumin core
peptide. The involvement of glutamine cyclotransferase has
been proposed based on co-localization of glutamine cyclo-
transferase genes with fused lyciumin precursor peptides in the
beet genome.17 To date, all characterized lyciumins are derived
through the fused burpitide pathway.

3.6.2.4 Bioactivity. Lyciumin A and B showed moderate
inhibition of renin and angiotensin-converting enzyme.323 No
endogenous functions of lyciumins have been described yet.
They are detected in diverse plant tissues and developmental
stages, including in storage tissues such as seeds (amaranth,
soybean), roots (gojiberry), and sprouts (potato). The functions
of legumenin and cercic acid are also unknown.

3.6.3 Cyclopeptide alkaloids (Tyr-phenol-O-to-C). Cyclo-
peptide alkaloids (CPA)330 are four to six amino acids in length
and represent a large plant peptide class with >230 known
compounds.3,18,331 The high number of cyclopeptide alkaloids is
based on their diversity of macrocyclic bonds, and N- and C-
terminal functionalities. Traditionally, cyclopeptide alkaloids
have been dened by macrocyclization via a phenol group of
a C-terminal hydroxystyrylamine, octopamine, or tyrosine
This journal is © The Royal Society of Chemistry 2024
residue to an unactivated carbon at an amino acid side chain
two positions N-terminally from the phenol-bearing residue. In
the traditional classication system, the phenol-crosslinks are
usually ethers involving the phenolic hydroxy group with rare
exceptions having C(sp2)-C(sp3)-crosslinks between the meta-
carbon of a phenol to a different amino acid side chain.
Furthermore, the previous classication limited cyclopeptide
alkaloids to 13-, 14- and 15-membered macrocycles.3,331,332 As
burpitides emerge within the biosynthetic description of
cyclopeptide alkaloids,18,20 and their structural similarity to the
fungal RiPP class dikaritins,2,43–46 we propose a revised classi-
cation of cyclopeptide alkaloids.

3.6.3.1 Macrocyclic bond. Cyclopeptide alkaloid-type burpi-
tides are dened by phenol-ether-crosslinks formed by burpi-
tide cyclases (Fig. 1B and 8).333,334 The phenol group-crosslinks
in cyclopeptide alkaloid-type burpitides are derived from tyro-
sine residues, however the biosynthesis of cyclopeptide alka-
loids containing hydroxystyrylamine and octopamine moieties
is largely uncharacterized.331 Several cyclic plant peptides
previously dened as cyclopeptide alkaloids contain C(sp3)-
C(sp2)-crosslinks involving a phenolic carbon at the meta-
position, for example, abyssenine A335 (Fig. 8). Due to the
different chemistry of their macrocyclic bond, we suggest
excluding these non-ether-crosslinked peptides from the
nomenclature of cyclopeptide alkaloids and dene them as
a separate peptide class (Section 3.6.5).

3.6.3.2 Ring size. Cyclopeptide alkaloid rings range from 13–
17 atoms, but other sizes may exist.

3.6.3.3 Ring number. Cyclopeptide alkaloids can have more
than one macrocycle. In peptides with different macrocyclic
bonds, the rst macrocyclic bond formed denes the peptide
class. For example, legumenin is not considered as a cyclo-
peptide alkaloid but a lyciumin-type peptide due to the rst
formed lyciumin-bond despite having a Tyr-O-PyroGlu-Cg-
crosslink (see Section 3.6.2). Since many cyclopeptide alkaloids
await biosynthetic denition, this nomenclature is subject to
renement.

3.6.3.4 Structure. As recommended above, cyclopeptide
alkaloids are dened as side-chain-to-side-chain-macrocyclic
peptides with a phenol-derived ether bond. The ether bond
can involve a C-terminal meta- or para-phenol hydroxy-group
such as in jubanine H or sanjoinine A, respectively (Fig. 10).
The C-terminal phenol-containing residue can be a tyrosine in
vignatic acid A, a p-hydroxystyrylamine in sanjoinine A, a m-
hydroxystyrylamine in jubanine H (Fig. 8), or an octopamine in
pandamine.336 The residues p-hydroxystyrylamine or m-hydrox-
ystyrylamine can have additional o-hydroxy or o-methoxy
groups, as observed in ramosine C337 or in jubanine H,333

respectively. The cyclopeptide alkaloid encephanine has an O-
glycosylation at the m-position of a p-hydroxylstyrylamine and
represents the only glycosylated plant cyclopeptide to date.18

