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ABSTRACT 

This thesis consists of Parts I and II, with chapters in each Part either formatted for publication or 

(when published) in its peer-reviewed and typeset form. Part I of the thesis investigates two peptide 

families whose sequences are buried in precursors for seed storage proteins. The first is a family of 

small and cyclic peptides buried in preproalbumins (Chapter 2) and a unique macrocyclic peptide with 

two-disulfide bonds (Chapter 3). I also reveal a different and more ancient ‘hairpin’ peptide family 

buried in the preprovicilins (Chapter 4). Part II of the thesis (Chapter 5) is unrelated to peptide 

biosynthesis and reveals the crystal structure of Arabidopsis thaliana fatty acid amide hydrolase 

(FAAH), a potential target for herbicides. The research in two Parts enabled me to acquire diverse skills 

such as molecular biology, transcriptomics, peptide mass spectrometry, recombinant protein 

purification, protein biochemistry, protein crystallography and structural biology. 

Part I concerns two different peptide families that each evolved within the N-terminal region of seed 

storage precursor proteins, namely preproalbumins and preprovicilins. The cyclic trypsin inhibitor 

peptide, SFTI-1, has been shown to evolve stepwise in preproalbumins of the Asteraceae (daisy) 

family. After a brief introduction (Chapter 1) to this unusual type of dual biosynthesis, in Chapter 2 

(Fisher, Zhang et al. 2018 Plant Direct) we reveal the most ancient members of the SFTI-1 family are 

cyclic peptides lacking cysteine residues. This type of cyclic peptide is also called orbitides that are 

consisted of 5—12 residues and lack disulfide bonds. This study not only helped understand the 

stepwise evolution of the family within the daisy family, but also showed a very large new family of 

orbitides uniquely matured from preproalbumin. I helped assemble transcriptomes de novo and from 

these, peptides were discovered. 

Transcriptomes I assembled also helped identify an unusual Zinnia elegans cyclic peptide that is from 

the aforementioned sunflower family (Chapter 3). What made this peptide unique is that it possesses 

four cysteine residues that form two disulfide bonds - the first of its kind. This albumin-buried peptide 

called PawS-Derived Peptide-23 (PDP-23) was confirmed by liquid chromatography-tandem mass 

spectroscopy and its structure was determined by NMR spectroscopy. It had a stable fold with a CysI-

Cys II and CysIII-CysIV as its bond connectivity. This work expanded the structural diversity of stable 

macrocyclic peptides and provided novel scaffolds for the development of pharmaceutical tools on 

drug design. I performed the de novo assembly of Zinnia elegans transcriptome and confirmed the 

genetic sequence encoding PDP-23. 

Having extensively characterised one family of buried peptides, we were aware of something similar 

in another type of plant seed proteins. A pumpkin peptide called C2 (said to be a trypsin inhibitor) was 
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encoded within a preprovicilin gene called PV100. In that same year, three peptides with antimicrobial 

activities (MiAMP2b, c, d) were identified as being encoded within the N-terminal region of a 

preprovicilin from macadamia. To investigate whether C2 and MiAMPs were the first members of a 

new family of interstitial peptides, in Chapter 4 we perform an alignment of preprovicilins from 

GenBank and found these peptides were likely to be widespread and ancient. I did peptide extractions 

and used tandem mass spectrometry to sequence several new vicilin-buried peptides (VBPs) from the 

dicotyledonous tomato, sesame, cucumber and the monocotyledonous date palm. By assembling de 

novo transcriptomes from sponge loofah (Luffa aegptiaca) I also showed a previously known peptide 

Luffin P1 originates from within a vicilin precursor as well. My work showed that like SFTI-1 and its 

relatives, Luffin P1 and other VBPs were probably excised from their precursor by asparaginyl 

endopeptidase. This work discovered a second family of buried peptides and suggested the evolution 

of peptides within a ‘host’ protein might be more common than currently appreciated. 

Part II of this thesis (Chapter 5) investigates the herbicidal mode of action for a family of chemical 

compounds not previously considered as herbicides. An alarming increase in genetic resistance by 

weeds to commercial herbicides is driving a need for new herbicides, especially ones with a new mode 

of action. Our lab showed that antimalarial drugs are a good source of herbicidal compounds thanks 

to the shared evolutionary history between the malarial parasite and plants. This crossover between 

pharmaceuticals and agrochemicals inspired to investigate a compound library of off-patent drugs 

approved by the U.S. Food and Drug Administration. We screened this library against the model plant, 

Arabidopsis thaliana and found surprising many of these human drugs were herbicidal and since most 

are well studied this immediately yielded potential new herbicide targets. 

One of many results was that a group of pain relievers, including carprofen, flurbiprofen, diflunisal, 

diclofenac sodium, flufenamic acid and niflumic acid were herbicidal. In mammals, these compounds 

mainly target cyclooxygenases, but these proteins are absent from plants. A Previous report showed 

that carprofen and flurbiprofen also inhibit an integral membrane enzyme that is responsible for the 

degradation of a group of bioactive fatty acid amides such as N-acylethanolamine (NAEs), called FAAH, 

for which plants do have an obvious homolog. To determine whether plant FAAH can be inhibited by 

these painkillers, we expressed A. thaliana FAAH (AtFAAH) in E. coli and performed in vitro assays. 

These confirmed AtFAAH activity was inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs). I 

solved the crystal structure of AtFAAH to 2.3 Å without inhibitor. FAAH alone cannot explain the 

herbicidal effect of NSAIDs because faah knockout plants are viable and remain sensitive to NSAIDs. 

Lipoxygenases are another potent targets for NSAIDs in humans, and plants have six homologs which 
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are the focus for future work. This study present a new perspective to investigate the new herbicide 

modes of action.  

In addition to the above work, in an unrelated project I helped assemble de novo transcriptomes for 

spikemoss species Selaginella moellendorffii, S. martensii, S. kraussiana and Isoetes drummondii. 

These data were important for determining the genetic origins of Bowman-Birk inhibitors and my third 

author manuscript in Plant Cell was included in the appendix of this thesis (Appendix 1). I also 

performed the de novo assembly of transcriptomes for the soursop plant, Annona muricata. The 

transcriptomes helped to find the transcripts for ten validated cyclic annomuricatins and nine of them 

are novel (Appendix 2). 

In conclusion, this two-Part thesis enabled me to acquire skills in multiple disciplines including 

molecular biology, bioinformatics, biochemistry and structural biology. The main findings contribute 

to the diversity of proteins that are buried in ‘host’ proteins and has given insight into a potential new 

class of compounds that might be developed as herbicides. In Chapter 6, I reflect on these findings 

and directions that my work can lead to in the future. 
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Chapter 1 

General Introduction 
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CHAPTER 1: GENERAL INTRODUCTION 

Plant seed storage proteins 

Seed storage proteins are abundant in plant seeds and provide nutrients during seed germination for 

seedling development. Decades ago, seed storage proteins were divided into three main classes based 

on their sedimentation coefficient: the 2S albumins, the 7S vicilin-type globulins and the 11S legumin-

type globulins (Youle & Huang 1981; Shewry, Napier & Tatham 1995). 

Albumins are widespread in monocots and dicots, their name is for their water-solubility and they are 

highly polymorphic with numerous isoforms in most plants. A typical preproalbumin consists of an ER 

signal domain, a pro-domain and the mature albumin domain. The precursors of albumin are 

synthesized in endoplasmic reticulum (ER) and subsequently processed by asparaginyl endo-peptidase 

(AEP) in protein storage vacuoles where they are processed into mature albumins (Hara-Nishimura et 

al. 1993; Hara-Nishimura et al. 1995; Hara-Nishimura et al. 1998; Mylne, Hara-Nishimura & Rosengren 

2014). AEP (also known as vacuolar processing enzyme) is a protease that cleaves at asparagine and 

aspartic acid residues and is important for processing of seed storage proteins (Hara-Nishimura et al. 

1995; Shimada et al. 2003; Gruis, Schulze & Jung 2004). Albumins are rich in cysteine residues and 

typically a heterodimer consisting of a small subunit (3-4 kDa) and a large subunit (8-10 kDa) (Shewry, 

Napier & Tatham 1995).  

Vicilins, also known as 7S globulin proteins, are salt-soluble and are typically trimeric proteins of Mr 

~150 kDa to 190 kDa (Shewry & Wrigley 2004). The vacuolar processing enzyme (VPE, also called AEP) 

was reported to convert precursors of pro11S globulin and pro2S albumin into their corresponding 

mature forms (Hara-Nishimura, Takeuchi & Nishimura 1993; Hara-Nishimura et al. 1995; Shimada et 

al. 2003). A single vicilin precursor, PV100, was matured by a VPE in pumpkin seeds into a series of 

bioactive peptides and a mature vicilin (Yamada et al. 1999). In contrast to albumins, vicilins lack 

cysteine residues thus cannot form disulfide bonds and the subunits of vicilin vary significantly 

because of post-translational processes of their precursors including proteolysis and glycosylation 

(Gatehouse et al. 1982; Gatehouse et al. 1983; Gatehouse et al. 1981).  

Preproalbumins are the “hotbeds” for a family of cyclic peptides 

SFTI-1, SunFlower Trypsin Inhibitor 1, is a 14-residue cyclic peptide with a disulfide bond in seeds of 

sunflower (Helianthus annuus) (Luckett et al. 1999). It is stable, has a well-defined structure and 

thanks to its small size has a wide range of potential therapeutic applications such as using it as the 

grafting framework (Chan et al. 2011). Recently, the biosynthetic origin of SFTI-1 was discovered with 

the sequence for it found to be  within a N-terminal region of sunflower preproalbumin – a region 
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that’s usually the discarded pro region (Mylne et al. 2011). The gene encoding both SFTI-1 and the 

mature albumin was called Preproalbumin with SFTI-1 (PawS1) (Mylne et al. 2011).  

A heterologous PCR approach was later used to find PawS1 genes in close relatives of sunflowers and 

this revealed a group of novel peptides similar to SFTI-1 termed PawS-Derived Peptides (PDPs) and 

characterized by liquid chromatography-mass spectrometry (LC-MS) (Elliott et al. 2014). During this 

same study, a gene from Arnica montana was found to encode a protein similar to PawS1, but which 

made no stable peptide, and so was termed PawS-Like1 (PawL1). Being more widespread than PawS1, 

PawL1 was seen to be an ancestor of PawS1. Other recent research presented the protein evidence 

and nuclear magnetic resonance (NMR) based structures for three new PDPs from Zinnia haageana. 

The structure of these PDPs was like SFTI-1; i.e. head-to-tail cyclic with a single disulfide bond (Franke 

et al. 2016). 

Jayasena et al. (2017) assembled de novo the seed transcriptomes of 110 Asteraceae species based 

on the RNA-seq data and searched for PawS1 and PawL1 transcripts from each transcriptome. This 

approach revealed that the evolutionary sequence of events leading to SFTI-1 began about 45 Mya 

ago. The chronogram of species tested combined with the distribution of PawS1, PawL1 and SEED 

STORAGE ALBUMIN (SESA) transcripts indicated that PawL gene type with an N-terminal region of 

albumin expansion happened ~ 45 Mya ago. The Cys-pair in this N-terminal region (PawS gene type) 

emerged ~ 34 Mya ago and the specialization into trypsin inhibitory activity had stabilized in sunflower 

and its close relatives about 23 Mya ago. Although the peptide profile of A. montana suggested its 

PawL1 made no peptide (Elliott et al. 2014), two macrocyclic PawL1-Derived Peptides (PLP-1 and PLP-

2) were identified by LC-MS/MS by Jayasena et al. (2017). PLP-1 and PLP-2 were head-to-tail 

macrocyclic peptides but lacking cysteine residues, making them a type of cyclic peptide called an 

orbitide (Jayasena et al. 2017).  

The age of PawL genes in Asteraceae family and the characterization of two PLPs suggested there 

were more PLPs awaiting discovery. Subsequent work in our lab (Chapter 2) (Fisher et al. 2018)  

presented MS/MS evidence for over 50 PLPs from species within the Asteroideae of the 

aforementioned 110 Asteraceae species. My part of this work was to help assemble transcriptomes 

de novo for members of the subfamily Corymbioideae, from which no PawL1 genes were found, but 

which occupied and important taxonomic position relative to the Asteroideae. This negative result 

from Corymbioideae was consistent with PawL genes being confined to the Asteroideae subfamily, 

reinforcing the view that this cyclic peptide family was buried in the N-terminal region of 

preproalbumins since the Eocene epoch, ~45 Mya (Fisher et al. 2018). 
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A 4-Cys macrocyclic peptide discovered from preproalbumins 

In addition to those small, cyclic PLPs and PDPs, an unusual macrocyclic peptide possessing four 

cysteine residues (PDP-23) was identified in preproalbumin from seeds of Zinnia elegans. Its structure 

was characterized by NMR spectroscopy as a head-to-tail macrocyclic peptide with Cys connectivity 

of CysI-CysII and CysIII-CysIV (Chapter 3). I assembled the transcriptome of Zinnia elegans de novo and 

performed tBLASTn to find the transcript encoded PDP-23.  

Preprovicilins are shown to be the “hotbeds” for a family of hairpinins 

Preproalbumins from the Asteroideae are ‘host’ proteins for small peptides, which led us to consider 

whether other peptide families were buried in seed protein precursors. In 1999, a preprovicilin in 

pumpkin seeds, PV100, was said to produce a vicilin protein as well as several bioactive peptides 

including a 4-Cys peptide (C2) and three Arg/Glu-rich peptides (Yamada et al. 1999). PV100 consists of 

four domains: an ER signal domain, a Cys-rich domain, an Arg/Glu-rich domain and a vicilin domain. 

The in vitro processing of PV100 by purified AEP suggested similar processing occurred in vivo during 

seed maturation. C2 has four cysteine residues formed two CXXXC motifs and two disulfide bonds. C2 

was said to be a trypsin inhibitor and arrested activity of 0.42 nmols of trypsin in vitro at a C2 

concentration of 1.2 nmols (Yamada et al. 1999).  

In addition, Marcus (1999) reported a family of antimicrobial peptides derived from the N-terminal 

region of macadamia preprovicilin protein encoding an ER signal domain, a Cys-rich domain and a 

vicilin domain. The Cys-rich domain includes four peptide segments and each shares the similar pairs 

of CXXXC motifs as the C2 region in PV100. Those four repeated Cys-rich segments were termed 

MiAMP2a, b, c, and d. MiAMP2b-d peptides were isolated and identified by mass spectrometry except 

MiAMP2a. 

All the purified MiAMP2 peptides possess antimicrobial activity. The first purified peptide from the 

nut kernel was MiAMP2c and from in vitro antifungal assays after incubation for 48h, it inhibited 50% 

growth of many fungal pathogens effectively (e.g. Chalara elegans at 2-5 µg/mL; Verticillium dahlia, 

and Leptosphaeria maculans at 5-25 µg/mL). For antibacterial tests, MiAMP2c revealed weak 

inhibition on Gram-positive bacterium (Clavibacter michiganensis) and no inhibition on Gram-

negative bacteria (Escherichia coli and Ralstonia solanacearum) at 50 µg/mL. MiAMP2b and 2d 

exhibited strong inhibition of fungal pathogens such as Verticilium and Leptosphaeria. However, no 

evidence for MiAMP2a was identified in macadamia nuts (Marcus et al. 1999). The author later 

expressed an MiAMP2a fragment and tested its antifungal activity against various pathogens in vitro 
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(Marcus, Goulter & Manners 2008). MiAMP2a showed strong inhibition against a fungus Botrytis 

cinerea with IC50 of 8 µg/mL.  

In addition to MiAMP2 peptides and C2, a 4-Cys peptide called Luffin P1, which comes from the seeds 

of the Luffa cylindrica (a.k.a. Vietnamese luffa, Egyptian cucumber, sponge luffa) has strong sequence 

homology to C2. Luffin P1 was said to have anti-HIV activity and structural studies showed it adopted 

a helical hairpin structure stapled with two disulfide bonds (Li et al. 2003; Ng et al. 2011). Sponge 

loofah and pumpkin belong to the same plant family, the Cucurbitaceae, also called cucurbits or the 

gourd family. As sponge loofah is closely related to pumpkin and Luffin P1 has high identity with C2, 

we hypothesized that the precursor of Luffin P1 was a preprovicilin. C2 and MiAMP2 members 

probably represent another family of buried peptides, this time one that is within preprovicilins. 

Our lab searched the predicted preprovicilin sequences in GenBank and UniprotKB and this suggested 

there were sequences for peptides buried within the N-terminal region of preprovicilins are 

widespread from Amborellales to eudicots. Using LC-MS/MS, I found and sequenced vicilin buried 

peptides (VBPs) from the seeds of monocot date palm, as well as other dicot species including tomato, 

sesame and a pumpkin relative cucumber (Chapter 4). Using de novo transcriptomics, PCR and LC-

MS/MS, the biosynthetic origin of Luffin P1 was confirmed as being from preprovicilin. I also showed 

mature Luffin P1 was a 47-residue (i.e. not 43-residue) and was likely to be processed by asparaginyl 

endo-peptidase (AEP). I also performed trypsin inhibitory, antifungal, and antibacterial assays with 

two VBPs (Luffin P1 and a tomato VBP) but no bioactivity was found for either VBP. Using NMR, tomato 

VBP (VBP-8) was shown to adopt a similar helical hairpin structure to Luffin P1, namely a helix-loop-

helix stapled with two disulfide bonds. 

Part II: NSAIDs can be potential herbicides 

Increasing genetic resistance by weeds to commercial herbicides has created an urgent need to 

develop new herbicides and especially herbicides with new modes of action. Based on the shared 

evolutionary history between malarial parasites such as Plasmodium falciparum and plants, our lab 

showed that human antimalarial drugs such as sulfadiazine, sulfadoxine, pyrimethamine and 

cycloguanil were lethal to the model plant Arabidopsis thaliana at close concentrations to herbicides 

glufosinate and glyphosate (Corral et al. 2017a). In addition to those human antimalarial drugs, our 

lab screened a compound library from the Medicines for Malaria Venture on plant model Arabidopsis 

thaliana and found two antimalarial lead compounds MMV006188 (Corral et al. 2017b) and 

MMV007978 (Corral et al. 2018) can be potential herbicides. 
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Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of medicines that are widely used for 

reducing pain, inflammation and fever (Wallace 1997; Khatchadourian, Moreno-Hay & de Leeuw 

2014; Vane 2000; Rao & Knaus 2008; Bozimowski 2015). NSAIDs have analgesic, anti-inflammatory 

and antipyretic effects. In human, NSAIDs were reported targeting three main enzymes, 

cyclooxygenase (COX) (Vane 1971; Ferreira, Moncada & Vane 1971; Smith & Willis 1971; Flower et al. 

1972), fatty acid amide hydrolase (FAAH) (Fowler, Stenstrom & Tiger 1997; Fowler et al. 1999; Bishay 

et al. 2010; Favia et al. 2012) and lipoxygenase (LOX) the lipoxygenases (Maier et al. 2008; Sircar, 

Schwender & Johnson 1983). In Arabidopsis thaliana, there are homologs of FAAH and LOX enzymes, 

but no COX enzymes.  

Part II of this thesis (Chapter 5) explored the herbicidal effect for a group of NSAIDs including 

carprofen, flurbiprofen, diclofenac sodium, diflunisal, flufenamic acid, and niflumic acid. Each  

arrested the growth of A. thaliana at concentrations close to those of the commercial herbicides 

oryzalin and glyphosate. Herbicidal NSAIDs belong to four of the six NSAID subclasses, which are 

designated based on their chemical structures, and they share the common carboxyl moiety (-COOH). 

Furthermore, structure-activity analysis of one NSAID, flurbiprofen, indicated the carboxyl moiety is 

crucial for herbicidal potency. As plant lack COX, we synthesized A. thaliana FAAH (AtFAAH) in E. coli 

and purified it by chromatography. In vitro assays of AtFAAH against herbicidal NSAIDs showed they 

could inhibit AtFAAH activity, but weakly. However, AtFAAH can be knocked out with no serious affect 

on growth and dvelopment (Wang et al. 2006) and this same faah mutant demonstrated similar 

sensitivity to the herbicidal NSAIDs as wild type. So, although NSAIDs can inhibit AtFAAH, this is unlikey 

to be what makes NSAIDs lethal. To detemine how NSAIDs kill plants, future work needs to be done. 
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Abstract

Orbitides are cyclic ribosomally synthesized and post-translationally modified pep-

tides from plants; they consist of standard amino acids arranged in an unbroken

chain of peptide bonds. These cyclic peptides are stable and range in size and

topologies making them potential scaffolds for peptide drugs; some display valuable

biological activities. Recently, two orbitides whose sequences were buried in those

of seed storage albumin precursors were said to represent the first observable step

in the evolution of larger and hydrophilic bicyclic peptides. Here, guided by tran-

scriptome data, we investigated peptide extracts of 40 species specifically for the

more hydrophobic orbitides and confirmed 44 peptides by tandem mass spectrome-

try, as well as obtaining solution structures for four of them by nuclear magnetic

resonance. Acquiring transcriptomes from the phylogenetically important Corym-

bioideae subfamily confirmed the precursor genes for the peptides (called PawS1-

Like or PawL1) are confined to the Asteroideae, a subfamily of the huge plant family

Asteraceae. To be confined to the Asteroideae indicates these peptides arose during

the Eocene epoch around 45 Mya. Unlike other orbitides, all PawL-derived Peptides

contain an Asp residue, needed for processing by asparaginyl endopeptidase (AEP).

This study has revealed what is likely to be a very large new family of orbitides,

uniquely buried alongside albumin and processed by AEP.

K E YWORD S

asparaginyl endopeptidase, Asteraceae, cyclic peptide, orbitide, seed storage albumin
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1 | INTRODUCTION

Cyclic peptides form a class of biomolecules that are found across all

domains of life (Wang, Kaas, Chiche, & Craik, 2008). Their structural

stability and protease resistance have generated considerable inter-

est in using them as scaffolds for the synthesis of novel bioactive

molecules (White & Craik, 2016). Most cyclic peptides have been

discovered in plants from pharmacognosy and bioactivity approaches

(Figure 1); this includes Cys-rich cyclic peptides such as kalata B1

and cyclic squash knottins, as well as smaller peptides that contain

only a single disulfide bond, such as SFTI-1 (Hernandez et al., 2000;

Luckett et al., 1999; Saether et al., 1995). The first plant cyclic pep-

tides discovered, however, lacked disulfide bonds and were referred

to initially as Caryophyllaceae-type cyclic peptides, later termed orbi-

tides.

Orbitides are homodetic cyclic peptides (i.e., head-to-tail cyclic

peptides containing only standard amino acids) lacking disulfide

bonds, which contain 5–12 amino acid residues (Arnison et al.,

2013). Despite being known for decades (Tan & Zhou, 2006), their

biosynthetic origins remained elusive and were presumed to be non-

ribosomal until the first precursor genes were cloned by Condie

et al. (2011) from Vaccaria hispanica (Saponaria vaccaria). The authors

showed how these genes produced short precursor proteins that

were processed into orbitides called segetalins by the action of two

proteases. The enzyme that cyclizes segetalins is a serine protease

called PCY1 (Barber et al., 2013). The crystal structure of PCY1 was

recently solved and shown to ligate amino acids by shielding the

transamidation site of the enzyme-substrate intermediate from sol-

vent, inhibiting hydrolysis (Chekan, Estrada, Covello, & Nair, 2017).

Recent work that traced the evolutionary history of a bicyclic

protease inhibitor, the prototypic two-Cys cyclic peptide SFTI-1,

found that the evolutionary step preceding SFTI-1 and other bicyclic

peptides was an orbitide (Jayasena et al., 2017). SFTI-1 and its

related peptides are characterized by being buried within a precursor

protein that also encodes a napin-type seed storage albumin. The

first such gene discovered was from the common sunflower

Helianthus annuus and named Preproalbumin with SFTI-1 or PawS1.

PawS1 consists of an endoplasmic reticulum signal, a spacer region

containing the sequence for SFTI-1, and then, after a short tail

sequence, the remaining two-thirds of the protein is dedicated to

the two subunits of the mature seed storage albumin. Alongside

removal of the endoplasmic reticulum sequence and folding of the

protein, the buried peptide and albumin are separated by proteolytic

processing by the enzyme asparaginyl endopeptidase (AEP). AEP is a

Cys protease that, in plants, appears to have been recruited indepen-

dently multiple times to perform the macrocyclization reaction

responsible for different classes of plant cyclic peptides (Mylne et al.,

2012). The structure of a plant AEP has been solved (Yang et al.,

2017), and the strong conservation of residues trailing cyclic peptide

domains (in particular a P20 Leu) suggests similar interactions

between it and the AEP acyl intermediate might help favor macrocy-

clization reactions as seen previously with PCY1 (Barber et al., 2013;

Chekan et al., 2017).

