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Abstract 

Cysteine-rich peptides (CRPs) are mini-proteins, highly diverse in sequence and 

possess great thermal and enzymatic stability. They can be exploited as 

scaffolds for engineering peptidyl drugs. The focus of my thesis is to isolate and 

characterize CRPs from Jasminum sambac of Oleaceae family. Using a 

peptidomic approach we have identified 15 jasmintides with a novel disulfide 

connectivity of CysI-CysV, CysII-CysIV and CysIII-CysVI. The discovery of a new 

CRP family expands our knowledge of cystine motifs in plant CRPs. 

Understanding the structure and stability of jasmintides could lead to their use as 

a scaffold for designing peptide drugs. My thesis also describes the application of 

a CRP as a scaffold by grafting substance P antagonists into sunflower trypsin 

inhibitor-1. The grafted analogs are bifunctional and showed improved stability 

against endo- and exopeptidases. Taken together, my thesis demonstrates that 

CRPs could be useful for developing peptide therapeutics. 
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Chapter 1 

Introduction 

1. Bioactive Peptides in Herbal Medicine 

Herbal medicine has been a mainstream in health care approach due to their 

pivotal role in medicinal history and its effectiveness for treatment of human 

diseases. The history of herbal medicine is as old as human civilization. Many 

cultures depend on a traditional system of medicine and medicinal plants for their 

primary health care. Due to limited understanding of the constituents present in 

plants, many traditional medicines were used based on its association and 

experience such as the plants resembling a snake’s tounge were used to treat 

snake bites (e.g. Hedyotis diffusa) [1]. Through the practice of thousands of 

years, experts have determined the most effective traditional medicines and have 

omitted out the poisonous and fatal medicines [2, 3]. 

The use of plants as medicine dates back from prehistoric times. It is estimated 

that about 25% of pharmaceuticals prescribed worldwide come from plant source 

[4]. Their ethnopharmacological studies showed that the biological active 

principles are found to be small molecules such as flavonoids, alkaloids, tannins, 

volatile oils and polyphenols [5], which are plant’s secondary metabolites with a 

molecular weight (MW) of <1 kDa. For example, morphine, one of the most 

popular analgesic drug, is an alkaloid found in opium (Papaver somniferum) [6], 

quinine, an antimalarial drug, is originally isolated from the bark of cinchona trees 

(Cinchona officinalis) [7] and aspirin, a salicylate drug, with anti-pyretic, anti-

inflammatory and analgesic properties, is isolated from willow bark and spirea 

species [8]. These small chemical entities have been the focus of the most 

pharmaceutical companies due to the advantage of the ease and low cost of 

production and their oral bioavailability. Despite these advantages, there has 

been a shift in interest in recent decades from small molecule drugs to 
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biopharmaceuticals or biologics. This move is due to low specificity of small 

molecules owing to their small footprints which often cause off-target effects and 

long term-toxicity [9]. 

Bioactive peptides are mini-proteinaceous drugs with therapeutic values. They 

exist in nature along with the primary and secondary metabolites. Compared with 

the small metabolites which are generally <1 kDa in size, peptide bioactives are 

considerable large and have MWs between 2 to 8 kDa.   With a large molecular 

weight, a peptide bioactive also would have a larger footprint than metabolites, 

conferring a peptide bioactive with low toxicity and high specificity as a 

therapeutic. Currently, peptide bioactives and protein biologics represent one of 

the largest group of therapeutics which include insulin, vaccine, growth 

hormones, enzyme inhibitors and engineered antibodies. Some of them are 

under the different phase of clinical trials [10]. At present, the majority of peptide 

bioactives are derived or inspired by animal sources [11-14]. Despite a long 

history of herbal usage in traditional medicines, only a few peptide bioactives 

from plants are known, a feature underscoring that peptide bioactives from plants 

are still an under-explored area in peptide- or protein-based drug development.  

In the past, all the documented plant-derived compounds with known or unknown 

medicinal properties are non-peptide drugs. This neglect is due to the common 

perception about their susceptibility to denaturation by heat during decoction 

preparation or degradation by harsh conditions in the gut, i.e. acidic and 

enzymatic hydrolysis during ingestion. In addition, peptide bioactives are not 

readily available for absorption in the gut, irrespective of their source of origin 

[15]. There is still a big unexplored chemical space lying between small 

molecules and large proteins, which includes therapeutic mini-proteins with a 

molecular weight of >1 kDa but <5 kDa. 
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The discovery of cysteine-rich peptide (CRP) has changed this perception.  

CRPs are mini-proteins ranging from 2-6 kDa with a high content of cysteine-

residues, in an even number (2, 4, 6 or 8). Cysteine residues are involved in 

forming intramolecular disulfide bonds with different disulfide connectivity 

patterns [16]. These disulfide bonds provide conformational constraints which 

lead to structural and thermodynamic stability [17, 18]. Consequently, CRPs have 

the size of peptides, but they possess protein-like characteristics including a 

stable and a well-defined tertiary structure which usually relate to their biological 

activities. 

2. Plant CRPs 

Plants produce CRPs with diversity in amino acids sequence structure and 

biological function. There are several families of CRPs in plants such as 

defensins, thionins, cyclotides, knottins and hevein-like peptides. These are 

gene-encoded peptides and are present throughout the plant kingdom (Figure 

1.1).  

  



4 
 

  

 Fi
gu

re
 1

.1
. 

Ph
yl

og
en

et
ic

 t
re

e 
of

 p
la

nt
 C

R
Ps

. 
M

ul
tip

le
 a

lig
nm

en
t 

of
 f

ul
l-l

en
gt

h 
pr

ec
ur

so
rs

 o
f 

pl
an

t 
C

R
Ps

 e
xt

ra
ct

ed
 f

ro
m

 
Ph

yt
A

M
P 

w
as

 p
er

fo
rm

ed
 u

si
ng

 C
lu

st
ra

l O
m

eg
a 

(u
nr

el
at

ed
 s

eq
ue

nc
es

 w
er

e 
el

im
in

at
ed

). 
Ph

yl
og

en
et

ic
 tr

ee
 in

 N
ew

ic
k 

fo
rm

at
 

w
as

 g
en

er
at

ed
 u

si
ng

 C
lu

st
ra

l O
m

eg
a 

an
d 

dr
aw

n 
us

in
g 

IT
O

L 
[1

9]
. 

 



5 
 

A sequence motif search through the genome of dicot Arabidopsis thaliana and 

monocot Oriza sativa revealed that CPRs account for up to 2-3% of gene 

repertoire of each species [20]. Moreover, CRPs display a wide range of 

biological activities. Most of them play defense-related roles in plants, especially 

in peripheral cells of vulnerable, nutrient-rich tissues such as flower and seed. 

The most extensively studied function of CRPs is antimicrobial activity; hence 

those CRPs with antimicrobial activity are often known as antimicrobial peptides. 

Some CRPs are toxic to mammalian cells [21] and insect larvae [22], inhibit α-

amylase activity [23], or play non-defensive roles, ranging from reproductive 

regulation to growth and development [24, 25]. Hereafter, CRPs can be 

considered as an excellent candidate for novel peptide therapeutics discovery. 

Taking into account the diverse pharmacological effects displayed by CRPs, as 

well as their extraordinary stability against thermal and enzymatic degradation, 

we hypothesize that they constitute a part of the active principles responsible for 

various therapeutic effects of herbal medicine. 

3. Classification of CRPs in Plants Based on Disulfide Connectivity 

CRPs contain a high content of cysteine residues in their sequences which are 

involved in the disulfide bond formation. CRPs with six cysteine residues would 

have 15 possibilities for disulfide connectivity. Thus far, out of 15 possible 

connectivities, only two types are known in plant CRPs. Here, CRPs containing 

six cysteine residues are classified into two classes based on their known 

disulfide connectivity.  

Type I: Cystine-knot disulfide connectivity bonds are formed between CysI-

CysIV, CysII-CysV and CysIII-CysVI. 

Type II: Thionin-like disulfide connectivity bonds are formed between CysI-CysVI, 

CysII-CysV, and CysIII-CysIV.  
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Plant CRPs with 8 to 10 cysteines in their sequence, forming intramolecular 

disulfide bonds, are variations of either type I or type II disulfide connectivity. 

3.1. Type I: Cystine-knot Disulfide Connectivity 

This is the most common cystine connectivity found in plant CRPs and known as 

a cystine-knot. A cystine-knot is a structural motif found in CRPs comprising 

three disulfide bonds. The knot is formed when one disulfide bond pierces 

through the ring formed by other two disulfide bonds and interconnects the 

backbone (Figure 1.2). The conserved disulfide bonds are formed between CysI-

CysIV, CysII-CysV, and CysIII-CysVI, but the cysteine spacing differs among the 

different classes. This knotted motif confers high thermal, chemical and 

proteolytic stability [20].  

Cystine-knot peptides are a superfamily of CRPs with members having the 

molecular weight between 3-5 kDa and contain six to ten cysteine residues, 

which connect to form intramolecular disulfide bonds. Three disulfide bonds are 

involved in a cystine-knot arrangement whereas additional disulfide bonds do not 

disturb the knot-topology. Here we describe plants CRPs with three disulfide 

bonds under Type Ia class and CRPs with additional one or two disulfide bond 

are discussed under Type Ib. Type Ia class includes knottins and Type Ib 

includes hevein-like peptides and plant defensins. Figure 1.3 summarizes the 

classification of plant CRPs. 
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Figure 1.2. Schematic illustration of cystine-knot connectivity. The arrows represent 
β-strands. Cysteines are represented with small circle and numbered I to VI from N- to 
C-terminus. The straight yellow lines represent the disulfide linkage and red line 
represents the backbone. 
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Figure 1.3. Classification of plants CRPs based on disulfide connectivity.  All the 
CRPs are categorized based on specific type of disulfide bond connectivity. Type I 
reflects the cystine-knot connectivity and Type II contains thionin-like connectivity.  
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3.1.1. Knottins 

Plant knottins are a family comprising approximately 30 amino acids residues in 

primary sequence with 6 cysteines. They share a common fold where cysteines 

are connected to form cystine-knot, but the cysteine spacing varies among sub-

families. Disulfide bonds provide resistance against thermal and enzymatic 

stability. They include cyclotides, protease (trypsin and carboxypeptidase and α-

amylase) inhibitors and hevein-like peptides. Knottins display a wide-range of 

biological activities, such as antimicrobial, insecticidal, cytotoxic, and enzyme 

inhibition [26].  

3.1.1.1. Protease Inhibitors  

A sub-class of cystine-knot peptides is protease inhibitors which act as a natural 

defense against pests and pathogens. However, not all the proteinase inhibitors 

are knottin-type, but here the discussion is limited to plant CRPs with cystine-

knot connectivity only.  

Squash proteinase inhibitors are knottin-type peptides and comprise of 27-32 

residues. These are the inhibitors of trypsin and Hageman factor (β-factor XIIa) 

[27]. The first squash trypsin inhibitor was found in Cucurbitaceae family [28]. 

