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Abstract

Cyclotides are a unique class of ribosomally synthesized cysteine-rich miniproteins characterized
by a head-to-tail cyclized backbone and three conserved disulfide-bonds in a knotted arrangement.
Originally they were discovered in the coffee-family plant Olden/andia affinis (Rubiaceae) and
have since been identified in several species of the violet, cucurbit, pea, potato, and grass families.
However, the identification of novel cyclotide-containing plant species still is a major challenge
due to the lack of a rapid and accurate analytical workflow in particular for large sampling
numbers. As a consequence, their phylogeny in the plant kingdom remains unclear. To gain
further insight into the distribution and evolution of plant cyclotides, we analyzed ~300 species of
>40 different families, with special emphasis on plants from the order Gentianales. For this
purpose, we have developed a refined screening methodology combining chemical analysis of
plant extracts and bioinformatic analysis of transcript databases. Using mass spectrometry and
transcriptome-mining, we identified nine novel cyclotide-containing species and their related
cyclotide precursor genes in the tribe Palicoureeae. The characterization of novel peptide
sequences underlines the high variability and plasticity of the cyclotide framework, and a
comparison of novel precursor proteins from Carapichea ipecacuanha illustrated their typical
cyclotide gene architectures. Phylogenetic analysis of their distribution within the Psychotria
alliance revealed cyclotides to be restricted to Palicourea, Margaritopsis, Notopleura, Carapichea,
Chassalia, and Geophila. In line with previous reports, our findings confirm cyclotides to be one
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of the largest peptide families within the plant kingdom and suggest that their total number may
exceed tens of thousands.
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INTRODUCTION

Bioactive peptides occur in all organisms from bacteria to plants to mammals. These diverse
natural peptide libraries often exhibit activities against a range of molecular targets offering
starting points for drug development.! In particular, the discovery of circular peptides is of
great interest to peptide engineering as cyclization confers them with increased stability.23

One particular class of circular peptides are plant cyclotides. They are disulfide-rich peptides
of about 30 amino acids in size that contain a head-to-tail cyclized backbone and six
conserved cysteine residues forming three disulfide bonds in a knotted arrangement. This
unique structural feature, known as the cyclic cystine-knot motif (CCK),* confers them a
tightly packed three-dimensional fold and makes them notably stable against thermal,
chemical, and enzymatic degradation.® Their physiological function appears to be as part of
the plant defense system, based on observations that they are antifouling,® insecticidal, -8
anthelmintic,® and molluscicidal agents.10 Besides these, cyclotides exhibit several other
bioactivities including uterotonic,11-15 anti-neurotensin, 18 antibacterial, 17 anti-H1V,18
anticancer,19 and immunosuppressive properties.2? Their structural framework, sequence
diversity, and range of bioactivities make them interesting scaffolds for agricultural and
pharmaceutical applications.?!

In the 1970s, Gran! reported for the first time the occurrence of this class of polypeptides in
the Rubiaceae plant Oldenlandia affinis. An aqueous decoction of this plant is used in
traditional African medicine, applied orally or intravaginally for its oxytocic activity.13:15
Since then, a number of cyclotides have been discovered, but knowledge of their occurrence
within flowering plants still remains limited.22 To date, every species of the violet family
(Violaceae)?3 investigated, and several species of the coffee family (Rubiaceae),?? as well as
species of the cucurbit family (Cucurbitaceae)?* are known to contain cyclotides. Recently,
Clitoria ternatea (Fabaceae) and Petunia x hybrida (Solanaceae) were reported to produce
cyclotides.25:26 Already in 20086, the presence of cyclotide-like genes within species of the
Poaceae family has been reported,?” and this has been recently confirmed by the
identification of several acyclic peptides from Panicum laxum.?® As previously
suggested,22:29 cyclotides seem to be widely distributed and diverse as their predicted
number in Rubiaceae alone is greater than 50,000.24 On the other hand, cyclotides are one of
the biggest classes of ribosomally synthesized peptides in plants, and their distribution and
evolution within the plant kingdom still remains unclear. The number of cyclotides varies
within species and as recently shown one single species can express more than 70 unique
cyclotides.20-22 Altogether well over 200 cyclotide-sequences have been characterized so far
(www.cybase.org.au).30

On the basis of their unique chemical and biophysical properties, the following peptidomic
identification criteria have been proposed earlier: (i) molecular weight in the mass range
between 2500 and 4000 Da, (ii) late elution properties on reversed-phase high performance
liquid chromatography (RP-HPLC) as well as (iii) six conserved cysteines.22 In addition, the
typical fragmentation pattern of tandem mass spectrometry (MS/MS) spectra of native and
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enzymatically digested peptides were monitored as additional criteria to distinguish
cyclotides from linear peptides.2> Furthermore, it is possible to de novo sequence cyclotides
within complex mixtures such as crude plant extracts.3! However, screening of plant species
for the occurrence of cyclotides is still laborious and often can lead to ambiguous results,
due to other plant peptides (e.g., cysteine-rich defense peptides) that interfere with the
screening and identification criteria or due to limited availability of sample.22:32

Therefore, we investigated 296 species of 43 different plant families (Supporting
Information Table S1) to gain novel insights into cyclotide presence and evolution in
flowering plants, with focus on the Rubiaceae family. According to their unique properties
and previously defined identification criteria, we refined the screening protocol for the
identification of novel cyclotide-containing plants by analyzing crude and chemically
modified plant extracts using matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS). Additionally, we used a transcriptome-mining
approach to identify cyclotide precursor proteins and mature cyclotide sequences to help
shed light on the evolution and phylogenetic distribution of this class of circular
miniproteins.