To retrodict the evolutionary history of SFTI-1, Jayasena et al.

(2017) assembled transcriptomes for 110 members of the Asteraceae

or sunflower family and searched them for PawS1 genes and their

relatives. Genes whose buried peptide region was shorter and lacked

Cys residues were called PawS1-Like genes (PawL1). PawL1 genes are

more widespread than PawS1 genes, being found throughout the

Asteroideae, which diverged from a common ancestor 45 Mya.

Strong conservation of the region that, in PawS1, makes SFTI-1 or

similar PawS-Derived Peptides (PDPs) suggested a smaller peptide

lacking Cys residues was being made from the equivalent region of

PawL1 proteins. In general, PDPs are hydrophilic; examining the

aqueous phase of peptide extractions for PDPs did not detect

masses matching potential PawL-derived Peptides (Elliott et al.,

2014). However, the first two PawL-derived Peptides (PLPs) were

discovered when analyzing peptide extractions made with more

PCY1

AG

AEP

G.........N...QLK GLPS...
AEP

G.........D...DN GLDN...

AEP

(6 Cys)

G.........D...GRAQIDIN ALEG...(6 Cys)

Typical orbitides (5-12 residues)

PawL-derived peptides  (PLPs, 5-12 residues)

Kalata-type peptides (28-37 residues)

Cyclic knottins (32-34 residues)

G.........D...DN GLDN...
AEP

DG

PawS-derived peptides  (PDPs, 12-21  residues)

G.........AMSPILAHDVVKPQ FQAKDENASAPV*

(2 Cys)
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C
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C

C

C

C
C
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F IGURE 1 Summary of plant ribosomal cyclic peptides and their
biosynthesis. Five classes of ribosomally synthesized cyclic peptides
are known to be matured from linear precursor sequences. The
points at which the linear sequence is cleaved from the precursor
(arrows) and cyclizing enzyme (PCY1 or AEP) are shown. Residues
shown are conserved, and dots denote nonconserved sequence. The
sequence for the typical orbitides is based on the segetalins of
Vaccaria hispanica
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hydrophobic solvents: PLP-1 from Zinnia haageana (cyclo-AIIPGLID)

and PLP-2 from Senecio pinnatifolius var. maritimus (cyclo-DLFVPPID)

(Jayasena et al., 2017). The conservation seen within the equivalent

regions encoded by PawL1 genes implied a larger family of cyclic

peptides awaited discovery.

Here, we re-extracted peptides from many of the species studied

by Jayasena et al. (2017) and used liquid chromatography–coupled

tandem mass spectroscopy (LC-MS/MS) to confirm the amino acid

sequences for 44 PLPs. Although MS/MS cannot distinguish the iso-

baric residues Ile and Leu, we resolved these using the matching tran-

scriptome data as each PLP had a matching precursor transcript. We

found no evidence for PawL1 genes in newly acquired transcriptomes

for members of the subfamily Corymbioideae, confirming that PawL1

genes and their encoded PLPs are restricted to the Asteroideae sub-

family, and so evolved during the Eocene epoch approximately

45 million years ago. Using nuclear magnetic resonance (NMR) spec-

troscopy, we solved the first tertiary structures for orbitides. The five

structures (two are cis and trans conformers of one PLP) showed

these peptides adopt a constrained and flat conformation. Based on

their abundance within some species, the hypervariability of their

sequences and the rapid speciation (and consequently large size) of

the Asteraceae, this orbitide family buried in preproalbumin has the

potential to encompass thousands of different family members.

2 | RESULTS

2.1 | Transcript-based discovery and sequencing of
44 PLPs

In our previous work, Jayasena et al. (2017) extracted PLP-1 and

PLP-2 using a less polar extraction method than that used routinely

for the larger and Cys-containing PDPs. The conservation of the cor-

responding region among the predicted proteins encoded by PawL1

genes indicated that these were the first of a large family. From the

transcriptomes of 110 species from throughout the Asteraceae, 168

PawL1 genes were discovered in 50 species. Species containing

PawL1 genes were limited to the Asteroideae, with no evidence

found in two other major Asteraceae subfamilies, the Cichorioideae

and Mutisioideae (Figure 2). Analyzing the LC-MS data of peptide

extracts from species containing PawL1 genes uncovered a number

of masses consistent with novel PLPs. To acquire sequences for

these masses, we fragmented the putative protonated PLPs by MS/

MS and manually sequenced the peptides from the resulting mass

spectra.

2.2 | Peptides sequenced by LC-MS/MS

The system of ion nomenclature used here for the MS/MS spectra

of cyclic peptides is based on that of Ngoka and Gross (1999b), tak-

ing into account that the fragmentation of cyclic peptides begins

with a single ring-opening event. Each fragment ion has a label of

the form xnJZ, where x is the ion type (a or b), n is the number of

amino acid residues in the ion, J is the one-letter code of the N-

terminal residue at the point of cleavage of the ring, and Z is the C-

terminal residue at the cleavage point. Ngoka and Gross (1999b),

however, give no guidance on nomenclature where a cyclic peptide

has repeated pairs of amino acids, leading to ambiguity in the cleav-

age point; we have therefore added the number of each residue in

the sequence (as defined by linear translation of the gene transcript)

in such cases.

The LC-MS/MS data for peptide PLP-21 from Inula racemosa

(Figure 3) contained the ion series b2PF-b5PF, together with the pro-

tonated molecule [M+H]+, which gives the residue sequence [P,D]-

G-Y-V-F, the series b3FV-b5FV gives [F,P,D]-G-Y-V and b2GD-b4GD

gives [G,Y]-V-F (where the residues in square brackets are in

unknown order). Together, these support the sequence cyclo-F-[P,

D]-G-Y-V, in agreement with the sequence GYVFPD from the

PawL1b transcript of I. racemosa.

The LC-MS/MS data for peptide PLP-24 from Othonna arbores-

cens (Figure 4) displayed the ion series b2PG-b7PG confirming the

residue sequence P-P-V-D-F-D-K and the series b3GY-b8GY, with the

[M+H]+ ion, providing the sequence [G,P]-P-V-D-F-D-K-Y. Together,

these form cyclo-G-P-P-V-D-F-D-K-Y, matching the sequence

KYGPPVDFD from the PawL1b transcript of O. arborescens.

A similar analysis of the LC-MS/MS data from other species of

the Asteroideae (Figures S1–S48) revealed another 42 unique PLPs

making a total of 46 unique PLPs known across 17 species (Table 1).

In this work, 50 PLPs were sequenced as six PLPs were found in

either two species or subspecies. Of the 17 species containing PLPs,

most contained more than one. Only five species contained a single

detectable PLP, namely Dahlia variabilis, Cosmos bipinnatus, Engelman-

nia peristenia, Arnica chamissonis, and Parthenium argentatum. Of

these five species, all except A. chamissonis had more than one

PawL1 gene so they may well have more than one PLP, but they fall

below our limit of detection. Overall, these findings suggest most

species contain multiple PawL1 copies and multiple PLPs.

2.3 | Analysis of the primary structure of PLPs and
their flanking precursor sequence

PawL-derived Peptides were found to vary in length from five to

twelve amino acid residues, with the majority having seven residues

(11 PLPs) or eight residues (25 PLPs). PLPs contain an absolutely

conserved Asp residue, and 28 of the 45 PLPs contain a Gly residue

at the first position, which is bonded to the Asp during transpeptida-

tion to form the macrocycle. A few contain Phe, Thr, Tyr, or Ala in

place of this Gly1; the Gly1 residue is substituted by Lys, Asp, or Ile

in one case each. Some PLPs contain the Pro-Pro hinge which is a

common feature of the PDPs. Most of the residues found in PLPs

are hydrophobic, with Ile, Leu, Val, Pro, and Phe being especially

common. The distribution of amino acids in each position for those

PLPs containing seven or eight residues is shown in a sequence logo

(Figure 5). A small number of PLPs contain polar residues such as

Arg, Ser, Thr, Glu, Gln, and His, but these residues are not common

across the family as a whole. The amino acid Trp is present in only

two species and Met in one.
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The sequence flanking each PLP we detected is conserved (Fig-

ure 5c). The residue immediately preceding the PLP region is an

absolutely conserved Asn residue, which is the target of AEP. Trail-

ing each PLP within the precursor is a conserved sequence similar to

PDPs (Jayasena et al., 2017). The P10 residue is most often one with

a small side chain (Gly, Ser), but Arg and other residues are also

found here. The P20 residue is typically a more highly conserved Leu

residue that, in some systems where macrocyclization is conducted

by AEP, has been shown to be essential to produce a cyclic product

(Conlan et al., 2012; Mylne et al., 2012). The P30 and P40 residues

are ones that typically precede the small subunit of seed storage

albumin, which is another point of maturation by AEP. Although

hydrophobic like known orbitides, the PLPs are unique due to their

omnipresent Asp that serves as its cyclization point by AEP. The

flanking sequences for putative PLPs we could not detect still

showed similar conservation to regions in transcripts for PLPs we

could detect (Figure 5d,e).

2.4 | PawL1 and PLPs are absent from the family
Corymbioideae

Corymbioideae is a small subfamily in the Asteraceae whose phylo-

genetic position is controversial; it is currently thought to predate

the Asteroideae, but appeared following the divergence of the

Cichorioideae and Mutisioideae. To determine whether PLPs are

restricted to the Asteroideae, we obtained seeds of four different

Corymbioideae species, extracted their RNA, assembled their tran-

scriptomes de novo, and checked the quality of each assembly

(Table S1). Searching these transcriptomes as previously described

(Jayasena et al., 2017), we were unable to find any candidate PawL1

genes, although the presence of seed storage albumin genes and a

set of six “core genes,” as described by Jayasena et al. (2014) indi-

cated that the transcriptome assembly would have been adequate to

find any PawL1 genes present (Table S2). As PawL1 genes are con-

fined to the Asteroideae, it indicates the age of this gene type is 45

million years.

2.5 | Structural analysis of PLPs

We searched the Protein Data Bank and were unable to find any struc-

tures for orbitides, despite orbitide secondary structures being pub-

lished in the literature, prompting us to solve the solution structures for

a number of different PLPs using NMR spectroscopy. As it was not fea-

sible to extract sufficient native peptide for these studies, we analyzed

synthetic peptides produced by solid-phase peptide synthesis. These

peptides were cyclo-DLFVPPID (PLP-2), cyclo-GLLGITD (PLP-4), cyclo-

GSPLFD (PLP-10), and cyclo-FVGGTSFD (PLP-12), which were chosen

as they represented a range of different sequences, amino acid types,

and molecular masses. Each synthetic peptide was subjected to LC-

MS/MS and confirmed to be identical to its native counterpart by

matching retention time in LC, molecular mass, isotope profile, andMS/

MS fragmentation pattern (Figures S49–S52).

The amino acid residues in synthetic PLP-12 were identified by a

sequential walk of the Ha and HN shifts of its 1H-1H TOCSY and

ROESY spectra (Figure 6). The same procedure was followed for

synthetic PLP-2, PLP-4, and PLP-10 (Figures S53–S56). Following

this, ROESY peaks (NOESY in the case of PLP-2) were identified and

used as restraints for structural modeling.

Ensembles of the lowest energy 20 structures for each peptide

were calculated and included the ensemble member closest to the

Carduoideae

Mutisioideae

Cichorioideae

Corymbioideae*

Asteroideae

Astereae

Gnaphalieae
Calenduleae

Anthemideae

Senecioneae
Inuleae
Coreopsideae
Helenieae
Neurolaeneae
Tageteae
Heliantheae
Perityleae
Eupatorieae
Bahieae
Madieae
Millerieae

Doroniceae
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Ile2

Ile3 Pro4

Gly5
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MAKLALLLLTFTALVAFFSASAYKTTITTNDDHNAIIPGLIDSLDNPWEECRSQIPIDKLNHCQMH 
LTQGLNRPFQQQQQHHLQQCCSQLQNVNPQCQCDAIQVVFDEARQKADVIKMRQMLNKAYELPNLCS...

F IGURE 2 The PawL1 gene type is
confined to the Asteroideae. (a) Translated
partial PawL1b transcript of Zinnia
haageana color coded to indicate ER signal
(rose), PLP (cyan), predicted albumin small
subunit (green), and partial large albumin
subunit (orange). (b) PLP-1 from Zinnia
haageana, encoded by PawL1. (c)
Distribution of PLPs in the tribes of the
Asteroideae (green shading indicates
evidence of PLPs and PawL1 transcripts,
yellow shows PawL1 transcripts present,
blue means no transcriptomes available).
Selected subfamilies of the Asteraceae
shown in large type. The numbers on each
branch represent the number of
transcriptomes assembled

4 | FISHER ET AL.

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 24



mean, as measured by root mean square deviation (RMSD) (Fig-

ure 7). None of the peptides displayed evidence of classical sec-

ondary structure, even though several displayed strong deviation of

their chemical shifts from random coil values (Figure S57).

Structure statistics for all the peptides were calculated and

reported (Table S3). Analysis of PLP-2, which was soluble only in

DMSO, showed cis Val-Pro and trans-Pro-Pro bonds in its major

form in solution, with other conformations present only to a minor

degree (Figure 7); the ensemble backbone RMSD was 0.5 �A. PLP-4

and PLP-12 had ensemble backbone RMSDs of 0.8 and 0.9 �A,

respectively.

A notable feature of PLP-10 was that it adopted two conforma-

tions in solution, differing by whether the Ser2-Pro3 bond was in a

trans (Figure 7d) or cis (Figure 7e) orientation. The NMR spectra

showed both conformations to be present in approximately equal pro-

portions. The backbone RMSD for the trans form was 0.6 �A, whereas

the cis conformer had an RMSD of 0.5 �A. These data indicate that the

PLPs examined exhibit a constrained and flat conformation.
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F IGURE 3 Q-TOF LC-MS data for PLP-21 in Inula racemosa. (a) Extracted ion chromatogram showing acquisition time of the peptide, with
(inset left) peptide sequence with expected and observed mass-to-charge ratios (m/z) and (inset right) peptide mass spectrum. (b) Tandem mass
spectrum of the fragmented precursor ion. Sequences represented by selected b-ion series are shown above the mass spectrum. [M+H]+ is the
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letter code of the residue they represent
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2.6 | PLPs show no antibacterial or antifungal
activity

Although some studies on orbitides have indicated they possess

antibiotic activity, an inspection of LB agar plates after overnight

incubation at 37°C showed no inhibition of the growth of the

Gram-negative bacteria, Escherichia coli B and Pseudomonas aerugi-

nosa, nor of the Gram-positive bacteria, Bacillus cereus and Staphylo-

coccus aureus, by any of six disks containing between 0.5 lg and

25 lg of synthetic PLP-2, PLP-18, or PLP-20, nor did a negative

control disk, treated only with water, inhibit growth (Figure S59A–

D). By contrast, there was a clear zone of growth inhibition around

a positive control disk containing kanamycin, except in the case of

P. aeruginosa, which is known to be more resistant to kanamycin

than the other bacterial species (Morita, Tomida, & Kawamura,

2014). However, a separate control plate with disks containing lar-

ger amounts of kanamycin did show growth inhibition of P. aerugi-

nosa (Figure S59E).
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TABLE 1 List of PawL-derived peptides. Listed by name and including sequence (as encoded), mass (monoisotopic), and genetic origin. The
column on the right indicates the supplemental figure (or other location) where the LC-MS data for each peptide are shown

Name Encoded sequence Mass (mono.) Gene Species Supp. fig. no.

PLP-1 AIIPGLID 792.475 PawL1b Zinnia haageana Jayasena et al. (2017)

PLP-2 DLFVPPID 896.464 PawL1c Senecio pinnatifolius var maritimus Jayasena et al. (2017)

PawL1c Senecio pinnatifolius ssp latilobus 1

PLP-3 GSLVYQID 875.439 PawL1a Senecio pinnatifolius var maritimus 2

PawL1d Senecio pinnatifolius var maritimus 2

PawL1a Senecio pinnatifolius ssp latilobus 3

PLP-4 GLLGITD 669.370 PawL1d Senecio pinnatifolius var maritimus 4

PawL1a Senecio pinnatifolius ssp latilobus 5

PLP-5 GLFVD 531.269 PawL1e Senecio pinnatifolius var maritimus 6

PLP-6 FFDAAKID 907.444 PawL1b Senecio pinnatifolius var maritimus 7

PawL1b Senecio pinnatifolius ssp latilobus 8

PLP-7 GLLDVVD 711.380 PawL1a Senecio pinnatifolius var maritimus 9

PLP-8 GYPPYYQD 983.402 PawL1a Zinnia haageana 10

PLP-9 GLLPPIID 818.490 PawL1a Zinnia elegans 11

PLP-10 GSPLFD 616.286 PawL1b Zinnia elegans 12

PLP-11 GVYPLGD 701.338 PawL1b Zinnia elegans 13

PLP-12 FVGGTSFD 810.355 PawL1b Senecio vulgaris 14

PLP-13 TFGVVIAD 802.422 PawL1c Senecio vulgaris 15

PLP-14 FVDTTGYD 898.371 PawL1c Senecio vulgaris 16

PLP-15 ALVVGLD 667.390 Pawl1d Senecio vulgaris 17

PLP-16 GLFPYGPD 846.391 PawL1b Dahlia variabilis 18

PLP-17 GFPPYVD 775.354 PawL1a Buphthalum salicifolium 19

PLP-18 GAIPFPD 697.344 PawL1b Buphthalum salicifolium 20

PLP-19 GVLFFPD 775.390 PawL1b Buphthalum salicifolium 21

PLP-20 GYLFPD 692.317 PawL1a Inula racemosa 22

PawL1a Inula helenium 23

PLP-21 GYVFPD 678.301 PawL1b Inula racemosa Figure 3

PLP-22 GLPPYVD 741.370 PawL1c Inula racemosa 24

PawL1b Inula helenium 25

PLP-23 YFEEYIHD 1,096.450 PawL1a Othonna arborescens 26

PLP-24 KYGPPVDFD 1,018.476 PawL1b Othonna arborescens Figure 4

PLP-25 YYEEYIHD 1,112.445 PawL1c Othonna arborescens 27

PLP-26 GFPWAPWD 956.418 PawL1c Melampodium paludosum 28

PLP-27 AVEPWIPFD 1,054.512 PawL1b Melampodium paludosum 29

PLP-28 FVETTAGLLD 1,046.528 PawL1e Steirodiscus tagetes 30

PLP-29 GYFPVGVD 834.391 PawL1 g Steirodiscus tagetes 31

PLP-30 YIDPAIGKRFGD 1,332.683 PawL1b Cosmos bipinnatus 32

PLP-31 GVPFPLITHD 1,076.565 PawL1b Engelmannia peristenia 33

PLP-32 GVLPPMLD 822.431 Pawl1a Arnica chamissonis 34

PLP-33 GIIVPIVD 806.490 PawL1b Rudbeckia hirta 35

PLP-34 GIIIPIVD 820.506 PawL1d Rudbeckia hirta 36

PLP-35 GLKFPVVD 855.485 PawL1e Rudbeckia hirta 37

PLP-36 AILIPIVD 834.521 PawL1e Rudbeckia hirta 38

PLP-37 GFFPADGD 806.323 PawL1 g Rudbeckia hirta 39

PLP-38 GLYPYPD 805.365 PawL1 g Rudbeckia hirta 40

(Continues)
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Although some orbitides have been claimed to be antifungal, we

found no difference in growth of three different fungi in wells of a

96-well plate containing a culture only and those also inoculated

with the synthetic PLP-12 at any of nine concentrations between

1,250 and 9.8 lg/ml. There was no growth in a series of no inocu-

lum-negative controls.

3 | DISCUSSION

Elliott et al. (2014) and Jayasena et al. (2017) identified 168 PawL1

genes in 50 Asteroideae species, which appear to encode ~230

unique PLP sequences. We were unable to work on five species pre-

viously studied by Jayasena et al. (2017) because their import into

Western Australia is prohibited, and another five because specimens

were no longer on hand; these ten excluded species contained a

total of 29 PawL1 genes. In a search of the remaining 40 species, 44

unique PLPs matching 39 PawL1 genes were detected at the peptide

level in 17 species in this study, in addition to the two peptides

identified by Jayasena et al. (2017). Combined this brings the total

number of unique PLPs to 46.

Of the undetected peptide sequences, 23 did not include a

proto-C-terminal Asp, whereas this Asp was absolutely conserved in

all the observed peptides; this supports the hypothesis that PLPs,

such as PDPs, are processed by an AEP that cleaves only when an

Asp is present in the P1 position. The rarity of these sequences and

their confinement within a phylogenetic span of species that have

PLPs lead us to hypothesize that these genes lacking a proto-C-

terminal Asp were likely to have been PLP-containing proteins at

one point, but have lost their PLP-coding capability by random muta-

tion in or near the sequence encoding the proto-C-terminal Asp.

Most are still open reading frames and may well still make functional

seed storage albumins.

Other than the conserved Asp, there was no discernible pattern

as to which PLPs were detected by mass spectrometry. We

observed that some predicted peptides were found in one species,

but not in a closely related one. For example, transcript data pre-

dicted the presence of PLP-32 in both Arnica montana and

A. chamissonis, but PLP-32 was found only in the latter. It is also

noteworthy that PLPs found in a particular batch of seeds were

sometimes undetectable in another batch of the same species and

variety. Although cyclic peptide expression in plants is strongly influ-

enced by environmental factors (Gui et al., 2012; Narayani, Chadha,

& Srivastava, 2017), being coupled to seed storage albumin precur-

sors means the more likely explanation for this is that in some spe-

cies the peptides are close to the detection limit. It is therefore

likely that at least some of the “missing” peptides do exist, but were

either not expressed or expressed at levels in our seed samples

below the limit of detection.

3.1 | Sequencing of PLPs by LC-MS/MS

Sequencing of cyclic peptides is challenging because MS/MS frag-

mentation may initiate at any peptide bond in the ring leading to a

multiplicity of ions, the number of which is proportional to the

square of the number of amino acid residues present. However, in

those cases where the peptide contains a Pro residue, ring cleavage

tends to occur predominantly at the N-terminal side of that amino

acid (Tomer, Crow, Gross, & Kopple, 1984), simplifying analysis of

the mass spectrum, although collision energy may also influence this

process (Ngoka & Gross, 1999a). Examples of PLPs that undergo this

type of cleavage are PLP-1 and PLP-2 (Jayasena et al., 2017; Fig-

ure S1), as well as PLP-9, 11, 17, 31, 33–38, 40, 41, and 43–46 (Fig-

ures S11, S13, S19, S33, S35–S40, S43, S44, S45–S48). In other

cases, sequencing required careful analysis of multiple ion series

from several ring-opening events, none of which was strongly

favored over another (Eckart, Schwarz, Tomer, & Gross, 1985). We

did find cleavage at an Ile-Asp or Leu-Asp bond was often preferred

when present, as in PLP-3 (Figures S2–S3), PLP-6 (Figures S7–S8),

and PLP-15 (Figure S17), although there were exceptions to this

(PLP-28, Figure S30; PLP-30, Figure S32). It is perhaps worth noting

that PLP-28 and PLP 30 are the two largest PLPs, with 10 and 12

residues, respectively.

Some authors have suggested multistage tandem mass spectrom-

etry (MSn) as an alternative sequencing method for cyclic peptides

(Jia, Qi, He, & Qiao, 2006; Ngoka & Gross, 1999a), but we found

that ion abundance beyond MS3 was too low to usefully employ

stepwise sequencing; even though MS/MS sequencing was some-

times difficult, it remained our preferred method. Our task was made

easier by having access to transcriptomic data, allowing us to predict

TABLE 1 (Continued)

Name Encoded sequence Mass (mono.) Gene Species Supp. fig. no.