Except MCoTI-1 and MCoTI-II all identified squash trypsin inhibitors have a linear 

backbone [29]. The structures of squash inhibitors, and inhibitor and proteinase 

complexes have been determined by X-ray crystallography and NMR 

spectroscopy [30].  

The other sub-class of knottin-protease inhibitors includes carboxypeptidase A 

inhibitors from potatoes and tomatoes [31, 32]. The plant carboxypeptidase A 

inhibitors comprise of 34-39 residues. Potato carboxypeptidase inhibitor (PCI) 

has long loops instead of typical β-strands observed in other knottins (Figure 1.4) 

[33]. It binds to the active site groove of carboxypeptidase A with the C-terminal 
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tail and utilizes some aromatic residues as secondary binding sites to inhibit the 

substrate binding [33].  

Cystine-knot α-amylase inhibitors (CKAIs) are cysteine-rich and proline-rich 

peptides found in Apocynaceae and Amaranthaceae families [34, 35]. CKAIs 

typically consist of 30-32 residues including six cysteine and 2-4 prolines. The six 

cysteines are connected in knot topology. CKAIs are also referred as 

pseudocyclic peptides because their disulfide bond located at the penultimate 

cysteine residue lock the backbone, which provides resistance against 

exopeptidases [35, 36]. NMR and X-ray crystallographic studies of the structure 

of CKAIs show that they consist of three short anti-parallel β-strands [35-37] 

(Figure 1.4). In addition, they have a conserved proline in loop 3 (loop referred as 

inter cysteinyl space from N- to C-terminal) which appears in cis-configuration. 

Wr-AI1 and Wr-AI2, CKAIs isolated from plant W. religosa have shown to inhibit 

the α-amylase activity from T. molitor, but does not inhibit fungal or mammalian 

α-amylase [35], CKAIs can be an attractive candidates to provide pest resistance 

to transgenic plants because they target insect α-amylase and do not interfere 

with α-amylase from mammalian gut. 

3.1.1.2. Cyclotides 

Cyclotides are characterized by 29-37 amino acid residues with N- to C-terminal 

cyclized backbone. They consist of 6 cysteine residues which are involved to 

form three disulfide bonds in a cyclic cystine-knot (Figure 1.4), resulting in the 

ultrastable peptide. They have been detected in a number of plant families such 

as Rubiaceae, Violaceae, Solanaceae, Cucurbitaceae and Fabaceae [38]. 

Individual plants express suits of 10-100 cyclotides from different tissues of the 

plants. They were originally discovered from Oldenlandia affinis from Rubiaceae 

family, where it was used as a medicinal tea to accelerate childbirth [39].  



11 
 

NMR structure of cyclotides highlights some important features, including the 

cystine-knot, a small β-sheet structure and a series of loops and turns that 

project from the molecular core [40]. Cyclotide structures possess three anti-

parallel β-strands with a loop connecting the first and second β-strand. Cyclotides 

are highly diverse in sequence but have conserved cystine-knot motif. They are 

of two types: Möbius and Bracelet. Möbius type has one cis-proline in loop 5  and 

a twist in the cyclic backbone, whereas bracelet type does not [41]. Structure 

scaffold is similar in both types. Currently, both cyclic and acyclic (linear) variants 

of cyclotides are found in monocot [42] and dicot plants [38, 43]. A wide range of 

activities have been reported for cyclotides including antibacterial, antifungal, 

antiviral, hemolytic, cytotoxic, insecticidal against molluscs, barnacles and 

nematodes as well as trypsin inhibition [44].  

3.1.3. Hevein-like Peptides 

Hevein-like peptides are chitin binding peptides ranging 29-45 amino acids. They 

are rich in Gly and contain conserved aromatic residues, which are known as 

chitin binding domain. Hevein was the first identified from the latex of rubber tree 

Hevea brasiliensis. They displayed strong antifungal activity in vitro [45]. Their 

primary sequences differ extensively with varying number of three to five disulfide 

bonds [46, 47]. Based on the number of cysteine residues hevein-like peptides 

can be divided into three sub-groups such as 6C-, 8C-, and 10C-hevein-like 

peptides [48].  6C-hevein-like peptides are classified under type Ia and 8C- and 

10C-hevein-like peptides are classified in type Ib. All hevein-like peptides 

possess cystine-knot connectivity; however, the additional disulfide bond is 

formed outside the cystine-knot in tail region (C-terminal) of 8C-hevein-like 

peptides. The structure is represented by  α-helix and three to four antiparallel β-

strands [49, 50]. Two anti-parallel β-strands are the main central element of 

hevein motif, along with the two helical turns located on each side, which are 

stabilized by disulfide bonds (Figure 1.4). Based on their chitin-binding capability, 

they were proposed to have a plant defense role. Indeed hevein-like peptides 
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display antimicrobial activity against fungi [51, 52], although the exact mode of 

action is not known yet.  

3.1.4. Plant Defensins 

Plant defensins are small, highly stable, cationic CRPs consisting of 45-54 

residues that constitute a part of the innate immune system primarily directed 

against fungal pathogens [53-55]. They are generally characterized by an α-helix 

and a triple stranded β-sheet, stabilized by four disulfide bonds (Figure 1.4) [56]. 

The exterior disulfide bond is an end-to-end connected to the inner disulfide 

bridge and the inner three disulfide bonds are arranged in cystine-knot with the 

exception for phDs, isolated from Petunia hydrida, which contains five disulfide 

bonds [57]. Plant defensins have shown various biological activities including 

antifungal, antibacterial, insect amylase inhibitory activity and proteinase 

inhibitory activity [54, 58]. In addition, they show structural and functional 

homology to human defensins which describe their role in treating human 

diseases [18]. Their function is not limited to antimicrobial only, but they are also 

involved in growth regulation and cellular signaling. Various defensins genes 

have been successfully transformed into tomato, tobacco, rice, oilseed rape, and 

papaya [18, 53, 58-60]. Increased resistance against Botrytis cinerea, Erwinia 

carotovora and Magnaporthe grisea was observed when wasabi defensin (WT1) 

was overexpressed in orchid, potato and rice [18]. 
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3.2. Type II: Thionin-like Disulfide Connectivity 

3.2.1. Thionins  

Thionins are cationic peptides of 45-48 amino acids with 6-8 cysteines. The first 

thionin, α-purothionin was isolated from wheat endosperm and possess 

antimicrobial activity [61]. Later, the subsequent thionins identified from plants 

were named with Greek alphabet with descending letters, for example, α-

thionins, β-thionins, γ1/ γ1-thionins). Thionins are classified based on α-

purothionin  and include thionins of crambin, hordothionins, viscotoxins, 

purothionins and phoratoxin.  The γ-thionins are known as a part of plant 

defensins because of the structural features resembling defensins found in plants 

and animals, but differ from α/β-thionins. Despite variation in length of amino 

acids (45-48), the structural fold for α/β-thionins is similar. They share a 

conserved β1−α1−α2−β2−coil secondary structural motif, which forms a distinct 

shape resembling capital letter Γ with N-terminus forming the first strand in β1-

sheet. 

This family of 5 kD is characterized by two antiparallel α-helices and a double 

stranded β-sheet, stabilized by three to four disulfide bonds [62]. The conserved 

four disulfide bonds are formed between CysI-CysVIII, CysII-CysVII, CysIII-CysVI 

and CysIV-CysV referred as 8C-thionins [48]. The disulfide bond between CysI-

CysVIII connects β1-sheet to the C-terminal coil and giving the pseudocyclic 

structural topology. However, they are not true pseudocyclics because of the 

presence of additional non-cysteine residues at C-and N-termini. Conversely, in 

thionins with three disulfide bond, the bond between CysII-CysVII is absent [63] 

and referred as 6-C thionins [48].   
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Thionins are identified in various monocots and dicots [64] and are expressed in 

different plant tissues such as roots, leaves and seeds. The expression of 

thionins is also inducible via microbe infection [65, 66]. Thionins are ribosomally 

synthesized and expressed as propeptides, which are activated upon pathogenic 

attack [67, 68]. The gene architecture of thionins is similar to other CRPs 

containing three domains; a signal peptide, thionin domain and C-terminal acidic 

domain. The mature thionin domain is less conserved than N- and C-terminal 

domains in the propeptide [69, 70].  

Thionins are known as plant toxins because of a broad range of toxicity against 

microbes, mammalian cells, yeast, and insect larvae [62], suggesting their role in 

plant defense. It has been postulated that most of the observed biological effects 

of thionins result from their interaction with the target cell membrane, but the 

mechanism is still not confirmed [66, 71]. However, Stec at el., has proposed a 

model to explain the interaction of thionin to anionic phospholipids leading to cell 

membrane permeabilization and cell membrane lysis [72]. 

Several experiments suggest an important role in defense against pathogenic 

invaders [37–39]. Thionin synthesis in response to bacterial invasion [40–42], its 

accumulation in vulnerable tissues [15, 43–45], its toxicity to different organisms 

and cell lines [37, 46–49], and the improved resistance observed when 

expressed transgenetically [50–52], all strongly support its antimicrobial function. 
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4. Biosynthesis of CRPs  

CRPs are gene-encoded, ribosomally synthesized mini-proteins. In general, a 

precursor contains mature CRP domain which is found with N- or C-terminus 

propeptides along with the N-terminal signal peptide destined to the endoplasmic 

reticulum (ER). After being synthesized as a linear precursor, signal peptide 

directs the preprotein to the targeted destination before being excised by the 

membrane-bound type I signal peptidases (SPase I) during translocation across 

the cell membrane [73]. Signal peptides usually contain 16-30 amino acids 

comprised of a hydrophilic N-terminal region, central hydrophobic region and C-

terminal region with SPase I cleavage site [74].  

The cellular processing to produce mature CRP involves multiple steps. The 

study suggests that signal peptide cleaves first possibly with SPase I and targets 

the precursor to ER lumen co- or post-translationally. In this highly oxidative 

environment, the folding and disulfide bond formation occur with the assistance 

of protein disulfide isomerase and chaperone to produce correctly folded 

prepropeptides [75]. Misfolded peptides remain inside the ER lumen for 

subsequent ER-associated degradation [76, 77]. After folding prepropeptides 

leave the endoplasmic reticulum and transported to the pre-vacuolar 

compartment and the vacuole for further proteolytic processing. Propeptides are 

cleaved by proteases to release a mature CRP, however much remains unknown 

regarding the enzymes involved in the biosynthesis of CRPs (Figure 1.5 A).  

Various gene arrangements have been reported for CRPs. Gene organizations 

for plant CRPs discussed in this thesis are described below. 
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Cyclotide precursor is composed of an ER signal peptide, pro-domain, one (or 

more) mature cyclotide domain(s), and a short C-terminal tail [42, 78] (Figure 1.5 

B). The synthesis of mature cyclotide requires an additional step of 

transpeptidation before releasing a mature cyclic cyclotide. The studies suggest 

the asparaginyl endopeptidases (AEP) could be responsible for backbone 

cyclization [79]. Linear variants of cyclotides share the high sequence similarity 

but, its gene sequence revealed a premature stop codon at the position of 

ultimate Asp/Asn residue, which is essential for backbone cyclization [43]. 

