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Bleogens: Cactus-Derived
Anti-Candida Cysteine-Rich Peptides
with Three Different Precursor
Arrangements

Shining Loo?, Antony Kamt, Tianshu Xiao and James P. Tam*

School of Biological Sciences, Nanyang Technological University, Singapore, Singapore

Cysteine-rich peptides (CRPs) play important host-defense roles in plants. However,
information concerning CRPs in the Cactaceae (cactus) family is limited, with only a
single cactus-derived CRP described to date. Here, we report the identification of 15
novel CRPs with three different precursor architectures, bleogens pB1-15 from Pereskia
bleo of the Cactaceae family. By combining proteomic and transcriptomic methods,
we showed that the prototype, bleogen pB1, contained 36 amino acid residues, a
six-cysteine motif typical of the six-cysteine-hevein-like peptide (6C-HLP) family, and a
type | two-domain precursor consisting of an endoplasmic reticulum (ER) and a mature
domain. In contrast, the precursors of the other 14 bleogens contained a type Il three-
domain architecture with a propeptide domain inserted between the ER and the mature
bleogen domain. Four of these 14 bleogens display a third type of architecture with
a tandemly repeating bleogen domain. A search of the Onekp database revealed that
<1% plant species possess three different precursor architectures for the biosynthesis
of 6C-HLPs, including Lophophora williamsii, Pereskia aculeate, Portulaca cryptopetala,
Portulaca oleracea, Portulaca suffruticosa, and Talinum sp. NMR analysis confirmed
that bleogen pB1 has cystine-knot disulfide connectivity as well as a two-beta-sheet
and a four-loop structural fold that is similar to other 6C-HLPs. Sequence analysis,
structural studies, and in silico modeling revealed that bleogen pB1 has a cation-
polar-cation motif, a signature heparin-binding motif that was confirmed by heparin
affinity chromatography. Cell-based assays showed that bleogen pB1 is non-toxic to
mammalian cells but functions as an anti-Candida peptide. Taken together, our findings
provide insight into the occurrence, functions and precursor architectures of CRPs in
the cactus family.
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INTRODUCTION

Pereskia bleo (Kunth) DC, also known as rose cactus, is an herb belonging to the Cactaceae
family that is commonly used in Southeast Asia. Pereskia bleo is a small, thorny shrub native
to the western United States and South America that is distributed in tropical and subtropical
regions (Zareisedehizadeh et al., 2014). In southeast Asian countries such as Singapore and
Malaysia, Pereskia bleo leaves are traditionally consumed to treat hypertension, diabetes, cancers
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and inflammatory diseases (Tan et al., 2005; Er et al., 2007; Malek
et al.,, 2009; Wahab et al., 2009; Zareisedehizadeh et al., 2014;
Guilhon et al., 2015), as well as gastritis, hemorrhoids, ulcers, and
wounds (Pinto Nde and Scio, 2014; Zareisedehizadeh et al., 2014).
Thus far, the reported putative bioactive compounds of Pereskia
bleo are limited to small molecule metabolites, including sterols,
flavonoids, and carotenoids (Zareisedehizadeh et al., 2014).

Small molecule metabolites and proteins represent a major
source of drug leads in natural products. In contrast, multiple
disulfide-constrained peptides derived from medicinal plants
represent an underexplored area in drug discovery. These plant-
derived peptides, particularly the highly disulfide-crosslinked
cysteine-rich peptides (CRPs) that have three to five disulfide
bonds and a molecular weight between 2 and 6 kDa, are
hyperstable, and could provide a potential source of leads for
drug development in the neglected chemical space between
small molecule metabolites and proteins (Nguyen et al., 2013).
Functionally, many CRPs are known to be plant defense
molecules, which act as antimicrobials, insecticides (Broekaert
et al., 1995, 1997; Silverstein et al., 2007; Odintsova and Egorov,
2012; Nawrot et al., 2014), proteinase inhibitors (Hamato et al.,
1995; Nguyen et al., 2014, 2015a; Loo et al., 2016), or immune-
stimulating agents (Nguyen et al., 2016).

Plant-derived CRPs are ribosomally synthesized peptides that
are processed from precursors encoded in multigene families
(Farrokhi et al, 2008; Tam et al, 2015; Tavormina et al.,
2015). CRPs are classified into different families based on their
cysteine content, cysteine spacing and disulfide connectivities
(Tam et al,, 2015). One of the most common cysteine motifs
is the CX,CX,CCX,CX,C motif, which we have classified
as the six-cysteine-hevein-like peptide (6C-HLP) family. The
cysteine motif of hevein-like peptides was first discovered in
hevein produced by the rubber tree (Hevea brasiliensis) that
contains eight cysteines, cystine-knot disulfide connectivity, and
a chitin-binding domain (Van Parijs et al., 1991). The 6C-HLPs
are classified as hevein-like peptides because they share with
heveins cystine-knot connectivity and the conserved chitin-
binding domain. The 6C-HLP family has since expanded to
include subfamilies that have a similar cysteine motif, but lack
the chitin-binding domain. These subfamilies include cystine-
knot antimicrobial peptides such as Mj-AMP1, Mj-AMP2, and
PAFP-S (Cammue et al., 1992; Gao et al, 2001), cystine-knot
alpha-amylase inhibitors such as allotide (Nguyen et al., 2015a),
alstotides (Nguyen et al., 2015b) and wrightides (Nguyen et al.,
2014), and neutrophil elastase inhibitors such as roseltides (Loo
etal., 2016). The precursor architectures observed in the 6C-HLP
family can be broadly classified into two types: type I biosynthetic
precursors, found in the cystine-knot antimicrobial peptides that
contain two domains, a signal and a mature peptide (Tam et al.,
2015); and type II precursors, found in roseltides and cystine-
knot alpha-amylase inhibitors, which contain three domains,
with a pro-domain inserted between the signal peptide and a
mature peptide domain (Nguyen et al., 2014, 2015a,b; Loo et al.,
2016). A variation of the three-domain architecture (type Ila)
is found in the chitin-binding 6C-HLPs such as altides, which
contain a signal peptide, a mature peptide, and a C-terminal
domain (Kini et al., 2015).

In a mass-spectrometry-driven profiling and discovery
program to identify CRPs in medicinal plants, we found a
cluster of CRPs ranging from 3 to 5 kDa from aqueous
extracts of the medicinal cactus plant Pereskia bleo, belonging
to the Cactaceae family. To date, there is only one cactus-
derived CRP (Ep-AMP1), which is a 6C-HLP isolated from
Echinopsis pachanoi, a medicinal plant found in South America
(Aboye et al., 2015). Herein, we report the identification and
characterization of a novel anti-Candida CRP, bleogen pB1, along
with 14 other bleogens from Pereskia bleo, by both proteomic
and transcriptomic methods. We showed that these bleogens
belong to the 6C-HLP family but display three different types
of biosynthetic precursors, one of which contains a tandemly
repeating mature domain (type IIb). We also showed that bleogen
pB1 is a novel heparin-binding anti-Candida CRP.

RESULTS

Identification of Cysteine-Rich Peptides

from Pereskia bleo

Mass spectrometry-driven profiling of aqueous extracts of
Pereskia bleo leaves, flowers, fruits and seeds revealed the
presence of a cluster of strong signals in the m/z range of
3000-5000 (Figure 1). The dominant m/z 3825 peak, designated
as bleogen pBl, was isolated and subjected to S-reduction
and S-alkylation using dithiothrietol (DTT) and iodoacetamide
(IAM), respectively. After S-reduction and S-alkylation, bleogen
pB1 displayed a m/z increase of 348, indicating that it is a CRP
with six cysteine residues (Supplementary Figure S1).

Primary Sequence and Biosynthesis of
Bleogen pB1

Since bleogen pBI1 is one of the major CRP in Pereskia bleo
leaf, flower and seed extracts, it was selected for purification
and characterization in a scaled-up aqueous extract of Pereskia
bleo leaves. The crude aqueous extracts were first fractionated
by Cl18 reversed-phase and strong cation-exchange flash
chromatography, followed by ultrafiltration using a membrane
with a 2000 Da molecular weight cut-oftf. The CRP-concentrated
fraction was further purified by reversed-phase high performance
liquid chromatography (RP-HPLC) (Supplementary Figure S2).
From one kg of fresh leaves, 5-10 mg of purified bleogen pB1 was
obtained.