PLP-39 IIHLSTPFD 1,023.539 PawL1j Rudbeckia hirta 41

PLP-40 GILFPIAD 826.459 PawL1 m Rudbeckia hirta 42

PLP-41 GDVTSPFD 818.345 PawL1a Sanvitalia procumbens 43

PLP-42 TFFNPVID 933.460 PawL1c Sanvitalia procumbens 44

PLP-43 TLVIPIID 864.532 PawL1d Sanvitalia procumbens 45

PLP-44 GWGTPID 726.334 PawL1d Sanvitalia procumbens 46

PLP-45 GWITGPWD 912.413 PawL1e Sanvitalia procumbens 47

PLP-46 GYITPLD 759.380 PawL1c Parthenium argentatum 48
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what ions would be present in the mass spectra and to distinguish

between isobaric Ile and Leu residues.

Although we matched four synthetic, head-to-tail cyclized PLPs

to the native PLP in LC-MS and MS/MS, it has been assumed based

on conservation that all PLPs are head-to-tail cyclic. Some PLPs con-

tain residues with amino groups in their side chain that could con-

ceivably take the place of the proto-amino terminus in the

transpeptidation reaction performed by AEP. Most conspicuous of

these is PLP-24, which has a Lys residue at its proto-N-terminus.

PLP-6, PLP-30, and PLP-35 have internal Lys residues that, if side

chain cyclized, would form “lasso” peptides of the same mass as

backbone cyclic. With limited plant material, it was not possible to

purify enough native material of these four to confirm they had the

conserved, AEP-mediated backbone cyclic structure as the four

native PLPs for which a synthetic version was matched (Fig-

ures S49–S52). Several native PDPs have similarly been confirmed as

backbone cyclic and for SFTI-1 and SFT-L1 from sunflower, native

material was used to solve their solution structures (Elliott et al.,

2014; Luckett et al., 1999; Mylne et al., 2011).

3.2 | Phylogenetic distribution and evolution of
PLPs

The first peptide found buried in a seed storage albumin, SFTI-1, has

been known for almost two decades (Luckett et al., 1999), but its

genetic provenance was discovered only recently in the PawS1 gene

of H. annuus (Mylne et al., 2011). Further work revealed a family of

such PDPs within the Asteroideae subfamily of the daisy family

(Elliott et al., 2014; Jayasena et al., 2017). These peptides are distin-

guished by their backbone cyclization and a single disulfide bond.

Jayasena et al. (2017) also discovered the first two members of a

peptide family which is the ancestor of the PDPs; these small cyclic

peptides were named the PLPs.

In this study, we investigated the distribution and properties of

the PLPs showing that, like the PDPs, they are found in tribes within

the Asteroideae subfamily, but have a wider distribution than the

PDPs; the latter are concentrated in the Heliantheae tribe. Like the

PDPs, PLPs are not found in other Asteraceae subfamilies, as evi-

denced by their absence in the Corymbioideae, the subfamily most

closely related to the Asteroideae.

We found PawL1 transcripts in 11 of 17 Asteroideae tribes we

examined and peptide evidence of PLPs in six tribes (Figure 2): the

Millerieae (1 of 5 species studied), Madieae (1 of 2), Heliantheae (6

of 13), Coreopsideae (2 of 7), Inuleae (3 of 5), and Senecioneae (4 of

9). These results show no clear evolutionary pattern; some tribes clo-

sely related to those containing PLPs appear to contain none, in con-

trast to more distant relatives that also contain PLPs. This could be

(a)

(b)

(c)

(d)

(e)

F IGURE 5 Sequence logo for PLPs consisting of (a) seven
residues (n = 11) or (b) eight amino acid residues (n = 25). Together,
these logos represent 78% (36 of 46) of PLPs, which range in size
from five to twelve residues. Hydrophilic residues are shown in blue,
hydrophobic in black, and neutral in green. Image created with
WebLogo (Crooks et al., 2004). (c) The region flanking PLPs encoded
by PawL1 genes (n = 46) is conserved, indicating PLPs are matured
in a similar fashion to PDPs. The absolutely conserved Asn (N)
preceding each PLP is recognized by AEP, and the residues trailing
the PLP region are consistent with what is required for
macrocyclization reactions, especially the P20 Leu. (d) Flanking region
for putative PLPs with C-terminal Asp which were not detected
(n = 189). (e) Flanking region for putative PLPs without a C-terminal
Asp, none of which were detected (n = 23)
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due to the small numbers of species sampled in some tribes. For

example, the largest concentration of PLPs was found in the

Heliantheae, Inuleae, Coreopsideae, and Senecioneae tribes, yet

none were found in the closely related Tageteae and Helenieae. This

may be due to only five species in total being sampled in the last

two tribes. Further studies on a larger number of species in each

tribe are necessary to more clearly delineate the distribution of PLPs

in the Asteroideae, which contains ~17,000 species.

3.3 | NMR solution structures

In a search of the Protein Data Bank, we found no tertiary structures

of orbitides, although some studies looking at secondary structure

have been published, namely NMR studies with ribifolin (Pinto et al.,

2015), cherimolacyclopeptide A (W�el�e, Zhang, Ndoye, et al., 2004),

annomuricatin A (W�el�e, Zhang, Caux, et al., 2004), cycloreticulin B

(W�el�e et al., 2008), mahafacyclin A (Baraguey et al., 2000), and sege-

talins D and E (Morita, Yun, Takeya, & Itokawa, 1997). Other orbitide

structural information has been obtained by X-ray diffraction, such

as for cycloreticulin A (W�el�e et al., 2008), annomuricatin A (Wu

et al., 2007), and squamin A (Jiang, Lu, Min, & Zheng, 2003). Both

solution and crystal structural studies have been carried out on

pseudostellarin D (Morita, Kayashita, Takeya, & Itokawa, 1996), yun-

nanin A (Morita, Kayashita, Takeya, Itokawa, & Shiro, 1997), and

evolidine (Eggleston, Baures, Peishoff, & Kopple, 1991).

With no tertiary structures of orbitides available, we were inter-

ested in solving the structure of some PLPs in solution, to determine

whether they shared secondary structural features with other orbi-

tides or had any distinct structural features which would give them

differing properties.

In contrast to other orbitides, which display small structural

motifs in solution, such as b turns and b bulges (Baraguey et al.,

7.67.88.08.28.4
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F IGURE 6 Sequential walk of the
fingerprint region of 1H-1H TOCSY (blue-
green) and 1H-1H ROESY (orange) spectra
of PLP-12 (cyclo-FVGGTSFD) from Senecio
vulgaris, identifying its residue sequence
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F IGURE 7 NMR solution structures of
PLPs. NMR solution backbone structure
ensembles (left) and most representative
structures (right) for four PLPs colored by
element (green = C, blue = N, red = O,
white = H. Only polar hydrogen atoms
shown). The most representative structure
is the one closest to the mean of the
ensemble, as measured by RMSD. (a) PLP-
2 (cyclo-DLFVPPID), (b) PLP-4 (cyclo-
GLLGITD), (c) PLP-12 (cyclo-FVGGTSFD),
(d) PLP-10 (cyclo-GSPLFD) trans-Pro
conformer, and (e) PLP-10, cis-Pro
conformer
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2000; W�el�e, et al., 2008; W�el�e, Zhang, Caux, et al., 2004; W�el�e,

Zhang, Ndoye, et al., 2004) or c turns (Pinto et al., 2015), we found

no evidence of secondary structure in the four peptides studied,

despite some NMR chemical shifts displaying deviations from ran-

dom coil values (Figure S57). A previous study found that cyclic pep-

tides with six, ten, or 14 residues often contain small secondary

structure motifs, whereas those with eight, 12, or 16 do not (Gibbs

et al., 1998). The peptides we studied contained six, seven, or eight

residues, but we found no evidence of classical a or b structural ele-

ments, nor of any small structural motifs such as turns and bulges.

Contact maps of NOESY or ROESY interactions between resi-

dues show few long-range interactions in any of the peptides stud-

ied (Figure S58). PLP-2 has more contacts between nonsequential

residues than the other peptides (Table S3) and also has the lowest

backbone RMSD. The Pro-Pro hinge is likely responsible for the

greater degree of order in this peptide. Although PLP-4 has the next

largest number of nonsequential contacts, its backbone RMSD is

greater than that of PLP-10 in either trans or cis conformation. Again

this may be due to the stability conferred by the Pro residue, which

is present in PLP-10 but not in PLP-4. PLP-12 also has more nonse-

quential contacts than PLP-10 but lacks a Pro residue; it has the lar-

gest backbone RMSD of the four peptides.

3.4 | Antibacterial and antifungal assays

The literature contains a number of studies of orbitides that have a

diverse range of activities when tested in vitro; recent examples

include antifungal (Tian et al., 2010), antimalarial (Pinto et al., 2015),

and cytotoxic activities (Beirigo et al., 2016; Cândido-Bacani, Figueir-

edo, Matos, Garcez, & Garcez, 2015; Okinyo-Owiti, Young, Burnett,

& Reaney, 2014). Such activities might be useful as a defensive

mechanism for plant seeds. We tested several synthetic PLPs in

assays against bacteria and fungi, but found none had effects on

their growth in our experiments. As most Asteroideae species pro-

duce more than one PLP, it is possible that they could act as multi-

component antimicrobials that only work in combination, but not on

their own. This behavior has been observed in the two-component

bacteriocins produced by lactic acid bacteria (Garneau, Martin, &

Vederas, 2002), in which two peptides act synergistically against

other Gram-positive bacteria. They can be divided into two classes:

the lantibiotics, which comprise two ribosomally synthesized and

heavily post-translationally modified lanthipeptides, and the nonlan-

tibiotics, which contain few post-translational modifications other

than disulfide bonds. These bacteriocins differ from the PLPs in that

they are not head-to-tail cyclic and tend to be larger in size (30–60

amino acids). With limited seed material, we had to synthesize PLPs

to acquire sufficient peptide to characterize them and so were

unable to perform these assays with PLPs in combination.

3.5 | Comparison with other orbitides

The orbitides are a class of backbone cyclic peptides containing

between five and 12 amino acid residues. They do not contain

disulfide bonds and are ribosomally synthesized (although the genes

encoding orbitides are known only in a few instances). Following dis-

covery of the PLPs, orbitides are now found in nine plant families, with

the majority of known peptides concentrated in the Caryophyllaceae

(hence their earlier name: Caryophyllaceae-type peptides) (Table 2).

In Linum usitatissimum (Linaceae), the genes encoding the

cyclolinopeptides contain multiple copies of a single orbitide

sequence or closely related sequences (Burnett, Jadhav, Okinyo-

Owiti, Poth, & Reaney, 2015; Covello et al., 2010; Okinyo-Owiti

et al., 2014), whereas orbitide genes in the Caryophyllaceae and

Rutaceae are short and encode only a single peptide (Condie et al.,

2011; Covello et al., 2010). The PLPs differ from these in that their

sequences are buried within genes that also code for a completely

unrelated protein, namely a napin-type seed storage albumin.

Although the amino acid sequences of PLPs are similar to those

of other orbitides, there is one striking difference: whereas Asp and

Glu are rare in most orbitides (<1% of total residues each), the PLPs

contain an absolutely conserved Asp. As the PLPs rarely contain

basic residues, this makes nearly all PLPs acidic. As with PDPs,

kalata-type cyclic peptides and cyclic knottins, the linear peptide

sequences of PLPs often contain an N-terminal Gly residue, which

may be a consequence of Gly facilitating cyclization by AEP (Ber-

nath-Levin et al., 2015), although Citrus orbitides and the segetalins

also favor Gly in this position; cyclolinopeptides, however, rarely

contain a Gly residue at the N-terminus of their linear sequences.

A common feature of the PLP family and other orbitides is that

the following hydrophobic residues each amount to more than 5%

of the total amino acid abundance in both groups: Gly, Phe, Ile, Leu,

Pro, Val, and Tyr. The residue Ala is also common (4.0% of PLP resi-

dues and 6.1% for other orbitides).

The absolutely conserved Asp in PLPs suggests that, like PDPs and

cyclotides, PLPs are cleaved from the corresponding precursor by an

AEP which also performs the cyclization reaction by transpeptidation

(Bernath-Levin et al., 2015; Gillon et al., 2008; Mylne et al., 2011;

Nguyen et al., 2014; Saska et al., 2007). AEP cleaves at a conserved

Asn before the N-terminus of the peptide and either the same or

another AEP cleaves the conserved Asp at the C-terminus and ligates

the two termini into a macrocycle (Bernath-Levin et al., 2015; Nguyen

et al., 2014). It is likely that two different AEPs catalyze PLP forma-

tion; one favoring cleavage at the Asn residue preceding the peptide

sequence and another at the proto-C-terminal Asp; prior work has

shown that particular AEPs tend to favor one of these residues over

the other (Bernath-Levin et al., 2015; Harris et al., 2015; Nguyen

et al., 2014). A C-terminal recognition sequence (consensus GLDN) is

necessary for this reaction to take place (Bernath-Levin et al., 2015).

This contrasts with the segetalin orbitides of V. hispanica, which are

cleaved at the N-terminus by an oligopeptidase, and cleaved at the C-

terminus and cyclized by the enzyme PCY1 (Barber et al., 2013). These

reactions require both an N-terminal sequence and a C-terminal recog-

nition sequence, whose consensus sequences are MSPILAHDVVKPQ

and AKDVENASAPV, respectively (Condie et al., 2011). Similarly, the

linear peptide precursors of orbitides in Citrus species (Rutaceae) and

Linus usitatissimum (Linaceae) contain conserved N-terminal and C-
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terminal sequences bracketing the orbitide sequence, suggesting these

peptides may be processed in a manner similar to the segetalins (Con-

die et al., 2011; Covello et al., 2010; Okinyo-Owiti et al., 2014). This

implies a difference between the processing of the PLPs (which have

more in common with PDPs) and orbitides in other plant families.

The aforementioned differences, notably the absolutely conserved

Asp in the PLPs, their different method of post-translational process-

ing, and the buried nature of the peptide alongside an unrelated pro-

tein denote the PLPs as a distinct class of orbitide. We have used a

transcriptome-guided and MS/MS-based approach to unearth 44 new

members of a potentially very large family of homodetic cyclic pep-

tides. This means that, with 46 PLPs, the Asteraceae contains more

known orbitides than any plant family other than the Caryophyllaceae

and due to the size and rapid recent evolution of the Asteraceae, the

PLP family has the potential to have members numbering in the thou-

sands. We have also greatly expanded the number of peptides known

to be buried within protein precursors; it is becoming ever more appar-

ent that evolution of peptides within existing protein hosts is an

important phenomenon meriting further investigation.

4 | METHODS

4.1 | Synthetic peptides and seed peptide
extraction

Synthetic peptides cyclo-GLLGITD (PLP-4), cyclo-GSPLFD (PLP-10),

and cyclo-GYLFPD (PLP-20) were obtained from Purar Chemicals

(Melbourne, VIC, Australia). All other synthetic peptides were pur-

chased from GenScript (Piscataway, New Jersey, USA). Peptides

were synthesized to a purity ≥95%, except for PLP-20, which was

approximately 50% pure. Peptides from GenScript had trifluoroac-

etate residue removed and replaced by formate.

Seed peptides were extracted as described by Jayasena et al.

(2017). Briefly, about 1 ml of seeds was ground with mortar and pestle

and peptides extracted with a 4:4:1 mixture of methanol, dichloro-

methane and 0.05% (v/v) trifluoroacetic acid. Phases were separated

by alternate addition of chloroform and 0.05% trifluoroacetic acid fol-

lowed by centrifugation. The upper (aqueous) phase was dried in a

vacuum centrifuge (Labconco), and then the dried peptide extracts

were dissolved in 50–100 ll of HPLC-grade water containing 5% (v/v)

acetonitrile and 0.1% (v/v) formic acid (Honeywell).

4.2 | LC-MS/MS and peptide sequencing

Data collection using the Agilent Technologies 1100 or 1200 series

HPLC system coupled to a 6510, 6520, or 6550 Q-TOF mass spec-

trometer was performed using a method similar to that of Jayasena

et al. (2017). Briefly, a gradient elution was run with HPLC-grade sol-

vents (Honeywell) from 5% solvent B to 95% solvent B over 15 min at

a flow rate of 300 nl/min using a C18 high-capacity nano-LC chip (Part

No. G4240-62010, Agilent Technologies) comprising a trapping col-

umn (160 nl) and an analytical column (75 lm 9 150 mm); solvent A

was 0.1% (v/v) formic acid in water and solvent B was 0.1% (v/v) for-

mic acid in acetonitrile. MS data were collected at one spectrum per

second. LC-MS/MS experiments were carried out at two scans per

second, targeted to PLP masses predicted from transcriptome data.

The putative peptides were fragmented using collision-induced disso-

ciation at voltages between 31 and 36 V. In some cases, the voltage

was adjusted to optimize fragmentation.

For data collection using the Thermo Scientific Orbitrap Fusion,

samples were analyzed by LC-MS/MS on a Dionex UltiMate 3000

Nano-UHPLC system (Thermo Scientific) using an EASY-Spray Pep-

Map C18 column heated to 35°C (75 lm 9 150 mm, 3 lm particle

size, 10 nm pores; Thermo Scientific) coupled to an Orbitrap Fusion

mass spectrometer (Thermo Scientific). A gradient elution was run

with HPLC-grade solvents (Fisher Chemical) from 5% solvent B to

95% solvent B over 50 min at a flow rate of 200 nl/min; solvent A

was 0.1% (v/v) formic acid in water and solvent B was 0.1% (v/v) for-

mic acid in acetonitrile. “Microliter pickup” mode was used to inject 2–

5 ll of each sample. The mass spectrometer was run in positive, data-

dependent, “top speed” MS/MS mode, with two alternating stepped

HCD fragmentation energies to optimize fragmentation: 14% � 3%

TABLE 2 Known orbitides. The Asteraceae orbitides are all PLPs

Plant family Known orbitides Cyclization enzyme Size range Known precursor NMR analyses X-ray structures

Asteraceae 46 AEP 5–12 46 4 —

Caryophyllaceae 104 PCY1 5–11 6a,b — —

Annonaceae 28 Unknown 6–9 — 3 3

Rutaceae 17 Unknown 6–8 3a,b — —

Euphorbiaceae 20 Unknown 7–12 — 2 —

Lamiaceae 10 Unknown 6–12 — — —

Linaceae 17e Unknown 8–10 11a,c,d — —

Solanaceae 4 Unknown 8 — — —

Santalaceae 1 Unknown 5 — — —

aCovello et al. (2010).
bCondie et al. (2011).
cOkinyo-Owiti et al. (2014).
dBurnett et al. (2015).
eExcludes variants containing modified amino acids, such as methionine sulfoxide.
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and 25% � 3%. Both MS and MS/MS scans were carried out in the

Orbitrap mass analyzer with resolution set to 60,000; the MS scan

range was from 400 to 1,600 m/z; MS/MS was carried out only for

peaks above 1 9 105 intensity (arbitrary units) with an isolation win-

dow of 1.6 m/z, an AGC target of 5 9 105, minimum m/z 50, maxi-

mum injection time 250 ms, and 2 microscans. The source voltage was

1,800 V.

Peptides were sequenced de novo by visual examination of MS/

MS spectra, aided by fragment predictions from the program mMass

version 5.5.0 (Niedermeyer & Strohalm, 2012). The margin of error in

fragment m/z accepted for Q-TOF data was �0.02, and for Orbitrap

data, �0.01. The parameters used for mMass allowed for fragmenta-

tion into a-ions, b-ions, and immonium ions. Permitted neutral losses

were water or ammonia. Other parameters were set at their default

values.

4.3 | Corymbium spp. seed RNA extraction and
transcriptome assembly

Seeds were ground with mortar and pestle to a fine powder under

liquid nitrogen. One hundred milligrams of the powder was used for

total RNA isolation using the Spectrum Plant Total RNA kit (Sigma-

Aldrich). For RNA-seq analysis, libraries were prepared from the total

RNA using the TruSeq Stranded Total RNA with Ribo-Zero Plant kit

according to the manufacturer’s instructions (Illumina). Sequencing

runs were performed on a NextSeq550 platform (Illumina), generat-

ing single-end reads with a length of 150 bp and an average quality

score (Q30) of above 95%.

Raw reads were preprocessed using the FASTX toolkit. Param-

eters were set to trim reads with quality threshold at 30 and min-

imum length at 50 (Q30, l50) and filter low-quality reads with

quality cut-off at 22 and a minimum of 90% bases that must have

22 quality score (q22, p90). Filtered reads were then assembled

de novo on CLC Genomics Workbench 10.0.3 (Qiagen), as previ-

ously described (Jayasena et al., 2014). Four different word sizes

(i.e., 23, 30, 50 and 64) were assembled, keeping all other param-

eters as default. To check the quality of the assembled transcrip-

tomes, we checked the coverage of six “core genes” selected for

being ubiquitous among the Asteraceae and present in a wide

range of abundance, following the method of Jayasena et al.

(2014).

4.4 | Sequence logo construction

As the majority of PLPs (36 of 46) contain seven or eight amino acid

residues, we constructed two sequence logos (Schneider & Stephens,

1990): one with only seven-residue PLPs and one with eight-residue

peptides. This allowed us to avoid bias introduced by sequence

alignment, which inserts too many gaps into such short sequences.

WebLogo version 2.8.2 was used (Crooks, Hon, Chandonia, & Bren-

ner, 2004). We also constructed three sequence logos of the regions

flanking the peptide: one for the PLPs that we could detect, one for

undetected putative PLPs containing the highly conserved Asp

residue found in all the detected peptides, and a third for unde-

tected sequences that did not contain that Asp.

4.5 | NMR spectroscopy and PLP structure
determination

NMR spectroscopy data were collected with a 500 or 600 MHz Bru-

ker Avance IIIHD NMR spectrometer equipped with a 5-mm BBFO

probe, using TopSpin software (v3.5; Bruker Daltonics). Peptides were

dissolved to a concentration of 1.0–1.5 mg/ml in 90% H2O/10% D2O

containing 50 lM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as

a zero-shift reference, except for cyclo-GLLGITD, (PLP-4) which was

dissolved in 70% H2O/20% DMSO-d6/10% D2O (v/v) with 50 lM

DSS. A volume of 700 to 800 ll was contained in a 5-mm NMR tube

(Bruker). Spectra were measured at 25°C and pH 4.5 � 0.5. With the

exception of PLP-2 (cyclo-DLFVPPID), data were acquired using 1H

TOCSY (20 ms and 80 ms spin-lock mixing times), 1H DQF-COSY, 1H

ROESY (300 ms mixing time), and 1H-13C HSQC.

Because PLP-2 was not sufficiently soluble in water, spectra for

this compound were obtained at a concentration of 2 mg/ml in

DMSO-d6 containing 50 lM DSS. Data were acquired using 1H

COSY, 1H NOESY (300 ms mixing time), 1H TOCSY (80 ms spin-lock

mixing time), 1H-13C HSQC, and 1H-13C HMBC. PLP-20 was not

subjected to NMR analysis as it was insufficiently pure.

CcpNmr Analysis 2.4.2 (Vranken et al., 2005) was used to ana-

lyze and assign the NMR spectra of each peptide. Distance restraints

were generated from NOESY or ROESY peak lists as single distance

bins from 1.8 to 6.0 �A. A single distance bin was used to account

for spin diffusion that can be evident in closed cyclic structures. Dis-

tance restraints created in CcpNmr Analysis were exported in CNS/

XPLOR format and used for structural modeling in YASARA Struc-

ture version 16.7.22 (YASARA Biosciences) by running the prede-

fined macros nmr_fold to generate a starting ensemble of structures,

and nmr_refine to perform in vacuo refinement followed by in solvent

refinement. Initial ensembles were calculated from 50, 100, or 200

structures, which were subsequently refined and solvent minimized.

The 20 lowest energy structures were selected for the final ensem-

ble. Ensemble average energy and restraint violations were calcu-

lated using the macro nmr_analyze. Ramachandran statistics and

clashscore were generated with MolProbity (Chen et al., 2010) via

the PSVS website (Bhattacharya, Tejero, & Montelione, 2007). PSVS

was also used to calculate backbone and heavy atom RMSDs.

4.6 | Antibacterial activity assay

Plates were prepared with 25 ml LB agar and incubated overnight at

37°C to confirm their sterility. LB medium (5 ml) was inoculated with

three to five single colonies from agar plates of the Gram-negative

bacteria E. coli B or P. aeruginosa (ATCC 19429), or the Gram-posi-

tive bacteria B. cereus (ATCC 10876) or S. aureus (ATCC 25923), and

incubated with shaking at 37°C overnight. A 50 ll aliquot of each

overnight culture was used to inoculate fresh 5 ml aliquots of LB,

and the cultures were incubated at 37°C with shaking for 2.5 hr.
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The final cultures were diluted with sterile saline to an OD600 of 0.1.