The double bond conguration of cyclopeptide alkaloid
styrylamine is usually Z. The macrocyclization site in the other
residue of the ether bridge is usually the b-carbon of a leucine,
proline, phenylalanine, tyrosine, isoleucine, or valine.3 94.1%
(64/68) of reported cyclopeptide alkaloids structures have an S-
conguration at this cyclization site.3 The N-terminus of
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1039
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Fig. 10 Biosynthetic proposal for cyclopeptide alkaloids. (A) Proposed formation of mono- and bicyclic peptide alkaloids from SkrBURP in
a fused burpitide pathway. (B) The proposed split burpitide pathway for the production of arabipeptin A. (C) N-terminal modifications observed in
cyclopeptide alkaloids: (1) N,N-dimethylation, (2) N-monomethylation, (3) unmodified, (4) N-oxime, (5) N-formylation, (6) cyclized N-methyl-
ation (imidizolidine-4-one), (7) deamination (cinnamic acid), (8) Cb-hydroxylation, C-terminal modifications observed in cyclopeptide alkaloids:
(9) p-hydroxy-styrylamine, (10) tyrosine, (11) octopamine, (12) 4-hydroxy-a-aminoacetophenone (13) m-hydroxy-o-methoxy-styrylamine.3
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cyclopeptide alkaloids is usually N-mono- or N,N-dimethylated.
Additional N-terminal functional groups include cinnamic acid,
deaminated leucine,338 2-(hydroxyimino)propanoic acid, N-
oximes, N-formyl groups and cyclized N-methylations such as
imidizolidine-4-one (Fig. 10C).3,339 Almost all known cyclo-
peptide alkaloids are monocyclic, however bicyclic cyclopeptide
alkaloids have been determined. Selanine A from African
clubmoss has a di-ether-bridge via a Leu-Tyr-Tyr-crosslink.18

Selanine A is similar in overall macrocycle structure to fungal
dikaritin RiPP asperipin-2a except for an S-conguration at both
Cb-cyclization sites in selanine A.340

3.6.3.5 Biosynthesis. Recently, a 14-membered cyclopeptide
alkaloid with a Tyr-O-Leu-Cb-crosslink called selanine A was
characterized as a burpitide derived from a fused burpitide
pathway in African clubmoss (Selaginella kraussiana)18 and a 17-
membered cyclopeptide alkaloid with a Tyr-O-Leu-Cb-crosslink
named arabipeptin A was discovered as a burpitide derived
from a split burpitide pathway in Coffea arabica.20 Furthermore,
17-membered burpitides with Tyr-O-Pro-crosslinks have been
proposed and identied as fused burpitide pathway products in
soybean and silverberry (Elaeagnus pungens), respectively.18,21
1040 | Nat. Prod. Rep., 2024, 41, 1020–1059
The fused cyclopeptide alkaloid pathway from African club-
moss starts with BURP-domain precursor peptide SkrBURP,
which has four core peptide sequence repeats of VLFYPSY in the
N-terminal domain. Transient expression of native SkrBURP
and a truncated SkrBURP with only one core peptide (SkrBURP-
1xVLFYPSY) in tobacco led to the production of desmethyl-
selanine A and desmethyl-selanine B, which matched the
puried selanine A and B aer reductive N,N-dimethylation.
This experiment showed that the clubmoss cyclopeptide alka-
loids are burpitides. Furthermore, the formation of the cyclo-
peptide alkaloid bonds between the Tyr-O-Leu-Cb in selanine A
and between the Tyr-O-Tyr-Cb was reconstituted in vitro from
puried SkrBURP-1xVLFYPSY in the presence of copper and
characterized by bottom-up proteomics of the core peptide,
exopeptidase reaction, and comparison to desmethyl-selanine A
and B analytes from SkrBURP tobacco expression experiment.18

This result showed that cyclopeptide alkaloid ether-bonds can
be formed by fused burpitide cyclases. In an automated genome
mining study, mono- and bicyclic cyclopeptide alkaloids ana-
lytes matching core peptides ILLYPSY and FLLYPY in SkrBURP
could be detected in extracts of S. kraussiana and as
This journal is © The Royal Society of Chemistry 2024
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corresponding analogs in transient tobacco extracts of SkrBURP
expression.21 These observations indicated that burpitide
cyclases such as SkrBURP enable the formation of both bi- and
monocyclic cyclopeptide alkaloid diversication from a single
fused BURP-domain gene (Fig. 10A).