To determine the amino acid sequence of bleogen pBl1, the
purified bleogen pB1 was fully S-reduced and S-alkylated, and
then digested with either trypsin or chymotrypsin. The resulting
peptide fragments were analyzed by MALDI-TOF MS, followed
by MS/MS sequencing. Analysis using the generated b-ions and
y-ions revealed that bleogen pBl is a 36-amino-acid-residue
peptide with six cysteines (Figure 2). Transcriptomic analysis
confirmed the amino acid sequence of bleogen pB1, which was
biosynthesized as a 67-residue precursor with two-domains: a
29/31-residue N-terminal signal peptide and a 38/36-residue
C-terminal mature peptide as predicted by SignalP V4.1 (Petersen
etal., 2011) and the Phobius server (Kall et al., 2007), respectively
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FIGURE 1 | MS profiles of different parts of Pereskia bleo plants. (A) leaves, (B) flowers, (C) fruits, and (D) seeds from Pereskia bleo were collected and profiled
using MALDI-TOF MS.

(Figure 3). Transcriptomic analysis further identified 14 other
bleogens (pB2 to pB15) having different precursor architectures
that included a three-domain precursor and a tandemly repeating
bleogen domain (Figure 3).

NMR Structure of Bleogen pB1

To characterize the structural fold of bleogen pB1, its solution
structure was determined from 2D 'H, 'H- TOCSY and NOESY
NMR spectra. The sequential assignment was performed based
on the NOE cross peaks between HN; and Ha;—; as well as the
other side chain protons of residue i—1 (Supplementary Figures
S3,54). Amide protons of residue i have NOE cross peaks with the
side chain protons of the residue i—1. The pattern of the peaks in

TOCSY of each amide proton stripe provided information on the
amino acid type. Based on these strategies, sequential amino acid
assignment was completed. More than 95% of the peaks in the
NOESY spectrum could be assigned unambiguously.

To confirm disulfide bond connectivity, lowest-energy
analysis was performed to compare the averaged energies of the
structures generated with the different disulfide bond patterns
assumed for structure calculation using CNSsolve 1.3 (Brunger
et al, 1998). The lowest number of NOE violations of the
correct disulfide connectivity will have the lowest averaged
energy. Pattern 1 (Supplementary Figure S4) exhibited the lowest
averaged energy, suggesting that the disulfide bond connectivities
are Cys2-Cysl8, Cys9-Cys22, and Cys17-Cys33 (Pattern 1).
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FIGURE 2 | De novo sequencing of bleogen pB1. (A) S-alkylated bleogen
pB1 was digested with chymotrypsin to yield three fragments with m/z 2451,
611 and 1149; and MS/MS spectra of m/z 2451, 611 and 1149 fragments;
(B) S-alkylated bleogen pB1 was digested with trypsin at two sites, yielding
fragments with m/z 2014 and MS/MS spectra of a m/z 2014 fragment.

For Pattern 1, the 20 best structures among 100 structures were
highly converged, with backbone RMSD and heavy atom RMSD
of 0.67 £+ 0.32 A and 1.30 + 0.36 A, respectively (Table 1).
Further evidence supporting the Cys2-Cys18, Cys9-Cys22, and
Cys17-Cys33 disulfide linkages was obtained from the HB-HP
NOE cross peaks (Supplementary Figure S5).

The structure of bleogen pB1 (PDB entry: 5xbd), generated
by simulated annealing, contains one loop and two antiparallel

by NOE cross peaks between HS; and HN;_; of the proline
residue and the previous residue, respectively. Bleogen pBI1
contains two adjacent cysteines, Cysl7 and Cysl8, which
have side chains that are oriented in opposite directions.
The disulfide bond Cys2-Cys18 causes the N terminus of
the peptide to be anchored to the loop, whereas the Cys9-
Cys22 and Cys17-Cys33 disulfide bonds intersect in the center
of bleogen pBl1 (Figure 4). Overall, bleogen pB1 exists as a
four-looped CRP stabilized by three disulfide bonds and two
antiparallel § strands, a structural fold shared by many 6C-HLPs
(Broekaert et al., 1995; Nguyen et al., 2014, 2015a,b; Tam et al,,
2015).

Bleogen pB1 Exhibits Heparin Binding
Activity

Sequence analysis and the NMR structure of bleogen pBl
revealed a positively charged clamp formed by two arginine
residues (R24 and R36) and a tyrosine residue (Y25). The
average measured distances between the a-carbons were 14.2
A (R24-R36), 152 A (R24-Y25), and 3.8 A (Y25-R36)
(Supplementary Figure S6). The spatial arrangement of these
three residues forms a distinctive interacting surface known as
the cation-polar-cation (CpC) clip motif, a structural signature
of heparin-binding proteins (Torrent et al, 2012). In silico
docking of heparin was performed using the automatic protein-
protein docking server ClusPro Version 2.0 operating in heparin
mode (Mottarella et al., 2014). The negatively charged heparin
sulfate interacts with the two basic residues (R24 and R36) and
polar residue (Y25) in bleogen pB1 (Figure 5A). The heparin-
binding activity of bleogen pBl was confirmed by heparin
affinity chromatography showing that bleogen pB1 binds to a
heparin HPLC affinity column and can be eluted with 0.3 M
NaCl (Figure 5B). In contrast, a model peptide (SIGGIR) did
not bind to the heparin affinity column. Using heparin-affinity
chromatography, we could improve the extraction yield of
bleogen pB1 by fourfold, to obtain 20-40 mg of bleogen pB1 per
kg of fresh leaves.

Bleogen pB1 Is an Anti-Candida Peptide
To predict the possible functions of bleogen pBl, a pBLAST
search of the NCBI database was conducted. The search
results showed that bleogen pBl shares sequence similarity
with antimicrobial peptides such as MJ-AMP1 from Mirabilis
jalapa and PAFP-S from Phytolacca americana (Cammue et al.,
1992; Gao et al, 2001; Figure 6A). Protein tertiary structure
comparison with PAFP-S (PDB entry: 1DKC) conducted using
SuperPose software Version 1.0 (Maiti et al., 2004) showed that
PAFP-S has a similar structural fold as bleogen pB1 (Figure 6B).
The RMSD values between the superimposed structures of
PAFP-S and bleogen pB1 were 0.681 A and 1.292 A for all Ca
and heavy atoms, respectively, suggesting that bleogen pB1 could
possess antimicrobial activities.

A radial diffusion assay was conducted to evaluate
the antimicrobial activities of bleogen pBl1 using several
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Mature bleogen
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CIPPGQRCDPTIT--DVLCCQPYKCSW QYGYCSD
CLSTGSAC -YPFG- - -DSCCG--ICVPGPI - - - - -

CATRYESCNPQEG- - -LECCGDFICILPPIWPPVPGRCLEGPSND
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Tandemly repeating bleogen precusor (Type llb)
I Signal peptide Pro-domain Mature bleogen

pm2&13MA--SVSLSKFAILALLIITMVSTFG@GSEMVIKEVVRNV DEKC SEEEGMCVPENGINCCEGL ICMRPL- - -PFPPRPGRCIRPPPQINVFTKQQQ
pB14 & 15 MAKASLSLLKYAILALLISAVVPMF - EGAEMSKKEAVMEKSKMANGENKEQC KNLNEICNISARVVCCEGLTCVEHKHEKGMLGVPGTCR

l Mature bleogen

QQCAKGGERCFPPHGLDCCEGMVCAAPPIYPPVPGVCYGSSA
YNCATVGETCSPSTQHFCCGHLSCK - -PNKPGVLGGGGKCVA

FIGURE 3 | Three different precursor architectures for bleogens pB1-15. Dash lines represent signal peptide cleavage site as predicted by SignalP V4.1 and Phobius
server. Type |: Two domain precursor (Signal peptide — mature peptide); Type II: Three domain precursor (Signal peptide — Pro-domain — Mature peptide); Type lla:
Three domain precursor (Signal peptide — Mature peptide — C-terminal tail/protein cargo); Type llb: Tandemly repeating precursor (Signal peptide — Pro-domain —
Mature peptide — Hinge domain — Mature peptide).

bacterial strains (Escherichia coli, Staphylococcus epidermidis,
Staphylococcus aureus and Enterococcus faecium) and fungal
strains (Candida albicans and Candida tropicalis). Bleogen pB1
displayed antifungal activities toward Candida albicans and
Candida tropicalis with minimal inhibitory concentration (MIC)
of 5 and 10 pM, respectively (Figure 6C). No antibacterial
activity was observed in the tested bacterial strains. Since
high-salt solutions (>0.3 M NaCl) can elute bleogen pBl
from heparin affinity columns, we next examined the anti-
Candida activities of bleogen pBl in a radial diffusion
assay under high-salt conditions. Bleogen pBl did not
display anti-Candida properties in the presence of 0.3

Onekp Database Search for Bleogen
Homologous Genes with Two Domain

Precursors

To explore the diversity of the two-domain precursor architecture
of bleogen pB1, we performed a tblastn search in Onekp, a
comprehensive plant transcriptome database of 1000 plants,
using the precursor sequence of bleogen pBl. Based on our
database search, we identified 47 other two-domain precursor
sequences with three disulfide bonds and a cysteine motif
of CX,CX,CCX,CX,,C from 32 plant species in 17 families
(Figure 8). Of the 32 plant species, six plants from three different
families contained both three-domain and tandemly repeating

M NaCl. Moreover, propidium iodide staining showed )
that bleogen pBl is not membrane lytic (Supplementary ~Precursor sequences found in the Onekp database. These plants
Figure S7) included Pereskia aculeata and Lophophora williamsii from the

Cactaceae family; Portulaca cryptopetala, Portulaca oleracea,
and Portulaca umbraticola from the Portulacaceae family;
and Talinum sp from the Talinaceae family (Supplementary
Figures S8, S9).