This turbidity level was established by colony count to fall within

the range of 1 9 107 to 2 9 107 colony-forming units (CFU)/ml for

the Gram-positive strains, and 5 9 107 to 7 9 107 CFU/ml for the

Gram-negative strains. Standardized bacterial suspensions were

seeded evenly onto sterile LB agar plates using a sterile swab. Syn-

thetic peptides PLP-2, PLP-18, and PLP-20 were dissolved in

dimethyl sulfoxide to a concentration of 5 mg/ml; an aliquot of each

of these solutions was diluted with water to a concentration of

1 mg/ml. Each solution was dispensed onto sterile 8 mm diameter

filter papers in the following amounts: 0.5, 1.25, 2.5, 5, 12.5, and

25 lg. Two controls were set up as follows: one containing 5 ll of

water, the other 10 lg of kanamycin. All the filter papers were

allowed to dry completely before placing them on the inoculated LB

plates previously prepared. The plates were incubated overnight at

37°C, after which they were inspected for bacterial growth.

4.7 | Antifungal activity assay

Serial dilutions of synthetic PLP-12 were prepared in water at the fol-

lowing concentrations: 2,500, 1,250, 625, 313, 156, 78.1, 39.1, 19.5, and

9.8 lg/ml. A culture of the filamentous fungus Zymoseptoria tritici was

grown on a V8PDA (V-8 juice, potato, dextrose, and agar) plate. Cultures

of Aspergillus fumigatus and Saccharomyces cerevisiae were grown on

YPD (yeast extract, peptone, dextrose) agar plates. Spores were har-

vested from each plate, dispensed into YPD medium, and diluted to an

OD600 of 0.05. Sixteen aliquots (180 ll) of each fungal culture were dis-

pensed onto 96-well plates and 20 ll aliquots of one of the two cyclic

peptides added at each of the eight concentrations. In addition, a set of

eight no inoculum controls was set up for each peptide. The plates were

incubated at 37°C (A. fumigatus) or 23°C (Z. tritici and S. cerevisiae). After

4 days, the plates were inspected for fungal growth.

4.8 | Accession numbers

Peptide structures, NMR-derived restraints, peak lists, and chemical

shifts have been deposited with the Protein Data Bank (PDB) and the

Biological Magnetic Resonance Bank (BRMB) under the following

accession codes: PLP-2: 6AXI (PDB), 30341 (BMRB); PLP-4: 6AWM,

30338; PLP-10: 6AZF, 30343 (trans) and 6AZG, 30344 (cis); PLP-12:

6AWK, 30337. The raw reads for the Corymbium transcriptomes have

been deposited with the Sequence Read Archive under accession

SRP118817.
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SUPPLEMENTAL TABLES 

Supplemental Table 1. Summary of RNA-seq data and assemblies by CLC Genomics. Filtered reads 
were assembled with four word sizes (23, 30, 50, and 64 ws) and the 64 word size transcriptomes 
gave the highest number of contigs among all four word sizes; The N50 is the value at which it can be 
said that half of the nucleotides in the transcriptome assembly belongs to contigs with this length or 
longer. 

Species Read type; length raw reads filtered reads Word Size Contigs N50 
C. africanum  Single-end; 150 77,866,705 61,353,656 64 ws 181,000 343 

23 ws 124,078 470 
C. cymosum Single-end; 150 76,354,311 62,893,285 64 ws 339,198 432 

23 ws 286,984 537 
C. glabrum Single-end; 150 88,280,319 72,580,001 64 ws 206,958 406 

23 ws 119,996 563 
C. villosum Single-end; 150 87,131,011 71,397,475 64 ws 166,263 445 

23 ws 101,265 626 
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Supplemental Table 2: Quality statistics for Corymbium transcriptome core gene assemblies. Quality 
statistics are shown for only two of four assemblies that differ in their word size (ws=23 or ws=64). 
Under each gene name the first line is the average coverage (the sum of the bases of the aligned 
part of all the reads divided by the length of the reference sequence) and the second line is the 
percentage coverage of the reference protein-coding sequence.  

Species ws LEA OLE AP PR CP-1 PK 
C. glabrum 23 5,341 16,004 1,990 8,693 156 135 

81% 92% 87% 58% 90% 100% 
64 5,246 15,972 3,133 9,363 139 81 

62% 64% 97% 100% 55% 100% 
C. cymosum 23 345 32 57 30,312 146 99 

93% 92% 100% 70% 26% 97% 
64 318 521 57 38,591 195 95 

100% 98% 87% 100% 100% 100% 
C. vilosum 23 10,450 20,997 3,931 2,166 111 119 

98% 82% 99% 100% 73% 33% 
64 5,991 5,598 138 2,556 392 101 

100% 81% 100% 100% 100% 100% 
C. africanum 23 2,028 9 56 1,892 4,134 136 

100% 0%a 94% 100% 78% 100% 
64 2,532 2,333 56 480 119 163 

62% 100% 97% 100% 68% 100% 
a The assembled sequence covered only the 3’ untranslated region of the transcript. 
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Supplemental Table 3: NMR structure statistics. Summary of restraints included in the CYANA 
calculations. Root-mean-square deviation values were calculated over the entire structure. 
Stereochemical quality was assessed via MolProbity (Chen et al., 2010). Clashscore is the number of 
steric overlaps > 0.4 Å per 1,000 atoms. 

PLP-2 PLP-4 PLP-10 
(trans) 

PLP-10 
(cis) 

PLP-12 

Sequence cyclo-
DLFVPPID 

cyclo-
GLLGITD 

cyclo-
GSPLFD 

cyclo-
GSPLFD 

cyclo-
FVGGTSFD 

Experimental restraints 
Distance restraints: 

Intra-residue 37 54 32 26 34 
Inter-residue sequential 24 23 14 12 24 
Inter-residue non-sequential 7 4 0 1 2 

Dihedral-angle restraints 2 0 0 0 0 
Energy (kJ/mol) -2538 -2161 -1584 -1623 -2193
Structure statistics 
Violations 0 0 0 0 0 
Ramachandran favored, % 85.8 80.0 86.3 78.7 91.7 
Ramachandran allowed, % 14.20 15.0 11.3 15.0 8.3 
Ramachandran disallowed, % 0 5.0 2.5 6.2 0.0 
Mean RMSD (Å) backbone 0.5 0.8 0.6 0.5 0.9 
Mean RMSD (Å) heavy atoms 1.3 1.6 1.8 1.5 1.9 
MolProbity clash score 1.2 1.0 1.2 0.6 0.0 
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SUPPLEMENTAL FIGURES 

Supplemental Figure 1. Q-TOF LC-MS data for PLP-2 in Senecio pinnatifolius ssp latilobus. A: 
Extracted ion chromatogram showing acquisition time of the peptide, with (inset left) peptide 
sequence with expected and observed mass-to-charge ratios (m/z) and (inset right) peptide mass 
spectrum. B: Tandem mass spectrum of the fragmented precursor ion. Immonium ions are denoted 
by the one-letter code of the residue they represent. C: Predicted b-ions following ring cleavage. 
Columns are for each cleavage point. Rows show the mass of the b-ion which contains the residue 
on the left at its C-terminus. Ions identified in the mass spectrum (either directly, or with loss of H2O 
(subtract 18.011) or CO (subtract 27.995)) are shown in bold italics. 
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Supplemental Figure 2. Orbitrap LC-MS data for PLP-3 in Senecio pinnatifolius var maritimus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, with (inset left) peptide 
sequence with expected and observed mass-to-charge ratios (m/z) and (inset right) peptide mass 
spectrum. (B) Tandem mass spectrum of the fragmented precursor ion. Immonium ions are denoted 
by the one-letter code of the residue they represent. (C) Predicted b-ions following ring cleavage. 
Columns are for each cleavage point. Rows show the mass of the b-ion which contains the residue 
on the left at its C-terminus. Ions identified in the mass spectrum (either directly, or with loss of H2O 
(subtract 18.011)) are shown in bold italics. 
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Supplemental Figure 3. Q-TOF LC-MS data for PLP-3 in Senecio pinnatifolius ssp latilobus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by the one-letter code of 
the residue they represent. (C) Predicted b-ions following ring cleavage. Columns are for each 
cleavage point. Rows show the m/z of the b-ion which contains the residue on the left at its C-
terminus. Ions identified in the mass spectrum (either directly, or with loss of H2O (subtract 18.011), 
CO (subtract 27.995) or NH3 (subtract 17.027)) are shown in bold italics. 
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Supplemental Figure 4. Orbitrap LC-MS data for PLP-4 in Senecio pinnatifolius var maritimus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by their one-letter residue 
code. (C) Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show 
the mass of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the 
mass spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 5. Q-TOF LC-MS data for PLP-4 in Senecio pinnatifolius ssp latilobus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by their one-letter residue 
code. (C) Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show 
the mass of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the 
mass spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 45



Supplemental Figure 6. Orbitrap LC-MS data for PLP-5 in Senecio pinnatifolius var maritimus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by their one-letter residue 
code. (C) Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show 
the mass of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the 
mass spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 7. Orbitrap LC-MS data for PLP-6 in Senecio pinnatifolius var maritimus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by their one-letter residue 
code. (C) Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show 
the mass of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the 
mass spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 8. Orbitrap LC-MS data for PLP-6 in Senecio pinnatifolius ssp latilobus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by their one-letter residue 
code. (C) Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show 
the mass of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the 
mass spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 9. Orbitrap LC-MS data for PLP-7 in Senecio pinnatifolius var maritimus. (A) 
Extracted ion chromatogram showing acquisition time of the peptide, peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass 
spectrum of the fragmented precursor ion. Immonium ions are denoted by their one-letter residue 
code. (C) Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show 
the mass of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the 
mass spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 10. Orbitrap LC-MS data for PLP-8 in Zinnia haageana. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly or with loss of H2O) are shown in bold italics. 
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Supplemental Figure 11. Q-TOF LC-MS data for PLP-9 in Zinnia elegans. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 12. Q-TOF LC-MS data for PLP-10 in Zinnia elegans. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 13. Q-TOF LC-MS data for PLP-11 in Zinnia elegans. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 14. Q-TOF LC-MS data for PLP-12 in Senecio vulgaris. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 15. Q-TOF LC-MS data for PLP-13 in Senecio vulgaris. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 16. Q-TOF LC-MS data for PLP-14 in Senecio vulgaris. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 17. Q-TOF LC-MS data for PLP-15 in Senecio vulgaris. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 18. Q-TOF LC-MS data for PLP-16 in Dahlia variabilis. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 19. Q-TOF LC-MS data for PLP-17 in Buphthalmum salicifolium. (A) Extracted 
ion chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 20. Q-TOF LC-MS data for PLP-18 in Buphthalmum salicifolium. (A) Extracted 
ion chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 21. Q-TOF LC-MS data for PLP-19 in Buphthalmum salicifolium. (A) Extracted 
ion chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 22. Q-TOF LC-MS data for PLP-20 in Inula racemosa. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 23. Q-TOF LC-MS data for PLP-20 in Inula helenium. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 24. Q-TOF LC-MS data for PLP-22 in Inula racemosa. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly or with loss of CO) are shown in bold italics. 
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Supplemental Figure 25. Q-TOF LC-MS data for PLP-22 in Inula helenium. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 26. Q-TOF LC-MS data for PLP-23 in Othonna arborescens. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 27. Q-TOF LC-MS data for PLP-25 in Othonna arborescens. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 28. Q-TOF LC-MS data for PLP-26 in Melampodium paludosum. (A) Extracted 
ion chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 29. Q-TOF LC-MS data for PLP-27 in Melampodium paludosum. (A) Extracted 
ion chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 30. Q-TOF LC-MS data for PLP-28 in Steirodiscus tagetes. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 31. Q-TOF LC-MS data for PLP-29 in Steirodiscus tagetes. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 

  

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 71



  

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 72



Supplemental Figure 32. Q-TOF LC-MS data for PLP-30 in Cosmos bipinnatus. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. (C) Lower half of tandem mass spectrum expanded. Immonium ions are 
denoted by their one-letter residue code. (D) Predicted b-ions following ring cleavage. Columns are 
for each cleavage point. Rows show the mass of the b-ion which contains the residue on the left at 
its C-terminus. Ions identified in the mass spectrum (either directly, or with loss of H2O or CO) are 
shown in bold italics. (E) As D, but for 2+ b-ions. 
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Supplemental Figure 33. Q-TOF LC-MS data for PLP-31 in Engelmannia peristenia. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 74



 Supplemental Figure 34. Orbitrap LC-MS data for PLP-32 in Arnica chamissonis. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 35. Q-TOF LC-MS data for PLP-33 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of CO) are shown in bold italics. 
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 Supplemental Figure 36. Q-TOF LC-MS data for PLP-34 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 37. Q-TOF LC-MS data for PLP-35 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O, NH3 or CO) are shown in bold italics. 
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Supplemental Figure 38. Q-TOF LC-MS data for PLP-36 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of CO) are shown in bold italics. 
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Supplemental Figure 39. Q-TOF LC-MS data for PLP-37 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 40. Q-TOF LC-MS data for PLP-38 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of CO) are shown in bold italics. 

N.B. The peptide mass spectrum is contaminated by the presence of PLP-37 at m/z 807.331 
(Supplemental Figure 39), which is present in greater abundance than PLP-38. 
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Supplemental Figure 41. Q-TOF LC-MS data for PLP-39 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 42. Q-TOF LC-MS data for PLP-40 in Rudbeckia hirta. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics. 
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Supplemental Figure 43. Q-TOF LC-MS data for PLP-41 in Sanvitalia procumbens. (A) Extracted ion 
1chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics.  
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Supplemental Figure 44. Q-TOF LC-MS data for PLP-42 in Sanvitalia procumbens. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O, NH3 or CO) are shown in bold italics.  
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Supplemental Figure 45. Q-TOF LC-MS data for PLP-43 in Sanvitalia procumbens. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics.  
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Supplemental Figure 46. Q-TOF LC-MS data for PLP-44 in Sanvitalia procumbens. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics.  

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 87



Supplemental Figure 47. Q-TOF LC-MS data for PLP-45 in Sanvitalia procumbens. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics.  
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Supplemental Figure 48. Q-TOF LC-MS data for PLP-46 in Parthenium argentatum. (A) Extracted ion 
chromatogram showing acquisition time of the peptide, peptide sequence with expected and 
observed mass-to-charge ratios (m/z) and peptide mass spectrum. (B) Tandem mass spectrum of the 
fragmented precursor ion. Immonium ions are denoted by their one-letter residue code. (C) 
Predicted b-ions following ring cleavage. Columns are for each cleavage point. Rows show the mass 
of the b-ion which contains the residue on the left at its C-terminus. Ions identified in the mass 
spectrum (either directly, or with loss of H2O or CO) are shown in bold italics.  
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Supplemental Figure 49. Comparison of Orbitrap LC-MS data for native and synthetic PLP-2. Left, 
native peptide, right synthetic peptide. (A) Total ion current chromatogram. (B) Extracted ion 
chromatogram showing acquisition time of the peptide, with (inset right) peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and (inset left) peptide mass spectrum. (C) 
Tandem mass spectrum of the fragmented precursor ion. 

Supplemental Figure 50. Comparison of Orbitrap LC-MS data for native and synthetic PLP-4. Left, 
native peptide, right synthetic peptide. (A) Total ion current chromatogram. (B) Extracted ion 
chromatogram showing acquisition time of the peptide, with (inset left) peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and (inset right) peptide mass spectrum. (C) 
Tandem mass spectrum of the fragmented precursor ion. 
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Supplemental Figure 51. Comparison of Q-TOF LC-MS data for native and synthetic PLP-10. Left, 
native peptide, right synthetic peptide. (A) Total ion current chromatogram. (B) Extracted ion 
chromatogram showing acquisition time of the peptide, with (inset left) peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and (inset right) peptide mass spectrum. (C) 
Tandem mass spectrum of the fragmented precursor ion. 

Supplemental Figure 52. Comparison of Orbitrap LC-MS data for native and synthetic PLP-12. Left, 
native peptide, right synthetic peptide. (A) Total ion current chromatogram. (B) Extracted ion 
chromatogram showing acquisition time of the peptide, with (inset left) peptide sequence with 
expected and observed mass-to-charge ratios (m/z) and (inset right) peptide mass spectrum. (C) 
Tandem mass spectrum of the fragmented precursor ion. 
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Supplemental Figure 53. Sequential walk of the fingerprint region of 1H-1H TOCSY (blue-green) and 
1H-1H NOESY (orange) spectra of PLP-2 (cyclo-DLFVPPID), identifying its residue sequence. 
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Supplemental Figure 54. Sequential walk of the fingerprint region of 1H-1H TOCSY (blue-green) and 
1H-1H ROESY (orange) spectra of PLP-4 (cyclo-GLLGITD), identifying its residue sequence. 
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Supplemental Figure 55. Sequential walk of the fingerprint region of 1H-1H TOCSY (blue-green) and 
1H-1H ROESY (orange) spectra of PLP-10 (cyclo-GSPLFD, cis-Pro conformation), identifying its residue 
sequence. 
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Supplemental Figure 56. Sequential walk of the fingerprint region of 1H-1H TOCSY (blue-green) and 
1H-1H ROESY (orange) spectra of PLP-10 (cyclo-GSPLFD, trans-Pro conformation), identifying its 
residue sequence. 
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Supplemental Figure 57. Secondary Hα NMR chemical shifts for synthetic PLPs. Zero represents the 
random coil chemical shift value. (A) PLP-2; (B) PLP-4; (C) PLP-12; (D) PLP-10 (trans conformer); (E) 
PLP-10 (cis conformer). 

IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 96



 

Supplemental Figure 58. NOE/ROE contact maps for synthetic PLPs. Dots are shown when there is a 
contact between any proton of the ith and jth amino acid residues, where i and j are plotted on the x 
and y axes. The diagonal represents intra-residue contacts. (A) PLP-2; (B) PLP-4; (C) PLP-12; (D) PLP-
10 (trans conformation); (E) PLP-10 (cis conformation). 

.
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Supplemental Figure 59. Results of disc diffusion assay. (A-D) show bacterial plates with discs 
prepared with differing quantities of each peptide (from left to right, PLP-2, PLP-18 and PLP-20). 
Numbers represent quantites in micrograms. Discs prepared with water and 10 µg kanamycin act as 
negative and positive controls, respectively. (A) Bacillus cereus; (B) Escherichia coli B (C) 
Staphylococcus aureus; (D) Pseudomonas aeruginosa; (E) is a further set of controls for P. aeruginosa 
using larger quantities of kanamycin (shown in micrograms). 
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Abstract 

Macrocyclic peptides with a head-to-tail cyclized backbone are intriguing natural products with unique 

properties. A family of macrocyclic peptides named PawS-Derived Peptides (PDPs) is produced from 

precursors of seed storage albumins in species of the daisy family (Asteraceae). Their prototypic member 

is the 14 residue SunFlower Trypsin Inhibitor 1 (SFTI-1). Here we report an unusually large PDP found in 

the seeds of Zinnia elegans. PDP-23 is twice the size of SFTI-1 and the first macrocyclic peptide known to 

possess four cysteines residues forming two disulfide bonds. PDP-23 was identified by de novo 

transcriptomics and confirmed at the protein level by liquid chromatography-mass spectrometry. The 

peptide was produced by chemical synthesis and studied by NMR spectroscopy. The PDP-23 macrocycle 

adopts a unique conformation in which two β-hairpins, each stabilized by one of the disulfide bonds, fold 

on top of each other enclosing a hydrophobic core. The structure is remarkably thermally and 

enzymatically stable. Despite its physiological function remaining an enigma the discovery of PDP-23 

further expands the structural diversity of the macrocyclic peptide family as a collection of versatile 

scaffolds for the development of stable peptide pharmaceutical tools with high potential for optimizing 

cell delivery and access to novel targets. 

Keywords 

SFTI-1, sunflower, paws-derived peptides, PDP-23, Nuclear Magnetic Resonance spectroscopy, cyclic peptide, 

macrocycle 
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Introduction 

Macrocyclic and disulfide-rich peptides have generated significant recent interest because of their unique 

stability, and the design of backbone cyclisation is a promising strategy for the development of peptide 

drugs1-3. Naturally occurring macrocyclic peptides ranging in size from 5 to 74 residues and incorporating up 

to three disulfide bonds have been discovered throughout nature with examples found in bacteria4, fungi5, 

mammals6 and plants7. One of the most recently discovered families of ribosomally synthesized macrocycles 

are the PawS-Derived Peptides (PDPs) from the sunflower family Asteraceae8. Most PDPs share a stable 

macrocyclic peptide backbone bridged by a single disulfide bond, but are otherwise quite diverse in terms of 

sequence resulting in different physicochemical characteristics such as hydrophobicity, flexibility and 

projections of sidechains9-11. The prototypic PDP, the potent trypsin inhibitor SFTI-1, was discovered in seeds 

of the common sunflower Helianthus annuus12. Its biosynthetic origin has been confirmed, revealing that it 

is buried within a precursor for a seed storage albumin13, PreproAlbumin With SFTI-1 (PawS1), from which it 

is excised and head-to-tail cyclized during post-translational processing by asparaginyl endopeptidases 

(AEPs)14. Head-to-tail cyclization means the formation of an amide bond between amino and carboxyl termini 

(N-to-C). 

Based on their distribution throughout the Heliantheae and Millerieae tribes of the sunflower family, the PDP 

family is over 18 million years old10, and related peptide ancestors can be traced back >45 million years15.  

Like the prototypic SFTI-1, all PDPs are encoded by precursor proteins that also encode a seed storage 

albumin, and are only found in seeds. To date, 22 unique PDP sequences have been identified9-11,13, and of 

these 14 have been confirmed in planta. 19 of these peptides have either been confirmed to, or predicted 

to, possess a cyclic backbone, where a proto-N-terminal glycine and a proto-C-terminal aspartate are joined 

through an AEP-mediated transpeptidation reaction. This N-terminal glycine is absolutely conserved amongst 

all PDPs, as is the C-terminal aspartate for cyclic peptides. Three known sequences instead have a C-terminal 

asparagine, and these peptides retain a linear backbone. All reported PDPs are “stapled” by a single disulfide 

bond bridging the peptide chain, which when combined with a cyclic backbone create a constrained 

remarkably stable structure8. 

The identification of natural macrocycles have inspired medicinal chemists because of their potential in drug 

design and engineering applications. Strategies include the cyclization of the peptide backbone in otherwise 

linear peptides with desirable bioactivity16,17. Alternatively, a bioactive motif can be “grafted” i.e. 

incorporated into the backbone of stable cyclic peptide scaffolds18,19. The grafting concept has been applied 

to a number of macrocycles, including both the larger cyclotides and SFTI-1 in order to counteract disease 

such as cancer20,21, multiple sclerosis22, and to improve proangiogenic activity23. Rather than replacing the 

entire bioactivity with a new segment, the inherent protease inhibitory activity of SFTI-1 can also be tuned 

to specifically target different proteases24,25. 
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In this study we describe the identification, synthesis and structural characterization of PDP-23, a unique 

PDP, which is twice the size of SFTI-1 and the first macrocyclic peptide described with two disulfide bonds in 

sunflower family. PDP-23 was indentified and confirmed in seed extracts of the common zinnia (Zinnia 

elegans) using a combination of de novo transcriptomics, reverse-phase high-performance liquid 

chromatography (RP-HPLC) and mass spectrometry (MS). Peptide variants corresponding to the three 

possible cysteine connectivites were synthesized and NMR spectroscopy revealed that the sequence can fold 

to a unique clam-shaped tertiary structure enclosing a stable hydrophobic core. The hydrophobic core is 

highly unusual for a small peptide. This novel bi-disulfide structure highlights that the structural diversity of 

the PDP family of β-hairpins is even greater than originally thought. The β-hairpin, a simple super-secondary 

structural motif, is composed of hydrogen bonded two β-strands that are oriented in an antiparallel direction 

and connected by a reverse turn26,27. The combination of different loop lengths, multiple turns offers novel 

design and engineering opportunities to create stable therapeutics. 