Some of themost prolic producers of cyclopeptide alkaloids
are in the buckthorn family (Rhamnaceae) with prominent
source plants being New Jersey Tea (Ceanothus americanus) and
jujube (Ziziphus jujuba). A recent study20 identied repetitive
proteins encoded in transcripts of C. americanus that had short
sequence motifs matching known cyclopeptide alkaloid struc-
tures from C. americanus. Homologs of these putative cyclo-
peptide alkaloids were further identied in the genome of Z.
jujuba and matched jujube cyclopeptide alkaloid structures.
Notably, they were co-localized with stand-alone BURP-domain
genes in the jujube genome. This strongly suggested the pres-
ence of a split burpitide pathway wherein the precursor peptide
and burpitide cyclase are translated as two separate poly-
peptides instead of a fused one. Multiple copies of similar split
cyclopeptide alkaloid precursor peptides were found in the
Coffea arabica genome. One of these hypothetical precursor
peptides contained three copies of the core peptide FLWGY
anked by recognition sequences and was located adjacent to
a putative burpitide cyclase gene. This observation guided the
isolation of a new cyclopeptide alkaloid arabipeptin A. In vitro
reconstitution of the corresponding burpitide cyclase ArbB2
with the split precursor peptide ArbA2 resulted in the detection
of a mass shi matching the Tyr-O-Leu-Cb macrocyclization
observed in arabipeptin A and thus showed that cyclopeptide
alkaloids can be biosynthesized through a split burpitide
pathway (Fig. 10B).

Based on the reconstitution of multiple pathways, precursor
peptides for cyclopeptide alkaloids typically contain multiple
core sequences and are cyclized by both split and fused burpi-
tide cyclases. However, the downstream biosynthetic enzymes
involved in the N- and C-terminal modication of cyclopeptide
alkaloids are mainly unknown. A cyclopeptide alkaloid-guided
genome-wide-association-study in Z. jujuba identied a puta-
tive N-methyltransferase for the N-terminal dimethylation of
sanjoinine A co-localized with a BURP-domain gene and
belongs to an unknown plant SAM-dependent methyltransfer-
ase clade.341 Methylation activity in a cyclopeptide alkaloid
analyte was proposed based on transient gene expression of the
methyltransferase in white mature jujube fruits and detection
of sanjoinine A formation compared to an empty vector control.
The enzymatic basis for the formation of the C-terminal
hydroxystyrylamine observed in many cyclopeptide alkaloids
remains to be elucidated.

3.6.3.6 Bioactivity. Several cyclopeptide alkaloids have been
studied for their anxiolytic and analgesic effects. Sanjoinine A is
a bioactive ingredient of jujube used in herbal medicine to treat
insomnia and further displays GABA-adrenergic activity to
reduce insomnia.342 Studies in mouse models demonstrated
that sanjoinine A also has anti-anxiety activity, likely mediated
again through the GABAA receptor.343 Studies with adouetine
X344 and multiple cyclopeptide alkaloids from Ziziphus oxy-
phylla345 showed analgesic activity in multiple mouse pain
This journal is © The Royal Society of Chemistry 2024
models. Subsequent in vitro assays with adouetine X suggest
that analgesic activity may be due to inhibition of Ca2+-ATPase
and Na+/K+ ATPase. A similar inhibition was observed with
sanjoinine A and sanjoinine F.346

Another jujube cyclopeptide alkaloid, jubanine H, was
recently reported to have antiviral activity against a pig coro-
navirus and low mammalian cell cytotoxicity by in vitro viral
infection assays.333 Numerous cyclopeptide alkaloids have been
investigated for antiplasmodial activity and demonstrated
single digit mM IC50 values, several such as nummularine R,
spinanine B, and adouetine X.347,348 The cyclopeptide alkaloid
vignatic acid A from mung bean has insecticidal activity against
the azuki bean weevil (Callosobruchus chinensis)349 and it has
been hypothesized to act as a resistance-conferring product of
a mung bean beetle resistance gene. One of the hypothesized
resistance genes is a SkrBURP homolog called resistant-specic
protein 1(4) with core peptides matching vignatic acid A.349 It
was shown that the presence of resistant-specic protein 1(4)
does not fully confer resistance to C. chinensis suggesting that
other genes might be involved in the resistance mechanism.350

3.6.4 Stephanotic acid-type peptides (Trp-C-to-C). Moroi-
din is a bicyclic peptide which was originally isolated from
Australian stinging nettle Dendrocnide moroides and recently
was characterized as a burpitide.19 The N-terminal macrocycle
of moroidin is also found in the burpitide stephanotic acid,
which was rst isolated from Stephanotis oribunda351 and then
biosynthetically characterized as a burpitide from Cercis cana-
densis.18 Given a structural overlap of moroidin and stephanotic
acid, we include them as stephanotic acid-type burpitides and
recommend the following nomenclature below for this RiPP
class.

3.6.4.1 Macrocyclic bond. Stephanotic acid-type peptides are
dened by a C(sp3)-C(sp2)-crosslinks between a carbon of
a tryptophan-indole and a carbon of another amino acid.