MATERIALS AND METHODS

Plant Material

The following plant material has been collected for this study: 133 plant samples were
obtained from the National Botanical Garden of Belgium, 67 plant samples were collected in
Nigeria, 62 plant samples were collected in different regions of Costa Rica, including the
tropical research station La Gamba, four samples were collected in the Botanical Garden of
the University of Vienna, nine samples were collected in Panama, and 18 samples in
Ethiopia. VVoucher specimens were deposited in the Herbaria of the National Botanical
Garden of Belgium (BR), University of Vienna (WU, HG, AB, and BS) and the Forestry
Herbarium Ibadan (FHI). Carapichea jpecacuanha (Brot.) L. Andersson herbarium material
was obtained from the Museum of Natural History Vienna (voucher specimen W
1922-0008476) and a sample of Radlix Ipecacuanhae pulvis was kindly supplied from the
drug collection of the Department of Pharmacognosy, University of Vienna (WU 0067845).
All plant species, author information and their collection/deposition 1Ds have been reported
in Supporting Information Table S1.

Extraction and Cqg-Flash Chromatography

Dried plant material (0.5 to 2 g) was ground before solvent extraction with 5 mL of a
mixture of methanol: dichloromethane (1:1; v/v) for 18-24 h under continuous agitation at
25°C. After adding 2.5 mL of water, samples were centrifuged for 3 min and the supernatant
diluted to less than 10% (v/v) methanol. These extracts were further processed with solid-
phase extraction Cqg columns (Phenomenex, Aschaffenburg, Germany) and eluted with 5
mL of 20% and 80% solvent B (90% (v/v) acetonitrile, 0.045% (v/v) trifluoroacetic acid in
double distilled water), respectively, to separate the potential cyclotide-containing fraction
from hydrophilic compounds. After freeze-drying, the 80% B fractions, yielding between 1
and 5 mg, samples were stored at —20°C. For cyclotide identification experiments, small
aliquots were redissolved in 0.1 NH4HCO3 (Sigma-Aldrich, St. Louis, MO) or solvent A
(0.05% (v/v) trifluoroacetic acid in double distilled water), what is referred to as crude
extract and samples were immediately used for further experiments to avoid side-chain
modifications such as deamidation of asparagine.

Biopolymers. Author manuscript; available in PMC 2013 November 04.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Koehbach et al. Page 4

RP-HPLC Fractionation and Peptide Purification

In case of poor MS/MS fragmentation during cyclotide sequencing of crude extracts,
selected samples were fractionated on a Dionex Ultimate 3000 HPLC unit (Dionex,
Amsterdam, The Netherlands). Depending on the available amount of extracts, we used
either preparative (Jupiter; 250 x 21.2 mm, 10 ym, 300 A, Phenomenex), semipreparative
(250 x 10 mm), or analytical (250 x 4.6 mm) Kromasil C1g columns (5 £m; 100 A) with
linear gradients of 0.1%-1% min~1 solvent B at flow rates of 8, 3, and 1 mL min~1,
respectively. Collected fractions were freeze-dried and stored at 4°C for subsequent analysis
and —20°C for long-term storage.

Reduction, Alkylation and Digestion of Extracts

Disulfide bond reduction of peptides in the crude extracts was performed by adding 2 yL of
a freshly prepared 0.2 M solution of dithiothreitol (Sigma-Aldrich, St. Louis, MO) to a 20 pL
aliquot of peptide sample dissolved in 0.1A7 NH4HCO3 followed by incubation for 30 min at
60°C in the dark. Cysteine residues were alkylated by adding 4 pL of freshly prepared 0.5M
solution of iodoacetamide (Sigma-Aldrich, St. Louis, MO) to the reduced peptide samples
and incubated for 10 min at 25°C. Reduced and alkylated peptide samples were
enzymatically digested by adding 2 uL of either 0.5 pg uL=1 endoproteinase GluC (Sigma-
Aldrich, St. Louis, MO) or 0.1 pg pL™1 trypsin (Sigma-Aldrich, St. Louis, MO) and were
incubated for 3 h at 37°C. The reaction was quenched by adding 1 L of trifluoroacetic acid
to the samples. Before MS analysis, samples were desalted using Cqg Zip-Tips™ (Millipore,
Billerica, MA) and stored at 4°C for subsequent analysis and —20°C for long-term storage.

MALDI-TOF/TOF Analysis and Peptide Sequencing

Analysis of crude, reduced-alkylated, and digested samples were performed on a MALDI-
TOF/TOF 4800 Analyzer (AB Sciex, Framingham, MA) operated in reflector positive mode
acquiring 2000-10,000 total shots per spectrum with a laser intensity of 4000. MS and MS/
MS experiments were performed using a-cyano-hydroxy cinnamic acid 5 mg mL1 in 50%
(v/v) acetonitrile as matrix. A total of 0.5 —L of each sample was mixed with 3 pyL of matrix
and 0.5 pL of the mixture was spotted onto the plate. Spectra were acquired and processed
using 4800 Analyzer Software. Cyclotides were identified by manual sequencing. The MS/
MS spectra were examined and peptides were sequenced based on N-terminal b-ion and C-
terminal y-ion fragmentation. Database searching of MALDI-TOF/TOF MS/MS data was
performed using the ProteinPilot™ software and the Paragon algorithm 4.0 together with a
custom-made ERA database for the identification of cyclotides.33 The disulfide connectivity
of Cysl-1V, CyslI-V, and CyslII-VI and the isobaric amino acid Leu and lle were assigned
based on homology with known sequences.34