Results 

The assembly of whole de novo transcriptomes for dry seeds has been shown to be an effective way to 

discover members of the PDP family10,28. A mature PDP sequence can be predicted based on conserved 

residues that flank the PDP sequence and which are necessary for proper proteolytic processing10,13,29. These 

predictions can then be confirmed by searching for a corresponding peptide mass by liquid chromatography-

mass spectrometry (LC-MS). 

Discovery of PDP-23 by de novo transcriptomics 

While searching a Zinnia elegans transcriptome for the PawS1 genes that encode PDPs, we found a sequence 

that appeared to encode an unusually large PDP with 28 amino acid residues, including four cysteines and 

the sequence GFCWHHSCVPSGTCADFPWPLGHQCFPD. A more detailed analysis of the RNA-seq reads that 

cover this area confirmed the sequence with more than 2259 reads encoding it with an average depth of 

coverage of 696-fold at each nucleotide position, giving high confidence to the sequence (Supplementary 

Figure 1). The theoretical monoisotopic mass of reduced GFCWHHSCVPSGTCADFPWPLGHQCFPD is 3130.29 

Da. PDPs contain disulfide bonds and as there are four cysteine residues, which would be expected to form 

two disulfide bonds, the predicted cysteine-oxidized mass would be 3126.26 Da. For all reported PDPs where 

the residue at the C-terminal processing site is an Asp it is joined head-to-tail with Gly1 in a cleavage coupled 

intramolecular transpeptidation reaction14. This cyclization reduces the mass by a further 18.02 Da, making 

the expected monoisotopic mass for a cyclic and cysteine-oxidized peptide at 3108.24 Da. Searching for this 

mass by LC-MS, we detected a series of [M+3H]3+ ions whose mass matched the prediction (Figure 1), 

indicating this peptide does indeed exist and so it was named PDP-23, in keeping with previous 

nomenclature9,10. 
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Purification of PDP-23 and LC-MS/MS sequencing 

To confirm the sequence of PDP-23, seed peptide was extracted and partially purified using RP-HPLC and the 

monoisotopic mass confirmed by MALDI-TOF. The PDP-23 enriched extract was reduced, alkylated and 

digested with chymotrypsin, and the cleaved mixture was subjected to sequencing by LC-MS/MS. The 

resulting spectra were searched against a custom-built peptide database and three peptide fragments 

(HHSCVPSGTCADFPWPL, GHQCFPDGFCW, HHSCVPSGTCADFPWPLGHQCFPDGFCW) that cover the entire 

sequence of PDP-23 were identified, including the macrocyclization junction between Gly1 and Asp28. Each 

MS/MS spectrum was assigned b- and y- ion series (Supplementary Figure 2). As mass spectrometry cannot 

readily distinguish between glutamine/lysine, to confirm the presence of Gln24 we reduced, alkylated and 

digested the PDP-23 enriched extract with trypsin, but no tryptic fragments were identified, consistent with 

the PDP-23 sequence not containing any lysine or arginine residues. MS also do not distinguish between 

leucine/isoleucine residues, but the transcriptomic raw reads strongly support leucine at residue position 21 

(Supplementary Figure 1) and successful cleavage by chymotrypsin to generate the fragment 

HHSCVPSGTCADFPWPL also supports this assertion. 

Peptide synthesis and purification of PDP-23 disulfide isomers 

PDP-23 was found to be of very low abundance in the seeds, thus in order to get material to further 

characterize this peptide we turned to chemical synthesis. With four disulfide bonds, three different disulfide 

connectivities are theoretically possible (Figure 2). Each of the three possible PDP-23 conformers was 

synthesized separately using solid phase Fmoc chemistry, followed by a two-step oxidation procedure in 

which the use of acetamidomethyl protected sidechains of one of the pairs of cysteine residues allowed 

directed disulfide bond formation. The cysteine connectivities of the three synthesized versions of PDP-23 

were conformer I (CysI-CysIII and CysII-CysIV), conformer II (CysI-CysIV and CysII-CysIII) and conformer III (CysI-

CysII and CysIII-CysIV) (Figure 2). Each conformer was purified by RP-HPLC and their monoisotopic masses 

confirmed by MALDI-TOF MS. The calculated monoisotopic mass-to-charge ratio of protonated ([M+H]+1) 

PDP-23 is 3109.24+1. The mass spectra of the three cysteine-oxidized synthesized conformers show a well-

distributed experimental isotopic peak envelope with an observed monoisotopic mass-to-charge ratio of 

3109.28+1 for conformer I, 3109.29+1 for conformer II and 3109.33+1 for conformer III. (Figure 2C). The 

conformers eluted in the following order: conformer III (41.78 min), conformer II (43.02 min) and conformer 

I (44.22 min), (Figure 2A). Conformers I and II showed a monodispersed peak shape, whereas conformer III 

eluted with a right-handed shoulder indicating a possible conformational inhomogeneity PDP-23 (Figure 2A). 

To confirm that the three synthesized conformers possess the same purity, sequence and a cyclic backbone 

the three conformers were reduced and alkylated and their analytical RP-HPLC elution was monitored along 

with the fully oxidized forms (Figure 2A). The analytical RP-HPLC trace showed identical elution at 40.55 min 

for all three reduced and alkylated conformers, whereas the cysteine-oxidized conformers each eluted at 

different times based on their structural hydrophobicity and surface topology, which is influenced by their 
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3D fold. 

To identify which of the three synthetic versions of PDP-23 represent a native variant we compared the 

elution times of the variants with the PDP-23 enriched extract using analytical RP-HPLC. Unambiguously 

confirming the disulfide connectivity proved a major challenge because of the low abundance of the peptide 

in native extract. Conformer III has the closest elution time to the enriched extract (Supplementary Figure 

3A). However, PDP-23 is only a minor component of the extract and less abundant than first thought, as 

highlighted by the MALDI-TOF analysis of the extract (Supplementary Figure 3B). As evident from the mass 

spectrum the mass-to-charge ratio of PDP-23 within the enriched extract is 3109.35+1 but there are lots of 

other peaks corresponding to other masses in the peptide range. 

NMR spectroscopy and structural features of PDP-23 

With the low abundance of PDP-23 preventing isolation of sufficient material for structural studies, we used 

solution NMR spectroscopy to study all three synthetic conformers in order to gain further insight into the 

structural features and the likely native conformation. All PDPs that have been identified in plant extract 

have had ordered stable structures, and breakdown paths have been identified for misprocessed variants14. 

Thus, it is likely that also PDP-23 exists in a well-structured form. Figure 3 compares the peak dispersion in 

the 1D 1H NMR spectrum of the three conformers. Conformer III showed excellent dispersion, indicating a 

folded, highly structured peptide, whereas conformer I and II showed poor dispersion consistent with 

disorder. In addition, conformer I showed very broad lines consistent with aggregation and for conformer II 

multiple signals from the Trp indole protons suggest multiple conformational states. Consequently, the NMR 

provides strong evidence for conformer III being the native one. Conformers I and II could not be further 

evaluated by NMR, but extensive NMR data were recorded at 298 K for the synthesized and fully oxidized 

conformer III. Homonuclear 1H-1H data sets were recorded and assigned manually using a sequential 

assignment strategy. The high quality datasets allowed complete backbone and sidechain resonance 

assignments using TOCSY, NOESY, 13C HSQC and 15N HSQC spectra30. PDP-23 contains four proline residues 

and Pro20 was confirmed to be proceeded by a peptide bond in the cis configuration based on NOE patterns 

and 13C chemical shifts, while Pro10, Pro18 and Pro27 all adopted a trans conformation31. No additional spin 

systems suggesting conformational inhomogeneity were visible in the TOCSY spectrum, confirming a single 

dominating conformation in solution.  

To determine the structure of PDP-23 structural restraints were obtained from the NMR data. Inter-proton 

distance restraints were based on NOE cross peaks, which were automatically assigned using the structure 

calculation program CYANA32. Hydrogen bond restraints were derived from temperature coefficient data 

collected from TOCSY datasets with temperatures ranging from 288 K to 308 K. Amide protons that showed 

a temperature coefficient <-4.6 ppb/K were considered likely to be protected from the solvent by hydrogen 

bonding33, and for all of these a suitable acceptor could be identified from preliminary structure calculations. 
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Backbone dihedral angle restraints φ, ψ, and χ angles were derived from a TALOS-N analysis of the 1H, 13C 

and 15N chemical shifts34. After initial calculations in CYANA, the final set of 50 structures were calculated and 

refined in water using CNS 1.2135. The 40 structures with lowest energy were analysed using Molprobity and 

the twenty structures with best MolProbity score36 chosen to represent the solution structure of PDP-23. The 

structural statistics of PDP-23 highlight the high quality of the structure and the excellent agreement with 

structural data and ideal covalent geometry (Table 1). 

The superposition of the best 20 structures (Figure 4B) shows that PDP-23 possesses a well-defined backbone 

with a backbone RMSD of 0.81 Å and presents as an elongated circle that folds back on itself in a clam-like 

structure. The polar sidechains His5, His6, Ser7, Ser11, Thr13, Asp16, His23, Gln24 and Asp28 are surface 

exposed facing towards the aqueous environment, while the hydrophobic residues Phe2, Trp4, Val9, Ala15, 

Phe17 and Phe26 create a hydrophobic core, which is packed between the two loops of the macrocycle. 

PROMOTIF was used to analyze the secondary structure motifs of PDP-2337. The ribbon representation 

(Figure 4C) highlights the circle comprise two double stranded anti-parallel β-sheets, instead of the one β-

sheet that is the main structural feature of the smaller members of the PDP family. Each anti-parallel β-sheet 

is bridged by a single disulfide bond, Cys3-Cys8 and Cys14-Cys25 respectively, which are in a short right-

handed hook or staple conformation. The β-sheet of the first loop includes residues Phe2-Trp4 and Ser7-Val9 

and is stabilized by two hydrogen bonds forming between Trp4 and Ser7 and two hydrogen bonds between 

Phe2 and Val9 respectively. The β-sheet of the second loop includes residues Thr13-Ala15 and Gln24-Phe26. 

One hydrogen bond between Thr13 and Phe26 and two between Ala15 and Gln24 stabilize the second β-

sheet. In addition to the two anti-parallel β-sheets, several well defined turns were identified: a type I’ turn 

comprising residues Trp4-Ser7, a type II turn comprising residues Pro10-Thr13, a type VIa1 turn comprising 

residues Pro18-Leu21, and a type I turn comprising residues Phe26-Gly1. Three of the turns feature proline 

residues, which may be key features for creating bends in the backbone, bringing the two loops together in 

the clam-like tertiary structure. The hydrogen bond network and secondary structure features are 

summarized in Figure 4A. 

As stability is a key feature among macrocyclic peptides, we assessed the thermal stability of PDP-23 using 

NMR spectroscopy. 1D 1H spectra were recorded as the temperature was increased from from 298 K to 363 

K (Figure 5). PDP-23 was found to be highly stable at elevated temperatures and no significant unfolding was 

observed up to 363 K. The presence of the intact secondary structure and hydrophobic core is evident from 

the downfield shifts Hα protons around 5 ppm and the difference in environment and consequently strong 

chemical shift separation of the indole protons of the two tryptophan residues. At 363 K there is evidence of 

separate indole signals appearing between the original resonances, likely reflecting an unfolded species, 

however even at 363 K the dominating conformational species is the fully folded form. After a decrease in 

temperature back to 298 K the 1D 1H NMR spectrum was found to be identical to the spectrum recorded 

prior to heating, showing a complete reversibility any unfolding. 
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Discussion 

In this study a new member of the seed PDP family, PDP-23, was identified by transcriptomics and confirmed 

in the Zinnia elegans by MS/MS sequencing and MALDI-TOF analysis. At 28 residues it is twice the size of 

typical PDPs and contains four cysteine residues, making it the first macrocyclic peptide described with two 

disulfide bonds. 

PDP-23 disulfide pairing 

The presence of multiple disulfide bonds presents a challenge when describing novel naturally occurring 

peptides, as confirming the disulfide connectivity is often non-trivial. Even when substantial amounts of 

material are available, allowing large-scale extraction and purification, identification of disulfide bonds may 

require detailed NMR spectroscopy or chemical approaches38. Although sufficient for MS/MS sequencing to 

confirm the presence and identity of the peptide suggested by the transcriptomic data, the abundance of 

PDP-23 in the zinnia seed extract is low, and severe chromatographic overlap with other peptidic compounds 

prevented isolation of a pure native sample. Instead the three possible disulfide isomers were synthesized 

by solid phase peptide synthesis and studied by chromatography and NMR spectroscopy. Isomer III was the 

earliest eluting variant and showed excellent peak dispersion in the 1D 1H NMR spectrum, consistent with a 

well-structured peptide. In contrast the NMR data for isomers I and II showed poor dispersion, 

conformational inhomogeneity and aggregation. Comparing the RP-HPLC elution times of the different 

synthetic isomers with the native peptide was a challenge, due to the inability to achieve a sample in which 

PDP-23 was even the main component. The elution time of isomer III showed the best match with the elution 

time of the enriched PDP-23 extract, and this together with the ordered structure of this isomer strongly 

suggest that it represents the native form. However, it should be noted that the XIC for PDP-23 (Figure 2) is 

unusually broad and does not show a single uniform peak, thus is cannot be ruled out that PDP-23 is present 

in more than one isoform. Conformational diversity is the key in expanding the repertoire of functionally and 

biologically active peptides. Modulation of oxidative folding and structural diversity can be achieved by 

enzymes including protein-disulfide isomerases (PDI) and peptidyl-prolyl cis-trans isomerases. These 

enzymes have been shown to assist the oxidative folding of disulfide-rich conotoxins in the venom glands of 

cone snails, and contribute to the presence of multiple isoforms being observed for the same peptide 

sequence39. Similarly, a PDI from a member of the coffee family has been shown to be important for the 

oxidative folding to yield the correctly disulfide-bonded variant of the cyclotide kalata B1 in plants40. Based 

on these observations it is possible that such enzymes also contribute to the oxidative folding of PDPs and 

that conformational diversity may also occur for PDP-23 in Zinnia elegans. 

A novel structural class of macrocyclic peptides? 

The NMR spectroscopy study revealed that PDP-23 adopts an unusual structure. The peptide backbone circle 

is stretched out with the two disulfide bonds and an extensive hydrogen bond network stabilizing one β-
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hairpin each. The two hairpins are then folded on top of each other enclosing a hydrophobic core, a feature 

that is not directly a result of the disulfides that are surface exposed and unusual for a peptide of this size. 

Previously described PDPs that are distributed throughout the sunflower family are mostly head-to-tail cyclic 

peptides and bridged by a single disulfide bond, including its prototypic member SFTI-19-11,13. From a 

structural perspective PDP-23 have more in common with the much larger cyclotide peptides that are found 

in plants from the Violaceae, Rubiaceae, Cucurbitaceae, Fabaceae, and Solanaceae family (Figure 6). These 

are also head-to-tail cyclized peptides that are rich in β-sheet structure and tight turns. However, the 

cyclotides have six conserved cysteines adopting a knotted arrangement of three disulfide bonds41. Unlike 

PDP-23 in the cyclotides the disulfide bonds are buried in the core leaving all hydrophobic residues on the 

outside. Due to its most likely cysteine connectivity (CysI-CysII and CysIII-CysIV), PDP-23 can be considered as 

adopting a disulfide-laddered structure. The disulfide-laddered motif has previously been described only in 

θ-defensins (RTD-1s), which are cyclic peptides originally discovered in the leukocytes of rhesus monkeys6. 

RTD-1 peptides consist of a cyclic backbone braced by, not two but three parallel disulfide bonds. The θ-

defensins comprise only a single β-sheet and are straight in contrast to the clam-shaped PDP-23. Intriguingly 

PDP-23 contains some structural details that can be seen in both θ-defensins and cyclotides. The Trp-Pro turn 

of PDP-23 is identical to the turn seen in kalata B1, and which due to the cis peptide bond has been used to 

define the Moebius cyclotide class38. At the other end of PDP-23 the type II turn and its stabilizing disulfide 

is the same as what is found in the θ-defensins RTD-142 (Figure 6). Whilst disulfide-laddered peptides are 

rare, cysteine knotted counterparts are not only found in plants but are quite common in nature and are 

present in various spider, cone snail and plant peptides43,44. 

PDP-23 is highly stable and may have applications in bioengineering 

The thermal stability of PDP-23 was investigated by 1D NMR spectroscopy using a temperature gradient 

approaching the boiling point of water. Resistance to thermal denaturation has been previously described 

for different θ-Defensins such as Baboon θ-defensin-2 (BDT-2)45 which was stable to 353 K, as well as 

cylotides such as kalata B1 and Momordica Cochinchinensis Trypsin Inhibitor-II (MCoTI-II) which were stable 

to at least 370 K and 353 K, respectively46,47. This is the first stability study on a cyclic peptide from the PDP 

family, confirming a highly stable structure and resistance to thermal denaturation to temperatures of at 

least 363 K. This combination of a novel structural fold with novel structural motifs such as the hydrophobic 

core located between two anti-parallel β-sheets and high stability offers a new scaffold for the molecular 

design of therapeutic peptides. 

Cyclization and the additional structural constraint imposed by disulfide bonds have been shown to provide 

resistance to degradation by proteases 46,48. PDP-23 is the first naturally occurring constrained bi-disulfide 

peptide with a cyclic backbone, which opens up new possibilities in terms of grafting due to its different loop 

sizes. The smaller PDPs usually contain β-type turn loops of four residues in length, whereas the kalata B1-

type macrocycles contain six loops with the largest loop being a right turn of up to eight for cyclic knottins49, 
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up to seven residues for the Moebius-type cyclotides41 and up to eight residues for bracelet-type cyclotides50. 

The NMR solution structure of PDP-23 has a large loop between CysIII-CysIV containing ten amino acids that 

could host a larger loop than any of these aforementioned examples. The hydrophobic core of PDP-23 is a 

unique feature that has not been observed in any other PDP and additionally stabilizes the two peptide loops. 

Hydrophobic surface patches have been described for various cyclotides including the prototypic kalata B1 

and it has been shown that they are involved in membrane binding interactions and specifically and 

selectively bind to PE phospholipids51,52. 

The biosynthesis of PDPs is intriguing as they emerge from precursor proteins for seed storage albumins and 

are macrocyclized by the same enzyme machinery that performs cleavages that mature the albumin13. 

Although it has been proposed for smaller PDPs that the disulfide bond formation is necessary to bring the 

two peptides termini close in proximity for the transpeptidation reaction to occur, in PDP-23 the type II turn 

also plays an important role in holding the proto-N-terminal close to the acyl intermediate formed by when 

asparaginyl endopeptidase is covalently bound to the peptide during processing. This macrocyclization 

mechanism for PDP-23 is different to the mechanism described for the biosynthesis of the laddered cyclic θ-

defensins RTD-1, which involves the head-to-tail ligation of two linear α–defensin nonapeptides required to 

form one macrocyclic θ-defensin6. The enzyme responsible for the θ-defensin RTD-1 transpeptidation 

reaction has not been identified yet. 

In conclusion, we report the identification and characterization of a new peptide from the PDP family. PDP-

23 is about twice the size of most PDPs and comprise not one but two disulfide bonds, making it the first 

reported macrocyclic peptide with two disulfides. The low abundance of PDP-23 in seed extracts made it is 

difficult to unequivocally confirm the disulfide connectivity, although the fact that one of the possible 

disulfide isomers is able to fold up into a remarkably optimized fold comprising extensive secondary and 

tertiary structure stabilized by the disulfide bonds, hydrogen bonds, and a hydrophobic core, strongly suggest 

this is a favored pairing. In contrast the alternative isomers are unfolded and aggregating. The fold is highly 

resistant to thermal denaturation, showing that the covalent links afforded by the cyclic cystine knot motif 

found in the cyclotide family, are not the only alternative for creating an ultra-stable fold. PDP-23 represents 

a novel favorable scaffold for protein engineering, with the larger size compared to SFTI-1 offering multiple 

turn sites for grafting of bioactive epitopes. 

Experimental Procedures 

RNA-seq and transcriptome assembly for Z. elegans 

Seeds of Z. elegans (Zinnia Early Wonder Mixed, Mr. Fothergill’s, Australia) were ground under liquid nitrogen 

with glass beads to a fine powder. Total RNA from approximately 0.3 mL of frozen tissue powder was 

extracted as previously described29. Contaminating genomic DNA was removed using DNase and the total 

RNA sample was further purified with a NucleoSpin RNA Clean-up kit (Macherey-Nagel). Sequencing was then 
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performed on an Illumina HiSeq 1500 instrument as 101 bp single read runs. 

The de novo transcriptome assemblies were performed as described28,53. We used stringent conditions for 

trimming and filtering of RNA-seq data. Quality trimming and filtering was done using the FASTX toolkit 

(hannonlab.cshl.edu/fastx_toolkit/) with raw reads trimmed with a minimum quality threshold of 30, 

implying a base call accuracy of 99.9%, and minimum length of 50. Trimmed reads were then filtered with a 

quality threshold of 30 and the percentage of bases that match the quality threshold was set to 90. De novo 

transcriptomes were assembled using CLC Genomics Workbench 8.5.1. Filtered reads were assembled with 

five different word sizes (i.e. 23, 30, 40, 60, 64), keeping all other parameters as default. We used tBLASTn to 

search the transcriptome of Z. elegans using the PawS1 sequence (GenBank accession FJ469150) as a query. 

Then filtered raw reads were mapped back to the assembled contig encoding PDP-23 with the following 

default settings: Mismatch cost: 10, Insertion cost: 10, Deletion cost: 10, Length fraction: 1, Similarity 

fraction: 1. 

LC-MS analysis of the Zinnia elegans seed peptide extract 

A small amount of dry seed peptide extract was dissolved in HPLC-grade solvent consisting of 5% (v/v) 

acetonitrile 0.1% formic acid (v/v) in water (Honeywell). After centrifuging for 20 min at 20,000 x g to remove 

any solids present, a 4 µL aliquot of the solution was dispensed onto a 96-well plate for LC-MS analysis. Two 

microliters of the sample were injected into a G4240-62010 HPLC chip (Agilent Technologies) made up of a 

160 nL enrichment column (Zorbax 300SB-C18 5 µm) and a 150 mm x 75 µm analysis column (Zorbax 300SB-

C18 5 µm). Separation was achieved using an 1100 series nano/capillary HPLC system (Agilent) with an elution 

gradient from 5% acetonitrile 0.1% formic acid to 95% acetonitrile 0.1% formic acid over 15 min at a flow 

rate of 0.3 µL/min. Peptides were ionized by electrospray ionization and the ions were introduced into a 6510 

Q-TOF mass spectrometer (Agilent). Spectra were analysed with MassHunter Workstation Qualitative 

Analysis software version B.06.00 (Agilent). 

Extraction of the macrocycle PDP-23 from Z. elegans seeds 

Z. elegans seeds were purchased from either Mr. Fothergill’s (Zinnia Early Wonder Mixed) or from Royston 

Petrie (Lilliput Mix). To extract peptide-containing material, the seeds (100 g) were soaked in liquid nitrogen 

and blended to a fine meal using a food processor. A volume of 25 mL tissue powder was mixed with 160 mL 

of methanol containing 0.05% (v/v) trifluoroacetic acid and 160 mL of dichloromethane containing 0.05% 

(v/v) trifluoroacetic acid and shaken for 70 min at room temperature. After mixing, the mixture was filtered 

through a Whatman (No. 1) filter paper. Phase separation was achieved by adding 80 mL of 0.05% (v/v) 

trifluoroacetic acid in water. The top aqueous layer containing the peptide was collected and remaining 

dichloromethane was removed under vacuum and lyophilized. Lyophilized crude mix was dissolved in 80 mL 

of 0.05% (v/v) trifluoroacetic acid in water, sonicated briefly and vortexed before centrifugation at 3,260 x g 

for 10 min. Crude separation was achieved by using a RP-18 Strata column (500 mg/6 mL, Phenomenex). The 
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following buffers were used sequentially for crude separation: 10% acetonitrile 0.05% (v/v) trifluoroacetic 

acid (first elution); 30% acetonitrile 0.05% (v/v) trifluoroacetic acid (second elution); 90% acetonitrile 0.05% 

(v/v) trifluoroacetic acid (third elution). Each elution sample was analyzed by MALDI-MS to determine the 

monosisotopic mass of PDP-23. 

