An ancient peptide family buried within vicilin precursors
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Abstract

New proteins can evolve by duplication and divergence or de novo, from previously non-coding
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 (Luffa aegyptiaca). Their excision was consistent with asparaginyl endopeptidase-
mediated maturation and sequences were confirmed by tandem mass spectrometry. Our findings
suggest 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, anti-microbials, and a ribosome
inactivator. The age and evolutionary retention of this peptide family suggests its members play

important roles in plant biology.



Introduction

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).% 2 The sequence for SFTI-1 was encoded within the N-terminal region of an
albumin precursor.? 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.*> 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.”” PawS1 is not unique to the common sunflower; PCR-based
discovery of PawS1 genes from 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 distribution suggested the PDP family is at least 18 My old.® 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.” 1

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 pumpkin?! and
macadamia.’? Pumpkin seeds (Cucurbita maxima) contain a peptide called C2 that is buried within
the N-terminal region of a preprovicilin.2? 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.?? 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 C2.22 There are some interesting parallels between PV100
and PawS1; both have AEP-processed, bioactive peptides buried in their N-terminal pro-regions and
both are precursors for seed storage proteins.? ! 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



antimicrobial activity.?? 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 Luffa aegyptiaca (common names Vietnamese loofah, sponge loofah), which has been
shown to inhibit protein synthesis in a cell-free rabbit reticulocyte lysate.?* 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.”® 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 sub-group 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 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 (Fig. 1).



Preprovicilins can be clustered into four main types based on the different types of N- or C-terminal
expansion: Class | is the simplest and widely conserved throughout the plant kingdom from
Polypodiales to Brassicales (Fig. 2, Table S1) so likely to represent the ancestral form. Class |
preprovicilins possess an ER targeting signal and a vicilin domain only. Class Il preprovicilins are
similar to Class I, but with an additional Arg/Glu-rich domain C-terminal to the vicilin domain (Fig. 1).
Class Il 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 Ill, but have an additional Cys-rich domain with one to twelve CX3C(X)10-14CX5C motifs.
Some preprovicilins of Class IV lack the Arg/Glu-rich domain, with just the additional Cys-rich domain
at the N-terminal region (Fig. 1). The existence of Class IV preprovicilins in 60 species suggested

more vicilin-buried peptides awaited discovery.

Using pumpkin C2 and its precursor PV100 ! 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, that it would be
pyrolated to become pyro-Glu. Based on these assumptions we searched peptide extracts for a sub-
set 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 for non-tryptic and non-

chymotryptic matches to the database of 252 pre-pro vicilin sequences.

A vicilin-buried peptide from date palm seeds

Phoenix dactylifera, commonly known as the date palm, had one Class IV preprovicilin (Fig. 3A) that,
based on AEP-mediated cleavage at Asn and Asp residues, was predicted to produce three main
candidate masses with CX3CX,CX3C 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
(Fig. 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+ (Fig. 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 (Fig. 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 (Fig. S1A). Five of the six fragments were identified by a, b and y ions (Fig. 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 (PKRQIERCKQECRESRQGEQQERQCVRQCEEQEEKRGQGD).

Two vicilin-buried peptides from tomato seeds

The common tomato (Solanum lycopersicum) also contain a Class IV preprovicilin (Fig. 4A). From its
sequence we predicted four candidate VBPs. Three candidates began with Pro30 but varied in length
depended on the proto-C-terminal AEP cleavage sites, namely Asp82, Asp83 and Asn86, which would
produce 53-, 54- and 57-residue peptides, respectively (Fig. 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]’* ions from the 53-residue (Pro30-Asp82) and
the 49-residue (Arg87-Asn135) candidates (Fig. 4B and 4D). 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 (Fig. 4C, 3E). 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 (Fig. S2A) for
which a, b and y ion series were identified (Fig. S2B-F). Chymotrypsin digestion of the 53-residue
candidate should yield four fragments, two of which were confirmed (Fig. S2G-J). Combining the
results of trypsin and chymotrypsin-based sequencing, the 53-residue candidate was confirmed as a

VBP (PRGYQDPQEKLRECQQRCERQQPGQQKQLCKQRCEQQYRKEQQQQHGGETGED).

For the 49-residue candidate, five tryptic fragments were expected and four were sequenced (Fig.
S3A-E). Four chymotryptic fragments were predicted and two were confirmed (Fig. S3F-H).
Combining results, the 49-residue candidate was confirmed as a second tomato VBP

(RGPDKSYKRLQECQRRCQSEQQGQRLQECQQAQRCQQEYQREKGQHQGETN).



A vicilin-buried peptide from sesame seeds

A sequence encoding a Class IV vicilin precursor was found for Sesamum indicum (Fig. 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 (Fig. 5A). LC-MS
detected m/z values consistent with 5+, 6+ (Fig. 5B) and 7+ ions for the 42-residue candidate.
Reduction and alkylation confirmed changes in mass of the [M+6H]®" ions consistent with two

disulfide bonds (Fig. 5C).

To confirm the sequence of this 42-residue candidate, trypsin and chymotrypsin digestion were
performed and subjected to LC-MS/MS. Masses were found corresponding to two of the four tryptic
fragments (Fig. S4C-D), of which one was further confirmed with b and y ions (Fig. S4B). For the
expected four chymotryptic fragments, their corresponding masses were discovered (Fig. S4G-J) but
only one fragment was sequenced (Fig. S4F). Consistent with these MS/MS results, the mass is likely

to be a 42-residue VBP (RKSPIERLRECSRGCEQQHGEQREECLRRCQEEYQREKGRQD).

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 (Cucurbitaceae). The sequence from cucumber was similar to
PV100 and from it four candidates were predicted to start from GIn68 and end with Asp102, Asp108,
Aspl111 or Asp115 giving respectively a 35-, 41-, 44- or 48-residue peptide (Fig. 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 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 (Fig. 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]?* with
alkylated cysteines and an N-terminal pyro-Glu (Z) modification (Fig. 6C). Tandem LC-MS analysis
identified all three fragments (Fig. 6D-1), but a missed cleavage at the first Lys residue from the
peptide N-terminus gave the fragment pyro-GIuKETEICR instead of ETEICR (Fig. 6D, 5E). 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 resolve as a GIn (QKETEICRQWCQVMKPQGGEEQRRCQQECEERLRD).