3.6.4.2 Structure. Moroidins and stephanotic acids are side-
chain-to-side-chain-macrocyclic peptides. Moroidin has a bicy-
clic core structure with a class-dening crosslink between the
Leu2-Cb and the Trp5-indole-C6 (stephanotic acid crosslink)
and an additional crosslink between the Trp5-indole-C2 and
a His8-imidazole-N1. The Leu-Cb has S-stereochemistry as
determined by X-ray crystallography.352,353 The Trp-His-bond is
the only example to date of two crosslinked aromatic rings in
a burpitide. Moroidin and ten moroidin analogs have been re-
ported from Celosia argentea, named celogentin A–K.353–355

Several of the celogentins have extended linear C-termini.
Another moroidin analog called moroidin-[QLLVWRSH] was
also discovered from Bauhinia tomentosa.19 Three stephanotic
acids have been characterized so far with core peptides QLIVW,
QLLVW and QLKVW. Both moroidins and stephanotic acids
share a L-pyroglutamate at the N-terminus.

3.6.4.3 Biosynthesis. Moroidin was characterized as a burpi-
tide derived from a fused burpitide pathway from Kerria
japonica by in planta and in vitro reconstitution of the moroidin
precursor peptide KjaBURP (Fig. 11A).19 KjaBURP has four
repeats in the N-terminal domain, including three moroidin
core peptides (QLLVWRGH) and one moroidin-[QLLVWRAH]
core peptide. Transient expression of KjaBURP in tobacco
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1041
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Fig. 11 Biosynthetic proposal for stephanotic acid-type burpitides. (A) Proposed biosynthesis of moroidin in Kerria japonica. (B) Proposed
biosynthesis of stephanotic acid-[LV] in Cercis canadensis.
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yielded moroidin and moroidin-[QLLVWRAH] analytes and in
vitro reconstitution of KjaBURP-[1xQLLVWRGH] with copper
and subsequent endo- and exoproteolytic digests also resulted
in the formation of a moroidin analyte. In planta reconstitution
showed that the Leu-Trp-crosslink forms rst and the Trp-His-
crosslink second. In planta and in vitro analysis resulted in the
detection of stephanotic acid-[LV] and no detection of an ana-
lyte corresponding to the second ring. The pyroglutamate in
moroidin can form spontaneously from glutamine aer N-
terminal cleavage of the Gln1. A similar biosynthetic pathway
has been characterized for stephanotic acid-[LV] from Cercis
canadensis burpitide cyclase CcaBURP1 (Fig. 11B).18

3.6.4.4 Bioactivity. Moroidin was discovered during a study
for pain-causing agents from D. moroides. While pain-causing
activity was reported for puried moroidin,356 no pharmaco-
logical studies exist about the pain-causing activity of moroi-
dins. Moroidin and celogentin C have in vitro anti-tubulin
polymerization activity and in vitro lung adenocarcinoma cell
cytotoxicity with reported low micromolar IC50.19,352 Stephanotic
acid-[LV] has no signicant in vitro cytotoxicity against a tested
lung cancer cell line indicating that the second Trp-His ring is
important for cancer cell cytotoxicity.18 Endogenous functions
of moroidins and stephanotic acids in source plants are not
established.

3.6.5 Hibispeptin-type peptides (Tyr-C-to-C). The type
dening molecules, hibispeptins A and B, are produced by the
well-known shrub Hibiscus syriacus (Fig. 8).357,358 These mole-
cules are cyclized through a carbon–carbon crosslink between
the C-terminal 2-amino-3-(2-hydroxy-5-aminoacetylbenzyl)
pentanoic acid (Ahabpa) and the g-methyl of L-isoleucine. To
date, no enzymatic or heterologous reconstitution has been
completed for hibispeptins to prove that they are burpitides.
1042 | Nat. Prod. Rep., 2024, 41, 1020–1059
However, precursor peptides that mimic the split precursor
peptides of cyclopeptide alkaloids and include cores matching
known hibispeptins along with the genomic co-localization of
a BURP-domain-containing gene strongly suggests their
biosynthetic classication as burpitides.20

3.6.5.1 Macrocyclic bond. Hibispeptin-type burpitides are
characterized by a C(sp3)-C(sp2)-macrocyclic bond between a C-
terminal phenolic amino acid, such as tyrosine or a tyrosine-
derived residue, and the C(sp3)-carbon of another amino acid.
This denition also encompasses a few molecules that were
originally classied as cyclopeptide alkaloids, such as abysse-
nine A (Fig. 8).335