Carboxypeptidase inhibitors share the same four-domain precursor as cyclotides 

from Rubiaceae and Violaceae [78]. Instead of multiple mature domains as in 

cyclotides, carboxypeptidase inhibitors consist of one mature CRP domain.  

Plant defensins are processed from two types for precursors. The majorities of 

plant defensins comprise of two-domain precursor N-terminal signal peptides, a 

mature defensin domain [80]. However, the minor group consists of an additional 

C-terminal tail. Plant defensins synthesized from later type precursor are found in 

vacuoles suggesting the role of C-terminal tail in vacuolar sorting mechanism 

[81]. Hevein-like peptides [82] and thionins [69, 70] share the three-domain 

precursor similar to the later type of plant defensin precursor. The genetic 

structure of cystine-knot α-amylase inhibitors also share three-domain precursor, 

but it consists of N-terminal pro-domain instead of C-terminal domain [35, 36] 

(Figure 1.5 B). This high diversity in gene architectures suggests that plants 

advance with different mechanisms of gene expression modulation, to facilitate 

better adaptation and survival. 

  



18 
 

 

  

Fi
gu

re
 1

.5
. P

ro
po

se
d 

bi
os

yn
th

es
is

 o
f C

R
Ps

. A
) s

ho
w

in
g 

th
e 

ce
llu

la
r p

ro
ce

ss
 to

 p
ro

du
ce

 m
at

ur
e 

C
R

P.
 E

R
, E

nd
op

la
sm

ic
 

re
tic

ul
um

; E
C

M
, e

xt
ra

ce
llu

la
r m

at
rix

. B
) v

ar
io

us
 ty

pe
s 

of
 g

en
e 

ar
ra

ng
em

en
ts

 o
f p

la
nt

 C
R

Ps
. 



19 
 

5. Biological Activities 

CRPs have also been screened for various biological activities including 

antimicrobial, anti-viral, uterotonic, hemolytic, cytotoxic, neurotensin antagonism 

activities. To gain a better understanding into the mechanism of each function, 

further studies are required. These activities have interesting pharmaceutical 

prospective but are unlikely to be the primary function of CRPs.  

With the discovery of plant CRPs the first question arises about their natural role 

in plants. CRPs are expressed in different tissues of the plant in various isoforms 

and their seasonal and geographical variations suggest they could be involved in 

host-defense mechanism to protect which was later depicted by cyclotides, α-

amylase and trypsin inhibitors. Bioactivies of peptides are listed in Table 1.1 and 

some are described here in detail. 

5.1. Antimicrobial Activity 

Plants produce antimicrobial peptides (AMPs) as a component of plant defense 

mechanism. They are usually small, positively charged and rich in disulfide 

bonds [16]. They are active against phytopathogens as well as against 

organisms pathogenic to bacteria, virus, human, parasite, protozoa and 

neoplastic cells [83]. The main families which show antimicrobial activities are 

plant defensins, thionins, hevein-like peptides, cyclotides and protease inhibitors 

[48].  

Most of the AMPs exhibit toxicity to bacteria, fungi, plant and animals by 

interaction and forming pores in the membrane which results in ion and 

metabolite leakage, depolarization, interruption of the respiratory processes, and 

cell death. Hydrophobic patches and positives charged residues allow them to 

interact with membrane lipids [84]. The best characterized members of this family 

are AMPs extracted from the seeds of Mirabilis jalapa and Amaranthus caudatus, 
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which exhibit a broad spectrum of antimicrobial activity against fungi and Gram-

positive bacteria [85].  

Tam and colleagues reported the antimicrobial activity of four synthetically 

produced cyclotides; Kalata B1, circulin A, circulin B and cyclopsychotride [86]. 

Unlike other knottins, cyclotides have a shorter spectrum of antimicrobial 

activities. Ec-AMP-1 isolated from the seeds of baryard grass Echinochloa crus-

gali, a member of α-hairpinin family, shows antifungal activity against 

phytopathogenic fungi. It binds the fungal conidia surface and then internalizes 

and accumulates in the cytoplasm without disturbing membrane integrity [87]. 

AMPs are encoded by small genes with conserved sequences; therefore, gene 

amplification and transgenesis are one of the feasible ways to increase 

production and enhance the specific activity of selected peptides [88]. Hence, 

AMPs have a high potential for therapeutic use in healthcare and agriculture, and 

can be used as natural antibiotics as an alternative to their chemical 

counterparts, for the protection of plants, and/or animals against diseases. 

5.2. Anti-viral Activity 

Along with the defensive properties, CRPs have been reported for antiviral 

activity. For instance, cyclotides exhibit anti-HIV activity by inhibiting the 

cytopathic effects of HIV in the infected cell. Both subfamilies of cyclotides 

bracelet and Möbius retain anti-HIV activity. Structural studies of kB1 showed 

that its linear mutants lack the anti-HIV activity, speculating the role of cyclic 

backbone in anti-HIV activity. Furthermore, the hydrophobic patch in loop 2 and 3 

of bracelet family and loop 5 and 6 of Möbius family was found to be responsible 

for HIV inhibitory properties probably via cell membrane interaction [89]. Another 

peptide Luffin P1, isolated from the seeds of sponge gourd Luffa cylindrical, has 

been reported to possess anti-HIV activity in HIV-infected C8166 T cells in vitro. 

This study proposed that Luffin P1 displays a novel inhibitory mechanism owing 

to its charge complementation with viral and cellular proteins [90]. 
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α-Amylase inhibitors from Alstonia scholaris (As1 and As3) have shown to 

possess antiviral activity against the infectious bronchitis virus (IBV), a highly 

infectious disease of fowl. It inhibits the early phase of IBV infection via binding to 

viral S proteins [91]. Thus, the anti-IBV activity and non-cytotoxic nature of As1 

makes it a potential candidate for anti-IBV drugs. 

5.3. Enzyme Inhibition Activity 

Plants express mini-proteins that specifically confer resistance against insects, 

pathogen and pests by forming complexes with enzymes which blocks the active 

sites or alter enzyme conformation, ultimately reducing enzyme function. These 

mini-proteins are CRPs which include plant defensins and protease inhibitors. 

These peptides are naturally produced in high amount in the plant to propagate 

the plant defense mechanism. 

Sunflower trypsin Inhibitor-1 (SFTI-1) is a 14 amino acid cyclic peptide, isolated 

from the seeds of sunflower, Helianthus annus [92]. It is the smallest potent 

trypsin inhibitor known. SFTI-1 has high sequence homology to the trypsin-

reactive loop region from Bowman-Birk Inhibitors (BBIs), a class of serine 

protease inhibitors [93]. Structure analysis of solution structure of SFTI-1 and in 

complex with trypsin enzyme does not show any difference [94], which suggests 

SFTI-1 structure is rigid and in pre-defined for potent binding. This features of 

stability and pre-organized form makes it stronger and potent inhibitors than 

other BBIs. 
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5.4. Insecticidal Activity 

The control of insect pests in plants is of great social and economic importance. 

CRPs have been reported to minimize the crop loss from insect predation. 

Jennings and colleagues have reported the insecticidal activity of cyclotides, 

Kalata B1 and B2, against Helicoverpa species. Kalata B1 induces disruption of 

the microvilli, blebbing, swelling, and ultimately rupture of the cells of the gut 

epithelium similar to Bacillus thuringiensis delta-endotoxin. Plant defensin (PA1b) 

extracted from the seeds of P. sativum induces mortality into cereal pests 

Sitophilus sp. [95-97]. Gressent et al., speculates this inhibitory effect could be 

attributed to the binding of peptides to protein binding sites, further investigations 

are needed [98]. Inhibition of endogeneous digestive proteases is one of the 

mechanisms by which small CRPs exerts their effects, for example, Amaranthus 

α-amylase inhibitor which inhibits a-amylase from  Periplaneta americana, 

Tribolium castaneum, Tenebrio molitor, and Prostaphanus truncates but, does 

not inhibits from humans [34]. 
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Table 1.1. Bioactivities of plant CRPs 

Peptide family 

Representative member  

Name Plant source Bioactivity Reference 

Cyclotides Katala B1 Oldenlandia affinis Urotensin [99] 

Antimicrobial [100] 

Insecticidal [78] 

Violapeptide I Viola tricolor Hemolysis [101] 

Cyclopsychotride A Psychotria longipes Neurotensin 
antagonism 

[102] 

α-Amylase inhibitors Alstotide S1 Alstonia scholaris α-Amylase 
inhibition 

[91] 

  Anti-IBV [91] 

 SFTI-1 Helianthus annus Trypsin inhibition [92] 

MoCTI-I Momordica cochinchinensis Trypsin inhibition [29] 

MCEI-1 Momordica cliarantia Elastase inhibition [103] 

PCI Solanum tuberosum Carboxypeptidase 
A inhibition 

[104] 

      Cont’d. 
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Peptide family 

Representative member  

Name Plant source Bioactivity Reference 

Hevein-like peptides Hevein Hevea brasiliensis Antifungal [45] 

Ac-AMP Amaranthus caudatus Antimicrobial [51] 

Plant defensins AlfAFP Medicago sativa Antifungal [105] 

Cp-thionin II Vigna unguiculata  Antibacterial [106] 

Cp-thionin Vigna unguiculata  Trypsin inhibition [107] 

S1α1 Sorghum bicolor α-amylase inhibition [108] 

γ1-zeathionin Zea mays Na+ channel blocker [109] 

Thionins TuAMP Tulipa gensneriana Antimicrobial [110] 
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6. Peptides as Drug Leads and Scaffolds 

Peptides play an important role as drug leads and pharmaceutical discovery tools 

because of their high specificity and low toxicity. However, the utility of peptides 

as therapeutics has limitations due to their poor stability and limited 

bioavailability, which results in short half-lives, poor membrane permeability and 

difficulties for oral delivery. Linear peptides degrade rapidly into inactive 

fragments by proteolytic enzymes in the gastrointestinal tract (GIT) and by serum 

enzymes, which are then filtered out from the blood stream via kidney within 

minutes. As a result, the desired therapeutic effects are not produced. Because 

of these limitations, injections remained the most common method for peptides 

administration and limiting the therapeutic applications of peptides. An approach 

to develop peptidyl drugs with the stability of small molecule and specificity of 

protein drug could fill this gap in between two therapeutic groups and can be a 

promising drug candidate. 

In response to this challenge, several approaches are utilized such as cyclization 

[111], side chain cross-linking [112], retro-inverso compounds [113], introducing 

unnatural amino acids [114] and engineering of bioactive peptides into stable 

natural scaffold [115-118] . The last approach is termed as ‘grafting’, i.e. insertion 

of the bioactive peptide into stably folded protein such as CRPs. 