Luffin P1 is matured from preprovicilin

The seeds of Luffa aegyptiaca (loofah) contain the 4-Cys peptide Luffin P1, which exhibits 69%
sequence identity to C2 (Fig. 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.?® 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 (Fig. 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 (Fig. 7C, Fig. 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 polypeptide!# %° |ater called Luffin P12 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 (Fig.
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 (5,690.80 Da,
with two disulfide bonds) (Fig. 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 5,690.80 Da parent
mass (47-residue Luffin P1) were indeed present in the corresponding EIC (Fig. S6C), in addition to
others in the EIC for a parent mass of 5,223.55 Da (the 43-residue Luffin P1, Fig. S6E), although in
our extracts the latter were only minor peaks in the mass spectrum (Fig. S6G). After reduction and
alkylation, the EIC for the AEP-processed peptide showed a clear peak (Fig. S6D), whereas only a

group of low-intensity peaks were seen in the EIC for the 43-residue Luffin P1 (Fig. 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 (Fig. 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.’® 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 dimensional homonuclear 'H 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 assignments using standard sequential assignment methods.
Secondary Ha 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 (Fig. 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 (Fig. S7B). Structural restraints including inter-
proton 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 less than 0.75 A 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 (Fig. 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.%6

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 soybean was used and showed 50% trypsin
inhibition at 0.25 uM and 90% inhibition at 0.4 uM. By contrast, Luffin P1 and VBP-8 showed no

effect on trypsin activity, even at 8 uM (Fig. 9).



Luffin P1 and VBP-8 are not antimicrobial

Studies on VBPs such as MiAMP2c have demonstrated antimicrobial activity.’> ” 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 2,400 pg/mL in yeast extract, peptone and
dextrose (YPD) liguid 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 (Fig. 10). Pre-incubation of the LB agar plates was done
to ensure no contamination existed (Fig. 10A). The positive control disc contained 10 to 50 pg
kanamycin and produced a clear growth inhibition zone from 20 pg (Fig. 10B). By contrast, no
growth inhibition of E. coli K-12 was observed on discs containing synthetic Luffin P1 and VBP-8 up to

120 pg (Fig. 10C-D).

Discussion

In this paper, mass spectrometry evidence of vicilin-buried peptides from five distant plant species
including the dicots cucumber, tomato, sesame, 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 are 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.” ¢

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 (Fig. 1). Class | preprovicilins are present already in ferns and gymnosperms and in most
angiosperms, whereas Class Il preprovicilins appear restricted to a subgroup of the legumes
(Fabaceae). Class Il and IV preprovicilins were found throughout the flowering plants but not in
gymnosperms or ferns. Many species contain Class I, lll and IV preprovicilins so the evolution of Class
I to Ill/IV has been interspersed by gene duplication. No preprovicilin contains additional sequence
regions both N- and C- terminally of the vicilin suggesting Class Il and Class Ill/1V each evolved
independently from Class I. It is not possible to discern the evolutionary origin of Class Ill/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

(Fig. 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 semi-arid areas. Date seeds have potential use as a source of
dietary fiber and have economic value in cosmetic, pharmaceutical and food products.’® 2 Date
seeds are thought to be some of the most long-lived seeds known, with at least one case of >2,000
year old material still germinating in a recent study.?’ 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 abundance and could not generate detectable

fragmentation spectra.

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.2? 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 2¢.The Luffin P1 structure
(Fig. 7b) showed a helix-loop-helix motif stapled together by a pair of disulfide bonds in a ladder
confirmation of CyslI-CyslV and CyslI-CyslIl.2® 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 solid phase peptide
synthesis (with regio-selective 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

10



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 alighment, 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 successfully
confirmed VBPs in the seeds of the date palm, tomato, cucumber and sesame. As grains feature
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 (Fig. $8). 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 (Fig. 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,*
21 but knock out of all endogenous AEP genes® ” 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.®” In the
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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,? 2° 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 2-20 million years ago?? made it possible to document and
estimate dates for the stepwise evolution of these peptides.” 2° The provenance of vicilin-buried
peptides is confounded by the existence of CXXXC motifs in a range of unrelated plant proteins and
animal proteins.?>?* 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,’2 MiAMPs show antimicrobial activities??
and Luffin P1 is a ribosome inactivator.?®> 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 (Luffa aegyptiaca) were supplied by Green Harvest (Cat. No. SL202),

cucumber (Cucumis sativus) seeds were from Mr. Fothergill’s (Cat. No. 5381). Tomato (Solanum
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lycopersicum) and pumpkin (Cucubita maxima) seeds were bought from Royston Petrie Seeds (Stock
No. 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 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 CLC Genomics Workbench (QIAGEN Aarhus A/S) and additional modifications to the alignment
were made manually. For the sequences aligned see Dataset 1 and for a high-resolution alignment

used in Figure 1, see Dataset 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. 1.8.4%° under the GTR+G model with six gamma 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.?’: (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; (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.?®
BEAST was run for 50 million generations and the performance checked using Tracer v. 1.6.0.%° The
resulting trees were combined using TreeAnnotator v. 1.8.4 (part of the BEAST package) after
discarding the first 5,000 trees. The final consensus tree was edited in FigTree v. 1.4.2

(http://tree.bio.ed.ac.uk/software/figtree).
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Peptide extraction and purification

Seeds were de-hulled 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 powderina 1.5
mL tube was defatted by suspension in 1 mL of hexane before being centrifuged for 5 min at 20,000
X g. 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 20,000 x g at room
temperature. 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% to 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, 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 cut-off (MWCO) and 3,000 MWCO filter units (Merck). The
filtrate from the 30,000 MWCO filter was loaded onto a 3,000 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 0.1% formic acid, loaded onto Strata-X 33
pum polymeric solid phase extraction columns (10 mg/1 mL, Phenomenex), washed with 1 mL of 5%
acetonitrile 0.1% formic acid twice, eluted with 0.5 mL 100% acetonitrile 0.1% formic acid three

times and dried by vacuum centrifuge.

Peptide modification and digestion

After isolation, separation and purification, all peptide candidates were reduced, alkylated and
digested as described previously.*® 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
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was analyzed using an UltraFlex Il MALDI-TOF/TOF mass spectrometer (Bruker Daltonics). The dried
fractions were resuspended in 0.2 mL 50% acetonitrile 0.1% formic acid (v/v). The matrix used was
saturated a-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 uL matrix and 1 pL sample was
spotted onto an MTP AnchorChip™ 384 plate (Bruker). Protein Calibration Standard | (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, 0.1% formic acid. Four
microlitre aliquots of this solution were loaded onto the enrichment column of a Large Capacity Chip
Il (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 x 75 um). 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.?®
Briefly, native and alkylated peptide extract 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
pL/min for a gradient from 5% to 95% acetonitrile in 40 min and the injection volume was 3 pL. The
mass spectrometer was operated in positive, data-dependent mode with a scan range from 400 to

1600 m/z and 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+.
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Luffa aegyptiaca RNA extraction and sequencing

RNA was extracted from 0.2 g of whole de-hulled seeds using the phenol-based method described
by Mylne et al.>! Total RNA (60 pL 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 ug of
purified total RNA according to the manufacturer’s instructions. RNA sequencing was then

performed on an lllumina 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,?? 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 template using Tag DNA polymerase amplified a DNA fragment that was purified
from an agarose gel with a QlAquick Gel Extraction Kit (QIAGEN) and cloned into pGEM-T Easy
(Promega). Four independent clones were fully sequenced to identify errors introduced by Tag 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
fluorenylmethyloxycarbonyl-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
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equivalents of the C-terminal residue dissolved in dichloromethane and five equivalents 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 eight equivalents of amino acid, four equivalents of
N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate and 16 equivalents 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 0.05% trifluoroacetic acid at a gradient of 1% /minon a
preparative C18 column (300 A, 10 pum, 21.20 mm i.d x 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 with 2
mM reduced glutathione for 24 h, after which further purification was conducted using a semi-

preparative C18 column (300 A, 5 um, 10 mm i.d. x 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. 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 purity was determined using an analytical column (Agilent).