Bleogen pB1 Is Not Cytotoxic or

Hemolytic
To determine the cytotoxicity of bleogen pBl, cell viability
was measured by MTT assay. Treatment of HaCaT (human

keratinocyte cells) or NIH-3T3 cells (mouse fibroblast cells) with
bleogen pB1 at concentrations up to 100 wM for 24 h did not
affect cell viability (Figure 7). Bleogen pB1 at up to 100 wM also
did not show hemolytic effects.

DISCUSSION

This report identified novel cactus-derived CRPs, bleogen pB1
and 14 other bleogens, from the medicinal plant Pereskia
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TABLE 1 | Restraints and structure statistics of bleogen pB1.

Experimental restraints and structural statistics of 20 lowest-energy structures of
bleogen pB1 among the 100 structures generated by CNSsolve 1.3

NMR distance restraints 396
Intra-residue NOE (|i—j] = 0) 107
Sequential NOE (ji—j| =1) 115
Medium-range NOE (1 < |i—j| <5) 47
Long-range NOE (ji—j| > 5) 122
Hydrogen bond 5
Diherdral angle restraints 6
Structural statistics (36 residues,Q' —R36)
Violations per structure
NOE violation (A) 0.025 + 0.002
Maximum NOE violation (A) 0.030
Dihedral angle violation (°) 0.225 + 0.066
Maximum NOE violation (°) 0.329
Ramachandran plot region (36 residues)
Residues in most favored regions 18 64.3%
Residues in additional allowed regions 8 28.6%
Residues in generously allowed regions 2 71%
Residues in disallowed regions 0 0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues 3
Number of proline residues 3
Mean RMSD from the average coordinates (36 residues, Q' —R36)
Backbone atoms(/&) 0.67 +£0.32
Heavy atoms(A) 1.30 +0.36

bleo. Our work greatly expands the family of cactus-derived
CRPs, as Ep-AMP1 from Echinopsis pachanoi was the only
previously known example. A comparison of Ep-AMP1 and
bleogen pB1 primary sequences showed that, apart from the

six conserved cysteine residues arranged in the cysteine motif
CXnCXnCCX[CX,C, the remaining 25 amino acids in the
sequence were not conserved.

The 6C-HLP family of CRPs carries the evolutionarily
conserved CX,CX,CCX,CX,C cysteine motif (Nguyen et al.,
2014, 2015a,b; Aboye et al., 2015; Kini et al., 2015; Tam et al., 2015;
Loo et al.,, 2016) and can be further divided into two subfamilies
based on the presence or absence of a chitin-binding domain.
Six-cysteine-containing CRPs having a tandemly connecting CC
motif at the Cys IIT and Cys IV positions are generally arranged as
a cystine-knot with disulfide connectivity of Cys I-1V, Cys II-V,
and Cys III-VI (Nguyen et al., 2014, 2015a,b; Aboye et al., 2015;
Tam et al,, 2015; Loo et al,, 2016). In the 6C-HLP family, the
four-looped scaffold is highly conserved, whereas the amino acid
residues in the inter-cysteine loops are highly variable (Tam et al.,
2015; Loo et al.,, 2016). The absence of a chitin-binding domain
in bleogens classifies them in the non-chitin-binding subfamily
of 6C-HLPs.

The 6C-HLPs have two general types of precursor
architectures. Type I has a two-domain precursor comprised of
a signal peptide and a mature 6C-HLP domain that is seen in
Mj-AMP-1, Mj-AMP2 and PAFP-S precursors (Cammue et al.,
1992; Gao et al., 2001). Meanwhile, type II has a three-domain
precursor comprised of a signal peptide, a pro-domain, and the
mature 6C-HLP domain with or without a short C-terminal
tail (as shown in roseltide and CKAI precursors) (Nguyen
et al., 2014, 2015a,b; Loo et al., 2016). A variation of the
three-domain architecture (type Ila) is seen in chitin-binding
6C-HLPs such as altides (Kini et al., 2015) that contain a signal
peptide, a mature peptide, and a C-terminal domain, which
can be a protein or a short C-terminal tail. Transcriptome
analysis revealed that the 6C-HLP bleogen pB1 has a type I
two-domain precursor comprising an ER signal peptide and a

FIGURE 4 | Solution structure of bleogen pB1.
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mature domain. Interestingly, 14 other bleogens (pB2-pB15)
having a similar cysteine spacing pattern were found to be
derived from two different types of precursors. The pB2-pB11
precursors contain a type II three-domain arrangement, whereas
pB12-pB15 precursors contain a variation of a type II three-
domain arrangement with a tandemly repeating bleogen domain
(type IIb). A search of the Onekp database that includes 1000
plant transcriptomes revealed that less than 1% of the plant
species contain three different precursor architectures for 6C-
HLP biosynthesis (Figure 8 and Supplementary Figures S8, S9).
Thus, Pereskia bleo is an unusual plant that synthesizes three
different 6C-HLP precursor architectures.

In plants, the type I two-domain precursor architectures can
be observed in several CRP families, including plant defensins,
lipid transfer proteins, and 6C-HLPs (Cammue et al., 1992;
Broekaert et al., 1995, 1997; Gao et al., 2001; Tam et al., 2015)
that largely function as antimicrobial peptides. For 6C-HLPs,
Mj-AMP1, and Mj-AMP2 from Mirabilis jalapa (Cammue et al.,
1992), and PAFP-S from Phytolacca americana (Gao et al., 2001)
are three examples that were reported to have antimicrobial
activities and are bioprocessed from a two-domain precursor.
To gain insights into the distribution and diversity of 6C-HLPs

with two-domain precursor sequences from plants, a search
of the OneKP database was performed using the bleogen pB1
precursor sequence. This search yielded 47 precursor sequences
derived from 17 different plant families of gymnosperms and
angiosperms (Figure 8). Of the 47 precursor sequences, the
mature peptides of 45 precursor sequences were observed to
be rich in Lys and Arg residues. This characteristic is similar
to the mature peptides of Mj-AMP1, Mj-AMP2, PAFP-S, and
bleogen pB1, which all possess antimicrobial activities. Hence,
we speculated that the type I two-domain precursor architecture
could be a common feature for cationic 6C-HLPs that have
antimicrobial activities.

An additional feature of antimicrobial 6C-HLPs appears
to be the CpC clip motif, which is characterized by a
conserved pattern comprising one polar and two positively
charged residues. The spatial arrangement of these residues
defines the distances between the cationic and polar residues
(Torrent et al., 2012). In bleogen pBl the amino acids R24,
Y25, and R36 form the CpC clip motif. In silico modeling
showed that the bleogen pBl heparin-binding pocket also
includes R24, R36, and Y25 that interact with negatively
charged heparin sulfate through ionic and hydrogen bonds.
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FIGURE 6 | (A) Sequence alignment of Knottin-type anti-microbial peptide
with bleogen pB1; MJ-AMP1 from Mirabilis jalapa; PAFP-S and Pa-ASP from
Phytolacca americana; (B) Superposition of bleogen pB1 (green) on PAFP-S
(PDB entry: 1DKC; purple). (C) Anti-microbial activities of bleogen pB1 against
Candida albicans and Candida tropicalis. Minimal inhibition concentration
(MIC) was determined using a radial diffusion assay. All results were expressed
as mean + S.E.M (n = 3). Amphotericin B was used as a positive control.
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FIGURE 7 | Bleogen pB1 does not show cytotoxic activities. Effects of
bleogen pB1 on (A) HaCaT and (B) NIH-3T3 cells. All results were expressed
as mean + S.E.M. (n = 3). *P < 0.05 compared to control group.