The concept of peptide grafting was first introduced by Vita et al., in 1995 on 

scorpion toxins called charybdotoxin by engineering metal-binding site on it [119]  

In 2008, Li et al., showed the capability of a cystine-knot scaffold by turning a 

scorpion toxin named BmBKTx1 into an anti-tumor mini-potein by grafting a p53 

inhibition and substitution of multiple cationic residues to allow cell penetration 

[120]. The results showed that the cystine-knot structure was not affected by the 

grafting of an external peptide. It was able to form the disulfide bonds into the 

knotted structure and most importantly, it had the ability to pass through the cell 

membrane and inhibit the p53 to process the anti-tumor activity. In the same 

year, Gunasekera and colleagues studied the peptide engineering concept by 
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grafting an anti-angiogenic peptide into loop 2, 3, 5 or 6 of kalata B1 (Figure 1.6). 

The most active analog was found to be one with grafted epitope into loop 3 

(Cpr3) and exhibited antagonism against VEGF-A with an IC50 of 12 µM [116].  

Our laboratory has developed an orally active bradykinin B1 receptor antagonist 

by grafting a linear B1-receptor antagonist DALK (nine residues) and DAK (seven 

residues) into the stable kB1 scaffold (Figure 1.7). Bradykinin B1 receptor is 

involved in stimulating chronic inflammation and its antagonism could treat 

inflammatory pain. The linear antagonists have limited clinical applications 

because of their susceptibility against peptidases. The engineered bradykinin 

antagonists became not only stable but have superior bioavailability. These 

antagonists also displayed significant pain inhibition in writhing assay done on 

mice with oral administration and compared to its linear analogs [118]. Few 

examples of engineering peptides are described here from many applications 

listed in Table 1.2.  

These studies suggest that CRPs as scaffold confers impressive stability to linear 

peptide epitopes and maintain their biological activity as well. With the 

emergence of more peptide base therapeutics in the market, their applications as 

scaffold empower more prominent advances in drug design. 
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Table 1.2. Applications of CRPs as molecular scaffold 

         Cont’d. 
  
  
  
                   

Scaffold Epitope Engineered site Application References 

Conotoxin* GGAAGG linker N-C termini Neuropathic pain [115] 

Kalata B1 VEGF-A antagonist Loop 3 Anti-Cancer [116] 

Bradykinin antagonist Loop 6 Analgesic [118] 

Fragments of Myelin Oligodendrocyte 

glycoprotein 

Loop 5 

Loop 6 

Loop 5 & 6 

Multiple Sclerosis [121] 

Melanocortin agonists Loop 6 Obesity [122] 

MCoTI-I CXCR4 antagonist Loop 6 Anti-HIV [123] 

Hdm2/HdmX antagonist Loop 6 Antitumor [124] 

SFTI-1 

 

Osteopontin antagonist TI-loop 

 

Angiogenesis 

(Cardiovascular or wound 

healing) 

[117] 

VEGF-A 

Laminin α 1 



 

28 
 

Scaffold Epitope Engineered site Application References 

MCoTI-II 

 

Osteopontin antagonist 

VEGF-A 

Laminin α 1 

3C protease inhibitor 

BCR-ABL inhibitor 

Loop 6 

 

Angiogenesis (Cardiovascular or wound 

healing) 

[117] 

Loop 1 Foot-and-mouth disease [125] 

Loop 1 & 6 Chronic myeloid leukemia [126] 

θ-defensin 

RTD-1** 

Integrin-binding domain 

(RDG) 

β-turns Anti-platelet aggregation [127] 

* Peptide from cone snail venom 

** Mammalian antimicrobial peptide  
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Figure 1.6. Scheme representing the concept of grafting of VEGF antagonist on 
the cyclotide kalata B1 scaffold. VEGF-antagonist was grafted into each loop 2, 3, 5 
and 6. The figure is adapted from reference [116]. 
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Figure 1.7. Schematic representation of engineering of bradykinin antagonist 
using kalata B1 scaffold. Two bradykinin antagonist ckb-kal and ckb-kin were grafted 
in loop 6 of kalata B1. The sequences of linear antagonists are highlighted in red and 
blue. Cysteines are highlighted in yellow. The figure is adapted from reference [118]. 
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7. Aims and Objectives  

CRPs are mini-proteins, highly diverse in sequence and possess great stability 

against thermal and enzymatic degradation. They also play a defensive role and 

have the potential for novel protein-based therapeutic development. CRPs are a 

under-explored class of active principle in medicinal plants, therefore, insight into 

their diverse sequence and bioactivities will greatly benefit their applications in 

drug discovery. 

The specific aims of my thesis are: 

1. To isolate and characterize novel CRPs from Jasminum sambac by 

genomic, proteomics and transcriptomic approaches 

2. To determine the biological function of CRPs isolated from Jasminum 

sambac 

3. To design, synthesize and engineer cyclic CRPs as peptide bioactives 

Research in this thesis focuses on the discovery of novel plant CRPs from 

Jasminum sambac. It was shown that these CRPs display hypervariable 

sequences and most interestingly, they do not show any homology to known 

plant CRPs. In addition, the disulfide connectivity pattern is novel in plant CRPs. 

In-depth characterizations of jasmintides have been studied. Biological, structural 

and genetic characterizations have also been described in detail. These studies 

reveal a new scaffold from the plant with unique cystine connectivity for 

designing of peptide drugs.  
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My thesis also describes the engineering and synthesis of a cyclic CRP SFTI-1 

by chemical synthesis approaches. Enhanced stability against thermal and 

enzymatic degradation was obtained and the engineered peptide showed 

bifunctional property possessing both the trypsin inhibition activity and the 

substance P antagonistic activity. This study provides the insight for developing 

new peptidyl drugs using the concept of protein engineering. 
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Chapter 2 

Materials and Methods 

1. Materials  

1.1. Chemicals and Reagents 

All the chemicals and reagents used in this study were of analytical or molecular 

biology grade and purchased from the following companies: 

Acetic acid Merck 

Acetonitrile (ACN) Fisher 

Agarose Bio-Rad 

Ammonium bicarbonate (NH4HCO3) Sigma-Aldrich 

Dichloromethane (DCM) Merck 

Dithiothreitol (DTT) Sigma-Aldrich 

Ethanol (EtOH) Merck 

Iodoacetamide (IAA) Sigma-Aldrich 

Isopropanol Fisher 

Methanol  Merck 

Sodium chloride Sigma-Aldrich 

Sulfuric acid (H2SO4) Sigma-Aldrich 

Trifluoroacetic acid (TFA) Merck 

Triton-X Bio-Rad 
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1.2. Enzymes 

The enzymes used for MS sequencing (trypsin, chymotrypsin, and EndoGlu-C) 

were of sequencing grade and purchased from Roche (Switzerland). The 

enzymes for proteolytic stability tests were purchased from Sigma-Aldrich (USA). 

The enzymes used in molecular cloning were of molecular biology grade and 

were bought from Fermentas (Canada, USA), Promega (USA) and NEB (UK). 

1.3. Kits 

The kits for molecular cloning were purchased from Invitrogen (Life 

Technologies, USA), Qiagen (USA), Clontech (Takara Bio, Japan), and Promega 

(USA).  

1.4. Cell Lines, Viruses and Antibodies 

All cell lines used in this thesis were received as kind gifts from various 

laboratories in School of Biological Sciences, Nanyang Technological University 

(NTU), Singapore. African green monkey kidney (Vero) cells, p53-deficient 

human non-small lung cancer (H1299) cells were received from Dr. Ding Xiang 

Liu, Nanyang Technological University, Singapore. Human umbilical vein 

endothelial cells (Huvec-CS) cells were gifted from Professor Kathy Luo Qian, 

Human Foreskin Fibroblast (HFF) cells were gifted from Professor Thirumaran, 

Nanyang Technological University, Singapore and Mouse macrophages derived 

from Abelson murine leukemia virus transformed (Raw 264.7) were gifted from 

Professor Tan Suet Mien, NTU, Singapore. These cell lines were recovered from 

previously cryopreserved vials and grown in culture flasks containing 10 mL of 

DMEM medium (Thermo Scientific Hyclone) supplemented with 10% foetal 

bovine serum (FBS) and 1% Penicillin /Streptomycin (PAA Laboratories) for 3-5 

days until the desired density was reached. THP-1 (Human acute monocytic 

leukemic cells) was a gift from Professor Xavier Roca, Nanyang Technological 

Univeristy, Singapore. These cells were cultured in culture flasks containing 10 
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mL of RPMI-1640 medium (Thermo Scientific Hyclone) supplemented with 10% 

foetal bovine serum (FBS) and 1% Penicillin /Streptomycin. All the cultured cells 

were incubated at 37°C, 5% CO2 humidified incubator.   

The virus stock of infectious bronchitis virus (IBV) used in this study and the 

primary antibody targeting IBV protein were gifted by the laboratory of Dr. Ding 

Xiang Liu. Secondary antibodies conjugated with horseradish peroxidase (HRP) 

were bought form Santa Cruz (USA). 

1.5. Plant Materials 

All the plant materials included in this study for extraction were collected 

throughout the Singapore whereas jasmine flowers were purchased from flower 

shops, at Little India, Singapore. Different parts of the plants such as leaves, 

roots and flowers used for RNA extraction were immediately used after 

harvesting. The plant was identified by Paul Leong at the Singapore Botanic 

Garden. A voucher specimen (SING 2015-202) was deposited at Singapore 

Botanic Garden Herbarium. 

1.6. Insects 

In this study, Tenebrio molitor (yellow mealworms) used were purchased from a 

fish shop in Singapore. The colony was kept in glass containers on a diet 

consisting of oat flakes. The colony was kept in a rearing chamber at +29°C in 

the dark. 
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2. Instrumentation 

2.1. MALDI-TOF MS and MS/MS 

Mass spectrometry was performed on the ABI 4800 MALDI-TOF/TOF system 

(Applied Biosystems, Framingham, MA, USA). The instrument was equipped with 

a solid-state laser (diode pumped Nd:YAG laser) pulsing at a repetition rate of 

200 Hz. An 8 mg/mL solution of CHCA in 60% acetonitrile, 0.05% TFA was used 

as a MALDI matrix. Samples were mixed thoroughly with the matrix solution at 

the ratio of 1:1 (v/v) and 0.5 μL of the mixture was spotted onto a target plate. 

The instrument was calibrated externally using a mixture of peptide standards 

obtained from Sigma- Aldrich (MSCal1). 

Both MS and MS/MS spectra were acquired using dual-stage reflectron mirror. 

The laser intensity was set between 3000-4000. Accelerating voltages applied for 

MS and MS/MS measurements were 20 and 8 kV, respectively. The mass 

spectra were accumulated up to 1000 and 5000 shots in MS and MS/MS mode, 

respectively. In MS/MS mode, collision energy of 1 kV was applied and nitrogen 

was used as a collision gas in collision-induced dissociation experiments. 