3.6.5.2 Structure. The original hibispeptin A and B peptides
are six amino acids in length and the hypothesized core
sequences are largely conserved by amino acid sequence as
QIPLFY and QIPLLY, respectively.357,358 In each case, the N-
terminal glutamine has been cyclized to pyroglutamate. In
both hibispeptin A and B the cyclization occurs between the g-
methyl of L-isoleucine and the meta position of the tyrosine
derived Ahabpa residue. As stated, we propose to expand the
hibispeptin-type burpitides to include all burpitides with
a C(sp3)-C(sp2)-macrocyclic bond from a C-terminal phenyl ring-
containing amino acid. Natural products such as abyssenine
A–C (Fig. 8) and mucronine A–H fall into this classication.335

They are each ve amino acids in length with a terminal p-O-
methoxy-styrylamine residue crosslinked between the meta-
position to the beta-position of the rst amino acid. The N-
terminus is oen methylated and an additional o-methoxy
modication is oen observed on the p-O-methoxy-styrylamine
as in mucronine E.3

3.6.5.3 Biosynthesis. Recent work on H. syriacus has identi-
ed candidate split precursor peptides for both hibispeptin A and
This journal is © The Royal Society of Chemistry 2024
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B.20 These potential precursor peptide genes for hibispeptin A
and B were located adjacent to putative split burpitide cyclases,
strongly implying that they are biosynthesized as part of a split
burpitide pathway. The adjacent genes for hibispeptin A and B
resemble the split burpitide biosynthetic pathway observed in
arabipeptin A. Additional precursor peptides were identied
containing core peptides that did not match either hibispeptin A
or B, such as QVPLVY. Metabolomic analysis of H. syriacus root
extract indicated a presence of a mass spectrometric feature and
MS/MS fragmentation data supporting this new hibispeptin
analogue.20

3.6.5.4 Bioactivity. To date, hibispeptin-type burpitides have
minimal noted bioactivity. Hibispeptin A demonstrated weak
inhibition of lipid peroxidation358 and abyssenine A and
mucronine E showed weak cytotoxic activity.359 Antimicrobial
tests demonstrated that mucronins E, G, and H and abysse-
nines A and C have weak antibacterial activity, whereas abys-
senine A has some antifungal activity.335

4. Undefined plant-derived peptides

While the molecules discussed in Section 3 have been estab-
lished as plant produced RiPP natural products, numerous
other peptides have been isolated from plants for which little
biosynthetic information is available. Moreover, the authentic
producer may also be unclear. In many cases, plants harbor
endophytic bacteria or fungi that are associated with a partic-
ular species or genus. These microorganisms have been shown
to be responsible for the production of many peptidic natural
products, further complicating biosynthetic elucidation of
a target molecule.31,360 For example, the astin class of peptides
was shown to be biosynthesized by an endophytic fungus.361

Below we discuss one prevalent class of biosynthetically unde-
ned bioactive plant peptides, the bouvardins.

4.1. Bouvardins

Bouvardins are a particularly noteworthy class of cyclic peptides
isolated from plants for which both the true producer and
Fig. 12 Bouvardin structures.

This journal is © The Royal Society of Chemistry 2024
biosynthetic route is unknown. Bouvardin (Fig. 12) was rst
isolated in 1977 from Bouvardia ternifolia.362 Since then, over 30
analogues have been found in members of the Rubia genus
including the RA-series,363,364 the rubiyunnanins,365,366 and the
rubicordins.367

4.1.1 Structure. Bouvardins are bicyclic peptides that are
composed of both an N- to C-amide macrocycle and an ether
bond formed from the phenolic oxygen of a tyrosine and the
meta carbon of an adjacent tyrosine. They are six amino acids in
length and are largely comprised of hydrophobic amino acids.
Known bouvardins also contain three separate N-methylations
of the amide. A D-Ala is found at the same position in all known
bouvardins, and the b-carbon of the ether forming tyrosine is
oen hydroxylated. The free phenolic oxygens are oen meth-
ylated or glycosylated.3

4.1.2 Biosynthesis. To date, details on the biosynthesis of
bouvardins are scarce. Isolation of endophytes from RA-
producing plants of the Rubia genus identied four stains
that produced metabolites consistent with the RA-series of
bouvardins by LC-MS/MS.368 Whether these molecules are
produced by plants or an endophyte, the biosynthetic route
remains to be elucidated.