NMR spectroscopy

Samples for NMR analysis contained 1.5 mg peptide in a 550 pL solution of (90:10) H,0/D,0, at pH
~3.5. Two-dimensional datasets including TOCSY *? (Total Correlation Spectroscopy) using a mixing
time of 80 ms and NOESY3# (Nuclear Overhauser Spectroscopy) using a mixing time of 150 ms were

recorded at 298 K on a 700 MHz Bruker Avance lll spectrometer equipped with a cryo-probe.
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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 CARA * using
sequential assignment strategies.>® Secondary structure was identified by the determination of
secondary Ha shifts through comparison to equivalent values determined for random coil

peptides.’”

Structure calculations

Interproton distance restraints were determined from the peak volumes of the cross peaks present
in the NOESY spectra. TALOS-N (Torsion Angle Likelihood Obtained from Shift and sequence
similarity)*® was used in conjunction with the shift data generated from all recorded spectra to
predict the ¢ (C*-N-Ca-C) and { (N-Ca-C-N*!) backbone dihedral angles. For the cystine residues
chemical shifts were also used to predict x* (N-Ca-CB-Sx) and x? (Ca-CB-Sx-Sy) dihedral angles using
the program DISH (di-sulfide di-hedral prediction).>? 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.?’ Using restraints initially 50 structures were
calculated by torsion angle simulated annealing, performed by CYANA,* which also allowed for the
automatic assignment of NOESY data. The final structures were generated and water minimized by
the program CNS.# Structures with no violations > 0.2 A as well as low energy were selected for

stereochemical analysis by MolProbity.** Structure images were generated using MOLMOL.*

Trypsin inhibitory assay

The inhibition was determined as previously described.? Briefly, synthetic peptides were dissolved
in water at stock concentration 10 mg/mL. The assay buffer was 50 mM Tris-HCl, pH 7.8 containing
20 mM calcium chloride. The 20 pL of 25 pg/mL trypsin from bovine pancreas (Sigma Aldrich) and 5
uL of increasing concentrations of peptide (giving final concentrations of 0-8 uM) was pre-incubated
at 37 °C for 15 min. The reaction was initiated by adding 125 pL of 1 mM N-a-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 plL 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.? Briefly, cultures of Phaeophaeria

nodorum, Bipolaris sorokiniana, Zymoseptoria tritici, Pyrenophora tritici-pepentis and Aspergillus
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fumigatus were grown on YPD plates. The plate with A. fumigatus was incubated at 37°C for
whereas the others were incubated at 23°C. After two days, the spores were harvested and diluted
into YPD medium until the ODggo reached 0.05. A 96-well microplate was used for the assay. Each
well was filled with 180 pL of diluted culture and 20 uL of each peptide solution at one of nine

concentrations. Fungal growth was measured by ODgoo after 24, 48 and 72h.

For the antibacterial activity test, a liquid culture of wild type Escherichia coli K-12 was diluted with
sterile LB to an ODggo 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 ug 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 pg 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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Tables

Table 1 | NMR statistics. Energies, restraints and structural statistics for the families of 20 structures
for Luffin P1 and VBP-8.

Energies (kcal/mol) Luffin P1 VBP-8

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 A / 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 Favoured (%) 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 (A)

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 48 (24 Hydrogen
bonds) bonds)

Total 429 652

Dihedral angle restraints

[0) 34 37

U] 34 36

x1 4 4

X2 4

Total 72 81

Violations from experimental restraints

Total NOE violations exceeding 0.2 A 0 0

Total Dihedral violations exceeding 2.0° 0 0
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Table 2 | Summary of vicilin-buried peptides. Luffin P1 was revealed as VBP-5, the new VBPs from
this work are VBP-6 to VBP-10; Z = pyro-Glu. * Longer versions of MiAMP2c were also isolated with 2
and 22 additional residues at the C-terminus.

Vicilin-
buried Common Size
Peptide name (aa) Species Ref
C2 (VBP-1)  pumpkin 49 Cucurbita ~ ZRGSPRAEYEVCRLRCQVAERGVEQQ i
maxima RKCEQVCEERLREREQGRGEDVD
MiAMP2b  macadamia 41 Macadamia  DPQTECQQCQRRCRQQESGPRQQQ 12
(VBP-2) integrifolia YCQRRCKEICEEEEEYN
MiAMP2c macadamia 45/47 Macadamia RQRDPQQQYEQCQKHCQRRETEPRH 12
(VBP-3) /67* integrifolia MQTCQQRCERRYEKEKRKQQ(KRYEE
QQREDEEKYEERMKEED)
MiAMP2d macadamia 35 Macadamia  KRDPQQREYEDCRRHCEQQEPRLQY 12
(VBP-4) integrifolia . QCQRRCQEQQ
Luffin P1 loofah 47 Luffa PRGSPRTEYEACRVRCQVAEHGVERQ 3, this work
(VBP-5) aegyptiaca  RRCQQVCEKRLREREGRREVD
VBP-6  date palm 40 Phoenix PKRQIERCKQECRESRQGEQQERQCV This work
dactylifera RQCEEQEEKRGQGD
VBP-7 tomato 53 Solanum PRGYQDPQEKLRECQQRCERQQPGQ This work
lycopersicum QKQLCKQRCEQQYRKEQQQQHGGE
TGED
VBP-8 tomato 49 Solanum RGPDKSYKRLQECQRRCQSEQQGQR This work
lycopersicum LQECQQRCQQEYQREKGQHQGETN
VBP-9 sesame 49 Sesamum RKSPIERLRECSRGCEQQHGEQREECL This work
indicum RRCQEEYQREKGRQD
VBP-10  cucumber 35 Cucumis ZKETEICRQWCQVMKPQGGEEQRRC This work
sativus QQECEERLRD
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Fig. 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 | are typical preprovicilins with an ER targeting signal and vicilin domain.
Class Il have an Arg/Glu rich C-terminal expansion (zoom, lower right) and are restricted to legumes.
Class Il 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%, 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 Dataset 1 and for a high-

resolution alignment see Dataset 2.
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Fig. 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
labelled by arrows. (B) Extracted-ion chromatogram (EIC) for native m/z 817.549 at [M+6H]®" 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 Fig. S1.
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Fig. 4 | LC-MS for peptide extract from tomato seeds. (A) The sequence of vicilin precursor of

tomato from UniprotKB (code: BOJEU3). 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 labelled

(arrows). (B-C) EICs at [M+7H]”* 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]”* 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 Fig. S2-53.