Torrent et al. (2012) proposed that the CpC clip motif is a
structural signature of heparin-binding proteins, including basic
fibroblast growth factor, thrombin, RANTES, CCL5, and the
cobra cardiotoxin A3. This motif is believed to be the primary
attachment site of heparin or other sulfated glycosaminoglycans
to heparin-binding proteins. Heparan sulfate proteoglycans
(HSPG) are glycoproteins characterized by a protein core with
multiple covalently attached heparan sulfate chains (Tumova
et al., 2000). Heparan sulfate belongs to the glycosaminoglycan
family of sulfated polysaccharides, whereas heparin sulfate is
the highly sulfated form of heparan sulfate (Tumova et al,
2000). Using heparin affinity chromatography, we showed that
bleogen pB1 has heparin-binding properties. This heparin-
binding property also facilitated bleogen pB1 isolation and
purification to enhance the yield from 10 to 40 mg per kg of
fresh leaves. Our Onekp database search identified 29 out of the
47 two-domain precursor sequences, together with Mj-AMP1,
Mj-AMP2, PAFP-S that possess the CpC clip motif in the last
inter-cysteine loop (loop 4) and a C-terminal region that has
heparin-binding properties (Figure 8). Thus, we envision that
heparin-affinity chromatography can be used to identify and
purify potentially bioactive heparin-binding CRPs from plant
extracts.

Bleogen pBl1 exerts selective antimicrobial activities against
the two tested Candida strains with MICs in the micromolar
range. However, the finding that high-salt conditions inhibited
bleogen pB1 anti-Candida activity suggests that ionic interactions
are likely important and that the heparin-binding property
of bleogen pBl is essential for its anti-Candida properties.
Indeed, a previous report showed that endogenous heparin-
binding peptides, including LL-37 and alpha-defensins, exerted
antimicrobial activities against Candida albicans (Schmidtchen
et al,, 2001, 2002). Bleogen pB1 is not membranolytic to human
cells as shown in a hemolytic assay and propidium iodide staining
(Supplementary Figure S7). Thus, the anti-Candida activity of
bleogen pB1 likely does not occur through a pore-formation
mechanism. Further studies are required to understand the
intracellular target(s) responsible for the anti-Candida properties
of bleogen pBI.

CONCLUSION

Here, we showed that Pereskia bleo of the cactus family
produces 6C-HLPs with three different types of precursor
architectures. This study greatly expands our knowledge of the
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Signal peptide Mature 6C-HLP
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MAKLAK--FIGLFAICL-FVVLLLASQGPTL - -AEQCKPNGAKCTEISIPP-CCSNFCLRYAGQKSGTCANR -
MAKVSP -TFL-KFVTIL-VFLLIS-ISAVMS- SCIKNGGRCLETSGPPYCCSNYCYRQVGQSYGVCKNH -
MAKILT-AYL-KFVVVL-1-VLLS-FSALISA- QC IANYRPCRENWGPPYCCSGFCYREAGRALGYCRNR -
MAKVSSATFL-KFVIAM- | - LWLC -MAAMI SG- -CINPGGSCHENSGPPYCCSGFCYRQKGWAEGYCKNP -
MAKISCPIFL-KFVIAV-1-LWLC-MAAMISG- -CIGPGGSCNENSGPPYCCTGFCYRQAGWAEGYCKNP -
MAKIFS-TYL-KFAIVF-1-LFLT-MSGMISG--A-CIRNGGSCREDQGPPYCCSTFCYRQVGWARGYCRNR -
------- MFL-KFVIVL-1-LLLNFSAGMIEA- -A-CITNGGSCRE -GGTDVCCSGFCYRQVGQALGYCKNR -
MAKVSS -AYL-KFAIVL-1-LLLS-1SAVISA--QKCIKNGGRCVASAGPPYCCSNYCLQIAGQSYGVCKKH -
MAKLGM- - SMSLFAICL-FVVLLIAIQGMMVAE -GVCLRNGASCTESSVPW-CCSRFCYRQVGWTTGYCKNR -
MAKVSS -AFL-KFVIVL-1-VLLS-LSAMISA---ACIRNGGSCREDQGPPYCCSGFCYRQVGWARGYCKNR -
MAKVVSLAFL-KFAIVM-I-LWIS-M$AMMSE---NCIRNGGSCHERQGPPYCCSGFCYRQVGWARGHCRNR-
MAKVSS -AFL-KFVIVL-1-VLLS-LSAMISA---ACIRNGGSCREDQGPPYCCSGFCYRQVGWARGYCKNR -
MANVSS -AYL-KFAIVL-1-LLLS-1SGVIS---A-CIGNGGRCVYTAGPPYCCSGFCYQLPGQGYGYCRNR-
MEKVSS -AYL-KFAIVM-L-LLFS-MSAVIS- - -A-CVGNGGSCHEGVTP - -CCSGFCYRQVGWAVGYCKNR -
------- MFL-KFVIVL-1-LLLNFSAGMIE- - -AACITNGGSCRE -GGTDVCCSGFCYREVGQALGYCKNR -
MAKLAD - - FKGLF I ILL-FVVFLVATQGPMMAA -ALCLPRGARCFRDFR- - -CCSRHCFRR=- - - - - - RCI - - -
MAKFSA-ANL-KFAIAL-1-LILS-MIALAS- --AACKRNGVSCREDEGPPYCCSGFCYRQVGWARGYCKNR -
MAKISP-AYL-KFVIVM-1-LILS-LVGVST- --AACIKNGGRCREDVGPPYCCSGFCLRDVGQAYGSCKNR-
MAKITS-AYL-KFAIVL-1-LILS-1AAVST---AQCIANGGRCREDVGPPYCCSNFCLRQVGQAYGSCQNR-
MAKISS -AYL-KFAIVL-1-MILS-1AVAAS- - -AGCQPNYASCREDEGPPYCCSGFCYRQVGWPRGYCKSR -
MAKISS-TYL-KFAIVL-V-FILS-11AVSS- --AQCISNGGSCREDNGPPYCCSGFCYRQAGWAEGYCKNS -
MAKISS-AYL-KFAIVL-1-LILS-ITAVSS---AACIRNGGSCREDQGPPYCCSGFCYRQVGWAKGYCKNR -
MAK1SS-ACL-KFAIVL-1-LILS-1TAVSS- --AACIRNGGGCREDQGPPYCCSGFCYRQVGWARGYCRNR -
MMKVPS -AYL-KFAIVL-1-LLLS-I1SAVTS---AQCISPGGNCREDQGPPYCCSGFCYRQAAWAVGYCKNN -
MANVSS -AYL-KFAIVL-1-LLLS-1SGVIS---A-CIGNGGRCVYTAGPPYCCSGFCYQLPGQGYGYCRNR-
MANVSS -ANL-KFAIVL-1-LFLSIISAVIS- --SQCIRNGGTCIWNRGPPYCCSTFCYQQTGWRVGYCRNR -
MASLAK- -FIGLLALWLCVLVLVVTT.QGPMFAA -AQCLPNGSPCTENS IPS-CCSGFCLRTPQQSLGSCTNQ-
MAKLPK--YISLFAICL-FAMLL -ASQGPLMAEAGQCLPNGARCTESSVPW-CCSRFCYRQVAWKVGFCKNR -
MAKVSS -AYL-KFAIVL-1-LLLS-1SAVIS--AQKCIKNGGRCVASAGPPYCCSNYCLQIAGQSYGVCKKH -
MAKVSS -AYL-KFAIVL-1-LLLS-1SAVIS--AQKCIKNGGRCVASGGPPYCCSNYCLQIAGQSYGVCKKR-
MTKVSS -AFL-KFAFML -1 -LLLN-LSAMIS - -AG-CIRNGGRCREGQGPPYCCSKFCYRQVGWAYGYCRNR -
MTNLAN- - FMGLLT IWLCVLVLLVTTQDSTFVA-AQCLRYGSPCIETSNPP-CCTRFCLRFKGQSVGRCTYR-
MAKLAN--FIGLLAIWLCVVVILATﬁQGPMFAA-ﬁQCLPRGSPCTENSVPS-CCSGFCLRTPQQSLGSCT---
MASLAK--FIGLLALWLCVLVLVVTT.QGPMFAV - AQCLPNGSPCTENS IPS-CCSGFCLRTPQQSLGSCTNQ-
MANLAN - - FVGLLAIWFCVLVLLVTAQGSMTAA-TACLHNGSPCTENSYPP-CCSTFCLRTPEQVLGSCTNR-
MAKVPS -AYV -KFALVL-1-LLLS-VAAMISAQ- -l/KCIPNGGSCQYNGPAPYCCSSYCYQQVGQSRGTCTNKP
MAKLAK--FITIFAICL-FVVLLLASQGPMLAE - AQCKPNGAKCTE IS IPP-CCSGYCLRYAGQKSGTCTNR-
MAKVPS -VY | -KFAIVL-1-LLLS-ISAIASA---ACIKNGGRCRENVGPPYCCSGFCLRQAGQAYGVCKKR -
MAKTSS -AYLIKFAIVL-1-LLLS-MSAVISG---ACIRNGGRCREDQGPPYCCSSFCYRQVGWRYGYCKNR -
MAKVSS -AYA-KFAIVL-1-LLLS-VAAMISAQ- -iGCIPNGGSCQYNGGPPYCCSKFCLQQPNQARGRCTNRS
MAKVSS -AYA-KFAIVL-L-LLLS-VAAMISAQ- -iGCIPNGGSCQYNGGPPYCCSKFCLQQPNQARGRCTNRS
MANLPS -AYV-KFAIVL-1-VLMSVVAAV ISQRTYECI ISGGSCQLNGSYPFCCSDVCNQTQGQSSGVCS - - -
MAKVSA-AYA-KFAIVL-L-LLLS-VAAMISAQ- -iGCIPNGGSCQYNGGPPYCCSKFCLQQPNQARGRCTNRS
MANLPS -AYV-KFAIVL-1-VLMSVVAAVISQQRTYECI ISGGSCQLNGSYPFCCSDVCNQTQGQSSGVCT- - -
MAKSAK--FIAFFAICL-FIVLLVASQGP IRVA-AQCLPRGSACTENSNPP -CCSGLCNRQGFQALGSCT- - -
MAKLAN--LMGFFAICL-FVVLLLA?QGPMMAA-AQCLPTGTACTENSSPP-CCSKFCLRQPNQGLGKC----
MATVTS -AYL-KFAIVL-1-ALLS-VAVSISA--QACIPNGGGCRSNGGPPFCCSGFCLQQNGQSSGFCTNRS
MAKVPS -TYV-KFAIVL-1-LLMS-VAAVISA--QSCIPNGRSCQYNGGPPYCCSNFCLQQPNQARGYCTNRS
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FIGURE 8 | Alignment of 47 two-domain precursor sequences with three disulfide bonds and a cysteine motif of CX,CX,CCX,CX,C by tblastn search of the Onekp
database. Dash lines represent signal peptide cleavage site as predicted by SignalP V4.1 and Phobius server.
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occurrence, functions and precursor architectures of 6C-HLPs.
Our results also highlight the discovery of bleogen pB1 as the
first plant-derived heparin-binding anti-Candida 6C-HLP from
the Cactaceae family.