4.1.3 Bioactivity. The bouvardin class of cyclic peptides has
been investigated for antitumor properties. Bouvardin was
shown to be active against leukemia and melanoma cells
lines.362 Subsequent mechanistic studies found that bouvardin
inhibits protein synthesis by binding to the 80S subunit of the
ribosome,369 likely stabilizing the interaction between the 80S
subunit and elongation factor 2.370 The RA-series of analogues
are also cytotoxic. RA-IV, RA-V, and RA-VII were the rst
members of the RA-series isolated and each showed promising
antitumor activity in mouse studies including leukemia, mela-
nomas, carcinomas, and solid tumors.371 Later studies found
that RA-V372 and RA-XII373 are also effective against breast cancer
cell lines and appears to limit adhesion, motility, and invasion
of the cancer cells, possibly through the PI3K/AKT signaling
pathway. In the case of RA-V, the cytotoxic activity was linked to
the activation of apoptosis through a mitochondrial pathway.372

In addition, the rubiyunnanins and the rubicordins367 have
some cytotoxic bioactivity as well and members of the bou-
vardin class of cyclic peptides also demonstrate anti-angiogen-
esis,373,374 NO synthesis inhibition,366 anti-inammatory,375 and
NF-kB pathway modulation activities.366,367,375

5. Chemotaxonomy of plant peptides

We sought to understand the chemotaxonomic distribution of
plant RiPPs to identify trends and hot spots where specic
peptides may be found. To assemble this data, we identied the
order responsible for producing every known molecule in the
cyclotide, PawS-derived peptide, orbitide, cysteine rich peptide,
and burpitide classes of RiPPs. The presence of these peptides
was limited to vascularized plants (Tracheophyta). To visualize
the distribution of the plant RiPPs in tracheophytes, we
collected the orders within Tracheophyta from the NCBI
taxonomy database and used a combination of phyloT and the
ggtree R package to generate a cladogram.376 The cladogram was
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1043
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then annotated with the RiPP classes data. Our cladogram does
not include RALF peptides.

Fig. 13A shows the presence of the different RiPP classes
found in plants. The results indicate that eudicots are the most
prolic producers of RiPP natural products in plants, with
representatives of all ve types present. In particular, the rosid
clade, including members such as Fabales and Malpighiales,
appears to be a particular biosynthetic hot spot. Also of note is
the Asterales order which has been shown to biosynthesize all
Fig. 13 Chemtaxonomy of Plant RiPPs. Cladograms annotated with the

1044 | Nat. Prod. Rep., 2024, 41, 1020–1059
ve classes of plant RiPPs. Outside of eudicots, monocots also
contain members that produce RiPPs, but to a lesser extent. The
true ferns (Polyopsida) have had no RiPPs from these ve
classes identied. The cladogram also revealed a differential
distribution of each plant RiPP. For example, PawS-derived
peptides (PDPs) have only been found in the order Asterales.
In contrast, cysteine-rich peptides and burpitides are more
widely distributed across nearly all Tracheophyta clades.
detected presence of plant RiPPs (A) and specific burpitide types (B).

This journal is © The Royal Society of Chemistry 2024
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We also generated a second cladogram focused on the
distribution of the burpitides (Fig. 13B). Burpitide diversity
seems to follow the same trend as all plant RiPP classes because
the rosids have the largest diversity of isolated burpitides.
Specically, the Fabales and Rosales both contain three out of
the four types of molecules contained within the burpitide
class. This cladogram also highlights the fact that cyclopeptide
alkaloids are the most widely distributed burpitide discovered
to date.

It is important to note that while this gure may not show
the authentic distribution of plant RiPPs in nature. As with all
isolation experiments, the results can be biased by what specic
molecules are being sought, what plant materials are available,
and the isolation methodology. The increasing prevalence of
plant genomes and transcriptomes is offering a way to target
isolation in unexpected producers, such as selanine A in the
African clubmoss of the Selaginellales order (see Section 3.6.3).
6. Discovery of plant RiPPs

Plant RiPPs have been discovered through bioactivity-guided,
structure-guided, and gene-guided approaches that will be
reviewed based on representative examples rather than
a comprehensive list of discoveries below. A bioactivity-guided
approach is less selective for compound classes, whereas
structure-guided and gene-guided approaches can be effective
in targeted discovery of RiPPs from plants.
6.1. Bioactivity-guided discovery

Multiple plant RiPPs have been discovered from source plants
through their bioactivity as described in the respective bioac-
tivity sections of Section 3. The choice of source plants is oen
inspired by application of its extracts in herbal medicine such
as kalata B1 as an oxytocic agent, stimulation of pain such as
excelsatoxin A as NaV channel modulator, antimicrobial activity
against plant pathogens such as a/b-purothionins, or plant
physiological activities such as RALFs.