Transcriptome-Mining for Cyclotide Precursors

Transcriptome data of Carapichea jpecacuanha (recently transferred from Psychotria
Ipecacuanha (Brot.) Stokes) were accessed via the 1KP-project (www.onekp.com). Growth
conditions and preparation of /n vitro plantlet and root culture of C. jpecacuanha were as
published previously.2> RNA was isolated using a Trizol/RNAqueous-Midi Kit (Ambion,
Paisley, UK) method.3¢ Samples were sequenced as an indexed RNAseq library on an
[llumina GA Il machine (Illumina, San Diego, CA). Sequencing was paired-end (73 bp + 75
bp) and produced a total of over 2.3 Gbp. The sequences were assembled into scaffolds
using SOAPdenovo-Trans (Beijing Genomics Institute, China). The BLAST searches were
against these scaffolds. The C. ipecacuanha data for in vitro plantlet (ID: BQEQ) and root
culture (ID: JOPH) were accessed via tBLASTn using the Oldenlandia affinis precursor
Oakl (UniProt KB entry: P56254) sequence as query. Resulting hits and contig sequences
were translated and annotated based on homology to known cyclotide precursors from
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Chassalia chartacea Craib3’ using a similar methodology as described by Gruber and
Muttenthaler.38 All transcriptome contig sequence 1Ds were listed in Supporting
Information Table S2. Sequence alignments were prepared using ClustalW (http://
www.genome.jp/tools/clustalw/) and boxshade (www.ch.embnet.org/software/
BOX_form.html). Nucleotide sequence data of precursors caripe A2 and B2 are available in
the GenBank database under the accession numbers KC807202 and KC811328,
respectively.

Cyclotide Modeling and Sequence Alignment

RESULTS

Modeling of the cyclotides caripe 1 and caripe 2 was performed using the CycloMod tool on
CyBase (www.cybase.org.au).30 Structural images were prepared using PyMol by aligning
the two novel cyclotide models using the “super” command. Coloring of surface

representations was done based on the hydrophobicity scale as described by Eisenberg et
al .39

Since the first discovery of cyclotides in the Rubiaceae plant Oldenlandia affinis, few plant
families have been identified that contain species which produce cyclotides. To expand the
current knowledge about the occurrence and sequence diversity of cyclotides with special
focus on their distribution and phylogenetic relationship within Rubiaceae plants, a total
number of 296 plant species has been investigated using crude and chemically modified
plant extracts as well as bioinformatics tools that resulted in the discovery of novel
cyclotide-containing species and sequences.

Chemical Screening Protocol Revisited

Based on previously established identification criteria, 2225 such as hydrophobicity, mass
range, cysteine content, and stability of native peptides during collision-induced dissociation
MS/MS, we refined the screening methodology with the aim to combine the two most
crucial features, i.e., rapid analysis and accurate cyclotide discovery (see Figure 1). After
solvent extraction of homogenized plant material (e.g., a small piece of plant tissue), a single
prepurification step was performed by solid-phase extraction over prepacked Cqg columns.
The resulting samples, which are referred to as crude extracts were initially analyzed by
MALDI-TOF MS. All extracts that yielded mass peaks within the expected range of 2500 to
4000 Da were subjected to chemical modification to verify the presence of three disulfide
bonds and six cysteines, respectively. Therefore aliquots of the crude extracts were reduced
and alkylated using iodoacetamide, which in the case of six cysteines led to a distinct mass
shift of 348 Da. In parallel, crude extracts were analyzed by analytical RP-HPLC to confirm
the presence of late-eluting, hydrophobic peptide peaks.

As plants contain other disulfide-rich peptides besides cyclotides, such as knottins or
defensins that may fulfill the above described criteria of mass range, hydrophobicity, and
cysteine content, it was necessary to consider additional and more stringent analysis criteria
that reflect distinct cyclotide features such as the circular backbone. Therefore, the MS/MS
fragmentation patterns of putative cyclotides were analyzed, because spectra of head-to-tail
circular peptides lack fragmentation, whereas spectra of linear peptides display multiple
fragmentions.2® Furthermore, most cyclotides contain a single conserved glutamic acid in
loop 1 and therefore enzymatic digestion with endoproteinase GluC yielded single-site
cleaved peptides, which in the case of backbone cyclized peptides can be identified by the
addition of water and thus in a resultant mass shift of + 18 Da. Plants containing acyclic
cyclotide homologs as well as samples containing peptides without glutamic acid or more
than one glutamic acid residue may be identified as “false-negatives.” As a final decision
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criterion for the accurate discovery of cyclotide plant species and to exclude any potential
cyclic peptides containing a noncystine-knotted arrangement of three disulfide bonds, it is
essential to characterize at least partial amino acid sequences that match current cyclotide
features. Partial peptide sequences that consist of at least two adjacent inter-cysteine loops
are necessary for a reliable identification of cyclotides. Hence, if one or more peptides in the
crude plant extracts satisfied all the above set criteria, i.e., mass, hydrophobicity, and
cysteine content, the respective masses have been selected as precursor ions for tandem MS
experiments. Cyclotide de novo sequencing was performed on endoproteinase GluC and
trypsin digests from crude extracts or if necessary fractions obtained from RP-HPLC that
contained complex cyclotide mixtures without the need for laborious purification or
isolation of single peptides.3! The applied methodology, i.e., each step of the chemical and
analytical screening procedure, is exemplarily shown for the root powder sample of
Carapichea ipecacuanha (Figure 2). This species has passed all screening criteria and thus
allowed sequencing of the novel cyclotide caripe 1. To accelerate de novo peptide
sequencing, the automated ERA tool33 was implemented into the screening protocol, but this
approach did not yield any cyclotide sequence apart from the known cyclotides vibi B and
cycloviolacin 022, which have been identified in Palicourea tetragona.