EXPERIMENTAL PROCEDURES

Materials

All chemicals and solvents, unless otherwise stated, were
purchased from Sigma-Aldrich (St. Louis, MO, United States)
and Fisher Scientific (Waltham, MA, United States).

Plant Materials

Samples of fresh Pereskia bleo leaves, flowers, fruits and
seeds were collected from the Nanyang Community Herb
Garden, Nanyang Technological University, Singapore (courtesy
of Mr. Ng Kim Chuan). Sample authenticity was determined

taxonomically by S. Lee and H.J. Lam of the Singapore Botanic
Gardens and voucher specimens were deposited at the Singapore
Herbarium in Singapore Botanic Gardens (code number: SING
2015-145).

Screening and Profiling

Fresh Pereskia bleo plant parts were extracted with water for
15 min at room temperature at a 1:10 ratio. The aqueous extracts
were vortexed vigorously and centrifuged at 16000 x g for
5 min at 4°C before being subjected to flash chromatography
using C18 solid phase extraction (SPE) columns (Waters,
United States). The fractions were eluted with 60% ethanol
and analyzed by matrix-assisted laser desorption/ionization-
time of flight mass spectrometry (MALDI-TOF MS; AB
SCIEX 4700 MALDI-TOF/TOF). The MALDI spectra were
acquired in the m/z range of 500-6000, with a focus m/z
3500. Total laser shots were 2250 with a laser intensity of
3500.
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Heparin Affinity Chromatography

Heparin binding chromatography was performed by high
performance liquid chromatography (HPLC; Shimadzu, Japan).
A linear gradient of mobile phase A (10 mM phosphate buffer,
pH 7.2) and mobile phase B (0.75 M NaCl in 10 mM phosphate
buffer, pH 7.2) was used with a TSKgel Heparin-5PW column
(75 mm x 75 mm, 10 pwm; Tosoh Bioscience, Japan).

S-Reduction and S-Alkylation

Purified bleogen pBl was S-reduced by 20 mM dithiothreitol
(DTT) in ammonium bicarbonate buffer (25 mM) pH 8 at
37°C for 30 min, followed by S-alkylation with 200 mM IAM
at 37°C for 60 min. MALDI-TOF MS was used to confirm
the mass shift after S-reduction and S-alkylation. The MALDI
spectra were acquired in the m/z range of 500-6000, with a focus
m/z 3500. Total laser shots were 2250 with a laser intensity of
3500.

Scale-up Extraction and Purification of

Bleogen pB1

Fresh Pereskia bleo leaves (1 kg) were blended for 15 min
with water and centrifuged at 9000 rpm for 10 min at 4°C
(Beckman Coulter, United States). The supernatant was filtered
through 1 WM pore size glass fiber filter paper (Sartorius,
Singapore). The filtrate was loaded onto a C18 flash column
(Grace Davison, United States) and eluted with 60% ethanol.
The eluted fractions were then loaded onto an SP Sepharose
resin column (GE Healthcare, United Kingdom), eluted with 1
M NaCl (pH 3.0), followed by ultrafiltration (ViVaflow 200, 2000
MWCO hydrostat). Further purification was performed by RP-
HPLC (Shimadzu, Japan). A linear gradient of mobile phase A
(0.05% TFA/H,0) and mobile phase B (0.05% TFA/ACN) was
used with a C18 column (250 mm x 22 mm, 5 pum, 300A;
Grace Davison, United States). MALDI-TOF MS was used to
identify the presence of bleogen pBl in the eluted fractions.
The eluted fractions containing bleogen pB1 were lyophilized
for storage at room temperature. The MALDI spectra were
acquired in the m/z range of 500-6000, with a focus m/z
3500. Total laser shots were 2250 with a laser intensity of
3500.

De Novo Peptide Sequencing

Purified S-alkylated bleogen pB1 (1 mg/mL) was digested with
trypsin or chymotrypsin at a 5:1 (v/v) ratio in ammonium
bicarbonate buffer (25 mM), pH 8 at 37°C for 10 min. The tryptic
and chymotryptic peptide fragments were then analyzed by
MALDI-TOF MS followed by MS/MS (AB SCIEX 4700 MALDI-
TOF/TOF). De novo peptide sequencing was performed using
the b-ions and y-ions. The MALDI spectra were acquired in the
m/z range of 500-6000, with a focus m/z 3500. Total laser shots
were 2250 with a laser intensity of 3500. The MALDI MS/MS
spectra for the digested fragments of m/z 611, 1149 and 2451 for
chymotryptic peptides, and m/z 2014 for tryptic peptides were
acquired using a laser intensity of 5000 with a total of 8000 laser
shots.

Total RNA Isolation and Next Generation

Transcriptome Sequencing

RNA isolation from fresh Pereskia bleo leaves was performed
based on the protocol of Djami-Tchatchou and Straker (2011)
using CTAB extraction buffer (2% cetyltrimethylammonium
bromide, 2% polyvinylpyrrolidone, 100 mM Tris-HCl (pH
8.0), 2 mM EDTA, 2 M NaCl, 2% 2-mercaptoethanol; Djami-
Tchatchou and Straker, 2011). RNA library construction was
performed using 1 pg total RNA (RIN value > 7.0) with
an Illumina TruSeq mRNA Sample Prep kit (Illumina Inc.,
United States). Briefly, poly-A containing mRNA molecules
were purified using poly-T-attached magnetic beads. Following
purification, mRNA fragmentation was performed using divalent
cations at an elevated temperature. RNA fragments were reverse-
transcribed into first strand cDNA using SuperScript II reverse
transcriptase (Invitrogen) and random primers, followed by
second strand ¢cDNA synthesis using DNA Polymerase I and
RNase H. These cDNA fragments were subjected to end repair
processing, the addition of a single A’ base, and ligation of the
indexing adapters. The products were then purified and enriched
using PCR to create the final cDNA library. The libraries were
quantified using qPCR according to the gPCR Quantification
Protocol Guide (KAPA Library Quantification kits for Illumina
Sequencing platforms) and qualified using TapeStation D1000
ScreenTape (Agilent Technologies, Germany). Indexed libraries
were sequenced using the HiSeq2500 platform (Illumina Inc.,
United States) and the reads were assembled using Trinity
by Macrogen Inc. (Korea). The transcriptomic raw data were
deposited at NCBI database under BioProject: PRINA416167,
BioSample: SAMNO07943319.

tBlastn Search of Bleogens from

Pereskia bleo Leaves Transcriptome

tBlastn was used to search for 6C-HLPs with a cysteine
spacing pattern of CXCXCCXCXC from Pereskia bleo leaves
transcriptome using bleogen pB1 as a query sequence with expect
value threshold 100 (BioEdit v7.2.6.1).