2.2. High-Performance Liquid Chromatography (HPLC) 

HPLC was run on a Shimadzu system equipped with UV detector at 220, 254 

and 280 nm. For RP-HPLC, a Grace Vydac 250 × 21 mm C18 column (5 µm 

particle size and 300 Å pore size) was used for preparative purifications at a flow 

rate of 5 mL/min; a 250 × 10 mm C18 column was used for semi-preparative and 

analytical purifications at a flow rate of 3 mL/min and 1 mL/min, respectively. For 

ion exchange, PolyLC 250 × 9.4 mm and 250 × 4.6 mm polysulfoethyl A column 

were used for semi-preparative and analytical purifications at a flow rate of 3 

mL/min and 1 mL/min, respectively. 
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2.3. LC-MS/MS 

LC-MS/MS was performed in an Orbitrap Elite mass spectrometer (Thermo 

Scientific Inc., Bremen, Germany) coupled with a Dionex UltiMate 3000 UHPLC 

system (Thermo Scientific Inc.) into an Acclaim PepMap RSL column (75 µm × 

15 cm; 2 µm particles; Thermo Scientific Inc., Bremen, Germany). 

3. Genomics 

3.1. RNA Extraction 

Total RNA was extracted from fresh leaves, flowers and root of J. sambac grown 

in NTU Herb Garden using Trizol reagent (Life Technologies, California, USA) 

using manufacture’s protocol with slight modification. Briefly, plant material was 

ground using liquid nitrogen and homogenized, followed by addition of 1 mL trizol 

per 100 mg of plant material. 200 µL of chloroform was added and centrifuged at 

12000 rpm for 15 min. The aqueous layer was collected and RNA was 

precipitated using 500 µL of isopropanol and 125 µL of high salt solution (1.2 M 

NaCl and 0.8 M sodium acetate in RNase free water) and incubating at -20°C for 

30 min followed by two washes of 75% ethanol in water. Concentration and purity 

of extract was measured using NanoDrop 2000 UV-Vis spectrophotometer 

(Thermo Scientific, Waltham, Massachusetts, USA) and quality of RNA was 

assessed by gel electrophoresis. Purified RNA of high quality (A260/280 and 

A260/230 not less than 1.8) was stored at -80°C. The sequencing and analysis 

were performed by Macrogen (Seoul, Korea).  

3.2. DNA Extraction 

Samples were homogenized in liquid nitrogen. CTAB buffer (500 µl) was added 

to 50-60 mg of homogenized sample and incubated in a water bath at 55°C for 1 

h with intermittent shaking. After incubation, chloroform (500 µl) was added to the 

samples followed by centrifugation at 16000g for 7 minutes. The aqueous layer 
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was collected and 0.08 volumes of cold 7.5 M ammonium acetate and 0.54 

volumes of cold isopropanol were added and incubated on ice for 30 minutes. 

The sample was centrifuged at 16000g for 3 minutes and the pellet was washed 

twice with 75% ethanol. After the pellet was dried it was resuspended in DEPC 

water (30 µl) and DNA concentration and integrity were determined using 

NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific, Waltham, 

Massachusetts, USA) and 1.0% agarose gel electrophoresis. 

3.3. Rapid Amplification of cDNA Ends (RACE) and PCR Analysis  

The RNA extract served as the template to generate 3′ RACE (Rapid 

Amplification of cDNA Ends) cDNA population with GeneRacerTM Kit (Invitrogen, 

Carlsbad, CA, USA) following the manufacturer‟s instruction. Degenerate forward 

primers were designed via a combination of CODEHOP [128, 129] or 

iCODEHOP [130]  program and manual modification to achieve optimum 

degeneracy. The obtained PCR products amplified from degenerate primers and 

universal primer UAP/AUAP on a PTC-100 Peltier Thermal Cycler were run on 

1.0% agarose gel electrophoresis. The target fragments were excised, purified 

with Wizard® SV Gel and PCR Clean-up System (Promega, Madison, WI, USA) 

and cloned with pGEM®-T Easy Vector System (Promega, Madison, WI, USA) 

into JM109 high-efficiency competent cells, following the manufacturer‟s 

instruction. The Insert-containing plasmids were sequenced via 1st Base 

Company‟s service.  Specific primers to walk upstream were derived from the 

newly found partial sequences and primed to 5′ RACE cDNA prepared with 

SMARTer™ RACE cDNA Amplification Kit (Clontech Takara Biotechnology, 

Dalian, China) (Figure 2.1).  The whole procedure from the PCR reaction to the 

final sequencing step was repeated to complete the transcripts of interest.   

In order to determine intron position and sequence on DNA template, specific 

primers were designed from obtained cDNA sequences. Forward primers were 
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derived from the 5′ UTR or ER signal peptide, and reverse primers were obtained 

from 3′ UTR or peptide domain (Figure 2.2). 

A typical PCR setting on a PTC-100 Peltier Thermal Cycler was as follows: initial 

denaturation at 94°C for 5 min, main amplification for 35 cycles (denaturation at 

94°C for 30 sec, annealing at Tm - 3°C for 30 sec, elongation at 72°C for 45 – 60 

sec), final elongation at 72°C for 10 min, and cooling to 4°C. PCR products were 

tested on a 1.2% agarose electrophoresis, purified, cloned into pGEM-T Easy 

Vector, transformed into JM109 high-efficiency competent cells, and sequenced 

as previously described.  

3.4. Sequence Analysis  

Sequencing results were analyzed using the BioEdit software. ExPasy translate 

tool (http://www.expasy.ch/tools/dna.html) was used to predict the amino acid 

sequences of the clones. The ER signal peptides were predicted with SIGNALP 

4.1 server [131]. The nucleotide sequences reported for jS1 and jS2 have been 

deposited in GeneBank database under accession numbers KT438682 and 

KT438683, respectively. 
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Figure 2.1. Strategy for genetic cloning at mRNA level. The general organization of mRNA is depicted, starting with 
5′ untranslated region (5′ UTR), continuing with the coding sequence, and ending with 3′ untranslated region (3′ UTR) to which a poly 
A tail is added at the end of transcription process. The 3′ RACE cDNA is the template on which a combination of a degenerate primer 
and an adaptor were employed to first get the 3′ end partial sequence. The newly found segment became the base to design a 
specific primer to walk upstream 5′ RACE cDNA in order to achieve a complete transcript. 
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Figure 2.2. Strategy for genetic cloning at DNA level. To determine intron locations and sequences in the open reading frame 
(ORF), a pair of specific primers, including a forward primer designed either in 5′ UTR or ER region and a reverse primer in 3′ UTR or 
CRP domain, are utilized in a polymerase chain reaction. Intron information is later deduced from the difference between DNA and 
mRNA levels. 
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3.5. High-throughput Transcriptome Sequencing 

The sequencing and analysis were performed by Macrogen Inn (Seoul, Korea). 

Briefly, poly (A) mRNA was isolated from total RNA using magnetic oligo (dT) 

beads. Following purification, the mRNA is fragmented into small pieces using 

divalent cations under elevated temperature. The cleaved RNA fragments are 

copied into first strand cDNA using reverse transcriptase and random primers. 

This is followed by the second strand cDNA synthesis using DNA Polymerase I 

and RNase H. These cDNA fragments then go through an end repair process, 

the addition of a single ‘A’ base, and then ligation of the adapters. The products 

are then purified and enriched with PCR to create the final cDNA library. cDNA 

library was examined on an Aligent Bio analyzer High Sensitivity DNA chip to 

assess the library quality. Finally, the library was sequenced using Illumina 

HiSeq™ 2000. Raw data were analyzed and assembled by Macrogen using 

Trinity software (2011-11-26 ver). 

4. Proteomics 

4.1. Screening of Oleaceae Family Plants 

Leaves of seven different plants from the Oleaceae family (Osmanthus fragrans, 

J. multiflorum, J. sambac, J. biflorum, J. angustifolium, J. rex, and Nyctanthes 

arbor-tristis; 300 mg of each) were homogenized in 900 μL of 50% EtOH and 

centrifuged at 1000g for 10 min at 4 °C. The extracts were diluted twice in order 

to reduce the percentage of EtOH.  
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4.2. Isolation and Purification of the CRPs from J. sambac 

Fresh J. sambac leaves (4 kg) or flowers (1kg) were homogenized and extracted 

twice in 50% (v/v) EtOH. After centrifugation (8500g, 10 min, 4 °C), the 

supernatant was filtered through 1-µm and 0.45-µm pore-size filters, diluted to 

20% in EtOH, and purified in a C18 flash column (Grace Davison, Columbia, MD, 

USA) by washing with 20% EtOH and eluting with 70% EtOH.  

For purification of the most abundant jasmintides several dimensions of SCX- 

and RP-HPLC were performed. Removal of small molecules by SCX-HPLC was 

conducted with a linear gradient from 0-100% with buffer A (20% MeCN and 10 

mM phosphate buffer; pH 3), and buffer B (20% MeCN, 10 mM phosphate buffer, 

and 1M NaCl; pH 3). CRP-containing fractions were subsequently purified by RP-

HPLC using a linear gradient from 25-55% with buffer A (0.1% TFA) and buffer B 

(0.1% TFA in MeCN).  

4.3. Reduction and Alkylation 

The number of disulfide bonds in each peptide was determined from the mass 

difference after reduction-alkylation treatment of crude extracts. Reduction and 

alkylation were performed as previously described [43]. Briefly, isolated peptides 

were incubated at 37 °C with 20 mM DTT in 20 mM Tris-HCl buffer (pH 7.2) for 1 

h. Subsequently, peptides were alkylated by incubating the reduced extract with 

40 mM IAM for 45 min in the dark.  

4.4. Sequence Characterization of Jasmintide jS1 

Purified jS1 (40 µg) dissolved in 100 µL of 50 mM NH4HCO3 buffer (pH 7.8) was 

reduced in 20 mM DTT for 1 h at 37 °C. Jasmintide jS1 was digested with trypsin, 

chymotrypsin or EndoGLu-C at 1:10 (protein:enzyme). Enzymatic digestions 

were performed at 37 °C for 10 min, and then sequenced by MALDI-TOF MS/MS 

as previously described [43]. Ile/Leu and Lys/Gln were assigned based on gene 
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sequence. 

4.5. Disulfide Mapping  

Partial Reduction and alkylation: Jasmintide jS1 (150 µg) was partially reduced in 

100 mM citrate buffer (pH 3.0) with 15 mM tris(2-carboxyethyl)phosphine at 37 

°C for 30 min. Subsequently, 30 mM NEM was added and incubated at room 

temperature for 2 h. The reaction was quenched by immediate injection of 

sample into analytical RP-HPLC.  

HPLC Fractionation: Reduced and alkylated species were separated with a linear 

gradient of 20-60% buffer B (0.1% TFA in MeCN). Fractions were collected and 

analyzed by MALDI-TOF MS to verify NEM-alkylated intermediate species. The 

two-NEM-alkylated intermediate specie 2SS was lyophilized and redissolved in 2 

M urea. For determining the other two disulfide connectivities, 2SS was 

enzymatically digested with trypsin for 2 h at 37 °C. Disulfide bond-containing 

digested fragments were fully reduced with 20 mM DTT at 37 °C for 30 min and 

alkylated with 40 mM IAM for 1 h at room temperature.  