28



A R LU L Ll AL L A AL AR SRR LR EL SRR LS
GUFQQUHEEQRERC TRRCOEFYQRFRKGRODLT P oy oy
T T S T Rl N S DR e o ERTO I RS U RIS AR PR LI
T THTEASTTR YT TNRDNEFRT VI RNT, COTFRTEFS

AT S T R R R T TN T O SR T T LAN Y ST T T

=
i
=
3
Es
21
-
=
3
N

T

|

. k II
wea S

[
SR

Men

Fezifve anind

Sesame_native Sesame_reduced-alkylated

04 . ' : ' : 1 o : o [ 1
10 2 Tirme iy’ 30 1C 1 o0 R ] 40

Fig. 5 | LC-MS for peptide extract from sesame seeds (VBP-9). (A) A vicilin precursor of sesame from
UniprotKB (code: Q9AUDO) including an ER-targeting signal (dashed underline), predicted VBP
sequence (42-residue, bold) and vicilin protein (in grey). Possible AEP-processed sites are
numerically labelled (solid arrows). (B-C) EICs at [M+6H]%* 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 Fig. S4.
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Fig. 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 labelled 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.’? (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]?* ions. (D, F, H) EICs

from LC-MS at [M+2H]*" (insets: corresponding mass spectra) and (E, G, 1) corresponding MS/MS

spectra (insets: fragment sequences with y, b and a ions) of (D, E) “pyroQKETEICR”, (F, G)
“QWCQVMKPQGGEEQR” and (H, 1) “CQQECEER".
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Fig. 7 | The a-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.,** 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 (Fig. S6).
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Fig. 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. Sidechains of cysteine
residues that cross brace the helical hairpin are shown and selected residues labelled with residue

numbers.
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Fig. 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 uM. The positive
control was soybean Bowman-Birk inhibitor (black). The standard error of the mean is shown for

each reaction.
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Luffin P1 Kanamycin VBP-8

Fig. 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 ug of kanamycin, (C) one test plate with 50 ug of
kanamycin (middle filter paper) and discs containing 10, 30, 60, or 120 g of Luffin P1; (D) a plate
with 50 pg of kanamycin (middle filter paper) and discs containing 10, 30, 60 or 120 pg of VBP-8.
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Supporting Information

An ancient peptide family buried within vicilin precursors

Jingjing Zhang, Colton D. Payne, Benjamin Pouvreau, Hanno Schaefer, Mark F. Fisher,
Nicolas L. Taylor, Oliver Berkowitz, James Whelan, K. Johan Rosengren, Joshua S. Mylne

Supporting Fig. 1 | MS/MS spectra of VBP-6 from date palm seeds (P. dactylifera).

Supporting Fig. 2 | MS/MS spectra for tryptic and chymotryptic fragments of VBP-7 from tomato
seeds (S. lycopersicum).

Supporting Fig. 3 | MS/MS evidence of VBP-8 from tomato seeds (S. lycopersicum).
Supporting Fig. 4 | MS/MS evidence of VBP-9 from sesame (S. indicum).

Supporting Fig. 5 | Preprovicilin with Luffin P1 gene and its encoded protein containing Luffin P1 and
vicilin.

Supporting Fig. 6 | Evidence for Luffin P1 (VBP-5) from L. aegyptiaca.
Supporting Fig. 7 | Tomato VBP-8 adopts a similar helix-turn-helix structure as Luffin P1

Supporting Fig. 8 | Alignment of Cys-rich domain of Class IV preprovicilins in cereal crops and
legumes.

Supporting Table 1 | 252 preprovicilin sequences used for alignment.
Dataset 1 | Raw sequence alignment for alignment in Figure 1 (NOTE: 124 pages).

Dataset 2 | High resolution sequence alignment used in Figure 1.
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Supporting Fig. 1 | MS/MS spectra of VBP-6 from date palm seeds (P. dactylifera). (A) Tryptic
fragments of VBP-6 and corresponding m/z values at [M+H]* are shown. The m/z is calculated with
alkylation of Cys residues (Cys_CAM), and/or pyro-Glu from N-terminal GIn (Pyro-Glu). (B-F) MS/MS
fragmentation spectra for corresponding tryptic fragments (B) QIER, (C) QECR, (D) QGEQQER, (E)
QCVR, and (F) QCEEQEEK.
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Supporting Fig. 2 | MS/MS spectra for tryptic and chymotryptic fragments of VBP-7 from tomato
seeds (S. lycopersicum). (A) Possible trypsin cleavage sites and corresponding theoretical m/z are
calculated with the alkylation of cysteine residues (Cys_CAM), and/or pyroGlu from N-terminal GIn
(Pyro-Glu) and are given as [M+H]* and [M+2H]?** ions. (B-F) MS/MS spectra corresponding to tryptic
fragments of VBP-7 identified by y ions and b ions, which are presented as in: (B) GYQDPQEK, (C)
ECQQR, (D) QQPGQQK, (E) CEQQYR, (F) EQQQQHGGETGED. (G) Possible chymotrypsin cleavage sites
of VBP-7 and the corresponding theoretical fragmental masses which are given as [M+2H]?** ions and
calculated with alkylation of cysteine residues (Cys_CAM), and/or pyroGlu from N-terminal GIn
(Pyro-Glu). (H-J) MS/MS spectra corresponding to fragments (H) QDPQEKL, (I) ERQQPGQQKAQL, (J)
RKEQQQQHGGETGED.
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Supporting Fig. 3 | MS/MS evidence of VBP-8 from tomato seeds (S. lycopersicum). (A) Trypsin
cleavage sites and theoretical m/z of five main fragments with alkylation of cysteine residues
(Cys_CAM). All m/z are given for [M+2H]** ions. (B-E) MS/MS fragmentation spectra of tryptic
fragments (B) LQECQR (C) CQSEQQGAQR (D) LQECQQR (E) CQQEYQR. (F) Predicted chymotrypsin
cutting sites and calculated m/z for chymotryptic fragments with alkylation of cysteine residues
(Cys_CAM) as [M+2H]?* ions. (G-H) MS/MS spectra of chymotryptic fragments (G) RGPDKSY (H)
QREKGQHQGETN.
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Supporting Fig. 4 | MS/MS evidence of VBP-9 from sesame (S. indicum). (A) Predicted tryptic
fragments of VBP-9 and corresponding m/z values are calculated with alkylation of cysteine residues
(Cys_CAM) and are shown as [M+H]* and [M+2H]?". (B-D) MS fragmentation spectra of two tryptic
fragments found corresponding to (C) EECLR and (D) CQEEYQR, and MS/MS evidence for (B) EECLR.
(E) Chymotryptic fragments of VBP-9. The m/z value for each fragment is calculated with [M+2H]?*
and [M+3H]?** and alkylation of cysteine residues (Cys_CAM) residues. (F-J) MS spectra
corresponding for all four chymotryptic fragments (G) RKSPIERL, (H) RECSRGCEQQHGEQREECL, (I)
RRCQEEY and (J) QREKGRQD and one MS/MS spectrum is found corresponding to (F) RRCQEEY.
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Supporting Fig. 5 | Preprovicilin with Luffin P1 gene and its encoded protein containing Luffin P1
and vicilin. Colours indicate ER targeting signal (rose), Luffin P1 (cyan), and the predicted vicilin
region (brown) Pro458-Phe871. A candidate site for AEP-mediated cleavage of the vicilin region into