Onekp Database Search for
Bleogen-Like Precursor Sequences

tBlastn was used to search for bleogen-like precursor sequences
from OneKp using bleogens as query sequences with expect value
threshold 100.

Signal Peptide Prediction
Signal peptide cleavage sites were predicted using SignalP 4.1
server (Default D-cutoff values) and Phobius server.

NMR Spectroscopy and Structure

Determination of Bleogen pB1

A sample of bleogen pB1 for NMR spectroscopy was prepared by
dissolving the lyophilized peptide in PBS to yield a final peptide
concentration of 3 mM. All NMR spectra were collected at a
sample temperature of 298 K on a Bruker AVANCE II 600 MHz
NMR spectrometer equipped with four RF channels and a 5 mm
z-gradient TCI cryoprobe. Phase-sensitive two-dimensional 'H,
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'H-TOCSY and NOESY spectra were recorded with a spectral
width of 12 ppm. For water suppression, excitation sculpting
with gradients was applied to all NMR experiments. TOCSY
and NOESY spectra were obtained with mixing times of 80
and 200 ms, respectively. The proton chemical shifts were
referenced to external sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS). All measurements were recorded with 2,048
complex data points and zero-filled to 2048 x 512 data matrices.
Time domain data in both dimensions were multiplied by a
90°-shifted squared sine bell window function prior to Fourier
transformation. Baseline correction was applied with a fifth order
polynomial. NMR data were acquired and processed by TopSpin
(Bruker BioSpin). The NMR spectra were processed with
NMRpipe (Delaglio et al., 1995). Sequence-specific assignments
were achieved with 2D TOCSY and NOESY and NOEs were
performed using SPARKY (Goddard and Kneller, 2004). Distance
restraints were derived based on the intensities of NOE cross
peaks, which were divided into three classes: strong, 1 < d < 1.8;
medium, 1.8 < d < 3.4; weak, 3.4 < d < 5. Three-dimensional
structures were reconstructed using CNSsolve 1.3 (Brunger et al.,
1998). The six cysteines were assumed to form disulfide bonds in
the structure calculation. Structures were displayed with Chimera
(Huang et al., 1996) and Pymol (Delano, 2002) and validated with
the online server PDBsum (Laskowski et al., 2005). Accession
code(s): PDB ID 5XBD, BMRB ID 36066.

In Silico Modeling

The in silico docking of heparin binding was performed using
the automatic protein-protein docking server ClusPro Version
2.0 (Comeau et al., 2004a,b) that includes an advanced option
for heparin docking. The docking involves global rigid docking
using a fast Fourier transform correlation approach. Two sets of
900 lowest energy structures (using electrostatic energy, van der
Waals attractions and van der Waals repulsions) were retained.
The second step involved clustering the retained structures using
pairwise RMSD. The ten largest clusters were then refined by
minimizing the energy of the complexes. Clusters ranked the
highest displayed the most contacts with the protein.

Bacterial and Fungal Strains

The bacteria and fungi used were: Escherichia coli ATCC®
25922™, Staphylococcus  epidermidis ATCC®  12228™,
Staphylococcus aureus ATCC® 29213™, Enterococcus faecium
(courtesy of Professor Kimberly Kline, NTU), Candida albicans
ATCC® 900028™, and Candida tropicalis (identified by Charles
River Laboratories International, Inc., Singapore). All bacterial
and fungal strains were cultivated in tryptic soy broth (TSB)
and tryptic soy agar, with the exception of Candida albicans,
which was cultivated in super optimal broth with catabolite
repressor (SOC) and SOC agar. All cultured microbial strains
were incubated at 37°C with shaking at 350 rpm.

Radial Diffusion Assay (RDA)

Bleogen pB1 was screened for antimicrobial activity on bacterial
(Escherichia coli, Staphylococcus epidermidis, Staphylococcus
aureus, Enterococcus faecium) and fungal (Candida albicans,
Candida tropicalis) strains using the protocol described by

Steinberg et al. (Steinberg and Lehrer, 1997). Briefly, the
microbial strains were subcultured in fresh broth, and allowed
to reach log phase by incubating for 3 h at 37°C with shaking
at 350 rpm. The strains were centrifuged at 1000 x g, 4°C for
10 min and washed once with sterile 10 mM sodium phosphate
buffer, pH 7.4. ODg; was adjusted to 0.1 and an optimal volume
of culture was inoculated into the underlay agar (20X dilution of
TSB or SOC with 1% agarose) and plated. Wells (1 mm x 1 mm)
were punched into the underlay agars and bleogen pB1 (0.1, 1, 10,
25, 30, 40, 50, 60, 75, and 100 wM) was added to the wells. Triton
X-100 (1%) was used as the positive control for bacterial strains
and amphotericin B as the positive control for fungal strains.
Samples were allowed to diffuse into the agar by incubating at
37°C for 3 h. Nutrient-rich overlay agar was made to coat the
underlay agar. For high salt conditions, 0.3 M NaCl in nutrient
rich overlay agar was prepared. The plates were incubated at
37°C overnight before the inhibition zone was measured and
normalized to determine the MIC. All the experiments were
repeated for three times.

Cell Culture

HaCaT (human keratinocyte) and NIH-3T3 (mouse fibroblast)
cells were cultured in Dulbecco’s modification of Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 100
U/mL penicillin and streptomycin and grown in a 5% CO;
humidified incubator at 37°C.

Cell Viability Assay

Cell viability was measured using a 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide (MTT) dye reduction assay.
Briefly, cells were treated with 100 wM bleogen pB1 or 0.1%
Triton X-100 (positive control) for 24 h. MTT (0.5 mg/mL
final concentration) was added and incubated for 3 h at
37°C. Dimethyl sulfoxide was then added to dissolve insoluble
formazan crystals. The absorbance was measured at 550 nm using
a microplate reader (Tecan Infinite 200 Pro, Switzerland). All the
experiments were repeated for three times.

Hemolytic Assay

Red blood cells were collected by centrifugation at 1000 rpm
for 10 min at 37°C. The collected red blood cells were washed
multiple times with phosphate buffered saline (PBS). A 1% red
blood cell solution was prepared in PBS and seeded into a 96-well
microtiter plate. The red blood cells were then exposed to 100 uM
bleogen pB1 or 0.1% Triton X-100 (positive control) for 1 h at
37°C. The plate was centrifuged at 1,000 rpm for 10 min at 37°C
and the supernatant was transferred to a new 96-well microtiter
plate. Absorbance was measured at 415 nm using a microplate
reader. All the experiments were repeated for three times.

Propidium lodide Staining

Candida albicans was cultured in SOC broth before 50 wM
bleogen pBl was added and incubated for 24 h at 37°C with
shaking at 350 rpm. Propidium iodide (1 pg/mL) was added
and 10000 cells were evaluated using flow cytometry (BD
LSRFortessa™ X-20 flow cytometer, United States). All the
experiments were repeated for three times.
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Statistical Analyses

Statistical comparisons were performed using GraphPad Version
6.0d (United States). Data were analyzed using one-way analysis
of variance (ANOVA) followed by Newman-Keuls post hoc tests.
Data were expressed as mean = SEM and P < 0.05 was
considered to be statistically significant.

AUTHOR CONTRIBUTIONS

SL, AK, and JT designed, performed, analyzed the experiments,
and wrote the paper. TX performed the NMR analysis of bleogen
pB1. All authors reviewed the results and approved the final
version of the manuscript.