Confirmation by LC-MS/MS: The sequence of reduced and alkylated digested 

peptides was confirmed by LC-MS/MS. LC separation was performed  with 0.1% 

formic acid (eluent A) and 90% MeCN in 0.1% formic acid (eluent B), 

respectively, in a 60-min gradient starting at 3% eluent B for 1 min, 3-35% eluent 

B over 47 min, 35-50% eluent B over 4 min, 50-80% eluent B over 6 s, 80% 

eluent B for 78 s, and then reverted to initial conditions in 6 s and maintained 

isocratically for 6.5 min. Spray was generated with a Michrom Thermo Captive 

Spray nanoelectrospray ion source (Bruker-Michrom Inc, Auburn, CA, USA) with 

a source voltage of 1.5 kV and a capillary temperature of 250 °C. Data was 

collected in positive ion mode using LTQ Tune Plus software (Thermo Scientific 

Inc.) alternating between full scan-MS (350–1600 m/z, 60.000 resolution at 400 

m/z, 1 microscan per spectrum) and full scan-MS/MS (150–2000 m/z, 15.000 

resolution at 400 m/z, 1 microscan averaged per spectrum). High-energy 
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collisional dissociation fragmentation was performed for the 10 most intense ions 

with a 500-count threshold using 32% normalized collision energy per spectrum 

and a 2-Da isolation window. Automatic gain control for full scan-MS and MS/MS 

was set to 1×106 ions. 

4.6. Data Analysis  

Data from LC-MS/MS were analyzed using PEAKS Studio [132]  (version 7.0, 

Bioinformatics Solutions, Waterloo, Canada). A precursor mass tolerance of 10 

ppm and a fragment mass error tolerance of 0.05 Da were applied.  

4.7. Sample Preparation for Characterization of Jasmintides at Proteomic 
Level 

J. sambac was collected from NTU herb garden. Leaves, flowers and roots (800 

mg) were washed and individually blended with 50% EtOH (1:3 w/v). After 

centrifugation at 1000 rpm for 10 min, the supernatant was collected and diluted 

to 20% in ethanol. SCX-HPLC was run at 0% and 100% until no peak was 

observed.  The sample was then desalted in C18 Sep-pack column by washing 

with 5% ACN and eluted with 80% ACN (1 mL). After desalting, the sample was 

concentrated to 200 uL using Speed Vac.  

Reduction and alkylation was performed as previously described by Aida et al,. 

[133]. Briefly, in fractionated jS-leaves, jS-flowers and jS-root 30 mM DTT and 60 

mM bromoethylamine (BrEA) in 0.2 M Tris buffer (pH 8.6) was added and 

incubated at 55°C for 1 h. The reduced, alkylated peptide samples were desalted 

and peptide solutions were stored at -20 °C. 

Sample purification, reduction and alkylation reactions for each sample were 

monitored by MALDI-TOF mass spectrometry using an ABI 4800 apparatus, with 

reflectron acquisition mode. Peptides were focused in the range of 1000-6000 Da 

mass. Peptide samples were desalted using C18 zip-tip before spotting. Each 
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MALDI spot contained 0.5 μL desalted peptide solution and 0.5 μL matrix 

solution (α-cyano-4-hydroxycinnamic acid (CHCA) in 75% ACN with 0.1% TFA).  

4.8. LC-MS/MS Spectrometry 

The samples of jasmine leaves, flower and roots were injected to LC-MS/MS. LC 

separation was performed  with 0.1% formic acid (eluent A) and 90% MeCN in 

0.1% formic acid (eluent B), respectively, in a 60-min gradient starting at 3% 

eluent B for 1 min, 3‒ 35% eluent B over 47 min, 35‒50% eluent B over 4 min, 

50‒80% eluent B over 6 s, 80% eluent B for 78 s, and then reverted to initial 

conditions in 6 s and maintained isocratically for 6.5 min. Spray was generated 

with a Michrom Thermo Captive Spray nanoelectrospray ion source (Bruker-

Michrom Inc, Auburn, CA, USA) with a source voltage of 1.5 kV and a capillary 

temperature of 250 °C. Data was collected in positive ion mode using LTQ Tune 

Plus software (Thermo Scientific Inc.) alternating between full scan-MS (350–

1600 m/z, 60.000 resolution at 400 m/z, 1 microscan per spectrum) and full scan-

MS/MS (150–2000 m/z, 15.000 resolution at 400 m/z, 1 microscan averaged per 

spectrum). High-energy collisional dissociation fragmentation was performed for 

the 10 most intense ions with a 500-count threshold using 32% normalized 

collision energy per spectrum and a 2-Da isolation window. Automatic gain 

control for full scan-MS and MS/MS was set to 1×106 ions. 

4.9. Data Analysis (Database construction) 

The transcriptome of J. sambac was analyzed using the in-house built software 

Protein Analyzer 1.6, and open reading frames (ORFs) containing at least six 

Cys residues were exported. The database search and post-translational 

modifications analysis were assessed in PEAKS studio (version 7.0, 

Bioinformatics Solutions, Waterloo, Canada) using 10 ppm MS and 0.05 Da 

MS/MS tolerances. The PEAKS PTM function [132] was used to search our data 

for >650 PTMs and mutations listed in the Unimod database [134]. We also used 
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PEAKS studio to apply the SPIDER algorithm to the identification of peptide 

mutations and homology [135]. All identified sequences were validated manually.  

4.10. Spectrophotometric Determination of Protein Concentration 

The concentrations of purified peptides were calculated from the Beer-Lambert 

law:  

A = ε . l . c  

where A: the absorbance at 280 nm of peptide solution in miliQ water measured 

on the Nanophotometer (Implemen, Germany)  

ε : molar absorption coefficient (M−1cm−1)  

l : cell path length (cm)  

The thereotical ε value of a protein at 280 nm was calculated as follows [159]:  

ε280 = (5500. nTrp ) + (1490 . nTyr ) + (125 . nSS )  

where  

nTrp : the number of Trp residues 

nTyr : the number of Tyr residues  

nSS : the number of disulfide bonds in the protein 

 

  



 

48 
 

4.11. NMR Spectroscopy 

 NMR samples were prepared by dissolving 1 mg of lyophilized peptide in 500 µL 

90% H2O/10 % D2O or 99.99% D2O at pH 7.0 in a 20 mM Na3PO4 buffer 

containing 50 mM NaCl and 0.01% NaN3. The concentration of the NMR sample 

was approximately 0.7-1 mM. Homonuclear 2D NOESY experiments were 

performed with mixing times of 200 and 300 ms in collecting NOE spectra for jS1 

and jS3 [136, 137]. COSY [138]  data were also recorded in both H2O and D2O 

solutions with a mixing time of 78 ms using MLEV17 spin-lock pulses [139]. 

Vicinal coupling constants were determined using DQF COSY [140] and 1H NMR 

experiments. All 2D-NMR data were recorded in the phase-sensitive model using 

the time-proportional phase increment method [141] with 2048 data points in the 

t2 domain and 512 points in the t1 domain. Slowly exchanging amide protons 

were identified by lyophilization of a fully protonated sample in H2O solution to 

dryness, resuspension in a 99.99% D2O solution, and immediate acquisition of a 

series of 1D-spectra. The strong solvent resonance was suppressed by water-

gated pulse sequences [142] or excitation sculpting [143] combined with pulsed-

field gradients. All NMR data were processed using a Bruker TOPSPIN 2.1 

(Bruker Instruments) or NMRPipe [144] programs on a Linux workstation and 

analyzed by using Sparky 3.12 software. The DQF-COSY spectra were 

processed to 8192 x 1024 data matrices to obtain a maximum digital resolution 

for coupling constant measurements. The proton chemical shifts were referenced 

to internal sodium-4,4-dimethyl-4-silapentane-1-sulfonate. 

4.12. Structure Calculations 

 Solution structures of jS1 and jS3 were calculated by hybrid distance geometry 

and simulated annealing simulated annealing protocols in torsion angle space 

with CNS 1.2 [145]. The three disulfide bonds were restrained in accordance with 

the disulfide bonding patterns based on the observed Hβ-Hβ NOEs from NOESY 

spectra by generation of covalent disulfide linkages during the initial molecular 

topology file generation stage using a CNS script. A total of 656 distance and 22 
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torsion angle constraints were used for structure calculations. NOE distance 

restraints were classified strong (1.8-3.0 Å), medium (1.8-3.5 Å), weak (1.8-5.0 

Å), or very weak (1.8-6.0 Å) based on the intensities derived from NOESY 

spectra recorded in 90% H2O/10% D2O or 99.99% D2O at 25 °C. Corrections for 

pseudo atom representations were used for non stereospecifically-assigned 

methylene, methyl group, and aromatic ring protons [141]. Backbone dihedral 

angle restraints were derived from 3JHN-Hα coupling constants in DQF-COSY or 
1H NMR spectra in H2O solution [146, 147]. Backbone dihedral restraints were 

used as -55° ± 45° (3JHN-Hα < 6 Hz) and -120° ± 50° (3JHN-Hα > 8 Hz). Hydrogen 

bond donors were identified from proton-deuterium exchange experiments and 

hydrogen bond acceptors were determined at the preliminary structure 

calculation stage. The 200 starting structures were generated and refined using a 

hybrid distance geometry-simulated annealing protocol by the CNS 1.2 program 

[148-150]. Finally, 20 final structures were selected by their total energy values 

for display and structural analysis. MOLMOL [151] and PyMOL [152] programs 

were used for structure visualization, and PROCHECK-NMR [153]  were used for 

structure validation. The jS1 solution structure solved for 20 ensembles is 

available in the Protein Data Bank under accession number 2N5Q. 

5. Stability Assay 

5.1. Heat Stability 

Peptides were heated in boiling H2O for 1 h and then subjected to UPLC. A linear 

peptide (RV) of 14 residues (RLYRRGRLYRRNHV) was used as the control. 

Peaks were collected from UPLC and monitored by MALDI-TOF MS. Peak areas 

in UPLC were compared to evaluate stability. 
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5.2. Proteolytic Stability Assay 

 Peptides were incubated with or without trypsin in 100 mM NH4HCO3 buffer (pH 

7.8) and pepsin in 100 mM sodium citrate buffer (pH 2.5) at a final 

peptide:enzyme ratio of 20:1 (w/w) at 37 °C for 8 h. A nine-residue (KL) peptide 

(KRPPGFSPL) treated in the same manner was used as a positive control. 

Treated and control peptides were subjected to UPLC at intervals, and collected 

peaks were monitored by MALDI-TOF. 

In the carboxypeptidase A stability assay, the peptides were incubated with or 

without enzyme [50:1 (w/w)] in Tris buffer (50 mM Tris and 100 mM NaCl; pH 7.5) 

at 37 °C for up to 6 h. A 14-residue RV peptide (RLYRRGRLYRRNHV) was 

subject to the same treatment and served as the control. Collected peaks were 

monitored by MALDI-TOF. Peak areas in UPLC were compared to evaluate their 

stability. 

5.3. Serum Stability Assay 

Purified peptides  0.2 mg were incubated with 25% Human male serum AB type 

in phenol red-free Dulbecco's modified Eagle medium (DMEM) at 37°C for 24 h. 