RP-HPLC purification of PDP-23 

The lyophilized crude sample mix was dissolved in buffer A and split in three for further separation by RP-

HPLC on a Shimadzu Prominence (Rydalmere, Australia) using an analytical Grace Vydac C18 column 

(250 mm x 4.6 mm, 5 µm) and an Agilent Zorbax 300SB C18 column (150 mm x 2.1 mm, 5 µm) at a 1% 

gradient and a flow rate of 1 mL/min and 0.3 mL/min respectively. Buffer A consisted of 0.05% trifluoroacetic 

acid (TFA) and buffer B consisted of 90% acetonitrile 0.05% TFA. HPLC fractions were lyophilized and stored 

at 253 K. 

Sequencing of PDP-23 

The PDP-23 enriched extract was dissolved in 30 µL 0.1 M ammonium bicarbonate (pH 8.3). A volume of 2 µL 

200 mM dithiothreitol was added and incubated for 30 min at 333 K to reduce the disulfide bonds. To alkylate 

the cysteine thiol groups, 4 µL of 500 mM iodoacetamide was added and the mixture incubated at room 

temperature in the dark for 10 min. To digest PDP-23 for sequencing by mass spectrometry, 1 µL of a 

0.1 µg/µL stock solution of chymotrypsin (Roche Diagnostics) was added to digest PDP-23 at 310 K for 3 h. 

To quench the reaction prior to spectrometric analysis, 10 µL of 1% formic acid was added. 

The in-solution digested PDP-23 enriched extract was analyzed by LC-MS/MS on a Shimadzu Prominence 

Nano HPLC (Rydalmere, Australia) coupled to a 5600 TripleTOFTM mass spectrometer (SCIEX) equipped with 

a nano electrospray ion source as previously described54. 

In brief, 5 µL of digested PDP-23 enriched extract was injected and desalted. For peptide separation, a linear 

gradient of 2—40% solvent B over 44 min at 500 nL/min flow rate was used, followed by a steeper gradient 

from 40—80% over 2 min and a hold at 80% for 2 min. The column was subsequently washed by increasing 

the solvent to 98% B over 0.1 min which was held at 98% for 1.9 min prior to a return to 2% B for re-

equilibration (16 min). The ionspray voltage was set to 2400 V, declustering potential 100 V, curtain gas flow 

25, nebuliser gas 1 12 and interface heater at 423 K. The mass spectrometer was set to acquire TOF-MS data 

over the mass range 350-1800 for 250 ms followed by 20 full scan product ion spectra over the mass range 

80-1400 with a maximum accumulation time of 250 ms in Information Dependent Acquisition mode. The 20 

most intense ions observed in the TOF-MS scan exceeding a threshold of 120 counts and a charge state of +2 

to +5 were set to trigger the acquisition of product ion MS/MS spectra. The data were acquired and processed 

using Analyst TF 1.6 software (SCIEX). ProteinPilotTM software 4.0.0.0 (SCIEX) with the paragon algorithm was 

used as the MS/MS ion search engine 55. The custom-built database contained the sequence of PDP-23 and 
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the search parameter settings were cysteine modification with iodoacetamide and chymotrypsin as the 

digestion enzyme. 

Peptide synthesis 

All three possible disulfide conformations for PDP-23 were assembled on a 2-chlorotrityl chloride resin by 

solid phase peptide synthesis on a peptide synthesizer (CS Bio). To facilitate selective disulfide bond 

formation the sidechains of CysII-CysIV (conformation I), CysI-CysIV (conformation II) and CysIII-CysIV 

(conformation III) were protected with acetamidomethyl groups and the other pair of Cys sidechains were 

protected with trityl groups. The Gly1 sidechain was protected with 2,4-dimethoxybenzyl to minimize the 

risk of isoaspartate formation. After peptide assembly fluorenylmethyloxycarbonyl chloride was removed by 

adding 20% piperidine in dimethylformamide (DMF). Peptides were cleaved from resin with 1% TFA in 

dichloromethane and lyophilized. For peptide backbone cyclization 2 mM of sidechain protected peptide was 

dissolved in DMF and three equivalents (molarity) of O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium-hexafluorphosphate (HATU) was added before gradually adding N,N-

diisopropylethylamine (DIPEA) until the solution turned yellow. Solution was stirred for 6 h at room 

temperature before being lyophilized. Final peptide cleavage was achieved by dissolving the lyophilized 

peptide in 10 mL of a solution consisting of four components: TFA, triisopropylsilane,2,2′-

(ethylenedioxy)diethanethiol and water in a ratio of 37:1:1:1 respectively. After stirring for 2 h at room 

temperature, TFA was removed under vacuum and the peptide was precipitated in ice-cold ether and 

dissolved in 50% acetonitrile 0.05% TFA. The ether was removed under vacuum and the peptide lyophilized. 

The crude peptide was purified by RP-HPLC on a Shimadzu Prominence (Rydalmere, Australia) using a 

preparative Phenomenex Jupiter C18 column (250 mm x 21.2 mm, 10 µm) at a 1% gradient and a flow rate 

of 8 mL/min. Electrospray Ionisation-mass spectrometry confirmed the molecular mass of the reduced 

peptides. Peptides were lyophilized before being oxidized in a two-step oxidation protocol. 

To form the first disulfide bond using unprotected cysteines, 0.25 mg/mL of peptide was dissolved in 0.1 M 

ammonium bicarbonate buffer (pH 8.3) with 2 mM reduced glutathione and stirred for 24 h at room 

temperature and then purified by RP-HPLC on a Shimadzu Prominence (Rydalmere, Australia) using a semi-

preparative Grace Vydac C18 column (250 mm x 10 mm, 10 µm) at a 1% gradient and a flow rate of 3 mL/min. 

MALDI-TOF-mass spectrometry confirmed the molecular mass of the partly oxidized peptides. Peptides were 

lyophilized. 

The second disulfide bond was formed between the protected cysteine residues by dissolving the peptide in 

water containing 0.05% TFA at a concentration of 0.5 mg/mL. A saturated iodine solution was slowly added 

until mixture became light yellow in color and the mixture was incubated at room temperature overnight in 

the dark. The reaction was quenched by adding ascorbic acid until the mixture became colorless again. The 

fully oxidized peptides were purified by RP-HPLC on a Shimadzu Prominence (Rydalmere, Australia) using an 
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semi-preparative Grace Vydac C18 column (250 mm x 10 mm, 10 µm) at a 1% and 0.5% gradient and a flow 

rate of 3 mL/min. MALDI-TOF-mass spectrometry confirmed the molecular mass of the fully oxidized 

peptides. 

NMR spectroscopy 

PDP-23 was dissolved in 90% (v/v) H2O and 10% (v/v) D2O at pH 3.7 to a final concentration of 0.76 mg/mL. 

2D NMR data including TOCSY, NOESY and natural abundance 13C and 15N HSQCs were recorded. Mixing times 

of 80 ms for the TOCSY and 200 ms for the NOESY were used. 2D data were collected at 298 K. NMR 

measurements were recorded on an Avance 600 MHz spectrometer equipped with a cryoprobe and 

processed using Topsin 2.1 (Bruker Biospin). Temperature coefficient data was recorded at temperatures 

ranging from 288 K to 308 K. Temperature stability studies were recorded at temperatures ranging from 298 

K to 363 K on a Bruker 500 MHz spectrometer with a room temperature probe. 

Spectral assignment, structure calculation and modeling 

TOCSY, NOESY, 13C HSQC and 15N HSQC spectra were used for manual chemical shift assignments using 

CcpNmr Analysis 2.4.2. NOESY data were assigned automatically in CYANA. Dihedral restraints were derived 

from TALOS-N56 and hydrogen bond restrained were based on temperature coefficients33, a set of 50 initial 

structures was generated using Cyana 3.9732 and final structures were calculated and refined in explicit water 

within CNS 1.21 using protocols from the RECOORDscript database35,57. From the 50 calculated structures, a 

set of 20 structures with the lowest energy and best MolProbity score were chosen36. PROMOTIF was used 

to describe the secondary structural motifs of PDP-2337. 
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Structural statistics for the NMR structure of PDP-23. 

 PDP-23 

Distance restraints  

Total NOE 310 

Intra-residue 80 

Inter-residue 230 

Sequential (|i-j| = 1) 124 

Medium range (1 < |i-j| ≤ 4) 46 

Long range (|i-j| ≥ 5) 60 

Hydrogen bonds 24 

Dihedral-angle restraints  54 

φ 21 

ψ 24 

χ1 9 

Atomic RMSD [Å] a  

Mean global backbone 0.81  0.28 

Mean global heavy 1.54  0.30 

MolProbity statistics b  

Ramachandran favored [%] 96.54  1.16 

Ramachandran outliers [%] 0 

Rotamers favored [%] 97.50  3.33 

Residues with poor rotamers [%]  0 

Clash score c 9.80  3.72 

(73%) 

MolProbity score d 1.72  0.13 

(88%) 

a RMSD values were calculated over the entire backbone 

b http://molprobity.biochem.duke.edu 

c Clashes is the number of steric overlaps > 0.4 Å per 1000 atoms 

d 100 % is the best structure ranked by MolProbity 
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Figure 1: LC-MS data confirming the presence of PDP-23 in a seed extract of Zinnia elegans. 

(A) Total ion chromatogram of the seed extract marked with the retention time of PDP-23 confirming its 

presence at the protein level. 

(B) Extracted ion chromatogram (XIC) for PDP-23 showing the [M+3H]3+ state of the observed mass-to-charge 

ratio and its isotopic peak envelope. 
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Figure 2: Synthesized conformers of the PDP-23 peptide. 

(A) Analytical RP-HPLC trace of synthesized conformers in reduced and alkylated and fully oxidized state, 

respectively. 

(B) Cysteine connectivity of the three synthesized conformers with corresponding sequence. 

(C) MALDI-TOF mass spectra showing the mass-to-charge ratios of the three synthesized conformers. 
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Figure 3: One-dimensional NMR spectra of three fully oxidized conformers. 

Conformer III has most dispersed 1D NMR spectrum, indicating a folded peptide and correct cysteine 

connectivity. 
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Figure 4: Three-dimensional structure of PDP-23. 

(A) Schematic representation of PDP-23 showing secondary structural motifs such as the two anti-parallel β-

sheets, the two disulfide bonds, several turns as well as hydrogen bond network. 

(B) Superpositions of the family of 20 best calculated structures. The cyclic backbone is highlighted in cyan, 

the disulfide bonds are highlighted in yellow, basic histidine residues are highlighted in blue, acidic aspartate 

residues are highlighted in red and polar serine, threonine and glutamine residues are highlighted in 

magenta. 

(C) Ribbon representation of the best structure judged by MolProbity illustrating the two anti-parallel β-

sheets within the loop regions, which is braced by a short right-handed hook disulfide bond highlighted in 

yellow. 
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Figure 5: One-dimensional NMR spectra showing thermal stability of PDP-23. 

1H NMR spectra of PDP-23 recorded while cycling the temperature from 298-363-298 K showing only slight 

denaturating effects at a temperature of 363 K at its two tryptophan residues. The complete reversibility of 

only thermal denaturation was confirmed when the temperature was decreased to 298 K and the 1D 

spectrum was identical to the 1D spectrum prior heating. 
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Figure 6: Three-dimensional structures of naturally occurring cyclic peptides. 

(A) SFTI-1 isolated from the seeds of the common sunflower Helianthus annuus, PDB code: 1JBL 58. 

(B) -defensin found in the leukocytes of rhesus macaques Macaca mulatta, PDB code: 2LYF59. 

(C) PDP-23 isolated from the seeds of Zinnia elegans. 

(D) Kalata B1 isolated from the leaves of the tropical plant Oldenlandia affinis, PDB code: 1NB138. 

(E) Overlay of type I´ turns from -defensin RTD-1 (red) and PDP-23 (cyan). Residues in the turn region are 

shown in stick format and are numbered accordingly to their position in the sequence. 

(F) Overlay of type VIa1 turns from kalata B1 (blue) and PDP-23 (cyan). Residues in the turn region are shown 

in stick format and are numbered accordingly to their position in the sequence. 
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Supplementary Material 

 

Supplementary Figure 1: Contig sequence that encodes PDP-23 and sequence support. 

(A) Sequence assembled de novo from RNA-seq of Zinnia elegans seeds that encodes PDP-23 (aqua highlight) 

and its translated sequence. 

(B) Mapping RNA-seq reads to the contig shows strong support for the sequence with the average depth of 

coverage being 696 reads. 

(C) The sequence logo generated from mapped reads shows high confidence for the PDP-23 sequence with 

no evidence for sequence polymorphism. 
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Supplementary Figure 2: MS/MS sequencing of the PDP-23 enriched extract digested with chymotrypsin. 

The b- and y ions are shown of the three identified fragments after the PDP-23 enriched extract was reduced, 

alkylated and digested with chymotrypsin. 
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Supplementary Figure 3: Analytical HPLC profile of conformer III and PDP-23 enriched extract. 

(A) Analytical HPLC trace of conformer III highlighted in a solid bold black line overlaid with a trace of PDP-23 

enriched extract. 

(B) MALDI-TOF mass spectrum showing the mass-to-charge ratio of PDP-23 alongside many other masses in 

the PDP-23 enriched extract. 
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ABSTRACT: New proteins can evolve by duplication and
divergence or de novo, from previously noncoding DNA. A
recently observed mechanism is for peptides to evolve within
a “host” protein and emerge by proteolytic processing. The
first examples of such interstitial peptides were ones hosted by
precursors for seed storage albumin. Interstitial peptides have
also been observed in precursors for seed vicilins, but current
evidence for vicilin-buried peptides (VBPs) is limited to seeds
of the broadleaf plants pumpkin and macadamia. Here, an
extensive sequence analysis of vicilin precursors suggested that
peptides buried within the N-terminal region of preprovicilins
are widespread and truly ancient. Gene sequences indicative
of interstitial peptides were found in species from Amborellales
to eudicots and include important grass and legume crop species. We show the first protein evidence for a monocot VBP in date
palm seeds as well as protein evidence from other crops including the common tomato, sesame and pumpkin relatives,
cucumber, and the sponge loofah (Luf fa aegyptiaca). Their excision was consistent with asparaginyl endopeptidase-mediated
maturation, and sequences were confirmed by tandem mass spectrometry. Our findings suggest that the family is large and
ancient and that based on the NMR solution structures for loofah Luffin P1 and tomato VBP-8, VBPs adopt a helical hairpin
fold stapled by two internal disulfide bonds. The first VBPs characterized were a protease inhibitor, antimicrobials, and a
ribosome inactivator. The age and evolutionary retention of this peptide family suggest its members play important roles in
plant biology.

A recently found and unusual mechanism for protein
evolution is the appearance of new, small proteins inside

existing “host” proteins. These “interstitial” peptides emerge
during the proteolytic processing of the host protein. The first
example was a protein from seeds of the common sunflower
Helianthus annuus called preproalbumin with SFTI-1 (PawS1).
This dual destiny protein is simultaneously matured into a seed
storage albumin and a cyclic peptide called sunflower trypsin
inhibitor-1 (SFTI-1).1,2 The sequence for SFTI-1 was encoded
within the N-terminal region of an albumin precursor.2

Albumins are abundant seed storage proteins typically
composed of a heterodimer with small and large subunits.
Most mature albumins contain cysteine and methionine
residues and provide nutrition during seed germination and
early seedling growth.3,4 Both the mature albumin and the
cyclic SFTI-1 peptide are cleaved from PawS1 by an
asparaginyl endopeptidase (AEP), which is also known as

vacuolar processing enzyme and is heavily involved in seed
storage protein processing.5−7 PawS1 is not unique to the
common sunflower; polymerase chain reaction (PCR)-based
discovery of PawS1 genes from the Asteraceae species coupled
with liquid chromatography/tandem mass spectrometry (LC-
MS/MS) revealed a new family of disulfide-containing and
mostly cyclic PawS-derived peptides (PDPs), whose distribu-
tion suggested the PDP family is at least 18 My old.8 A
subsequent survey of over 110 Asteraceae seed transcriptomes,
to pursue their evolutionary origin in more detail, showed the
peptide family has evolved stepwise over about 45 million years
within the N-terminal region of preproalbumin.9,10
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SFTI-1 and its family of related peptides is not the only
example of peptides that emerge from within a usually latent
region of a host protein. In 1999, two different groups reported
genes encoding Cys-rich peptides whose sequences were
located within precursors for vicilin, a different type of seed
storage protein also known as a 7S globulin. These genes were
discovered in pumpkin11 and macadamia.12 Pumpkin seeds
(Cucurbita maxima) contain a peptide called C2 that is buried
within the N-terminal region of a preprovicilin.11 This C2-
containing preprovicilin called PV100 is matured by AEP into
a 50 kDa vicilin, the 5 kDa trypsin inhibitor C2, and three Arg/
Glu-rich cytotoxic peptides of 4−5 kDa.11 C2 has four Cys
residues that consist of two pairs of Cys residues interspersed
by three variable residues. The Cys residues form disulfide
bonds with the two connecting “CXXXC” motifs thought to
confer a hairpin-structure on C2.11 There are some interesting
parallels between PV100 and PawS1; both are AEP-processed,
have bioactive peptides buried in their N-terminal pro-regions
and both are precursors for seed storage proteins.2,11 In the
same year as the discovery of C2, another group isolated C2-
like peptides from macadamia nuts (Macadamia integrifolia)
named MiAMP2b-d (MiAMP2b to MiAMP2d: Macadamia
integrifolia antimicrobial protein 2b-d) that displayed anti-
microbial activity.12 The sequences encoding the three
MiAMP2 peptides were also buried in the N-terminal region
of a preprovicilin, although a role for AEP was not proposed
for these macadamia peptides. The C2 and the MiAMP2
peptides potentially represent a second buried peptide family
that has evolved within protein precursors for vicilins.
C2 and the MiAMP2 peptides are similar to another 4-Cys

peptide called Luffin P1, extracted from the seeds of Luf fa
aegyptiaca (common names Vietnamese loofah, sponge
loofah), which has been shown to inhibit protein synthesis in
a cell-free rabbit reticulocyte lysate.13 Although Luffin P1 is a

4-Cys peptide similar to C2, the Luffin P1 precursor is
unknown. Only a small fragment was amplified from L.
aegyptiaca genomic DNA using degenerate primers designed
against the Luffin P1 protein sequence.13 The 82 bp of
sequence amplified from L. aegyptiaca genomic DNA was
short, but its closest match by BLASTN analysis is an 87%
identity match to the C2 region of pumpkin PV100. We
hypothesized that, just like C2, Luffin P1 is a vicilin-buried
peptide; however if processed by AEP, Luffin P1 should be
longer than previously described.
Evidence was mounting that these peptides, known to have

valuable bioactivities, might be the first examples of an ancient,
large, peptide family buried in vicilins, and so we sought to test
this hypothesis. BLAST searches initially using PV100 as bait,
followed by subsequent searches, found hundreds of
preprovicilin genes. These included a subgroup with insertions
on the N-terminal side of vicilin containing typically even
numbers of CXXXC motifs indicative of buried C2-like and
MiAMP2-like peptides. We performed liquid chromatography/
mass spectrometry (LC-MS) and tandem mass spectrometry
(LC-MS/MS) in several evolutionarily distant species and
were able to fully sequence five VBPs from the monocot date
palm and the dicots tomato, sesame, loofah, and cucumber. We
also cloned the full open reading frame for the precursor for
Luffin P1 and found it was also a preprovicilin. These data
demonstrate that C2, MiAMP2, Luffin P1, and the VBPs we
discover herein are all members of an ancient peptide family
buried in vicilin precursors, each possessing two CXXXC
motifs.

■ RESULTS
Vicilin Precursors with Potentially Buried Peptides

Are Widespread in the Plant Kingdom. To find
preprovicilins that might contain buried peptides, sequence

Figure 1. Potential for a family of CXXC-containing hairpin peptides buried in preprovicilins. Alignment of 252 preprovicilin sequences reveals
there are four classes based on internal, N- and C-terminal expansions. Class I are typical preprovicilins with an ER targeting signal and vicilin
domain. Class II have an Arg/Glu-rich C-terminal expansion (zoom, lower right). Class III are restricted to legumes and have an N-terminal Arg/
Glu-rich region, whereas Class IV sequences also have a Cys-rich expansion on the N-terminal side (zoom, lower left) with repeating pairs of
CXXXC (Cys are highlighted in red). The sequence of the first vicilin-buried peptide, C2 in PV100,11 is highlighted in yellow in the lower left
panel. We predicted the Cys-rich regions of Class IV preprovicilins harbor a large and ancient family of buried peptides. For the sequences see Data
Set 1 and for a high-resolution alignment see Data Set 2.
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similarity searches of GenBank and UniprotKB were
performed using PV100 as the input sequence. This resulted
in the identification of hundreds of homologs, and, after
removing duplicates, we generated an alignment of 252
preprovicilin sequences from 91 species and 22 orders, from
ferns to flowering plants. This revealed substantial variation on
the N- and C-terminal sides of the mature vicilin region
(Figure 1). Preprovicilins can be clustered into four main types
based on the different types of N- or C-terminal expansion:
Class I is the simplest and widely conserved throughout the
plant kingdom from Polypodiales to Brassicales (Figure 2, Table
S1) so likely to represent the ancestral form. Class I

preprovicilins possess an ER targeting signal and a vicilin
domain only. Class II preprovicilins are similar to Class I, but
with an additional Arg/Glu-rich domain C-terminal to the
vicilin domain (Figure 1). Class III preprovicilins are also
similar to Class I, but have an additional Arg/Glu-rich domain
on the N-terminal side of the vicilin. Class IV preprovicilins
(such as PV100 and the MiAMP2 precursor) resemble Class
III, but have an additional Cys-rich domain with one to 12
CX3C(X)10−14CX3C motifs. Some preprovicilins of Class IV
lack the Arg/Glu-rich domain, with just the additional Cys-rich
domain at the N-terminal region (Figure 1). The existence of

Figure 2. Distribution of the four preprovicilin classes across the plant tree of life. Phylogeny built from rbcL sequences for species containing
preprovicilin sequences in Figure 1. Colored boxes indicate the presence of Class I (blue), Class II (green), Class III (yellow), and Class IV
(orange) preprovicilins.
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Class IV preprovicilins in 60 species suggested more vicilin-
buried peptides awaited discovery.
Using pumpkin C2 and its precursor PV10011 as the

prototypic vicilin-buried peptide, we made several assumptions
for the discovery of C2 relatives. We assumed that VBPs would
(i) contain two disulfide bonds; (ii) be processed at both
proto-termini by asparaginyl endopeptidase, which cleaves at
Asp and Asn residues, and (iii) if the proto-N-terminal residue
was a Glu or Gln, then it would be pyrolated to become pyro-

Glu. Based on these assumptions, we searched peptide extracts
for a subset of the 60 species with Class IV preprovicilins for
the expected masses using mass spectrometry. Peptide extracts
from those species with masses that matched the expectations
based on C2 were digested separately with trypsin or
chymotrypsin, subjected to proteomics by LC-MS/MS and
compared to a custom database containing the 252
preprovicilin sequences. In addition to searching for tryptic
or chymotryptic fragments, MASCOT was instructed to search

Figure 3. LC-MS for peptide extract from date palm seeds. (A) The vicilin precursor of date from GenBank (code: 008775109), which contains an
ER targeting signal (dashed underline), a predicted vicilin-buried peptide (VBP) (in bold), and a vicilin protein (in gray). Variable AEP processed
sites are labeled by arrows. (B) Extracted ion chromatogram (EIC) for native m/z 817.549 at [M + 6H]6+ of the predicted VBP with two disulfide
bonds showing a peak at 14.2 min. The inset is the corresponding mass spectrum. (C) EIC for the reduced-alkylated m/z 856.235 for the predicted
VBP indicating a peak at 14.4 min. The corresponding mass spectrum is inset. Note: Exp. means expected m/z, while Obs. is observed m/z. For
sequencing of date palm VBP-6 by MS/MS see Figure S1.