o and B domains is the bond between Asn673 and GIn674. The five introns are in lower case
(purple).
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Supporting Fig. 6 | Evidence for Luffin P1 (VBP 5) from L aegyptiaca. (A) The deduced amino aC|d
sequence of the Luffin P1 precursor consisting of an ER-targeting signal (underlined), Luffin P1 with
CXXXC motifs (bold), an Arg/Glu-rich domain, and a vicilin protein (light gray).(B) Our predicted
sequence of AEP-processed Luffin P1 (47-residue Luffin P1) and previously published Luffin P1
sequence * (43-residue Luffin P1). The monoisotopic masses for both sequences were calculated
with two disulfide bonds and mass-to-charge ratios (m/z) were calculated for [M+7H]”* ions. Also,
the monoisotopic masses for reduced-alkylated 47- and 43-residue Luffin P1 and their corresponding
m/z at [M+7H]”* ions are shown. (C-F) EICs at [M+7H]’* and (inset) mass spectra for (C) Native 47-
residue Luffin P1 (red) (D) Reduced-alkylated 47-residue Luffin P1 (black) (E) Native 43-residue Luffin
P1 (blue) (F) Reduced-alkylated 43-residue Luffin P1 (light gray) (G) Mass spectrum from 13.5 to 15.1
min retention time in which both native 47- and 43-residue Luffin P1 peaks appear. The masses for
native 47-residue (red, solid lines) and 43-residue Luffin P1 (blue, dashed lines) at 5+, 6+ and 7+
charge are enclosed by rectangles. (H) Mass spectrum from 13.8 to 17.5 min retention time in which
reduced and alkylated 47- and 43-residue Luffin P1 peaks appear. The masses for reduced and
alkylated 47- (bold, solid lines) and 43-residue Luffin P1 (light gray, dashed lines) at charge 5+, 6+
and 7+ are shown in rectangles.
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Supporting Fig. 7 | Tomato VBP-8 adopts a similar helix-turn-helix structure to Luffin P1. Nuclear
magnetic resonance secondary Ha shifts for (A) 47-residue Luffin P1 and (B) VBP-8. Stretches of
negative chemical shifts are indicative of helical secondary structure. Both peptides adopt two
helical regions as indicated by schematic helices, which are separated by a turn or loop linker.
Positions and connectivities of cysteine residues that cross brace the helical hairpin are indicated by
connecting lines.



tr{[1PE38|Oryza glaberrima

tr| Q7DGXY Oryza safiva

tr| AZXKC1|Oryza sativa

tr ASARQ3|Oryza safiva

tr AQAODOZIO3| Oryza glumipatula .. 3
tr AOAOEOD4BO|Oryza mendionalis .. 1SR 1 ARG HCh Bk -
XP_0066503811|Oryza brachyantha . - CRC QACk- Bk
tr| Q03865|Zea mays ..

tr COPGM3| Zea mays
sp|P15590| Zea mays

tr| QQ3866|2Zea mays
gb|ABS890281|Zea mays
tr\VWSECA4| Trticum aestiviim
tr|WSEAFT| Thticum aestvum
tr\WSEST8| Triticum aestiviim
tr{16QQ39| Trificum aestivim
tr| B7UBL4| Trticum aestivum
tr| V7 BFL3|Phaseolus vulgars
tr| V7BBTS|Phaseolus vulgais
tr| Q49827 | Pisum sativum

tr Q9AVPY| Vicia faba
tr{I11JF86| Glycine max

tr| Q841 9|Glycine max
tr|Q9SP11|Glycine max

tr|11L860|Glycine max g i ; CRET : b Kbl bbb
sp|Q04672| Glycine max e : oDS : ; § i FETREAFECERED
tr|F7JO75|Glycine max BH - ; i g CheORPRPR U kR
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tr| Q7 XXT 2| Glycine max

tr|11LE33| Glycine max

tr| AOAOB2QEWI| Glycine sofa

tr AQAQOB2FOBE|Gfyaine sofa
XP_00443851841|Cicera ietinum .. . ’ : ; e
XP_0044967031|Cicera detinum L] oI 1 EUE EURERE R B ety R E L LSS

Supporting Fig.8 | Alignment of Cys-rich domain of Class IV preprovicilins in cereal crops and
legumes. Cysteine residues are in red, Asp and Asn residues are in black solid.



Supporting Table 1 | 252 preprovicilin sequences used for alignment. The sequences are listed in
the order they appear in the alignment. The first three columns are species, order and a unique ID
code (SP = UniprotKBKB; TR= UniprotKBKB, REF/GB/EMB = GenBank). The fourth column is the class
of preprovicilin.