Peptides not subjected to serum treatment functioned as the controls. Aliquots at 

particular intervals were collected and quenched with 96% EtOH. Samples were 

kept at 4°C for 15 min, and centrifuged at 18000 rpm for 10 min. Collected 

supernatants were analyzed using UPLC and MALDI-TOF. DALK peptide was 

subjected to the same treatment, serving as the positive control for jasmintides. 
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6. Bioassays 

6.1. Cytotoxicity Assay 

The cytotoxicity of peptides on Vero, HUVEC-CS, Raw 264.7, and THP-1 was 

measured using standard PrestoBlue TM reagent (Invitrogen, Carlsbad, 

California, USA). Briefly, cells were seeded in 96-well plate at a concentration of 

8 X 103 cells per well in DMEM or RPMI 1640 containing 10% FBS and 1% 

penicillin and streptomycin and incubated at 37 °C with 5% CO2 in the air. After 

24 h, varying concentrations of peptides ranging 0.01-100 µM were added in 

triplicate and then incubated for 24 h. Presto Blue (10 µL) was added to each 

well and maintained for 1 h  at 37 °C. The absorbance was read using the Tecan 

plate reader at an absorbance of 570 nm. 1% Triton X-100 and PBS served as 

positive and negative control, respectively. 

6.2. Hemolysis Assay 

Fresh blood type +O was donated by a healthy volunteer. To obtain erythrocytes, 

blood was centrifuged (1000 rpm, 15 min). The pellet was isolated and washed 

with phosphate buffer saline (PBS) thrice. A stock dispersion of erythrocytes was 

prepared via 100X dilution in fresh PBS buffer. Various concentrations of 

peptides were added, with an equal volume of treated blood sample into a 96-

well plate. After incubation at 37 °C for 4 h, the plate was centrifuged (1000 rpm, 

5 min) and supernatants were transferred into a new plate. After transferring 

supernatants into a new plate, absorbance was measured at 415 nm using Tecan 

Infinite® M200 plate reader. 0.1% Triton X-100 solution and PBS solution served 

as the negative and positive controls, respectively. 
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6.3. Antimicrobial Activity using Radial Diffusion Assay 

Two bacterial strains and one fungal strain from ATCC were used including 

Staphylococcus aureus ATCC 12600 Escherichia coli ATCC 25922 and Candida 

albicans 11006. All strains were cultured in trypticase soy broth. The antimicrobial 

activity of peptides was examined using radial diffusion assay as described 

previously under low salt condition (10 mM Na3PO4)  [154]. D4R was used as 

positive control [155].  

6.4. Carboxypeptidase Inhibition Assay 

The assay was performed as reported previously [104]. Briefly, various 

concentrations of peptides (0.1 to 100 µM) were added to the 96 well plate with 

0.1 mM of N-(4-methoxyphenylazoformyl) phenylalanine substrate. The reaction 

was started by adding 25 nM of bovine carboxypeptidase A (bCPA). The 

substrate hydrolysis was monitored at 350 nm in 50 mM Tris HCL, 1M NaCl 

buffer using end point measurement, quenched with 1 M of Na2CO3 after 5 min.  

6.5. Determination of Trypsin Inhibition Activity 

To test the trypsin inhibition effect of peptides, we conducted a trypsin inhibition 

assay in 96-well plate with a total volume of 100 µl per well. Each well contained 

94 µl of 0.05 M Tris-HCl containing 0.025 M CaCl2 (pH 8) and 1 µl 0.5 µg/ml 

bovine β-trypsin (T1426, Sigma). SFTI-1, TIRF7 and TINF7 were seriously 

diluted to a concentration of 0.01-1 µM. Then peptide and trypsin was incubated 

at 25 °C for 15 min. Just before monitoring by the spectrometer, 5 µl of 20 mM 

BAPNA was added to each well by a multi-channel pipette and the mixture was 

mixed well quickly. The process of the reaction was monitored by an ELISA 

microplate reader (Tecan-2) with an excitation wavelength of 405 nm. IC50 values 

were determined using Graph Pad Prism 5. 
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6.6. Platelet Aggregation Assay  

To obtain platelets, fresh A+ blood from a volunteer student was centrifuged at 

1000 rpm for 15 min. Supernatant was collected and centrifuged (2310 g, 4 min), 

then washed with sequestine buffer (4.69 g/L NaH2PO4, 9 g/L NaCl, 3.31 g/L 

Na2EDTA, 0.1% w/v BSA) twice and centrifuged. Platelets (50x106 platelets/mL) 

were re-suspended in HEPES buffer (7.714 g/L NaCl, 0.447 g/L KCl, 0.2465 g/L 

MgSO4, 0.163 g/L KH2PO4, 4.766 g/L HEPES, 0.9 g/L glucose). In a 96-well 

plate, platelets (100 μl) with CaCl2 (1.8 mM), and peptides (1 μM) were 

incubated. Collagen (1 mg/mL) will serve as the positive control. Absorbance at 

405 nm was measured every minute for 1 h.  

6.7. Collagen Synthesis Assay 

With reference to the paper Park et al., [156] collagen synthesis in Human 

Foreskin Fibroblast (HFF) cells was performed according to the protocols, to 

investigate the effect of jS1, jS3 and jS4 on collagen synthesis. 

6.8. Angiogenesis Assay (Endothelial Tube Formation Assay) 

BD MatrigelTM Basement Membrane Matrix acted as a basement membrane for 

effective attachment of Huvec-CS cells (Biosciences, Singapore).The experiment 

was conducted in triplicate, using different concentrations of peptide stock. 18 μl 

of Matrigel was added in μ-slide, upon solidification, 3.5x103 Huvec-CS cells 

were seeded in 45 ul of DMEM, and 5 μl of peptide was added. The negative 

control used was DMEM with 10% Fetal Bovine Serum (FBS). The positive 

control was Apelin. After incubation at 37°C for 6 h, samples were observed 

under Nikon Eclipse Ti-s inverted microscope at 4X magnification. Microscopic 

Images were analyzed using ImageJ software [157] and the number of junctions 

in each well were deduced. 
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6.9. Migration Assay 

Culture-inserts (Ibidi, Martinsried, Germany) were placed in a 24-well plate, 

Huvec-CS cells (5x105 cells/mL, 70 μl) were seeded into each well of the culture-

inserts, and incubated at 37 °C overnight. Following, culture-inserts were 

removed using sterile tweezers and various concentrations of peptides jS1, jS3 

and jS4 (0.01 μM, 0.1 μM, 1 μM, 10 μM) in DMEM (300 μl) were added into 

corresponding wells, following incubation at 37°C. DMEM served as the negative 

control. The gap was monitored under Nikon Eclipse Ti-s inverted microscope at 

4X magnification. Images were taken at 4.5 h and analyzed using T-Scratch 

software [158]. 

6.10. Cytokines Release Assay 

6.10.1. Preparation of Cells and Treatment with Peptides 

THP-1 Cells were counted under the light microscope using a hematocytometer. 

Dilutions of cell culture were made with the same medium to achieve 106 

cells/mL per well in a 24-well plate. The cells were either treated with 0.1 µg/mL 

lipopolysaccharide (LPS) only, with different concentrations of peptides or both 

LPS and peptides. The cells were incubated for 6 h at 37 °C. The supernatant 

was collected by centrifugation at 1000 rpm for 10 min and stored at -20°C until 

assayed. 

6.10.2. Enzyme-Linked Immunosorbent Assay (ELISA) 

This assay was used to monitor the levels of secretion of cytokines by the THP-1 

cells after the treatments. Levels of secreted Interleukin-6 (IL-6), Interleukin-1β 

(IL-1β) and Tumor necrosis factor-alpha (TNF-α) were assessed. The 

experimental procedures were executed according to the protocol described in 

the manufacturer’s information booklet enclosed in the ELISA MAXTM Deluxe 

Sets (Biolegend, USA). 
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6.11. Nitric Oxide Release Assay 

Raw 264.7 cells were grown in DMEM with 10% FBS and 1% penicillin and 

streptomycin at 37 °C in 5% CO2. The cells were plated in to the cell culture 

plates and incubated for 24 h. Next day the cells were treated with 0.1 µg/mL 

LPS, 100 nM SP and peptides (0µM, 1µM, 10µM and 20µM) for 24 h. cells 

treated with 100 nM SP alone or with 0.1 µg/ mL LPS or both served as controls.  

NO, quantified by measuring its oxidation product nitrite, was determined by the 

Griess reaction by a micro plate assay method [159]. 50 µl of the macrophages 

supernatant were removed and incubated with an equal volume of Griess 

reagent (1% sulfanilamide, 0.1% N-1 naphthyleneamine dihydrochloride, 2.5% 

phosphoric acid) at room temperature for 10 min in the dark. The absorbance at 

540 nm was determined with a micro plate reader. Concentrations were 

calculated from a standard sodium nitrite curve. 

6.12. Effect of Jasmintides on the Growth of Tenebrio molitor Larvae  

Same weight larvae of T. molitor were sorted by the weighing method. The body 

weight of larvae was between 40.0-43.06mg. The test diet was supplemented 

with jasmintides (1mg/g of diet). The control diet contained only the solvent in 

place of the inhibitor. Oats flakes were used as artificial diet. Four larvae were 

added to each 11 mm dish with 200 mg of diet and weight gain was recorded 

with the interval of 3 days. In total 20 larvae were used for each concentration. 

There were 5 -replicates for each test. The diet was replaced as required to 

provide a continuous supply. 
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6.13. Antifeedant No-Choice Assay 

Antifeedant activity of jasmintides was assayed using larvae of same weight as 

done in larval growth bioassay using the same test and controlled diet. The oat 

flakes weighed and placed in tissue culture dish dishes (11 mm dia) together with 

4 larvae. Five replicates of tests were done. The dishes were transferred into a 

rearing chamber and kept at 29 ± 1°C in the dark. After 3-days of feeding, the 

remaining uneaten oat flakes were re-weighed and the mean weight of food 

eaten was calculated. 

6.14. Anti-viral Assay  

Vero cells (8×104 cells) were seeded to 48-well plates and incubated for 24 h. 

Various concentrations of jamintides (10 μM, 1 μM, 0.1 μM, 0.05 μM, 0.01 μM) 

were diluted in DMEM and mixed with IBV (equivalent amount to MOI=0.1) and 

incubated at 37 °C for 30 min. The mixtures were then inoculated onto the cell 

monolayers for 2 h at 37 °C with occasional shaking. The supernatants were 

removed and the media were replaced with DMEM containing peptides. The cells 

treated with virus only served as the negative control. After 24-hour incubation, 

cytopathic effect was observed under a light microscope to ensure complete 

infection of the negative control. The virus supernatants were collected for plaque 

assay. Each concentration of jasmintide was assayed in triplicate.  

6.14.1. Plaque assay  

H1299 cells grown to confluency in 6-well plates were washed once with PBS 

and infected with 250 μl of serial dilutions of the virus stocks in DMEM at 37 °C 

for 2 h with occasional shaking. The inoculum was aspirated, the cells washed 

with PBS and overlayed with 2 mL of 0.3% agarose in water. The plates were 

incubated in humidified 5% CO2 incubator at 37 °C for 48 h. The cells were 

subsequently fixed with 4% formaldehyde at RT for 0.5 h and virus plaques were 

visualized and counted by staining with 0.2% crystal violet in 20% MeOH.   
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6.14.2. Determination of TCID50  

Vero cells (1.5x104 cells/well) were plated onto the 96-well plate 1 day before 

infection. Cell cultures were washed once with PBS and infected with serial 

dilutions of virus samples in DMEM. 10 replicates were prepared for each 

dilution. Non-infected cells dispensed with DMEM served as controls. The 

cultures were incubated for 3-5 days at 37°C till the cytopathic effects observed. 