REFERENCES

Aboye, T. L., Stromstedt, A. A., Gunasekera, S., Bruhn, J. G., El-Seedi, H.,
Rosengren, K. J., et al. (2015). A cactus-derived toxin-like cystine knot Peptide
with selective antimicrobial activity. Chembiochem 16, 1068-1077. doi: 10.1002/
cbic.201402704

Broekaert, W. F., Cammue, B. P., De Bolle, M. F., Thevissen, K., De Samblanx,
G. W., Osborn, R. W, et al. (1997). Antimicrobial peptides from plants. Crit.
Rev. Plant Sci. 16, 297-323. doi: 10.1080/07352689709701952

Broekaert, W. F., Terras, F., Cammue, B., and Osborn, R. W. (1995). Plant
defensins: novel antimicrobial peptides as components of the host defense
system. Plant Physiol. 108, 1353-1358. doi: 10.1104/pp.108.4.1353

Brunger, A. T., Adams, P. D.,, Clore, G. M., Delano, W. L., Gros, P., Grosse-
Kunstleve, R. W, et al. (1998). Crystallography & NMR system: a new software
suite for macromolecular structure determination. Acta Crystallogr. D Biol.
Crystallogr. 54, 905-921. doi: 10.1107/S0907444998003254

Cammue, B. P., De Bolle, M. F., Terras, F. R., Proost, P., Van Damme, J., Rees,
S. B., et al. (1992). Isolation and characterization of a novel class of plant
antimicrobial peptides form Mirabilis jalapa L. seeds. J. Biol. Chem. 267,
2228-2233.

Comeau, S. R,, Gatchell, D. W, Vajda, S., and Camacho, C. J. (2004a). ClusPro: a
fully automated algorithm for protein-protein docking. Nucleic Acids Res. 32,
W96-W99. doi: 10.1093/nar/gkh354

Comeau, S. R, Gatchell, D. W., Vajda, S., and Camacho, C. J. (2004b). ClusPro:
an automated docking and discrimination method for the prediction of protein
complexes. Bioinformatics 20, 45-50.

Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A. (1995).
NMRPipe: a multidimensional spectral processing system based on UNIX
pipes. J. Biomol. NMR 6, 277-293. doi: 10.1007/BF00197809

Delano, W. L. (2002). The PyMOL Molecular Graphics System. Palo Alto, CA:
DeLano Scientific.

Djami-Tchatchou, A. T., and Straker, C. J. (2011). The isolation of high quality
RNA from the fruit of avocado. S. Afr. J. Bot. 78, 44-46. doi: 10.1016/j.sajb.2011.
04.009

Er, H. M., Cheng, E. H., and Radhakrishnan, A. K. (2007). Anti-proliferative and
mutagenic activities of aqueous and methanol extracts of leaves from Pereskia
bleo (Kunth) DC (Cactaceae). J. Ethnopharmacol. 113, 448-456. doi: 10.1016/j.
jep.2007.06.026

Farrokhi, N., Whitelegge, J. P., and Brusslan, J. A. (2008). Plant peptides and
peptidomics. Plant Biotechnol. ]. 6, 105-134. doi: 10.1111/j.1467-7652.2007.
00315.x

Gao, G. H,, Liu, W,, Dai, J. X., Wang, J. F., Hu, Z., Zhang, Y., et al. (2001). Solution
structure of PAFP-S: a new knottin-type antifungal peptide from the seeds of
Phytolacca americana. Biochemistry 40, 10973-10978. doi: 10.1021/bi010167k

Goddard, T., and Kneller, D. (2004). SPARKY 3. San Francisco, CA: University of
California.

Guilhon, C. C., Abdul Wahab, I. R., Boylan, F., and Fernandes, P. D. (2015). Central
antinociceptive and mechanism of action of Pereskia bleo Kunth leaves crude

ACKNOWLEDGMENTS

This research was supported in part by a Competitive Research
Grant from the National Research Foundation in Singapore
(NRF-CRP8-2011-05), Nanyang Technological University
internal funding - Synzyme and Natural Products (SYNC) and
the AcRF Tier 3 funding (MOE2016-T3-1-003).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2017.02162/
full#supplementary- material

extract, fractions, and isolated compounds. Evid. Based Complement. Alternat.
Med. 2015:915927. doi: 10.1155/2015/915927

Hamato, N., Koshiba, T., Pham, T. N., Tatsumi, Y., Nakamura, D., Takano, R., et al.
(1995). Trypsin and elastase inhibitors from bitter gourd (Momordica charantia
LINN.) seeds: purification, amino acid sequences, and inhibitory activities of
four new inhibitors. J. Biochem. 117, 432-437. doi: 10.1093/jb/117.2.432

Huang, C. C., Couch, G. S., Pettersen, E. F., and Ferrin, T. E. (1996). “Chimera:
an extensible molecular modeling application constructed using standard
components,” in Proceedings of the Pacific Symposium on Biocomputing, Kailua-
Kona, HI, 1519-1523.

Kall, L., Krogh, A., and Sonnhammer, E. L. (2007). Advantages of combined
transmembrane topology and signal peptide prediction-the Phobius web
server. Nucleic Acids Res. 35, W429-W432. doi: 10.1093/nar/gkm256

Kini, S. G., Nguyen, P. Q., Weissbach, S., Mallagaray, A., Shin, J., Yoon, H. S,,
et al. (2015). Studies on the chitin binding property of novel cysteine-rich
peptides from Alternanthera sessilis. Biochemistry 54, 6639-6649. doi: 10.1021/
acs.biochem.5b00872

Laskowski, R. A., Chistyakov, V. V., and Thornton, J. M. (2005). PDBsum more:
new summaries and analyses of the known 3D structures of proteins and nucleic
acids. Nucleic Acids Res. 33, D266-D268. doi: 10.1093/nar/gki001

Loo, S., Kam, A., Xiao, T., Nguyen, G. K,, Liu, C. F., and Tam, J. P. (2016).
Identification and characterization of roseltide, a knottin-type neutrophil
elastase inhibitor derived from Hibiscus sabdariffa. Sci. Rep. 6:39401.
doi: 10.1038/srep39401

Maiti, R., Van Domselaar, G. H., Zhang, H., and Wishart, D. S. (2004). SuperPose:
a simple server for sophisticated structural superposition. Nucleic Acids Res. 32,
W590-W594. doi: 10.1093/nar/gkh477

Malek, S. N., Shin, S. K., Wahab, N. A,, and Yaacob, H. (2009). Cytotoxic
components of Pereskia bleo (Kunth) DC. (Cactaceae) leaves. Molecules 14,
1713-1724. doi: 10.3390/molecules14051713

Mottarella, S. E., Beglov, D., Beglova, N., Nugent, M. A., Kozakov, D., and Vajda, S.
(2014). Docking server for the identification of heparin binding sites on
proteins. J. Chem. Inf. Model. 54, 2068-2078. doi: 10.1021/ci500115j

Nawrot, R., Barylski, J., Nowicki, G., Broniarczyk, J., Buchwald, W., and Gozdzicka-
Jozefiak, A. (2014). Plant antimicrobial peptides. Folia Microbiol. 59, 181-196.
doi: 10.1007/s12223-013-0280-4

Nguyen, G. K. T,, Lian, Y., Pang, E. W. H., Nguyen, P. Q. T,, Tran, T. D., and
Tam, J. P. (2013). Discovery of linear cyclotides in monocot plant Panicum
laxum of Poaceae family provides new insights into evolution and distribution
of cyclotides in plants. J. Biol. Chem. 288, 3370-3380. doi: 10.1074/jbc.M112.
415356

Nguyen, K. N., Nguyen, G. K., Nguyen, P. Q., Ang, K. H., Dedon, P. C,, and
Tam, J. P. (2016). Immunostimulating and Gram-negative-specific antibacterial
cyclotides from the butterfly pea (Clitoria ternatea). FEBS ]. 283, 2067-2090.
doi: 10.1111/febs.13720

Nguyen, P. Q., Luy, T. T., Bai, Y., Nguyen, G. K., Pervushin, K., and Tam, J. P.
(2015a). Allotides: proline-rich cystine knot alpha-amylase inhibitors from
Allamanda cathartica. J. Nat. Prod. 78, 695-704. doi: 10.1021/np500866¢

Frontiers in Plant Science | www.frontiersin.org

December 2017 | Volume 8 | Article 2162


https://www.frontiersin.org/articles/10.3389/fpls.2017.02162/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2017.02162/full#supplementary-material
https://doi.org/10.1002/cbic.201402704
https://doi.org/10.1002/cbic.201402704
https://doi.org/10.1080/07352689709701952
https://doi.org/10.1104/pp.108.4.1353
https://doi.org/10.1107/S0907444998003254
https://doi.org/10.1093/nar/gkh354
https://doi.org/10.1007/BF00197809
https://doi.org/10.1016/j.sajb.2011.04.009
https://doi.org/10.1016/j.sajb.2011.04.009
https://doi.org/10.1016/j.jep.2007.06.026
https://doi.org/10.1016/j.jep.2007.06.026
https://doi.org/10.1111/j.1467-7652.2007.00315.x
https://doi.org/10.1111/j.1467-7652.2007.00315.x
https://doi.org/10.1021/bi010167k
https://doi.org/10.1155/2015/915927
https://doi.org/10.1093/jb/117.2.432
https://doi.org/10.1093/nar/gkm256
https://doi.org/10.1021/acs.biochem.5b00872
https://doi.org/10.1021/acs.biochem.5b00872
https://doi.org/10.1093/nar/gki001
https://doi.org/10.1038/srep39401
https://doi.org/10.1093/nar/gkh477
https://doi.org/10.3390/molecules14051713
https://doi.org/10.1021/ci500115j
https://doi.org/10.1007/s12223-013-0280-4
https://doi.org/10.1074/jbc.M112.415356
https://doi.org/10.1074/jbc.M112.415356
https://doi.org/10.1111/febs.13720
https://doi.org/10.1021/np500866c
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Loo et al.