Species Order Identifier Class
Gossypium raimondii Malvales >TR|AOAOD2R6ES8 |
Gossypium arboreum Malvales >TR|AOAOBOPET1|
Gossypium arboreum Malvales >TR|AOAOBON1K7|
Gossypium hirsutum Malvales >SP|P09801 |
Gossypium raimondii Malvales >TR|AOAOD2NXS4 |
Gossypium raimondii Malvales >TR|AOAOD2S8US5 |
Gossypium hirsutum Malvales >SP|P09799|
Gossypium arboreum Malvales >TR|AOAOBOMWH7 |
Theobroma cacao Malvales >TR|AOAO61EMSS|
Anacardium occidentale Sapindales >TR|Q8L5L5|

Citrus sinensis Sapindales >TR|AOAO67FZ38|
Citrus clementina Sapindales >TR|VATAE4|
Eucalyptus grandis Myrtales >REF|XP_010026941.1|
Eucalyptus grandis Myrtales >TR| AOAO59CFS8|
Pyrus x bretschneideri Rosales >REF|XP_009367697.1|
Malus domestica Rosales >REF|XP_008386543.1|
Pyrus x bretschneideri Rosales >REF|XP_009370838.1|
Prunus persica Rosales >TR|M5VLX9|

Prunus mume Rosales >REF|XP_008235388.1|
Prunus persica Rosales >TR|M5Y4Q9|

Prunus mume Rosales >REF|XP_008224282.1|
Fragaria vesca Rosales >REF|XP_004292578.1|
Morus notabilis Rosales >TR|W9QBD2|

Morus notabilis Rosales >TR|W9IRZAO|

Prunus persica Rosales >TR|M5Y3W2|

Prunus mume Rosales >REF|XP_008224279.1|
Carya illinoinensis Fagales >TR|B3STU4|

Cucurbita maxima Cucurbitales  >TR|Q9ZWI3|

Cucumis melo Cucurbitales  >REF|XP_008439368.1|
Cucumis sativus Cucurbitales  >REF|XP_011650968.1|
Cucumis melo Cucurbitales  >REF|XP_008451293.1|
Cucumis sativus Cucurbitales  >REF|XP_011659275.1|
Phaseolus vulgaris Fabales >TR|V7BFL3|

Pisum sativum Fabales >TR| 049927

Vicia faba Fabales >TR|Q9AVP7|

Glycine max Fabales >TR|11JF86|

Glycine max Fabales >TR|Q84V19|

Glycine max Fabales >TR|Q9SP11|

Glycine max Fabales >TR|11L860|

Glycine max Fabales >SP|Q04672|
Medicago truncatula Fabales >TR|G7IDMS5|

Cicer arietinum Fabales >REF|XP_004495184.1|
Arachis hypogaea Fabales >TR|B3IXL2|

Arachis duranensis Fabales >TRININEW2|

Arachis hypogaea Fabales >TR|Q6PSU3|

Arachis hypogaea Fabales >TRINING13|

Arachis hypogaea Fabales >TR|E5GO076|

Glycine soja Fabales >TR|AOAOB2Q6WI |
Glycine max Fabales >TR|F7J075]|

Glycine max Fabales >TR|Q948X9|

Glycine max Fabales STR|Q7XXT2|

Glycine max Fabales >TR|I1LE33|

Glycine soja Fabales >TR|AOAOB2POB6 |
Phaseolus vulgaris Fabales >TR|V7BBT5|

Populus trichocarpa Malpighiales  >TR|B9H8B1|

Populus euphratica Malpighiales  >REF|XP_011032788.1|
Ricinus communis Malpighiales  >TR|B9SFI3|

Jatropha curcas Malpighiales = >TR|AOA067JF64 |
Ricinus communis Malpighiales  >TR|BI9RTM9|
Jatropha curcas Malpighiales  >TR|AOA067KVTO|

Vitis vinifera Vitales >TR|F6HIS6|

Vitis vinifera Vitales >TR|F6HI57 |

Solanum tuberosum Solanales >REF|XP_006349767.1|



Solanum lycopersicum
Nicotiana sylvestris

Nicotiana tomentosiformis
Nicotiana tomentosiformis
Nicotiana tomentosiformis

Nicotiana sylvestris
Solanum lycopersicum
Solanum tuberosum
Solanum lycopersicum
Erythranthe guttata
Erythranthe guttata
Sesamum indicum
Erythranthe guttata
Sesamum indicum
Beta vulgaris
Nelumbo nucifera
Macadamia integrifolia
Oryza glaberrima
Oryza sativa

Oryza sativa

Oryza glumipatula
Oryza meridionalis
Oryza sativa

Oryza brachyantha
Leersia perrieri

Zea mays

Zea mays

Zea mays

Zea mays

Sorghum bicolor
Setaria italica

Zea mays

Triticum aestivum
Triticum aestivum
Triticum aestivum
Triticum aestivum
Triticum aestivum
Triticum urartu
Hordeum vulgare
Musa acuminata
Musa acuminata
Musa acuminata
Musa acuminata
Elaeis guineensis
Elaeis guineensis
Phoenix dactylifera
Elaeis guineensis
Amborella trichopoda
Cicer arietinum

Cicer arietinum

Lotus japonicus
Lotus japonicus
Medicago truncatula
Medicago truncatula
Pisum sativum
Pisum sativum
Pisum sativum

Vicia narbonensis
Lupinus angustifolius
Lupinus angustifolius
Lupinus angustifolius
Lupinus angustifolius
Lupinus angustifolius
Lupinus angustifolius
Lupinus angustifolius
Lupinus albus
Lupinus albus
Camelina sativa
Camelina sativa
Camelina sativa
Arabidopsis thaliana

Solanales
Solanales
Solanales
Solanales
Solanales
Solanales
Solanales
Solanales
Solanales

Caryophyllales
Proteales
Proteales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Zingiberales
Zingiberales
Zingiberales
Zingiberales
Arecales
Arecales
Arecales
Arecales
Amborellales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Brassicales
Brassicales
Brassicales
Brassicales

STR|K4CUH3|
>REF|XP_009786980.1|
>REF|XP_009607668.1|
>REF|XP_009595712.1]
>REF|XP_009595711.1]
>REF|XP_009771136.1]
>TR|BOJEU3|
>TR|M1D5K3|
>REF|XP_004247581.2
>TR|AOAO22RLIG |
>TR|AOA022Q7MS6 |
>TR|QQAUDO|
>TR|AOAO22RN45|
>REF|XP_011090693.1|
>REF|XP_010679084.1|
>REF|XP_010256229.1|
>SP|Q9SPLS.1
>TR|I1PE38|
>TR|Q75GX9|
STR|A2XKC1|
>TR|AOAODSZI03|