Challenges of bioactivity-guided discovery can be time-
consuming fractionation and rediscovery of known bioactive
natural products. To this end, a pipeline called PepSAVI
(statistically-guided bioactive peptides prioritized via mass
spectrometry) was developed to correlate bioactivity of pre-
fractionated plant extracts with the presence of peptide mass
signals in liquid-chromatography mass spectrometry datasets
of the extracts. The masses of candidate bioactive peptides
identied by this pipeline enable dereplication by MS1 and
tandem MS approaches that was validated by the characteriza-
tion of cyclotide cyO2 as an antibacterial and cancer cell cyto-
toxic lead compound from a Viola odorata extract fraction
library.377 The assay further enabled discovery of candidate
bioactive cyclotides from V. odorata by improved tandem mass
spectrometry-based sequencing of target peptides via ultraviolet
photodissociation (UVPD) tandem mass spectrometry.378 Pipe-
lines such as PepSAVI that connect high-throughput bioactivity
assay data with mass spectrometry can rapidly dereplicate and
identify new bioactive plant RiPPs.379 MS-based approaches
This journal is © The Royal Society of Chemistry 2024
such as molecular networking380 or Dereplicator+381 can enable
rapid dereplication382 and discovery383 of bioactive lead
compounds via spectral library comparison, for example within
the Global Natural Product Molecular Networking platform,384

and they can further assess structural novelty by spectral library
comparison385 or de novo structure elucidation.386,387
6.2. Structure-guided discovery

Many plant RiPPs were discovered based on physicochemical
properties during natural product isolation or their structural
features revealed by analytical chemistry techniques such as
mass spectrometry (MS) as an initial chemotyping step.

Heveins were isolated from a centrifugation fraction
including lutoids, vacuoles in latex-producing cells of rubber
tree,388 and cliotides were discovered from heat stable extract
fractions as compounds with high heat stability, a well char-
acterized feature of cyclotides and CRPs.389 Besides physico-
chemical features, plant RiPPs have been effectively
characterized via mass spectrometry approaches. Structural
information can be derived from a peptide analyte via tandem
mass spectrometry experiments; however it can be challenging
as many plant RiPPs have macrocyclic PTMs, which oen
prevents sequencing of a given peptide. Therefore, cysteine-rich
peptides usually require disulde bond reduction and S-alkyl-
ation before tandemmass spectrometry analysis to characterize
the complete core peptide sequence, analogous to proteomic
protocols for MS-based protein sequencing.390–392 The charac-
teristic mass shi of iodoacetamide-alkylation at reduced
cysteines (+57.0215 m/z) has been used for discovery of
disulde-containing plant RiPPs in plant
extracts.40,65,71,173,175,184,252,389 A plant extract can be analyzed for
the presence of analytes in the mass range of CRPs and cyclo-
tides (2–6 kDa), treated for disulde reduction and cysteine
alkylation, then analyzed for alkylation-specic mass shis in
candidate peptides by comparison to untreated samples. For
cyclotides, an additional step of proteolysis is usually required
aer disulde reduction and cysteine alkylation to linearize the
head-to-tail-macrocycle prior to tandemMS analysis. Proteolysis
oen involves GluC due to the presence of a conserved Glu in
cyclotide core peptides22 or trypsin which can yield multiple
tryptic core peptide species.97 Despite the efficacy of chemical
and proteolytic processing of cyclotides and CRPs prior to
tandem MS sequencing, the main disadvantage of this sample
preparation is higher sample requirement, which can exclude
low abundance peptides from discovery. Recently, ultraviolet
photodissociation (UVPD) tandem mass spectrometry has been
introduced to yield more fragmentation and therefore peptide
sequencing data from cyclotides and CRPs in underivatized
plant extract samples.378 In addition, collision-induced disso-
ciation, which is the predominant tandem MS method in
metabolomics, was further developed for MS ngerprinting via
short sequence tags enabling cyclotide dereplication and
prioritization for discovery.393 For burpitides, tandem mass
spectrometry (MS/MS) can be applied for characterization of
structural features to reveal the presence of a peptidic analyte
and specic amino acids within the peptide sequence.18,394 In
Nat. Prod. Rep., 2024, 41, 1020–1059 | 1045
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addition, tandemmass spectral data can be used in comparison
to spectra of known plant peptides in custom or public data-
bases for peptide classication.384,395–397 All aspects of peptide
identication via MS/MS can inform novelty of a putative plant
peptide and guide further experiments. Predicted amino acids
and the size of the target analyte can enable the connection of
a core peptide in a BURP-domain precursor peptide to the target
spectrum. This approach has been applied effectively for the
discovery of lyciumin-type and stephanotic acid-type burpitides,
and cyclopeptide alkaloids. It can also be applied without
a precursor peptide sequence as exemplied by the discovery of
the glycosylated cyclopeptide alkaloid encephanine.18 The
connection of tandem mass spectra of burpitides to their cor-
responding precursor peptides sequences has been imple-
mented in the RiPP discovery platform HypoRiPPAtlas, which
enables prediction of RiPP structures from candidate core
peptide sequences in BURP-domain-containing precursor
peptides. Subsequently, an algorithm called Dereplicator+381 is
used to generate theoretical tandem mass spectra of the pre-
dicted RiPP structures and compare them to experimental
tandem MS data for RiPP discovery. The HypoRiPPAtlas was
able to identify several cyclopeptide alkaloids including cyclo-
peptide alkaloid elaeagnin (Fig. 8) and lyciumins as a proof-of-
concept.21 Orbitides can be characterized by tandem MS in
a similar fashion by comparison of tandem mass spectra to
predicted precursor peptides identied in plant transcriptomes
or by de novo sequencing.398 While mass spectrometry provides
new plant RiPP candidates in structure-guided discovery
approaches, NMR or crystallography are usually applied on
scaled peptide samples to determine new structures of candi-
date peptides.88,90 With growing plant metabolomic databases,
mass spectrometry-guided approaches will further drive plant
RiPP discovery.
6.3. Gene-guided discovery