Novel Cyclotide-Producing Plants and Their Sequences

Based on the known distribution of cyclotide-containing species among flowering plants and
using a refined screening workflow as described above, 296 plants belonging to 43 different
families were analyzed. It was possible to positively identify nine novel cyclotide-containing
species that all belong to the tribe Palicoureeae within the Rubiaceae family. These species
are Carapichea ipecacuanha, Chassalia curviflora, Notopleura capacifolia, Palicourea
tetragona, Psychotria brachiata, P. deflexa, P. poeppigiana, P. solitudinum, and P. suerensis
(Figure 2, Supporting Information Figures S1-S9). Herein, for the first time, species of the
genera Notopleuraand Carapichea were identified to contain cyclotides. Using de novo
peptide sequencing, we characterized four full-length sequences and seven sequence tags
whereof four peptides belong to the bracelet subfamily, five to the Mdbius subfamily, and
four cannot be classified due to the lack of a full loop 5 sequence. Apart from novel
sequence motifs and variations within loops 2, 3, and 5, we also identified two previously
known cyclotides, i.e., cycloviolacin O22 and vibi B. An alignment of obtained sequences is
shown in Table I.

Besides successful identification of novel cyclotide-containing plants, 22 samples fulfilled
all of the aforementioned screening criteria except the presence of cyclotides could not be
confirmed by peptide sequencing, and these species were therefore treated as cyclotide
absent plant species to avoid “false-positive” results (Supporting Information Table S1).
Limited sample amount and high complexity of crude extracts often does not allow
unambiguous confirmation of cyclotide expression by peptide sequencing. One way to
overcome this problem is peptide sequence discovery at a genetic level.

Identification of Cyclotides and Their Precursors in Transcriptome Datasets

In the era of genomics and transcriptomics, analyzing publicly available transcriptome
datasets can be a useful tool for the discovery of peptide sequences.38 One such rich source
of available transcriptome datasets has been provided by the 1KP consortium, which
analyzed over 1000 different plant species. Based on the use of prereleased datasets, we
performed tBLASTn analysis of known cyclotide precursors against available datasets of
Rubiaceae species. Within Carapichea ipecacuanha we discovered nine precursor proteins,
and these novel precursors show high similarity to previously identified precursors of
Chassalia chartacea®’ (Figure 3A and Supporting Information Figure $10). The analysis of
Carapichea precursors yielded an additional five putative cyclotide sequences of this species

Biopolymers. Author manuscript; available in PMC 2013 November 04.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Koehbach et al.

Page 7

named caripe 2 to caripe 6 (Table I). Interestingly two identified sequences (caripe 4 and 6)
lack the conserved glutamic acid residue within loop 1 of the cyclotide domain. Sequence
comparison of Carapichea precursors to Oakl from Oldenlandia affinis and chassatide C2
from Chassalia chartacea indicated their extensive homology to cyclotides, whereas no
homology could be found to the gene structure of linear knottins such as TGT-1I from the
towel gourd Luffa cylindrica (Supporting Information Figure S10). Comparison of the
Carapichea precursors (Figure 3C) to those of other Rubiaceae species (Figure 3D)
confirmed high homology to the recently discovered precursors of Chassalia chartacea.3’
This is true in particular for the two residues following their proto-C-terminus, i.e., a glycine
or glutamic acid followed by a highly conserved leucine residue and the amino acid
immediately preceding the proto-N-terminus of the cyclotide domain (Figures 3C and 3D).

The predicted presence of cyclotides, obtained by transcriptome analysis of Carapichea
plantlet and root culture was compared with our findings from MS analysis. In addition to
the root powder sample, we investigated two different tissues from a herbarium sample (i.e.,
root and leaf). A comparison of these three samples is shown in Figure 4. The different
samples, i.e., unprocessed and powdered root, showed a similar cyclotide expression pattern,
as judged by the presence of similar peptide masses. The cyclotide caripe 1 is present in all
three samples, and the most abundant one in the root powder sample.

To compare representative cyclotides identified by MS (caripe 1) and transcriptome-mining
(caripe 2), we constructed three-dimensional models and analyzed the structural properties
of these two cyclotides (Figure 5). Both peptides share fundamental cyclotide characteristics
including the Shairpin in loop 5, a distorted triple-stranded Ssheet and several conserved
amino acids including a glutamic acid (E) in loop 1 involved with hydrogen bond
interactions®C and an asparagine (N) or aspartic acid (D) in loop 6 presumed vital for
cyclization. The 31 helix typical for bracelet cyclotides can be found in the model of caripe
2. From the hydrophobicity analysis, it is obvious that residues within loops 2 and 3
contribute to a hydrophobic surface, whereas loops 5 and 6 contribute to a hydrophilic
surface thus conferring the peptides an overall amphiphilic nature.