>TR| AOAOEOD4BO |
>TR|A3ARO3|
>REF|XP_006650381.1]
>TR| AOAODIVX50|
>TR|Q03865|
>TR|COPGM3 |
>SP|P15590|
>TR|Q03866|
>TR|C5WQD2 |
>TR|K4A875|
>GB|ABS89028.1|
STR|W5ECA4 |
>TR|WSEAP7 |
>TR|WSESTS)|
>TR|16QQ39 |
>TR|B7U6LA4|
>TR|M8A380)|
>TR|Q03678|
>REF|XP_009413945 1|
>REF|XP_009413946.1|
>TR|MOTZ68|
>TR|MOTZ63|
>TR|Q9AU64 |
>REF|XP_010938152.1|
>REF|XP_008775109.1]
>REF|XP_010938562.1|
STR|W1P1Y4|
>REF|XP_004496703.1|
>REF|XP_004496704.1
>TR|B5U8SK3|
>TR|B5U8SKS|
>TR|AOAO72VR24|
>TR|AOAO72VPD1 |
>TR|QOM3X6|
>PRF|[1713472A|
>SP|P13915|
>TR|Q41674|
STR|F5BSW2 |
>TR|F5B8W4 |
>TR|F5BSW1|
>TR|F5BSWO|
STR|F5BSWS |
>TR|F5BSW3 |
>TR|F5BSVO|
>TR|Q53HYO|
>TR|Q6EBCI |
>REF|XP_010467681.1]
>REF|XP_010414399.1|
>REF|XP_010489556.1|
>TR|Q9ZU69 |



Arabidopsis thaliana
Brassica rapa subsp. pekinensis
Brassica rapa

Brassica oleracea var. oleracea
Brassica napus

Brassica napus

Tarenaya hassleriana
Arabidopsis thaliana
Eucalyptus grandis

Fragaria vesca subsp. vesca
Morus notabilis

Cucurbita maxima

Cucumis sativus

Glycine max

Glycine soja

Phaseolus vulgaris
Medicago truncatula

Cicer arietinum

Jatropha curcas

Populus trichocarpa
Solanum bulbocastanum
Solanum tuberosum
Solanum lycopersicum
Nicotiana sylvestris
Nicotiana tomentosiformis
Petunia integrifolia subsp. inflata
Sesamum indicum

Beta vulgaris subsp. vulgaris
Nelumbo nucifera
Brachypodium distachyon
Triticum urartu

Musa acuminata subsp. malaccensis

Phoenix dactylifera
Elaeis guineensis
Amborella trichopoda
Camelina sativa
Camelina sativa
Camelina sativa
Capsella rubella
Camelina sativa
Arabidopsis lyrata subsp. lyrata
Arabidopsis thaliana
Brassica napus
Brassica rapa subsp. pekinensis
Brassica napus
Brassica oleracea var. oleracea
Eutrema salsugineum
Eutrema salsugineum
Arabis alpina
Tarenaya hassleriana
Arabidopsis thaliana
Gossypium arboreum
Morus notabilis
Glycine max

Glycine soja

Glycine soja
Phaseolus vulgaris
Vigna radiata

Vigna luteola

Vigna radiata

Vigna radiata

Vigna unguiculata
Canavalia ensiformis
Pisum sativum

Pisum sativum

Pisum sativum

Pisum sativum

Pisum sativum

Vicia narbonensis
Vicia faba

Vicia faba var. minor

Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Myrtales
Rosales
Rosales
Cucurbitales
Cucurbitales
Fabales
Fabales
Fabales
Fabales
Fabales
Malpighiales
Malpighiales
Solanales
Solanales
Solanales
Solanales
Solanales
Solanales

Caryophyllales
Proteales
Poales
Poales
Zingiberales
Arecales
Arecales
Amborellales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Brassicales
Malvales
Rosales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales

STR|F4IQKS |
>TR|M4E6Q7 |
>REF|XP_009150727.1|
>TR|AOAOD3BEH9 |
>TR|AOAO78HFA1 |

>TR| AOAO78GRX9|
>REF|XP_010548347.1|
>EMB | CAB80336.1
>REF|XP_010026166.1|
>REF|XP_004300614.1|
>TR|WIRZX9|
>TR|Q8W3X8|

>TR| AOAOAOKGF2 |
STR|I1LHP6|

>TR| AOAOB2RSRO|
>TR|V7CFI9|
STR|G7ZW34|
>REF|XP_004512222.1|
>TR| AOAO67KHSO|
>TR|U5GATA4|
>TR|A9XLGS|
>REF|XP_006363154.1|
>TR|K4BB70|
>REF|XP_009803271.1]
>REF|XP_009590474.1|
STR|A9XLF3 |
>REF|XP_011100121.1]
>REF|XP_010680893.1|
>REF|XP_010254919.1|
STR|I1HSKS |
>TR|M7YE46|
>REF|XP_009396731.1|
>REF|XP_008798757.1]
>REF|XP_010905079.1|
>REF|XP_011627755.1]
>REF|XP_010488296.1|
>REF|XP_010466550.1
>REF|XP_010511540.1|
STR|ROI7W9|
>REF|XP_010466552.1]
>TR|D7L1S0|
>TR|Q9LUJ7|
>TR|AOAO78HIR3|
STR|M4E4V9 |

>TR| AOAO78J095|
>TR|AOAOD3ABIS|
>TR|VALB10|
>TR|VALUV6|
>TR|AOAOS7HEI1|
>REF|XP_010551719.1]
>TR|Q9SKO9 |

>TR| AOAOBOPUP3 |
STR|WOSCAS|
STR|I1INGF4|

>TR| AOAOB2QNPS|
>TR|AOAOB2QQS2|
>GB|AAC23610.1]
>TR|Q198W3|
STR|ASWYF9|
>TR|Q198WS5 |
>TR|Q198W4 |
>TR|ASYQHS|
>SP|P50477|
>TR|Q43626|
>TR|D3VNE1|
>TR|D3VNEO|
>TR|D3VND7|
>SP|P13918|
>TR|Q41677|
>TR|10B569 |
>EMB | CAA68525.1 |



Vicia faba

Medicago truncatula
Medicago truncatula
Medicago truncatula
Cicer arietinum

Cicer arietinum

Cicer arietinum

Cicer arietinum

Jatropha curcas

Vitis vinifera

Nicotiana tomentosiformis
Nicotiana sylvestris
Solanum lycopersicum
Aegilops tauschii

Oryza sativa subsp. indica
Oryza nivara

Oryza sativa subsp. japonica
Oryza sativa subsp. japonica
Oryza glumipatula

Oryza meridionalis

Oryza barthii

Oryza punctata

Oryza brachyantha
Leersia perrieri

Zea mays

Zea mays

Sorghum bicolor

Setaria italica
Brachypodium distachyon
Triticum urartu

Aegilops tauschii

Hordeum vulgare var. distichum

Brachypodium distachyon
Aegilops tauschii
Brachypodium distachyon

Musa acuminata subsp. malaccensis
Musa acuminata subsp. malaccensis

Araucaria angustifolia
Picea sitchensis

Picea sitchensis

Picea glauca

Picea glauca

Pinus koraiensis

Zamia furfuracea
Selaginella moellendorffii
Selaginella moellendorffii
Matteuccia struthiopteris

Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Fabales
Malpighiales
Vitales
Solanales
Solanales
Solanales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Poales
Zingiberales
Zingiberales
Pinales
Pinales
Pinales
Pinales
Pinales
Pinales
Cycadales
Selaginellales
Selaginellales
Polypodiales

>PRF|1502201A|
>TR|Q2HW19|
>TR|Q2HW18|
>TR|Q2HW22|
>REF|XP_004493035.1
>REF|XP_004493034.1|
SREF|XP_004492829.1|
>TR|Q304D4|
>TR|AOAO67L245 |
STR|F6GTYS|
>REF|XP_009605859.1
SREF|XP_009771135.1|
STR|K4CVLO|
>TR|M8BGVS|
>TR|BSAL97|

>TR| AOAOEOGUUS |
>TR| Q85212
>TR|Q8L8IO|
>TR|AOAOD9ZEA9 |
>TR| AOAOEODS40 |
>TR|AOAOD3FQ29 |
>TR| AOAOEOKK37|
STR|J3LTM2|
>TR|AOAODIWO21 |
>TR|B6UGIO|
>TR|Q7M1Z8|
>TR|C5WY16|
STR|K4A9SS|
STR|I1GMC8|
>TR|M7ZQM3 |
>TR|M8BSC6|
STR|MOXUU4|
STR|11GMD1 |
>TR|M8C814|
>REF|XP_003557965.1|
STRIMOTXJO|
>TR|MOSMF3|
>TR|Q8LKI7 |
STRIAINWS2 |
>TR|BSLLB1|

>TR| Q40873

>TR| Q40844 |
STR|VOVGUO|

>TR| Q41727 |
>TR|D8RUY4|
>TR|D8T005 |

>TR| Q40371 |



Dataset 1 | Raw sequence alignment for alignment in Figure 1 (NOTE: 124 pages).

Gossypium raimondii >TR|AOAOD2R6GES | MSA--—-—-———

EEYHREKKDRES LKEVGQD P DVE F— = — = = = = = = — o o o o
--—-HPGGE-LSECQSRC-V---GLAGEVRQLCLFRCQQKWRRDYASRWEEEGKK--QSKE—--—~— DAEDEG--

———————————————————————————————————————————————— NPYVFE-DK-H-FST-
AIKTGKGRVDL-LTKFTHD-SDILRG-IEN-—-—---—————— YRLALLVASPKSEVVPNHFDANAIFVVTQG-
RGTLTLIHED-KRES---FNIETG-DII----HVRAGTPLYLINRD-DN-—---- EKLFIVKLLOP---
INQPDHYEVEFY--GAGG-AKPESFYETFSTEILEAALKT---SRDKLERFFDKQ--—-—--—--——--——————————
——————————————————————————————— GKGPFLEASREQIEAMS--S-HEE-GSKGGGLWP--FGSE—-—-—-—
-—-——-SKSKSAFNLFRKREPS-HCNRYGQLFEVEEDEF-K-RLKD--FDLRVSYANITK-
GCMSAPFYNSRAIKIAIVVKGEG---YFEMVSPPVS——---— PKSS——---- QEDSG————-- GRK-—-——————-

———————————————————————————————————————————————— NPYVFE-DK-H-FST-
AIKTGKGRVDL-LTKFTHN-SDILRG-IEN-—-—--=-—————— YRLALLVASPKSEVVPNHFDANAIFVVTQG-
RGTLTLIHED-KRES---FNIETG-DII----YVRAGTPLYLINRD-DD----- EKLFIVKLLQP---
INQPDHYEVEFY--GAGG-AKPESFYETFSTEILEAALKT---SRDKLEKFFDKQ--—-—--—--—-=——————————
——————————————————————————————— GKGPFLEASKEQIEAMS--S-HEE-GSKGGGLWP--FGSE----
-—-——-SKSESAFNLFRKRQPS-HCNRYGQLFEVEEDEF-K-RLKD--FDLRVSYVNITK-
GCMSAPFYNSRAIKIAIVVKGEG---YFEMVSPPVS———---— PKSS——---- QEDSA-—-——-- GRK-—==—=——-



Gossypium arboreum >TR|AOAOBONL1K7 | MVRNKS—-—---

FQS-RFREEHGNFRV-LQRFASR-HPILRG-INE-—--—--—-—-
FRLSILEANPNTFVLPHHCDAEKIYLVTNG-RGTLTFLTHE-NKES---YNVVPG-VVV----
RVPAGSTVYLANQD-NK----- EKLIIAVLHRP---VNNPGQFEEFF--PAGS-
QRPQSYLRAFSREILEPAFNT---RSEQLDELFGGR-——-—=--—--—-——- QSHRRQ-——-——=—==—=——=————

SGQYRKIRSQLSRGDIFVVPANFPVTFVASQ--NONLRMTGFGLYNQNINPDHNQRIFVAGKINHV-RQWDS-—~-
--QAKELAFGL-S---SRLVDEIFNNN-PQESYFVS—-RQRQRASE-——=—==—=——————————— o

FQS-RFREEHGNFRV-LQRFASR-HPTLRG-INE-—-————————
FRLSILEANPNTFVLPHHCDAEKIYLVTNG-RGTLTFLTHE-NKES---YNVVPG-VVV-—--
RVPAGSTVYLANQD-NK----— EKLIIAVLHRP---VNNPRQFEEFF--PAGS-
QRPQSYLRAFSREILEPAFNT---RSEQLDELFGGR-——=—--—-=—-=—~ QSHRRQ-———=———==———=———~

SGQYRKIRSQLSRGDIFVVPANFPVTFVASQ--NONLRMTGFGLYNQNINPDHNQRI FVAGKINHV-RQWDS-—~-
--QAKELAFGV-S---SRLVDEIFNNN-PQESYFVS—-RORQRASE-————=-—=—————— oo



Gossypium raimondii >TR|AOAOD2NXS4 | MVRNKS—-—---

————————————————————————— ACVVLLFSLFLSFGLLCSAKDFPGRRG-DD—=-—=—=——=—=—=———————
DPSKRYEDCRRRCEWDTRGOKEQQQCEESCKSQYGEKDQQQRHR——— == —=—=——————————————
————————————————————————————————————————————————————— PEDPQRRYEECKQECRQQEE-—
-—-RQQPQOCQQRCLKRFE-QEQQQ == == == == == = = = = — — — o o
———————————————————— SQRQFQECQQHCHQQEQ--RPEKKQQCVRECREKYQENPWRGEREE————————~—
———————————— EAEEEETEEGEQEQSH-— == == ——— o m o oo oo e
—————————————————————————————————————————————————————————————— NPFHF-HRR-S-
FQS-RFREEHGNFRV-LQRFASR-HPILRG-INE-—-—-——-——-—
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