Figure 4. LC-MS for peptide extract from tomato seeds. (A) The sequence of vicilin precursor of tomato from UniprotKB (code: B0JEU3). The
precursor belongs to Class IV, which contains an ER-targeting signal (dashed underline), predicted 53-residue peptide (underlined), predicted 49-
residue peptide (doubly underlined), and a vicilin protein (in gray). Possible AEP-processed sites are labeled (arrows). (B, C) EICs at [M + 7H]7+

and corresponding mass spectra (insets) of (B) native predicted 53-residue peptide with two disulfide bonds and (C) reduced-alkylated 53-residue
peptide. (D, E) EICs at [M + 7H]7+ of (D) native predicted 49-residue peptide with two disulfide bonds and (E) reduced-alkylated 49-residue
peptide. For sequencing of tomato VBP-7 and VBP-8 by MS/MS see Figures S2 and S3.
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for nontryptic and nonchymotryptic matches to the database of
252 preprovicilin sequences.
A Vicilin-Buried Peptide from Date Palm Seeds.

Phoenix dactylifera, commonly known as the date palm, had
one Class IV preprovicilin (Figure 3A) that, based on AEP-
mediated cleavage at Asn and Asp residues, was predicted to
produce three main candidate masses with CX3CXnCX3C
motifs. We calculated their monoisotopic masses assuming two
disulfide bonds and an N-terminal pyro-Glu. The first
candidate was a 40-residue peptide predicted to begin at
Pro32 and end at Asp71 with a theoretical mass of 4899.25 Da.
The second candidate was a 51-residue peptide beginning at
Pro32 and ending with Asp82 giving a theoretical mass of
6066.76 Da. The third candidate was 57 residues from Pro83
to Asp139 with a mass of 7063.27 Da (Figure 3A).
Proteins extracted from date palm seeds were analyzed by

LC-MS. Peaks for the first, 40-residue candidate were observed
in an extracted ion chromatogram (EIC) corresponding to 5+,
6+ (Figure 3B), and 7+ protonated molecules. No peaks were
seen for the other two candidates. Reduction of the disulfide
bonds and addition of an iodoacetamide moiety to the thiol
group for the cysteine residues increased the mass of the 40-
residue candidate by the expected 232.12 Da (Figure 3C),
confirming the existence of four cysteine residues involved in
two disulfide bonds.
To sequence the putative peptide, the initial extract was

reduced, alkylated, digested with trypsin, and then analyzed by
tandem mass spectrometry. Six fragments were of a size
expected to be detectable after trypsin digestion, whereas two
others were expected to be too small for detection. The
expected monoisotopic mass with [M + H]+ for each fragment
was calculated with alkylation of cysteines (Figure S1A). Five
of the six fragments were identified by a, b, and y ions (Figure
S1B−F). Overall, these results confirmed the 40-residue
peptide as a VBP from the N-terminal region of a preprovicilin
from date palm seeds (PKRQIERCKQECRESRQGEQ-
QERQCVRQCEEQEEKRGQGD).
Two Vicilin-Buried Peptides from Tomato Seeds. The

common tomato (Solanum lycopersicum) also contains a Class
IV preprovicilin (Figure 4A). From its sequence, we predicted
four candidate VBPs. Three candidates began with Pro30 but
varied in length depending on the proto-C-terminal AEP

cleavage sites, namely Asp82, Asp83, and Asn86, which would
produce 53-, 54-, and 57-residue peptides, respectively (Figure
4A). The fourth candidate was a 49-residue peptide beginning
with Arg87 and ending with Asn135. Performing LC-MS, we
observed peaks in the EICs at m/z values consistent with [M +
7H]7+ ions from the 53-residue (Pro30-Asp82) and the 49-
residue (Arg87-Asn135) candidates (Figure 4B,D). To test for
the existence of two disulfide bonds in these two candidates,
peptides were reduced and alkylated, giving the expected
increased mass of 232.12 Da for each candidate (Figure 4C,E).
Tandem mass spectrometry was used to sequence both
candidates. The tomato seed peptide extract was reduced
and alkylated and then divided into two aliquots. One was
digested by trypsin and the other by chymotrypsin. Trypsin
digestion of the 53-residue candidate was predicted to yield
five primary fragments (Figure S2A) for which the a, b, and y
ion series were identified (Figure S2B−F). Chymotrypsin
digestion of the 53-residue candidate should yield four
fragments, two of which were confirmed (Figure S2G-J).
Combining the results of trypsin and chymotrypsin-based
sequencing, the 53-residue candidate was confirmed as a VBP
(PRGYQDPQEKLRECQQRCERQQPGQQKQLCKQR-
CEQQYRKEQQQQHGGETGED).
For the 49-residue candidate, five tryptic fragments were

expected and four were sequenced (Figure S3A−E). Four
chymotryptic fragments were predicted and two were
confirmed (Figure S3F−H). Combining the results, the 49-
residue candidate was confirmed as a second tomato VBP
(RGPDKSYKRLQECQRRCQSEQQGQRLQECQQRCQ-
QEYQREKGQHQGETN).

A Vicilin-Buried Peptide from Sesame Seeds. A
sequence encoding a Class IV vicilin precursor was found for
Sesamum indicum (Figure 5A). From this single sequence, four
candidate VBPs were predicted. These range from Arg82 to
Asp123, Asp124, Asp125, or Asn126 and give 42-, 43-, 44-, and
45-residue peptides, respectively (Figure 5A). LC-MS detected
m/z values consistent with 5+, 6+ (Figure 5B), and 7+ ions for
the 42-residue candidate. Reduction and alkylation confirmed
changes in mass of the [M + 6H]6+ ions consistent with two
disulfide bonds (Figure 5C).
To confirm the sequence of this 42-residue candidate,

trypsin and chymotrypsin digestions were performed and

Figure 5. LC-MS for peptide extract from sesame seeds (VBP-9). (A) A vicilin precursor of sesame from UniprotKB (code: Q9AUD0) including
an ER-targeting signal (dashed underline), predicted VBP sequence (42-residue, bold), and vicilin protein (in gray). Possible AEP-processed sites
are numerically labeled (solid arrows). (B, C) EICs at [M + 6H]6+ and (insets) corresponding mass spectra of (B) native 42-residue and (C)
reduced-alkylated 42-residue peptide. For sequencing of sesame VBP-9 by MS/MS see Figure S4.
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subjected to LC-MS/MS. Masses were found corresponding to
two of the four tryptic fragments (Figure S4C−D), of which
one was further confirmed with b and y ions (Figure S4B). For
the expected four chymotryptic fragments, their corresponding
masses were discovered (Figure S4G−J), but only one
fragment was sequenced (Figure S4F). Consistent with these
MS/MS results, the mass is likely to be a 42-residue VBP
(RKSPIERLRECSRGCEQQHGEQREECLRRCQEEYQ-
REKGRQD).

VBPs Identified from Cucumber. We also discovered a
VBP in the seeds of cucumber (Cucumis sativus), which like
pumpkin and loofah belongs to the gourd family (Cucurbita-
ceae). The sequence from cucumber was similar to PV100 and
from it four candidates were predicted to start from Gln68 and
end with Asp102, Asp108, Asp111, or Asp115 giving,
respectively, a 35-, 41-, 44-, or 48-residue peptide (Figure
6A). The expected average masses for the four candidates were
calculated with two disulfide bonds and a pyro-Glu at the N-
terminus, resulting in 4317.79, 5004.42, 5347.76, and 5933.42

Figure 6. Mass spectrometry evidence for a 35-residue VBP from cucumber seeds (VBP-10). (A) The sequence of the vicilin precursor of
cucumber (GenBank code: 778678441). A predicted vicilin-buried peptide (35-residue) is highlighted in bold, and possible AEP-cleavage sites are
labeled with arrows. (B) MALDI-TOF-mass spectrum of the 35-residue peptide. Inset is its theoretical m/z calculated with two disulfide bonds and
a pyroglutamate (pyro-Glu/pyroQ) from N-terminal Gln as described by Yamada et al.11 (C) Trypsin cleavage sites of the 35-residue peptide and
calculated fragment masses which account for carbamidomethyl modifications of cysteine residues (alkylation: Cys_CAM) and/or a variable
pyroGlu at the N-terminus Gln. All m/z ratios are shown as [M + 2H]2+ ions. (D, F, H) EICs from LC-MS at [M + 2H]2+ (insets: corresponding
mass spectra) and (E, G, I) corresponding MS/MS spectra (insets: fragment sequences with y, b, and a ions) of (D, E) “pyroQKETEICR”, (F, G)
“QWCQVMKPQGGEEQR”, and (H, I) “CQQECEER”.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.9b00167
ACS Chem. Biol. 2019, 14, 979−993

984
IN CONFIDENCE Jingjing Zhang (21750526) PhD thesis 134

http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00167/suppl_file/cb9b00167_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00167/suppl_file/cb9b00167_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00167/suppl_file/cb9b00167_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.9b00167/suppl_file/cb9b00167_si_001.pdf
http://dx.doi.org/10.1021/acschembio.9b00167


Da, respectively. Unlike the previous LC-MS based VBP
discovery pathways, the peptide extract from cucumber seeds
was fractionated crudely from the C18-column by different
acetonitrile concentrations and each fraction analyzed by
MALDI-TOF mass spectrometry. In MALDI-TOF MS, we
observed a major peak at m/z 4320.16 close to the predicted
m/z ([M + H]+) of the 35-residue candidate (4318.80 Da).
No masses close to the other three candidates were observed
(Figure 6B). To sequence the 35-residue candidate, the crude
fraction was digested by trypsin and then subjected to LC-MS/
MS analysis. Three fragments were expected, and the
monoisotopic mass for each was calculated as [M + 2H]2+

with alkylated cysteines and an N-terminal pyro-Glu
modification (Figure 6C). Tandem LC-MS analysis identified
all three fragments (Figure 6D−I), but a missed cleavage at the
first Lys residue from the peptide N-terminus gave the
fragment pyro-GluKETEICR instead of ETEICR (Figure
6D,E). Our MS/MS gave 83% coverage for the 35-residue
candidate. Overall, these data confirmed the 35-residue
candidate from cucumber seeds is another VBP, this time
with a pyro-Glu at its N-terminus which transcript data
resolved as a Gln (pyroQKETEICRQWCQVMKPQG-
GEEQRRCQQECEERLRD).
Luffin P1 Is Matured from Preprovicilin. The seeds of

Luf fa aegyptiaca (loofah) contain the 4-Cys peptide Luffin P1,
which exhibits 69% sequence identity to C2 (Figure 7A). The
genetic origin of Luffin P1 is not known, but a small 123 bp
fragment was amplified from L. aegyptiaca genomic DNA using
degenerate primers designed against the Luffin P1 protein
sequence.13 The 82 bp amplified from L. aegyptiaca genomic
DNA in this 123 bp PCR product was short, but its closest
match by BLASTN analysis is an 87% identity match to the C2
region of pumpkin PV100.
To determine the full sequence of the Luffin P1 precursor,

we extracted RNA from L. aegyptiaca seeds, assembled a
transcriptome de novo, and searched it for sequences encoding
Luffin P1. In this way, we found a preprovicilin sequence with
the sequence for Luffin P1 within it. Some of the assembled
contig around Luffin P1 was repetitive and the read length of
the RNA-seq was short (85 bp reads), so to confirm the
sequence, we designed PCR primers and amplified the full-
length genomic sequence (Figure S5). Aligning the RNA-seq
raw reads against the genomic clone sequence provided a
perfect match, after removing the sequences for five introns.

The encoded protein sequence of the Luffin P1 precursor
consists of 871 residues (Figure 7C, Figure S5). The primary
structure of the protein was similar to pumpkin PV100 with
73% identity and 80% similarity in a pairwise alignment. Both
precursor proteins have an ER targeting signal, a region coding
their CXXXC buried peptide (i.e., C2/Luffin P1), and a
repetitive region rich in Arg/Glu, followed by the last half of
the predicted protein sequence that is the mature vicilin. The
major difference between them is at the Arg/Glu region, which
in Pro-Luffin P1 is longer (∼360 vs ∼250 residues). The
previously reported 6.5k-arginine/glutamate-rich polypep-
tide14,15 later called Luffin P113 begins with Gly, ends with
Glu, and is 43 residues long. This 43-residue sequence is
present in our encoded sequence, but flanking it in the cloned
precursor are conspicuous potential AEP-processing sites
(Figure 7D). If, in a manner consistent with PV100 and C2,
Luffin P1 is AEP-matured by cleavages at Asn55 and Asp102,
then it would begin with Pro, end with Asp, and be 47 residues
in length (5690.80 Da, with two disulfide bonds) (Figure
S6B).
To determine whether this larger, AEP-processed mass was

present, we made a crude peptide extract from L. aegyptiaca
seeds and analyzed it by LC-MS. Prominent ions for a 5690.80
Da parent mass (47-residue Luffin P1) were indeed present in
the corresponding EIC (Figure S6C), in addition to others in
the EIC for a parent mass of 5223.55 Da (the 43-residue Luffin
P1, Figure S6E), although in our extracts the latter were only
minor peaks in the mass spectrum (Figure S6G). After
reduction and alkylation, the EIC for the AEP-processed
peptide showed a clear peak (Figure S6D), whereas only a
group of low-intensity peaks were seen in the EIC for the 43-
residue Luffin P1 (Figure S6F). Analysis of the mass spectrum
across the retention time of both the 43-residue and 47-residue
peptides showed peaks for the 47-residue peptide but not the
43-residue one (Figure S6H). Overall, these data confirm
Luffin P1 is a VBP and likely to be AEP-matured in the same
way that C2 is from PV100.

A Tomato VBP Adopts a Helical Hairpin Structure,
like Luffin P1. Luffin P1 is the only member of the VBP
family for which a three-dimensional (3D) structure has been
solved.16 To investigate whether other VBPs adopt a folded
conformation similar to the reported Luffin P1 structure, the
tomato VBP (VBP-8) and the 47-residue Luffin P1 were
generated through solid-phase peptide synthesis, using
regioselective formation of the two disulfide bonds. Two-

Figure 7. The α-helical hairpin peptide Luffin P1 is a vicilin-buried peptide. (A) The published sequence of the 43-residue Luffin P1 (top) is similar
to the vicilin-buried peptide C2 (bottom). The disulfide connectivity of Luffin P1 (lines) was established when its NMR solution structure (B) was
determined by Li et al.,13 here shown in ribbon format. (C) A summary of the structure of the Luffin P1 precursor protein that we determined and
found to be similar in primary structure to the pumpkin preprovicilin PV100 with Luffin P1 buried in an equivalent region; the main difference
being a longer Arg/Glu-rich region. (D) Luffin P1 is likely to be 47-residues and AEP-processed based on conserved Asn/Asp cleavage sites
(arrows). Support for a 47-residue Luffin P1 mass was found by mass spectrometry (Figure S6).
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dimensional homonuclear 1H NMR spectroscopy data,
including TOCSY and NOESY, were recorded for both
peptides at 700 MHz. The data were of excellent quality with
sharp lines and good dispersion, allowing resonance assign-
ments using standard sequential assignment methods. Secon-
dary Hα shifts (i.e., the difference between observed chemical
shifts and chemical shifts observed in random coil
conformations) are sensitive indicators of secondary structure.
Stretches of negative secondary shifts are indicative of helical
structure, and the profile of Luffin P1 is consistent with its
reported structure showing two significant stretches of negative
shifts covering the helical regions between residues 3−16 and
21−39 (Figure S7A). Strikingly similar data were obtained for
VBP-8, where again stretches of negative shifts were seen for
residues 5−19 and 24−45, confirming it adopts a conserved
helix−turn−helix hairpin, like Luffin P1 (Figure S7B).
Structural restraints including interproton distances, dihedral
angles, and hydrogen bonds were derived from the NMR data
and used to model the 3D structures of the 47-residue Luffin
P1 and VBP-8. Both peptides demonstrated well-defined

structures with backbone RMSD values <0.75 Å and good
stereochemical quality (Table 1). The structures define the
helix−loop−helix motif, and despite substantial deviations in
sequence between VBP-8 and Luffin P1, both peptides share
strong similarities in their 3D structures, including a short 2−3
residue loop between the helical segments and a longer C-
terminal than N-terminal segment (Figure 8). The fold is
stabilized by the disulfide bonds and hydrophobic interactions
at the helical interface. The structure of Luffin P1 presented
here is consistent with the structure of the originally discovered
truncated version of Luffin P1.16

Luffin P1 and VBP-8 Have No Trypsin Inhibitory
Activity. To test if the VBPs shared a similar function with the
previously characterized C2, we tested Luffin P1, which has the
highest sequence identity to C2, and VBP-8 for trypsin
inhibitory activity. As a positive control, a commercial
Bowman−Birk inhibitor from soybeans was used and showed
50% trypsin inhibition at 0.25 μM and 90% inhibition at 0.4
μM. By contrast, Luffin P1 and VBP-8 showed no effect on
trypsin activity, even at 8 μM (Figure 9).

Table 1. NMR Statisticsa

Luffin P1 VBP-8

Energies (kcal/mol)
overall −1702.37 ± 101.45 −2053.03 ± 79.11
bonds 14.44 ± 1.53 15.59 ± 1.22
angles 60.70 ± 4.35 52.63 ± 4.13
improper 19.93 ± 2.93 21.28 ± 2.56
dihedral 215.64 ± 2.12 220.64 ± 3.05
van der Waals −174.38 ± 16.63 −205.48 ± 8.15
electrostatic −1838.78 ± 114.86 −2157.94 ± 86.74
NOE 0.046 ± 0.027 0.098 ± 0.024
Cdih 0.044 ± 0.073 0.16 ± 0.18
MolProbity Statistics
clashes (>0.4 Å/1000 atoms) 8.74 ± 4.22 11.98 ± 2.91
poor rotamers 0.25 ± 0.55 0.3 ± 0.66
Ramachandran outliers (%) 1.33 ± 1.12 0.21 ± 0.66
Ramachandran favored (%) 94.78 ± 2.73 96.59 ± 2.23
MolProbity score 1.79 ± 0.28 1.85 ± 0.22
MolProbity score percentile 83.4 ± 9.65 81.85 ± 9.01
residues with bad bonds 0.05 ± 0.22 0
residues with bad angles 1.05 ± 0.22 0
Atomic RMSD (Å)
mean global backbone (helical regions) 0.74 ± 0.20 0.46 ± 0.12
mean global heavy (helical regions) 1.96 ± 0.21 1.75 ± 0.19
Experimental Restraints

Distance Restraints
short range (i-j < 2) 329 431
medium range (/i-j/ < 5) 25 100
long range (/i-j/ > 5) 33 73
hydrogen bonds 42 (21 hydrogen bonds) 48 (24 hydrogen bonds)
total 429 652

Dihedral Angle Restraints
ϕ 34 37
ψ 34 36
χ1 4 4
χ2 4
total 72 81

Violations from Experimental Restraints
total NOE violations exceeding 0.2 Å 0 0
total dihedral violations exceeding 2.0° 0 0
aEnergies, restraints, and structural statistics for the families of 20 structures for Luffin P1 and VBP-8.
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Luffin P1 and VBP-8 Are Not Antimicrobial. Studies on
VBPs such as MiAMP2c have demonstrated antimicrobial
activity.12,17 To determine whether synthetic Luffin P1 and
VBP-8 shared this characteristic, each peptide was incubated
with five different fungi at concentrations ranging from 9.4 to
2400 μg/mL in yeast extract, peptone, and dextrose (YPD)
liquid medium. No inhibition of fungal growth was observed

after 72 h incubation. The Gram-negative bacterium,
Escherichia coli K-12 wild-type strain was used to test whether
Luffin P1 and VBP-8 had any antibacterial activity (Figure 10).

Pre-incubation of the LB agar plates was done to ensure no
contamination existed (Figure 10A). The positive control disc
contained 10−50 μg of kanamycin and produced a clear
growth inhibition zone from 20 μg (Figure 10B). By contrast,
no growth inhibition of E. coli K-12 was observed on discs

Figure 8. Tomato VBP-8 adopts a similar helix-turn-helix structure as
Luffin P1. Nuclear magnetic resonance structures for Luffin P1 (left)
and VBP-8 (right). Top panels show the superposition of the
structural ensembles, while the lower panels show the lowest energy
structure in ribbon format. Both peptides adopt two helical regions,
which are separated by a linker. Side chains of cysteine residues that
cross brace the helical hairpin are shown, and selected residues are
labeled with residue numbers.

Figure 9. Inhibition of bovine trypsin. The inhibition of trypsin activity was tested for Luffin P1 (light gray) and VBP-8 (dark gray) at different
concentrations ranging from 0.01 to 8 μM. The positive control was a soybean Bowman−Birk inhibitor (black). The standard error of the mean is
shown for each reaction.

Figure 10. Antibacterial activity testing. Agar plates with (A) LB only,
(B) a positive control plate with discs containing 10, 15, 20, 25, 30,
35, 40, or 50 μg of kanamycin, (C) one test plate with 50 μg of
kanamycin (middle filter paper) and discs containing 10, 30, 60, or
120 μg of Luffin P1, and (D) a plate with 50 μg of kanamycin (middle
filter paper) and discs containing 10, 30, 60, or 120 μg of VBP-8.
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containing synthetic Luffin P1 and VBP-8 up to 120 μg (Figure
10C,D).

■ DISCUSSION

In this paper, mass spectrometry evidence of vicilin-buried
peptides from five distant plant species including the dicots
cucumber, tomato, sesame, and loofah and the monocot date
palm combined with the published VBPs from pumpkin and
macadamia revealed a family of peptides produced from within
a latent region of an existing protein (Table 2). The other
example of this kind of unusual dual biosynthesis is cyclic
peptides such as SFTI-1 matured alongside albumin from
within preproalbumins. These cyclic peptides evolved de novo
within the N-terminal region between the ER targeting signal
and the mature albumin.9,10

VBPs Are an Ancient Family of Buried Peptides. Based
on the alignment of preprovicilin sequences from GenBank
and Uniprot, four main classes of preprovicilins revealed
genetic expansion in the open reading frames at their N- or C-
terminal regions (Figure 1). Class I preprovicilins are present
already in ferns and gymnosperms and in most angiosperms,
whereas Class III preprovicilins appear restricted to a subgroup
of the legumes (Fabaceae). Class II and IV preprovicilins were
found throughout the flowering plants but not in gymnosperms
or ferns. Many species contain Class I, II, and IV preprovicilins,
so the evolution of Class I to III/IV has been interspersed by
gene duplication. No preprovicilin contains additional
sequence regions both N- and C-terminally of the vicilin,
suggesting Class II and Class III/IV each evolved independ-
ently from Class I. It is not possible to discern the evolutionary
origin of Class III/IV preprovicilins without further work
refining their distribution. It is apparent though that there has
been significant internal genetic expansion of preprovicilins
genes N- and C-terminally of the vicilin domain that has in at
least seven species been proven to be matured into separate,
novel peptides (Figure 2, Table 2).
The date palm (Phoenix dactylifera) is a member of the

ancient Palmae family and is cultivated as a staple food for
people in arid and semiarid areas. Date seeds have potential
use as a source of dietary fiber and have economic value in
cosmetic, pharmaceutical, and food products.18,19 Date seeds
are thought to be some of the most long-lived seeds known,
with at least one case of >2000 year old material still
germinating in a recent study.20 From the date Class IV
preprovicilin sequence, two CXXXC pairs were predicted, but
only one VBP was found. This might be because the second
pair of CXXXC motifs is followed by a long sequence before
another AEP site (29 amino acids), which might make such an
excised peptide unstable.
Looking more broadly, we found evidence for two VBPs that

are buried within a preprovicilin in the seeds of tomato, which
belong to the nightshade family Solanaceae that also contains
potato, tobacco, and other economically important species.
Two tomato preprovicilins could be shown to be Class IV, but
we found VBPs originating from only one of them.
Another interesting VBP was identified in the dicot species

sesame. Sesame seeds are rich in oil and a common ingredient
in cuisines across the world. The mass spectra for native and
modified peptides combined with MS/MS data matched one
of these VBPs. However, some tryptic and chymotryptic
fragments of sesame VBP were low in abundance and could
not generate detectable fragmentation spectra. T
ab
le
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We also found VBPs in other cucurbit family members, in
addition to the already known C2. In cucumber seeds, two
sequences for Class IV preprovicilin were found. One sequence
was very similar to the preprovicilin in pumpkin seeds, in
which two pairs of CXXXC are seen, but only a peptide with
the second pair was matured. Pumpkin PV100 similarly has the
C1 region that has Asp and Asn residues between the first
CXXXC pair.11 These Asp and Asn sites might be sensitive to
AEP, and so this potential peptide could be degraded.
Conservation of the Helix−Turn−Helix Fold between

VBPs. Of the VBPs, only Luffin P1 had previously had its
tertiary structure solved.16The Luffin P1 structure (Figure 7b)
showed a helix−loop−helix motif stapled together by a pair of
disulfide bonds in a ladder confirmation of CysI−CysIV and
CysII−CysIII.16 After confirming the precursor of Luffin P1 is
indeed a precursor for vicilin, we speculated that other VBPs
might adopt a similar fold. As we found we were unable to
purify VBPs in sufficient quantities for biochemical studies, we
used a solid-phase peptide synthesis (with regioselective
disulfide bond formation to ensure a laddered disulfide-bond
network) to produce both the full-length 47-residue Luffin P1
and VBP-8 from tomato. A pairwise comparison shows Luffin
P1 and VBP-8 share only 29% sequence identity and 52%
similarity. Using NMR spectroscopy, we compared their
structures. Both displayed chemical shifts consistent with
helix−turn−helix folds, a fold we confirmed by solving the full
structures using NMR restraints and structure calculations.
Given the clear conservation of the fold, even in the absence of
high sequence homology, we predict other members of the
family should adopt similar folds.
VBPs Appear Absent from Wheat, Maize, and

Legumes. Within the 252 sequences in our alignment, 113
were Class IV preprovicilins and so had the potential to encode
VBPs. There were six Class IV sequences from wheat and five
Class IV sequences from maize, but no peptides were
detectable using the aforementioned approaches that success-
fully confirmed VBPs in the seeds of the date palm, tomato,
cucumber, and sesame. As grains are featured prominently in
human diets, we were curious what might explain the lack of
VBPs in these species. We observed that for all wheat and
maize genes, an Asp residue was present between the CXXXC
pair. Similarly, 23 Class IV genes from legumes were in our
alignment, but no peptidic evidence was found for VBPs here
either. We observed that most legume genes, like wheat and
maize, have an Asp residue between the CXXXC pair (Figure
S8). We performed trypsin digestion of peptide extracts from
legumes including chick pea (Cicer aerietinum), broad bean
(Vicia faba), pea (Pisum sativum), and common bean
(Phaseolus vulgaris) and searched MS/MS data against their
preprovicilins. None of the fragments found were specific to
potential VBPs. The Asp residues are likely to be targeted by
AEP for cleavage, which would render the peptides susceptible
to further degradation.
In some cases genes potentially encoding two VBPs

produced just one. For many, a possible explanation is that
following the Cys-rich domain, there was no obvious AEP
cleavage site close to the second CXXXC pair. Using date as an
example (Figure 3), following the second pair of CXXXC
motifs, there is no obvious AEP cleavage site, so a long tail
therefore might make a VBP unstable. In most cases the
number of residues following the second CXXXC motif was
6−20. For the VBPs for which we obtained evidence, the
longest was 19 (VBP-7).