DISCUSSION

The identification of novel cyclotide-containing plant species still is a major challenge
lacking a rapid and accurate analysis methodology in particular for large sampling numbers.
To overcome these major challenges, current screening methods have been improved. The
presented approach included the combination of chemical analysis with transcriptome-
mining, which triggered the discovery of several novel cyclotide plants within Gentianales.
Based on the phylogeny of cyclotide-bearing species in Rubiaceae, the distribution and
evolution of cyclotides has been refined.

Cyclotides are a large class of bioactive plant compounds displaying enormous sequence
diversity. Hence, it is of great interest to shed light on their distribution and natural sequence
variation. Their unique biophysical and molecular properties, i.e., six conserved cysteines
that form three disulfide bonds and a cyclized backbone, have been used to identify
cyclotides in plants. Standard procedures include RP-HPLC and MS analysis to investigate
hydrophaobicity, mass range, and cysteine content of unknown peptides. To determine the
cyclic nature of peptides in the sampled plants, enzymatic digests with endoproteinase GluC
were performed. As most cyclotides usually contain a conserved glutamic acid in loop 1,4
digests typically yield single-site cleaved peptides that show a distinct mass shift of + 18 Da.
This mass shift has been used as an additional cyclotide identification criterion. Cyclotides
which (i) contain multiple glutamic acid residues, (ii) lack this residue, or (iii) have a linear
backbone*! may be tested “false-negative” based on the proposed criteria. The stability of
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the CCK may be used to gain further confidence in the discovery of cyclotides. Comparison
of MS/MS fragmentation pattern of crude and digested precursors can be used to distinguish
between linear and head-to-tail cyclized peptides.2> The typical knotted and cyclic back-
bone structure of cyclotides prohibits direct MS/MS analysis due to the lack of free N- and
C-termini that are necessary for retaining charges. This circumstance has been implemented
in our screening workflow and hence a comparison of the MS/MS fragmentation pattern of
crude and digested extracts of all samples has been performed. After chemical modification
of disulfide bonds by reduction and alkylation and the “creation” of free N- and C-termini
by enzymatic cleavage, various fragment ions of the linearized peptides may be observed.
By comparison, other disulfide-rich naturally occurring linear peptides, such as defensins,
are amenable to amino acid fragmentation by direct MS/MS of the nonmodified crude
samples prior digestion. Thus, the fragmentation pattern criterion adds another level of
confidence in the decision of whether a sample contains cyclotides or not. As described
above, some plant samples that have satisfied the screening criteria A-D (Figure 1) have not
been confirmed to contain cyclotide sequences, due to limited sample amount or complexity
of the crude peptide extracts (Supporting Information Table S1). To minimize the discovery
of “false-positive” hits, only plant species for which full or partial sequences were obtained
were classified as novel cyclotide-containing species (Table I) and the identification of
sequence tags “typical” for cyclotides is essential to our methodology. As manual de novo
peptide sequencing is time-consuming, we tried to implement the previously reported,
automatic ERA database tool33 to aid rapid identification of putative cyclotide sequences in
the plant samples. However, besides two peptides matching known cyclotide sequences in
one species, no other hits were identified (Table I). Following customization and updating of
the ERA database with manually obtained cyclotides sequences, the automatic approach
confirmed some of the de novo sequenced peptides (data not shown). Typical proteomics
database algorithms such as Paragon can only assign MS/MS sequence tags that show high
homology to those in the database (i.e. one or two residue substitutions) and consequently
peptide sequences with lesser similarity to known cyclotides may be missed by the database
search. As judged from our results, the automated ERA approach is only useful to identify
already known peptides; if sequences differ significantly from known ones that have been
deposited in the database or in case of weak MS/MS fragmentation automatic database
search using the ERA-tool does not help to accelerate the discovery of novel cyclotides.

With more sequences being published, including those from bioinformatics approaches an
updated ERA database may become a useful alternative to de novo peptide characterization.
In particular, transcriptome-mining has great potential for the discovery of novel peptides.38
As an advantage over MS-based peptide discovery, transcriptome sequencing provides the
correct primary sequence and hence additional identification of isobaric residues becomes
obsolete. Furthermore, not only the mature peptides will be characterized, but this approach
may yield partial or even full length precursor sequences, which allows the analysis of
processing sites involved in cyclotide biosynthesis. On the other hand, transcriptome
sequencing has disadvantages in providing accurate information about the cyclic or linear
nature of the identified peptides. Therefore, a combination of chemical and analytical
identification procedures with high-throughput transcriptome sequence analysis provides the
best results for rapid and accurate cyclotide discovery.