Cactus-Derived Anti-Candida Cysteine-Rich Peptides

Nguyen, P. Q., Ooi, J. S., Nguyen, N. T., Wang, S., Huang, M., Liu, D. X,
et al. (2015b). Antiviral cystine knot alpha-amylase inhibitors from Alstonia
scholaris. J. Biol. Chem. 290, 31138-31150. doi: 10.1074/jbc.M115.654855

Nguyen, P. Q., Wang, S., Kumar, A, Yap, L. J., Luu, T. T, Lescar, J., et al. (2014).
Discovery and characterization of pseudocyclic cystine-knot alpha-amylase
inhibitors with high resistance to heat and proteolytic degradation. FEBS J. 281,
4351-4366. doi: 10.1111/febs.12939

Odintsova, T., and Egorov, T. (2012). “Plant antimicrobial peptides,” in Plant
Signaling Peptides, eds H. R. Irving and C. Gehring (Berlin: Springer), 107-133.
doi: 10.1007/978-3-642-27603-3_7

Petersen, T. N., Brunak, S., Von Heijne, G., and Nielsen, H. (2011). SignalP 4.0:
discriminating signal peptides from transmembrane regions. Nat. Methods 8,
785-786. doi: 10.1038/nmeth.1701

Pinto Nde, C., and Scio, E. (2014). The biological activities and chemical
composition of Pereskia species (Cactaceae) - a review. Plant Foods Hum. Nutr.
69, 189-195. doi: 10.1007/s11130-014-0423-z

Schmidtchen, A., Frick, I. M., Andersson, E., Tapper, H., and Bjorck, L. (2002).
Proteinases of common pathogenic bacteria degrade and inactivate the
antibacterial peptide LL-37. Mol. Microbiol. 46, 157-168. doi: 10.1046/j.1365-
2958.2002.03146.x

Schmidtchen, A., Frick, I. M., and Bjorck, L. (2001). Dermatan sulphate is released
by proteinases of common pathogenic bacteria and inactivates antibacterial
alpha-defensin. Mol. Microbiol. 39, 708-713. doi: 10.1046/j.1365-2958.2001.
02251.x

Silverstein, K. A., Moskal, W. A., Wu, H. C,, Underwood, B. A., Graham, M. A,
Town, C. D, etal. (2007). Small cysteine-rich peptides resembling antimicrobial
peptides have been under-predicted in plants. Plant J. 51, 262-280. doi: 10.1111/
j.1365-313X.2007.03136.x

Steinberg, D. A., and Lehrer, R. I. (1997). Designer assays for antimicrobial
peptides. Disputing the “one-size-fits-all” theory. Methods Mol. Biol 78,
169-186. doi: 10.1385/0-89603-408-9:169

Tam, J. P, Wang, S., Wong, K. H., and Tan, W. L. (2015). Antimicrobial peptides
from plants. Pharmaceuticals 8, 711-757. doi: 10.3390/ph8040711

Tan, M. L., Sulaiman, S. F., Najimuddin, N., Samian, M. R., and Muhammad, T. S.
(2005). Methanolic extract of Pereskia bleo (Kunth) DC. (Cactaceae) induces

apoptosis in breast carcinoma, T47-D cell line. J. Ethnopharmacol. 96, 287-294.
doi: 10.1016/j.jep.2004.09.025

Tavormina, P., De Coninck, B., Nikonorova, N., De Smet, 1., and Cammue,
B. P. (2015). The plant peptidome: an expanding repertoire of structural
features and biological functions. Plant Cell 27, 2095-2118. doi: 10.1105/tpc.15.
00440

Torrent, M., Nogues, M. V. Andreu, D. and Boix, E. (2012). The
“CPC clip motif”: a conserved structural signature for heparin-
binding proteins. PLOS ONE 7:e42692. doi: 10.1371/journal.pone.00
42692

Tumova, S., Woods, A., and Couchman, J. R. (2000). Heparan sulfate proteoglycans
on the cell surface: versatile coordinators of cellular functions. Int. J. Biochem.
Cell Biol. 32, 269-288. doi: 10.1016/S1357-2725(99)00116-8

Van Parijs, J., Broekaert, W. F., Goldstein, . J., and Peumans, W. J. (1991). Hevein:
an antifungal protein from rubber-tree (Hevea brasiliensis) latex. Planta 183,
258-264. doi: 10.1007/BF00197797

Wahab, S., Abdul, A., Mohan, S., Al-Zubain, A., Elhassan, M., and Ibrahim, M.
(2009). Biological activities of Pereskia bleo extracts. Int. J. Pharmacol. 5, 71-75.
doi: 10.3923/ijp.2009.71.75

Zareisedehizadeh, S., Tan, C. H., and Koh, H. L. (2014). A review of botanical
characteristics, traditional usage, chemical components, pharmacological
activities, and safety of Pereskia bleo (Kunth) DC. Evid. Based Complement.
Alternat. Med. 2014:326107. doi: 10.1155/2014/326107

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Loo, Kam, Xiao and Tam. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org

13

December 2017 | Volume 8 | Article 2162


https://doi.org/10.1074/jbc.M115.654855
https://doi.org/10.1111/febs.12939
https://doi.org/10.1007/978-3-642-27603-3_7
https://doi.org/10.1038/nmeth.1701
https://doi.org/10.1007/s11130-014-0423-z
https://doi.org/10.1046/j.1365-2958.2002.03146.x
https://doi.org/10.1046/j.1365-2958.2002.03146.x
https://doi.org/10.1046/j.1365-2958.2001.02251.x
https://doi.org/10.1046/j.1365-2958.2001.02251.x
https://doi.org/10.1111/j.1365-313X.2007.03136.x
https://doi.org/10.1111/j.1365-313X.2007.03136.x
https://doi.org/10.1385/0-89603-408-9:169
https://doi.org/10.3390/ph8040711
https://doi.org/10.1016/j.jep.2004.09.025
https://doi.org/10.1105/tpc.15.00440
https://doi.org/10.1105/tpc.15.00440
https://doi.org/10.1371/journal.pone.0042692
https://doi.org/10.1371/journal.pone.0042692
https://doi.org/10.1016/S1357-2725(99)00116-8
https://doi.org/10.1007/BF00197797
https://doi.org/10.3923/ijp.2009.71.75
https://doi.org/10.1155/2014/326107
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Bleogens: Cactus-Derived Anti-Candida Cysteine-Rich Peptides with Three Different Precursor Arrangements
	Introduction
	Results
	Identification of Cysteine-Rich Peptides from Pereskia bleo
	Primary Sequence and Biosynthesis of Bleogen pB1
	NMR Structure of Bleogen pB1
	Bleogen pB1 Exhibits Heparin Binding Activity
	Bleogen pB1 Is an Anti-Candida Peptide
	Bleogen pB1 Is Not Cytotoxic or Hemolytic
	Onekp Database Search for Bleogen Homologous Genes with Two Domain Precursors

	Discussion
	Conclusion
	Experimental Procedures
	Materials
	Plant Materials
	Screening and Profiling
	Heparin Affinity Chromatography
	S-Reduction and S-Alkylation
	Scale-up Extraction and Purification of Bleogen pB1
	De Novo Peptide Sequencing
	Total RNA Isolation and Next Generation Transcriptome Sequencing
	tBlastn Search of Bleogens from Pereskia bleo Leaves Transcriptome
	Onekp Database Search for Bleogen-Like Precursor Sequences
	Signal Peptide Prediction
	NMR Spectroscopy and Structure Determination of Bleogen pB1
	In Silico Modeling
	Bacterial and Fungal Strains
	Radial Diffusion Assay (RDA)
	Cell Culture
	Cell Viability Assay
	Hemolytic Assay
	Propidium Iodide Staining
	Statistical Analyses

	Author Contributions
	Acknowledgments
	Supplementary Material
	References