One of the assumptions we made was that VBPs were AEP-
processed, so without evidence of an AEP-cleaved mass, VBPs
could have been missed. Most seed storage proteins are
processed by AEP,5,21 but knock out of all endogenous AEP
genes6,7 showed that seed storage proteins were processed by
alternative proteases, rather than no processing occurring. Also,
although most seed storage proteins are processed by AEP,
some are also processed in an AEP-independent manner at
some positions. For example, one of the four SEED
STORAGE ALBUMIN precursors from A. thaliana, SESA3
(At4g27160, At2S-3), was not fully dependent upon AEP for
its maturation. The SESA3 small albumin subunit is cleaved at
its proto-N-terminus by AEP, but the SESA3 large albumin
subunit is N-terminally matured in an AEP-independent
fashion by an as yet unidentified protease.6,7 In the future, a
less restrictive approach, using shotgun proteomics and
samples from more species, might unearth additional VBPs.

The Evolutionary Origin and Function of VBPs. More
work is required to understand the evolutionary origin of the
vicilin-buried peptides. Unlike SFTI-1 and its relatives whose
common ancestor is estimated to have evolved 45 Mya,9,10 the
CXXXC-rich region in preprovicilins is far more ancient, which
makes it more challenging to retrodict its evolution. The
relatively recent origin for the preproalbumin events and the
rapid speciation of the sunflower family Asteraceae from 2 to
20 million years ago22 made it possible to document and
estimate dates for the stepwise evolution of these peptides.9,10

The provenance of vicilin-buried peptides is confounded by
the existence of CXXXC motifs in a range of unrelated plant
proteins and animal proteins.23−25 Consequently, it is not
possible to know whether vicilin-buried peptide arose stepwise
by gradual genetic expansion events or by a transfer of CXXXC
motifs from elsewhere.
Both genetic and proteomic evidence showed that VBPs are

ancient and remain widespread in the plant kingdom.
According to the alignment of these known VBPs, although
the identities are low among distant species, they share a
conserved CX3CXnCX3C motif and have two disulfide bonds.
Also, of the known VBPs, C2 has trypsin inhibitory activity,11

MiAMPs show antimicrobial activities,12 and Luffin P1 is a
ribosome inactivator.13 We were unable to detect antimicrobial
or trypsin inhibitory activity for two of the VBPs featured in
this work, namely VBP-8 and Luffin P1, suggesting VBPs might
have evolved specialized functions instead of serving a
conserved, generic function.
To extract these VBPs, we found that the typical polar

extraction method for peptides, which relies on methanol and
dichloromethane, was largely unsuccessful, and so instead we
used ammonium sulfate to purify VBPs. Even with this
method, we could not purify large quantities of VBP, and so
systematic assays with the VBP family were beyond the scope
of this work. We have however demonstrated that solid-phase
peptide synthesis of VBPs using regioselective disulfide
formation is an efficient approach to producing correctly
folded VBPs. Further work with synthetic VBPs is required to
establish whether they play the important roles in plant biology
that their age and evolutionary retention suggest they might.

■ METHODS
Biological Material. Seeds of the sponge loofah (Luf fa

aegyptiaca) were supplied by Green Harvest (cat. no. SL202),
cucumber (Cucumis sativus) seeds were from Mr. Fothergill’s (cat. no.
5381). Tomato (Solanum lycopersicum) and pumpkin (Cucubita
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maxima) seeds were bought from Royston Petrie Seeds (stock nos.
117/15 and 229M29, respectively). Sesame (Sesamum indicum) and
dates (Phoenix dactylifera) were bought from a supermarket.
Vicilin Alignment. GenBank and UniprotKB databases were

searched for protein sequences annotated to contain the term
“vicilin”. Using default BLASTP parameters plus restricting the search
to green plants (Viridiplantae), GenBank and UniprotKB were
queried for protein sequences using the full amino acid sequence of
PV100. All of the results were gathered (983 unique entries), and only
unique and full ORF sequences (424 sequences) were retained. These
sequences were further filtered manually to eliminate, in a given
species, multiple entries of the same sequences with minor variations
possibly due to either sequencing errors or recent gene duplication.
Such sequences would bring little information and could introduce a
bias in the alignment. In this way, the number of sequences was
reduced to 252 including PV100 and MiAMP2 precursors (Table S1).
These sequences were aligned with the CLC Genomics Workbench
(QIAGEN Aarhus A/S), and additional modifications to the
alignment were made manually. For the sequences aligned, see Data
Set 1, and for a high-resolution alignment used in Figure 1, see Data
Set 2.
Phylogenetic Analysis of Vicilin Distribution. To infer a

phylogeny that can be used to visualize the distribution of the four
preprovicilin classes across the plant tree of life, we downloaded
sequences of the barcoding chloroplast DNA region rbcL for all taxa
listed in Table S1 from GenBank. The only missing species was Citrus
clementina, for which no rbcL sequence was found in the database.
The rbcL sequences were aligned in Geneious v. 11 (Biomatters Ltd.,
Auckland, NZ), and the resulting alignment used to infer an
ultrametric tree in BEAST v. 1.8.426 under the GTR+G model with
six γ rate categories. To calibrate the tree, we used the following seven
secondary age constraints based on the crown node ages of major
plant families estimated by Bell et al.:27 (a) Poaceae −23 ± 6 Mio.
years; (b) Arecaceae −35 ± 3 Mio. years; (c) Solanaceae −35 ± 5
Mio. years; (d) Brassicaceae −37 ± 4.5 Mio. years; (e) Rosaceae −38
± 6 Mio. years; (f) Fagales-Cucurbitales split −84 ± 1 Mio. years; and
(g) angiosperms −151 ± 5.5 Mio. years. The root age of the tree was
constrained to 383 ± 5 Mio. years based on Klaus et al.28 BEAST was
run for 50 million generations and the performance checked using
Tracer v. 1.6.0.29 The resulting trees were combined using
TreeAnnotator v. 1.8.4 (part of the BEAST package) after discarding
the first 5000 trees. The final consensus tree was edited in FigTree v.
1.4.2 (http://tree.bio.ed.ac.uk/software/figtree).
Peptide Extraction and Purification. Seeds were dehulled and

ground to a fine tissue powder in liquid nitrogen. For cucumber,
methanol and dichloromethane were used to extract proteins. About
0.3 mL of frozen tissue powder in a 1.5 mL tube was defatted by
suspension in 1 mL of hexane before being centrifuged for 5 min at
20,000g. The supernatant was removed, and the pellet extracted with
1 mL of hexane and dried. The now defatted tissue was suspended in
0.4 mL methanol and 0.4 mL dichloromethane for 5 min, mixed with
0.2 mL of 0.05% trifluoroacetic acid solution, and centrifuged for 5
min at 20,000g at RT. The upper aqueous phase was kept and
desiccated by vacuum centrifugation. For separation, proteins were
dissolved in 0.3 mL of 5% acetonitrile (v/v) and 0.1% formic acid (v/
v). Samples were separated on MicroSpin C18 columns in a 5−80%
acetonitrile gradient with 5% increments, followed by desiccation.
Ammonium sulfate was used to precipitate proteins from tomato,

date, loofah, and sesame. Initially, 1.5 g of seed flour was blended with
30 mL of 10 mM phosphate buffer (pH 7.5) containing 0.15 M
sodium chloride. The mixture was frozen and thawed three times and
centrifuged, and the supernatant retained. Ammonium sulfate was
added to 85% saturation at 4 °C to precipitate proteins. For
purification, the precipitate was dissolved in 10 mM phosphate buffer
(pH 7.5) and purified by Amicon Ultra 30,000 molecular weight
cutoff (MWCO) and 3000 MWCO filter units (Merck). The filtrate
from the 30,000 MWCO filter was loaded onto a 3000 MWCO filter,
and the 3 kDa filter retentate was collected and dried by
centrifugation under vacuum. To remove salts that might affect LC-
MS analysis, proteins were dissolved in 5% acetonitrile and 0.1%

formic acid, loaded onto Strata-X 33 μm polymeric solid-phase
extraction columns (10 mg/1 mL, Phenomenex), washed with 1 mL
of 5% acetonitrile and 0.1% formic acid twice, eluted with 0.5 mL
100% acetonitrile and 0.1% formic acid three times and dried by
vacuum centrifuge.

Peptide Modification and Digestion. After isolation, separa-
tion, and purification, all peptide candidates were reduced, alkylated,
and digested as described previously.30 Dried peptides were dissolved
in HPLC-grade water, reduced with dithiothreitol to break disulfide
bonds, alkylated with iodoacetamide, which binds covalently with the
thiol group of cysteine to prevent the reformation of disulfide bonds,
and then digested with chymotrypsin or trypsin. All modified or
digested samples were further analyzed by tandem mass spectrometry.

MALDI-MS, LC-ESI-MS, and LC-MS/MS Analyses with
Cucumber Extracts. Cucumber peptide extract was fractionated
crudely from a C18-column in 5% steps of acetonitrile, with the 25%
and 30% acetonitrile fractions containing the cucumber VBP. To find
it, each fraction was analyzed using an UltraFlex III MALDI-TOF/
TOF mass spectrometer (Bruker Daltonics). The dried fractions were
resuspended in 0.2 mL 50% acetonitrile and 0.1% formic acid (v/v).
The matrix used was saturated α-cyano-4-hydroxycinnamic acid
(Fluka) in 0.1% formic acid in acetonitrile and 0.1% formic acid in
water (v/v 1:2). For each peptide fraction, a mixture of 1 μL of matrix
and 1 μL of sample was spotted onto an MTP AnchorChip 384 plate
(Bruker). Protein Calibration Standard I (Bruker) was used for
calibration.

The 25% fraction was analyzed by liquid chromatography/
electrospray-ionization mass spectrometry (LC-ESI-MS) after in-
solution trypsin digestion. The digested solution was mixed with 50%
acetonitrile and 10% formic acid to a final concentration of 5%
acetonitrile and 0.1% formic acid. Four μL aliquots of this solution
were loaded onto the enrichment column of a Large Capacity Chip II
(Enrichment: 9 mm, 160 nL; Agilent Technologies) in 95% solvent A
(0.1% formic acid in water) and 5% solvent B (0.1% formic acid in
acetonitrile) and switched into the analytical column of the chip
(Separation: 150 mm × 75 μm). Using a gradient of 5% solvent B to
45% solvent B over 30 min, peptides were eluted into an Agilent 6520
Q-TOF mass spectrometer by electrospray ionization at 2175 V.
Spectra were analyzed with MassHunter Qualitative Analysis B.07.00
(Agilent Technologies) as well as MASCOT software (version 2.5.1,
Matrix Science).

Q-TOF LC-MS and Orbitrap LC-MS with Date, Tomato,
Sesame, and Loofah Extracts. To identify the predicted VBPs
from seeds of tomato, sesame, loofah, and date, both native and
reduced-alkylated peptides from each species were analyzed by LC-
ESI-MS as previously described.10 Briefly, native and alkylated peptide
extracts were dissolved in 5% acetonitrile and 0.1% formic acid and
loaded into the mass spectrometer. Then chymotrypsin and trypsin-
digested peptides were dissolved in the same solvent and analyzed by
tandem mass spectrometry. The flow rate was 0.2 μL/min for a
gradient from 5% to 95% acetonitrile in 40 min, and the injection
volume was 3 μL. The mass spectrometer was operated in a positive,
data-dependent mode with a scan range from 400 to 1600 m/z and
the Orbitrap resolution set to 60,000 for both MS and MS/MS.

MS/MS Analysis. All MS/MS data were analyzed using MASCOT
version 2.5.1 (Matrix Science). The analyses were performed using a
custom in-house database of 252 vicilin precursors and predicted
VBPs. Proteomics parameters were standard, but included the
following settings: trypsin (or chymotrypsin) with up to 2 missed
cleavages; carbamidomethyl (C) as a fixed modification; pyro-Glu (N-
term E) and pyro-Glu (N-term Q) as variable modification; 50 ppm
peptide tolerance and 50 ppm MS/MS tolerance, peptide charges of
1+, 2+, or 3+.

Luffa aegyptiaca RNA Extraction and Sequencing. RNA was
extracted from 0.2 g of whole dehulled seeds using the phenol-based
method described by Mylne et al.31 Total RNA (60 μL volume) was
treated with DNase (New England Biolabs) and further purified with
a NucleoSpin RNA Clean-up kit (Macherey-Nagel). Sequencing
libraries were generated using the TruSeq Stranded Total RNA LT
with Ribo-Zero Plant kit (Illumina) with 2 μg of purified total RNA
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according to the manufacturer’s instructions. RNA sequencing was
then performed on an Illumina HiSeq 1500 platform as 85 bp single
read runs.
De Novo Transcriptome Assembly and Search for the Luffin

P1 Precursor. Transcriptomes were assembled de novo as previously
described,32 using CLC Genomics Workbench 8.5.1. Filtered reads
were assembled with five different word sizes (23, 30, 40, 50, and 64),
keeping all other parameters as default. Each transcriptome assembly
was analyzed by tBLASTn using Luffin P1 and PV100 sequences as
queries, and each search found significant matches, but to different
transcript contigs. These contigs had a 21 bp overlap that was
extended by performing a second round of assembly, using a word
size of 20. This led to the assembly of a single transcript contig
containing a 5′ UTR, start methionine, endoplasmic reticulum signal
sequence, Luffin P1, mature vicilin, stop codon, and 3′ UTR. Some of
the sequence around Luffin P1 was repetitive, and the RNA-seq read
length was only 85 bp, which could explain why it could not be
assembled initially into a single contig. To confirm the sequence of
this putative transcript, the gene was cloned by PCR.
To amplify the gene and include the full ORF, a forward PCR

primer JM793 (5′-CGA TCT CAA ACA TGG CGT CGT-3′, start
ATG underlined) and reverse PCR primer JM797 (5′-CCT TCA
GAA GTA ACC GGC GAG T-3′, stop codon underlined) were
designed against the assembled contig. Genomic DNA was purified
from 0.1 g of seeds using the DNeasy Plant Mini Kit (QIAGEN).
PCR with L. aegyptiaca genomic DNA as the template using Taq
DNA polymerase amplified a DNA fragment that was purified from an
agarose gel with a QIAquick Gel Extraction Kit (QIAGEN) and
cloned into pGEM-T Easy (Promega). Four independent clones were
fully sequenced to identify errors introduced by Taq DNA
polymerase. The intron spans were identified by comparing the
transcript contig and RNA-seq reads with the genomic DNA sequence
and the sequence deposited in GenBank under accession MF351606.
Peptide Synthesis. Luffin P1 and VBP-8 (tomato) were

synthesized on a 0.125 mmol scale using fluorenylmethyloxycarbon-
yl-based solid-phase peptide synthesis. Both peptides were assembled
on Tentagel XV 4-hydroxymethyl phenoxyacetic acid resin (Rapp
Polymere GmbH), using the same protocols for all steps. Prior to
loading, the resin was swollen in dimethylformamide for 24 h. Ten
equiv of the C-terminal residue dissolved in dichloromethane and 5
equiv of N,N′-diisopropylcarbodiimide were stirred at 4 °C for 30
min, before the dichloromethane was removed via rotary evaporation.
The dried amino acid was dissolved in minimal dimethylformamide
and added to the resin together with 0.1 M 4-dimethylaminopyridine
and shaken for 12 h. The resin was washed, and the loading protocol
repeated before the remaining residues were added to the peptide
chain using a CS336X automatic peptide synthesizer (CSBio). Each
subsequent residue was added by first deprotecting the N-terminal
residue with 20% (v/v) piperidine, washing with dimethylformamide,
then coupling using 8 equiv of amino acid, 4 equiv of N,N,N′,N′-
tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate,
and 16 equiv of N,N-diisopropylethylamine. After the final
deprotection, the resin was washed with dimethylformamide followed
by dichloromethane and dried under nitrogen. The resin was cleaved
using a 50 mL solution of trifluoroacetic acid, triisopropylsilane, 3,6-
dioxa-1,8-octanedithiol, and water (95:2:1.5:1.5) for 2 h. The
trifluoroacetic acid was removed via rotary evaporation, after which
the peptide was precipitated with cold diethyl ether, dissolved in a
solution of acetonitrile/water (50:50), and lyophilized. Crude
purification was conducted by reverse phase high-performance liquid
chromatography using 90% acetonitrile and 0.05% trifluoroacetic acid
at a gradient of 1%/min on a preparative C18 column (300 Å, 10 μm,
21.20 mm i.d × 250 mm, Phenomenex). ESI-MS was used to confirm
peptide mass.
Disulfide bonds were formed regioselectively using pairs of

acetamidomethyl and trityl Cys protecting groups to generate the
connectivity of 1−4, 2−3. The first disulfide bond was formed by
oxidation in 0.1 M ammonium carbonate pH 8.1 at a peptide
concentration of 0.25 mg mL−1 with 2 mM reduced glutathione for 24
h, after which further purification was conducted using a semi-

preparative C18 column (300 Å, 5 μm, 10 mm i.d. × 250 mm,
Vydac).

The acetamidomethyl groups were removed, and the second
disulfide bond was formed by iodolysis in acetonitrile/water (50:50)
at a concentration of 0.25 mg mL−1. A 0.1 M iodine solution was
added until a noticeable change in color was observed, from clear to
dark yellow. The solution was stirred in the dark under nitrogen for 4
h, and the reaction subsequently quenched with ascorbic acid. Final
purification was conducted as above, and the purity was determined
using an analytical column (Agilent).

NMR Spectroscopy. Samples for NMR analysis contained 1.5 mg
of peptide in a 550 μL solution of (90:10) H2O/D2O, at pH ∼ 3.5.
Two-dimensional data sets including total correlation spectroscopy
(TOCSY)33 using a mixing time of 80 ms and nuclear Overhauser
spectroscopy (NOESY)34 using a mixing time of 150 ms were
recorded at 298 K on a 700 MHz Bruker Avance III spectrometer
equipped with a cryo-probe. Topspin 4.0.3 (Bruker) was used for data
processing. The data were referenced to the solvent signal at 4.77
ppm. The TOCSY and NOESY data were analyzed and assigned in
the program CARA35 using sequential assignment strategies.36

Secondary structure was identified by the determination of secondary
1Hα shifts through comparison to equivalent values determined for
random coil peptides.37

Structure Calculations. Interproton distance restraints were
determined from the peak volumes of the cross peaks present in the
NOESY spectra. Torsion angle likelihood obtained from shift and
sequence similarity (TALOS-N)38 was used in conjunction with the
shift data generated from all recorded spectra to predict the ϕ (C1−-
N-Cα-C) and ψ (N-Cα-C-N1+) backbone dihedral angles. For the
cystine residues, chemical shifts were also used to predict χ1 (N-Cα-
Cβ-Sx) and χ2 (Cα-Cβ-Sx-Sy) dihedral angles using the program
DISH (disulfide dihedral prediction).39 Hydrogen-bond restraints
were based on the determination and assessment of amide proton
temperature coefficients. TOCSY data were recorded at 288, 293,
298, 303, and 308 K to monitor temperature dependence of the amide
proton resonance frequency. Temperature coefficient values >−4.6
ppb/K were taken as indicative of a hydrogen bond being donated by
the particular residue.40 Using restraints, initially 50 structures were
calculated by torsion angle simulated annealing, performed by
CYANA,41 which also allowed for the automatic assignment of
NOESY data. The final structures were generated and water
minimized by the program CNS.42 Structures with no violations
>0.2 Å as well as low energy were selected for stereochemical analysis
by MolProbity.43 Structure images were generated using MOL-
MOL.44

Trypsin Inhibitory Assay. The inhibition was determined as
previously described.45 Briefly, synthetic peptides were dissolved in
water at stock concentration 10 mg mL−1. The assay buffer was 50
mM Tris-HCl, pH 7.8 containing 20 mM calcium chloride. The 20 μL
of 25 μg/mL trypsin from bovine pancreas (Sigma-Aldrich) and 5 μL
of increasing concentrations of peptide (giving final concentrations of
0−8 μM) was pre-incubated at 37 °C for 15 min. The reaction was
initiated by adding 125 μL of 1 mM N-α-benzoyl-L-arginine-p-
nitroanilide substrate (Sigma-Aldrich) and incubated for 30 min at 37
°C. A Bowman−Birk inhibitor protein from soybean (Sigma-Aldrich)
was used as the positive control, and each reaction was performed in
triplicate. The well with no inhibitor or peptide was designated 100%
trypsin activity. To stop the reactions, 25 μL of 30% acetic acid was
added. Absorbance was measured at 410 nm.

Antifungal and Antibacterial Activity Assay. The antifungal
assay was carried out as previously described.10 Briefly, cultures of
Phaeophaeria nodorum, Bipolaris sorokiniana, Zymoseptoria tritici,
Pyrenophora tritici-pepentis, and Aspergillus fumigatus were grown on
YPD plates. The plate with A. fumigatus was incubated at 37 °C,
whereas the others were incubated at 23 °C. After 2 days, the spores
were harvested and diluted into YPD medium until the OD600 reached
0.05. A 96-well microplate was used for the assay. Each well was filled
with 180 μL of diluted culture and 20 μL of each peptide solution at
one of nine concentrations. Fungal growth was measured by OD600
after 24, 48, and 72 h.
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For the antibacterial activity test, a liquid culture of wild-type
Escherichia coli K-12 was diluted with sterile LB to an OD600 of 0.1.
Luffin P1, and VBP-8 solutions were dispensed onto sterile 8 mm
diameter filter papers to contain 10, 30, 60, or 120 μg of peptide. The
bacteria were spread evenly onto the sterile LB agar plate with a sterile
swab, and dried filter papers with different amounts of peptide were
placed onto the plates. Sterile water was used as negative control, and
50 μg of kanamycin was used as the positive control. The plates were
incubated at 37 °C overnight, after which bacterial growth was
imaged.
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