Using this combined approach, we identified 16 cyclotide sequences or partial sequence
tags, including two previously known sequences (Table 1). The novel full-length cyclotides
contain typical Mdbius or bracelet characteristics and have been classified accordingly. All
novel cyclotide sequences display a certain degree of sequence variation, when compared
with frequently occurring residues in known cyclotides, in particular within loops 2, 3, and
5. This is as expected because these loops are known to have the highest amino acid
variability, and this underlines the high plasticity of the cyclotide framework.42 A
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comparison of the three-dimensional structural models from two Carapichea ipecacuanha
cyclotides, caripe 1 (identified by MS sequencing) and caripe 2 (identified by transcriptome-
mining), confirms the highly amphiphilic nature of these two peptides, typical for cyclotides.
Further-more, both novel cyclotides display other structural characteristics of bracelet
cyclotides such as the fhairpin in loop 5, a distorted triple-stranded Ssheet, a short 31
helix, and a glutamic acid residue in loop 1 involved in hydrogen bond interactions. The
absence of the helix motif in the model of caripe 1 is most likely a modeling-artifact as the
comparison of the structures of cycloviolacin O2 and kalata B5 show high similarity in
amino acid sequence of loop 3.4043 Interestingly, two putative cyclotides identified from the
transcriptome dataset, i.e., caripe 4 and caripe 6, lack the conserved glutamic acid in loop 1.
These cyclotides contain a serine and glycine, respectively, at the corresponding position.
The nucleotide coding triplets of these amino acids have been confirmed unambiguously by
transcript read depth analysis (Supporting Information Table S2). In addition, transcriptome
data of all mature caripe cyclotide sequences were independently obtained from two
different tissue samples, i.e., /n vitro plantlet and root culture. Besides the Momordica
cochinchinensis squash trypsin inhibitors and kalata B12, these peptides represent to our
knowledge the only cyclotides lacking this residue, which has a key role for the stability of
cyclotides.#0 In the future, it will be interesting to determine whether the replacement of the
glutamic acid residue has any structural effects or consequences for the overall stability of
these novel cyclotides. As a prerequisite, we compared the precursor proteins of Carapichea
with known cyclotide and knottin precursors. Selected precursor proteins of other Rubiaceae
species (Figures 3C and 3D) as well as the squash trypsin inhibitors TGT-Il and MCoTI-II
(Supporting Information Figure S10B) indicate higher similarity to the sequences of
cyclotide precursors than to the knottin precursor architecture. In particular, they display
high amino acid homology within the C-terminal tail, known to be important for the in
planta cyclization.*4

Cyclotides are typically produced as precursor proteins and are post-translationally
processed including the excision of the cyclotide domain, oxidative folding,*® and head-to-
tail cyclization.*6:47 The detailed analysis of the different cyclotides precursors is of great
interest to fully comprehend their in planta synthesis. From all plant families that are known
to contain cyclotides, respective precursor proteins have been reported. An overview of the
currently known cyclotide precursor architecture is given in Figure 3B. During the screening
procedure, we found precursor sequences obtained from /n vitro plantlet and root culture
that predicted the presence of cyclotides in Carapichea ipecacuanha. The roots of this
species are used to make “syrup of ipecac,” an important traditional medication known for
its powerful emetic activity.*® When analyzing Herbarium samples by amino acid
sequencing, we indeed identified cyclotides in this species. However, it appears (see Figure
4) that genetic heterogeneity,® different growth conditions of the samples, and different
types of tissues, i.e., native and unprocessed collections in the wild, traditionally processed
plant material as well as /n vitro tissue cultures from the laboratory may explain the
differences in the cyclotide content.43:50-52 The combined MS analysis of diverse plant
samples together with transcriptome-mining not only helped to identify novel peptides but
also provided information about the gene architecture to aid the characterization of
processing mechanisms involved in cyclotide biosynthesis.

To further evaluate the importance of specific amino acid residues at the processing sites of
Rubiaceae cyclotide precursor proteins, we performed an alignment of 25 precursors,
including those from Oldenlandia affinis, Chassalia chartacea, Hedyotis biflora, and those
newly identified in Carapichea jpecacuanha (Figures 3C and 3D). As recently shown for
Oldenlandia affinis a C-terminal asparagine within the cyclotide domain as well as an
adjacent small amino acid residue followed by leucine/isoleucine is crucial for correct
bioprocessing, in particular cyclization.** Analysis of the residues preceding the proto-N-
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terminus of the cyclotide domain revealed a conserved asparagine/aspartic acid in the
precursor sequences of Carapichea ipecacuanha. The asparagine residue is also highly
conserved in previously identified precursors from Chassalia chartacea. Only three peptides
have a different residue, i.e., a leucine (chassatide C8) or a glycine (chassatide C7 and C17)
at the N-terminal site of the cyclotide domain. However, Oldenlandia affinis and Hedyotis
biflora contain a highly conserved lysine residue at this position and only precursors for Oak
7, 8, and 9 contain different residues, namely a threonine (Oak 8) or a glycine (Oak 7 and 9)
(Figure 3D). Overall this variation supports the hypothesis that the residue immediate
preceding the conserved N-terminal residues, e.g., glycine and leucine/isoleucine is not
crucial for cyclization as has been suggested previously.*# On the other hand, the first
residues of the C-tail are presumably vital for cyclization and are usually conserved across
species.** The residue at the second position adjacent to the cyclotide domain is a leucine in
all precursors of C. jpecacuanhaand in most Rubiaceae cyclotide precursor. Indeed, this
residue (leucine or isoleucine) is highly conserved throughout all known cyclotide precursor
except those from Fabaceae species. The first residue of the C-tail in Carapichea
Ipecacuanha precursors is either glutamic acid or glycine. Glutamic acid in this position has
been previously reported in chassatide C2 (Rubiaceae) and in Phyb | (Solanaceae), but in
other precursors is often a small residue (e.g., alanine, serine, or glycine). These findings
allow speculations about species or family-selective mechanisms or processing enzymes
involved in cyclotide biosynthesis, which needs to be addressed in future studies. The third
residue in the C-terminal tail region is only conserved in Oldenlandia affinis precursor
proteins and is always a proline with one exception, namely the precursor of Oak 9, which
lacks the C-tail at all. Precursors of Chassalia chartacea, Headyotis biflora, and Carapichea
Ipecacuanha display various residues at this position including asparagine, aspartic acid,
lysine, alanine, threonine, glutamic acid, and serine (Figures 3C and 3D). According to
previous studies, only the first two C-terminal residues are presumed crucial for a correct in
planta cyclization37:44 and further residues beyond position two do not affect peptide
processing. Similar residues, e.g., an asparagine at the N- and a glycine at the C-terminus of
the peptide domain have recently been found to be present within Momordica
cochinchinensis precursors encoding for the cyclotide MCoTI-11, pointing out similar
mechanisms underlying cyclization of peptides within different plant families.53 In
summary, cyclotide precursors including those encoding the novel C. ipecacuanha proteins
show high similarities within one species and appear to have family specific variations
(Figure 3). Whether this implies that there are also family specific variations in the
biosynthesis pathways and in particular the cyclization mechanism has yet to be determined.