The characterization of precursor peptide genes (Table 1) and
the growth of plant genetic resources25,399–401 has enabled the
discovery of plant RiPPs through bioinformatic prediction of
peptide chemotypes from plant genes.

Cyclotides were discovered in Petunia plants by searching for
cyclotide precursor peptides in the EST database of the NCBI.182

Many CRPs have been predicted in plant transcriptomes by bio-
informatic analyses, for instance, identication of a new thionin
from Papaver somniferum.190,402 Similarly, genome mining and
transcriptome analysis for fused burpitide precursor peptides
has led to the discovery of new lyciumins, cyclopeptide alkaloids,
and moroidins17,19 and split burpitide precursor peptides that
resulted in discovery of new cyclopeptide alkaloids and hibis-
peptins.20 The characterization of a precursor peptide in any
gene-guided discovery experiment yields a candidate core peptide
sequence which can facilitate chemical characterization, e.g. by
providing the long sequence information of cyclotides and CRPs.
In addition, precursor peptides sequences can provide informa-
tion about their processing through the secretory pathway via
signal peptide prediction with SignalP.403 A challenge for gene-
guided discovery of plant RiPPs is the identication of new
1046 | Nat. Prod. Rep., 2024, 41, 1020–1059
precursor peptides and class-dening PTM enzymes in genomes
with less biosynthetic gene clustering than in bacteria. A general
approach to overcome this challenge is to search for core peptide
sequences in predicted ORFs of peptide source plants4,5,7,12–14,17,52

or identify candidate precursor peptides based on genomic co-
localization with scaffold-generating RiPP PTM genes.20 Finally,
tissue-specic paired transcriptomics and metabolomics has
proven to be an essential approach for elucidating pathways for
which biosynthetic enzymes are not co-localized.404

7. Future directions

Plant peptides offer exciting research questions in terms of their
discovery and biosynthesis and opportunities for further
biotechnological andmedicinal applications. Likemicrobial RiPP
classes, the eld of plant RiPPs is experiencing a gold rush in
peptide discovery fueled by increasing genetic resources such as
the 1KP database,400 the 10KP project,25 Phytozome401 and
metabolomic databases such as GNPS.384 While many RiPPs have
been predicted based on bioinformatic studies, an important
direction is the integration of omics-datasets for automated plant
RiPP discovery as it has been organized for microbial natural
products405 and chemical characterization of predicted RiPPs. In
addition, discovery of plant RiPPs will depend on identication of
new precursor peptides such as fused and split burpitide
precursor peptides. Given the localization of some RiPP core
peptides within larger plant proteins, this identication might
require larger theoretical databases to match candidate peptide
spectral data to core peptides within proteins encoded in a plant
transcriptome or genome. Regarding sequencing data, it will be
important to further improve de novo assembly for generation of
repetitive precursor genes. Regarding mass spectrometry, tandem
mass spectrometry experiments could further improve to generate
more core peptide sequence data for de novo or gene-aided
structure elucidation. Remaining biosynthetic questions of
plant RiPPs include elucidating the origin of known plant-sourced
peptides such as bouvardins and whether non-ribosomal peptide
biosynthesis exists within the plant kingdom. In terms of
biosynthesis, the several processing proteases of head-to-tail-
cyclic peptides are still unknown. For burpitides, structural and
mechanistic insight into macrocyclizations by burpitide cyclases
is lacking and major biosynthetic questions regarding processing
of both split and fused burpitide precursor are unanswered
including reactions involved in proteolysis and terminal core-
peptide modications. With the combination of rapidly devel-
oping genomic and biosynthetic insights, the future of plant
RiPPs holds great promise of the discovery of new bioactive
molecules, enzyme reactions, and engineering platforms.
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