Besides comparing different cyclotide precursors by molecular sequence analysis, it was
important to determine the distribution and phylogenetic relationship of cyclotide expressing
species. Hence, we analyzed the distribution of cyclotide-containing plants with regards to
their botanical relationship. Since the first discovery of cyclotides in Oldenlandia affinis
(Rubiaceae), few families have been identified to contain cyclotides (Figure 6). However, all
species of the Violaceae analyzed so far contain cyclotides, the distribution within other
families is not clear. With special emphasis on the analysis of Rubiaceae, we identified nine
novel plants from this family to express cyclotides. Rubiaceous species have previously
been established as a prominent source of cyclotides. As to now, they have been found in
species of several tribes within the subfamily Rubioideae (Figure 6), namely they have been
reported for the tribes Hedyotideae, Lasiantheae, Palicoureeae, and Psychotrieae.22:56 So far
it has been suggested that Psychotria cyclotides are not restricted to a specific clade.
Especially in Asia, Australasia, and the Pacific region, Psychotria has been treated in a
broader sense, including taxa belonging to both Psychotrieae and Palicoureeae.>’ To assess
the systematic value of cyclotide distribution, the correct placement of a given species is
crucial. To render Psychotria a monophyletic group, species of the subgenus
Heteropsychotrianeed to be excluded from the genus Psychotria, and thus should be
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transferred to Palicourea within the Palicoureeae.>*5558.59 Consequently, the assignment of
all cyclotide-positive Psychotria species from this study (Table 1) should be checked by
means of morphological and phylogenetic studies and revised as needed (Figure 6).

With the exception of Psychotria punctata? that belongs to the tribe Psychotrieae, the
presented results suggest that within the Psychotria alliance, i.e., a taxonomic group
comprising inter alia the tribes Psychotrieae and Palicoureeae, cyclotides are restricted to
species of the tribe Palicoureeae. However, no sequences have been reported for 2.
punctatz? (Supporting Information Table S1), yet, and hence it remains doubtful whether
this species actually expresses cyclotides. Thus, the occurrence of cyclotides within the
genus Psychotria sensu stricto and the Psychotrieae has to be questioned. Additional
evidence for the restriction of cyclotide plants to the Palicoureeae is the observation that all
24 analyzed species from the Psychotrieae in this study do not contain cyclotides. Within the
Palicoureeae, cyclotides have previously been found in the genera Chassalia, Geophila, and
Palicourea sensu lato (including species of the subgenus Heteropsychotria). This study adds
two further cyclotide producing genera, namely Nofopleura and Carapicheato the list of
cyclotide-containing plants. Furthermore, we propose that cyclotides also occur in the genus
Margaritopsis, based on reassignment of the Micronesian plant Psychotria leptothyrsa,
which was discovered by Gerlach et a/°% and was recently shown to belong to the
Margaritopsis clade on the basis of DNA sequence data.59 Two genera, i.e., Rudgea and
Hymenocoleus remain the last blank spots on the distribution map of cyclotides within
Palicoureeae (Figure 6), but based on current knowledge about the occurrence of cyclotides
and genetic relationships we expect species of those genera to contain cyclotides. Overall
our findings confirm previous suggestions about the abundance of cyclotides within
flowering plants and they may indeed form the largest protein class within the plant
kingdom.22:29 Yet, apart from their wide distribution among angiosperms, cyclotides within
Rubiaceae plants seem to be restricted to specific tribes.

In conclusion, the use of a refined chemical screening methodology together with
bioinformatics approaches such as transcriptome-mining and automated peptide database
search efficiently accelerates the discovery of novel cyclotides. Further information about
their respective genes allows deeper insights into the distribution, evolution, and diversity of
this unique class of circular miniproteins. Furthermore, the expansion of information about
the range of natural sequences of cyclotides will facilitate their ongoing applications as
pharmaceutical®® and agricultural®? bioactive agents, as well as pharmaceutical grafting
frameworks,3 as described elsewhere in this special issue of Biopolymers Peptide Science.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Cyclotide screening methodology.
This scheme illustrates the refined experimental workflow and identification criteria that led

to the discovery of novel cyclotide-containing species and peptide sequences. All plant

Page 15

extracts were analyzed stepwise to assess their (A) hydrophobicity, (B) mass range, (C)

disulfide bonds/cysteine content and circular backbone, and (D) MS/MS fragmentation

pattern of native peptides. Only plants for which we obtained partial sequence tags or full
cyclotide sequences (E) have been assigned unambiguously as novel cyclotide-containing

species.
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FIGURE 2. Characterization of the novel cyclotide caripe 1 from Carapichea ipecacuanha.

The MALDI-MS (A) and RP-HPLC trace (B) of Carapichea ipecacuanhais shown. The
putative cyclotide mass of 3268.3 Da was selected as precursor for MS/MS experiments (C).
The reduced and alkylated (R1A) (D), and endoproteinase GIuC digested (E) extract is
shown. MALDI-TOF/TOF sequencing of the precursor masses 3634.9 Da (F) and 2814.9 Da
(G) from an endoproteinase GluC and a trypsin digest, respectively, allowed the
characterization of the novel cyclotide caripe 1 based on observed b- and y-ions. All shown
masses are monoisotopic. MS evidence for the existence of cyclotides in all other positive
cyclotide plants can be found in the Supporting Information section (Figures S1-S9).
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FIGURE 3. Comparison of novel Carapichea and known cyclotide precursors.
(A) A boxshade alignment of the precursors caripe A2 (plantlet, GenBank ID: KC807202),
caripe B2 (root, Gen-Bank ID: KC811328), and their closest homolog precursor sequence
(according to BLASTp analysis), chassatide C2 (UniProtkKB ID: I0B6F2) is shown. Based
on this comparison, both Carapichea sequences lack only the N-terminal methionine residue.
Conserved cysteine residues are indicated with asterisks at the bottom of the alignment. (B)
An overview of the architecture of cyclotide precursor proteins among different plant
families is shown. Typical cyclotide precursor domains are highlighted with colors, i.e., ER
signal (white), N-terminal pro peptide (light-grey), N-terminal repeats (NTR, dark-grey),
mature cyclotide or knottin sequence (TGT-Il and TIPTOP 1) (green), C-terminal tail
sequence (black), albumin-1 a-chain (dark-grey, dashed box), and linking peptides (light-
grey, dashed box). For comparison of processing residues, a sequence alignment in the form
of a sequence logo for nine Carapichea ipecacuanha precursors (C) and for 25 Rubiaceae
precursors (D), including those from Oldenlandia, Hedyotis, and Chassalia spp. is shown.
Residues near the N- and C-terminal processing sites that show intra- or inter-species
homology have been indicated by red arrows. Numbers indicate the residue length of amino
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acids of mature cyclotides or C-tail residues, respectively, that are not displayed for
illustration purpose.
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FIGURE 4. MALDI-M S comparison of different Carapichea ipecacuanha tissues and samples.
(A) Offset-aligned MALDI-MS traces of two types of plant tissues from the same
Herbarium sample (W-1922-0008476), i.e., leaf (back) and root (middle) as well as root-
powder (front, WU-0067845) are shown. Most abundant peptide masses are labeled, and
their presence in all three samples has been indicated by dashed lines. (B) A comparison of
the distribution of observed peptide masses in all three samples is shown as a dot-chart.
Displayed monoisotopic masses were obtained from DataExplorer™ software with signal-
to-noise limit set to 5. Caripe 1 has a mass of 3268.3 Da and is highlighted in bold text.
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A) loop 1 2 3 4 5 6

caripe 1 cyclo-GVIPCGESCVFIPCIST-VIGCSCKDKVCYRN
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I 1l I v Vv Vi

caripe 1

caripe 2

FIGURE 5. Structural models of the cyclotides caripe 1 and caripe 2.

(A) The sequence alignment of two novel cyclotides caripe 1 and 2 from Carapichea
Ipecacuanha is presented. The typical six cysteine residues are highlighted in yellow and are
labeled with roman numerals and the six inter-cysteine loops are labeled on top of the
alignment. Three-dimensional models of caripe 1 (B) and caripe 2 (C) show cyclotide-
typical secondary structure elements, i.e., two anti-parallel f-sheets (in loops 4 + 5) and a
helix (in loop 3). Surface representations of caripe 1 and caripe 2 are colored in
hydrophobicity scale according to Eisenberg et al.,3° to illustrate the amphiphilic nature of
these peptides. Typical hydrophobic parts of cyclotides are loops 2 and 3, whereas the
hydrophilic parts of the molecules can be found on the opposite site in loops 5 and 6.
Representative amino acids, i.e., hydrophobic residues 13, F11 and V27 (caripe 1) and 12,
F10 and V27 (caripe 2), as well hydrophilic residues P13 (caripe 1) and R12 (caripe 2) are
labeled. The cyclotide models have been prepared using the CycloMod tool on CyBase and
illustrations have been prepared with PyMol (see Materials and Methods section for details).
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FIGURE 6. Phylogenetic analyses of cyclotide-containing plants and distribution in Rubiaceae.
An overview of the distribution of cyclotides among angiosperms is schematically shown.
Cyclotide-containing plant families, known for both monocotyledon and dicotyledon plants
(grey boxes) are highlighted with green circles. A detailed analysis of the distribution and
phylogenetic relation of cyclotide-containing species within Rubiaceae is shown in the lower
part. The presence and absence of cyclotide-containing species within the listed genera
(right column, italic font) are indicated with asterisk and green colored font. Cyclotides have
been discovered within the tribes Lasiantheae (basal Rubioideae), Spermacoceae
(Rubiidinae), and Palicoureeae. Rubiaceae phylogeny is according to the literature.>*°
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