TCID50 titers were calculated using the Excel spreadsheet from Yale School of 

Medicine available at www.med.yale.edu/micropath/pdf/Infectivity%20calculator.xls. 

7. Phylogenetic Tree Construction 

Full precursor sequences of CRP were pulled from the database PhytAMP [160]. 

The sequence without signal peptides and α-hairpinins were excluded. 

Sequences were aligned using Clustral Omega multiple alignment tool [161] and 

the phylogenetic tree was generated and visualized using Interactive tree of life 

(ITOL) [19]. 

8. Chemical Synthesis 

8.1. Synthesis of Thiolethylamidobutyl (TEBA) Resin using Cl-Trt (2-Cl) 
Resin 

Cl-Trt (2-Cl) resin 1 (1 g, 1.14 mmol) was swollen for half an hour in DCM (10 ml) 

and then filtered and washed with DCM three times for 1 min. (2-butylamino) 

Ethanethiol 2 (0.8 mmol, 118.3 μl) in DCM (20 ml) was added, and the 

suspension was shaken for 1 h at room temperature. DIEA (3.42 mmol, 595.68 

µl) and MeOH (3.42 mmol, 138.22 µl) was added to the reaction mixture and 

shaken for 10 min to quench the unreacted resin. The resin was washed with 

DCM, DMF, MeOH and DMF three times, respectively to give TEBA resin 3. With 

this resin 3 Fmoc- Xaa-OH was coupled using a mixture of Fmoc-AA, HOBt, and 

DIC (4/4/4 eq) in DMF. The suspension was shaken for 1 h. This step was 
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repeated twice to give Fmoc-Xaa-TEBA resin 4. It was washed with DMF 6 

times. The coupling reaction was monitored by acetaldehyde/chloranil test for 

detection of the secondary amino group. The resin was washed with DCM and 

diethyl ether three times for 1 min and dried under vacuum for later use. The 

substitution of resin 4 was calculated by weight. 

Peptides TI-RF7, TI-NF7, RF7-T and NF7-T were synthesized using Fmoc-Phe-

TEBA 4a and SFTI-1 using Fmoc-Arg-TEBA 4b. 

8.2. General Method for SPPS Synthesis 

Initially, the desired resin was swelled in DMF for 30 min. Amino acid residue 

was coupled by adding a pre-activated solution which contains Fmoc AA, HBTU, 

HOBt and DIEA (4/4/4/6 eq) in DMF. Coupling was done for 30 min. After that 

resin was washed three times with DMF. Fmoc-D-Arg-OH was coupled using 

Fmoc AA, DIC and HOAt  (4/4/4 eq) for an hour three times. De-protection was 

done using 20% piperidine in DMF three times for 3 min. After that resin was 

washed again with DMF three times. The subsequent sequence was synthesized 

using the same steps. Finally, after complete synthesis and de-protection of 

Fmoc protecting group it was washed three times with DMF, DCM and diethyl 

ether and dried under vacuum. The completion of the reaction was monitored by 

acetaldehyde and chloranil test (2% acetaldehyde, 2% chloranil in DMF, 5 min at 

rt) for secondary amines whereas TNBS test (20ul of picryl sulfonic acid and 20ul 

of 20% DIEA in DMF) for primary amine. The peptide was cleaved using a 

cocktail mixture of TFA/TIS/H2O/thioanisole (89/5/5/1 v/v). After 2 h the reaction 

mixture was added drop by drop in chilled diethyl ether and centrifuged for 10 

min at 4000 rpm. This step was repeated three times. The precipitates of crude 

peptide were dried under vacuum. Two different ester forms of peptide were 

obtained N-form 5 and S-ester form 6 (Figure 4.8). To confirm the presence of 

peptide analytical HPLC was run at linear gradient 10-60 % MeCN/0.1% TFA for 

25 min. Peaks were collected and confirmed by MALDI-TOF. 
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Peptides RF7 and NF7 were synthesized using Rink amide resin. For peptides 

TI-RF7, TI-NF7, RF7-T, NF7-T and SFTI-1 Fmoc-Xaa-TEBA (4a, 4b) were 

synthesized manually. The remaining peptide sequences were synthesized by 

automated microwave peptide synthesizer (CEM, Liberty1) using a solution of 0.5 

M  PyBOP in DMF as activator and a solution of 55% DMF, 35 % DIEA and 10% 

DCM as activator base for coupling and 20% piperidine with 0.1 M HOBt in DMF 

for deprotection. 

8.3. Thioesterification and Cyclization 

Compound 5 and 6 were dissolved in 0.1 M sodium phosphate buffer (pH 3) to a 

final peptide concentration of 2.5 mM. To this solution, MESNa (50 eq) was 

added and the reaction mixture was incubated at 40°C. Reaction completion was 

monitored by injecting 10ul sample in analytical RP-HPLC using linear gradient 

10-60% of ACN/ 0.1%TFA for 25 min at different time intervals. Peaks were 

collected and confirmed by MALDI-TOF. Along with thioester 7 we got 

thiolactones 8. 

To this solution, TCEP (10 eq) was added and pH was adjusted to 7 with 2 N 

NaOH. The reaction mixture was shaken for 1 h and then quenched with 1 M 

HCL. It was purified by RP-HPLC using preparative column using linear gradient 

between 10-40% of ACN/ 0.1%TFA for 80 min to get cyclized compound 9. MS 

of compound 9 was confirmed by MALDI-TOF. 

Compound 9 was oxidized using DMSO. It was dissolved in 0.1 M sodium 

phosphate buffer pH 7.5 to make the final concentration of 1 mM. To that 

solution, 10 % DMSO was added and incubated at room temperature.  After that, 

it was purified by RP-HPLC using preparative column get the compound 10.  

  



 

60 
 

8.4. Purification 

Crude peptide obtained after chemical synthesis, cyclization and oxidation were 

purified with HPLC SHIMADZU (Prominence LC2AD) using preparative column 

(Grace Vydac Prosphere 300 C18 300A, 250 x22 mm, 5-micrometer particle 

size, flow rate 6ml/min) at a gradient of 10-40% of buffer B for 80 min. Buffer A 

was 0.1% TFA in water and buffer B was 0.1% TFA in ACN. Eluents were 

monitored at 220 nm and 260 nm. The purity of peptide was examined by 

analytical RP-HPLC on a Phemnomenex Aeris PEPTIDE XB-C18, 250 x 4.6 mm, 

3.6 µ column, with a flow rate of 1.0 ml/min at 50̊ C. Masses were determined by 

MALDI-TOF. 
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Chapter 3 

Discovery and Characterization of a New CRP 
Family with Novel Disulfide Connectivity from 

Jasminum sambac 

1. Introduction 

Jasminum sambac (L.) Ait. belongs to the Oleaceae family and is commonly 

known as Motia or Arabian jasmine. It is known to originate from India and then 

in the 3rd Century J. sambac was brought to tropical areas of South-East Asia. 

After that, it is widely cultivated throughout the tropical and sub-tropical parts of 

the world [162]. Jasmine is a small shrub with young pubescent branches, 

broadly ovate or elliptic, opposite leaves and fragrant white flowers [163] (Figure 

3.1). Since ancient times, jasmine has been thought as “queen of flowers”. The 

name “Jasmine” is derived from Persian word “Yasmin” which means fragrant 

flower. In India and Indonesia, flowers are well known for making garland and 

bouquets for honored guests. Jasmine flowers are a rich source of essential oil 

which is used as a flavoring. In India, flowers are used in religious offering as a 

symbol of divine hope.  In China, the fragrant flowers are processed and used for 

the preparation of jasmine tea [164].  

Traditionally, flowers are used as a tonic to the brain, allay fever, purgative, anti-

emetic, for skin diseases, cure itching sensation, leprosy and ulcers [163]. 

Aroma-therapists find it relaxing herb for the dry and sensitive skin. Dried jasmine 

flowers decoction is applied as an eyewash for swollen and painful eyes [163, 

165]. Jasmine leaves are reported to contain antipyretic properties, whereas their 

juice is useful for the treatment of ulcers. Leaves extract exhibit analgesic and 

anti-inflammatory activity in rats [166, 167].  
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Its roots have been used as a purgative, analgesic, and anthelmintic against 

ringworm and tapeworm [165-167].  In Asia and India, folk medicine practitioners 

recommend jasmine for liver complaints, dysentery and various types of pain 

including painful menstruation. Also, jasmine oil is applied externally as calming 

agent to soothe stress, pain and anxiety. Other medicinal properties are listed in 

Table 3.1.  

 

 

Figure 3.1. Jasminum sambac in the herb garden of Nanyang Technological 
University, Singapore. A) J. sambac grows into a small  shrub, B)  with white flowers 
and C) with ovate and opposite leaves. 
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Table 3.1. Bioactivities of different parts of Jasminum sambac 

Bioactivity Plant parts References 

Antioxidant Leaf, flower [168, 169] 

Anticancer Leaf, flower [170, 171] 

Analgesic Leaf [171] 

Antiviral Flower [172] 

Antimicrobial Leaf, flower and essential oil [173-175] 

Anti-inflammatory Leaf [166, 167] 

Anti-depressant Jasmine oil [176] 

Gastroprotective effect Leaf [177] 

Wound healing Leaf [178] 

Vasodilation Flower [179] 

Sedative Jasmine tea [180] 
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Pharmacological and phytochemical studies of jasmine plant have led to the 

identification of numerous secondary metabolites including a wide spectrum of 

flavonoids, alkaloids, saponins, terpenoids, steroids and glycosides [165, 181, 

182]. Despite these extensive researches, active compounds characterized from 

jasmine plant are mostly restricted to small molecules. Proteins and peptides 

also exist in nature along with the primary and secondary metabolites, which also 

possess therapeutic value. Compared with the small metabolites which are >1 

kDa in size, peptides have a molecular weight in between 2-8 kDa. Peptides, 

especially CRPs with MW between 2-6 kDa, have not been considered as a 

source of bioactive compounds in traditional medicine, because of their thermal 

and proteolytic degradation and low bioavailability.  

This chapter describes the discovery and characterization of a new CRP family, 

jasmintides (Jasminum sambac; peptide) from Oleaceae family. A combination of 

genomic, proteomic and transcriptomic approaches was used to identify a suite 

of jasmintides from all parts of J. sambac including leaves, flowers, and roots. 

Jasmintides with an N-terminal pyroglutamic acid residue were shown to be 

resistant not only to heat and endopeptidase degradation but also to 

exopeptidases. The precursor of jasmintides contained three domains similar to 

many CRPs. Importantly; jasmintides display novel disulfide connectivity between 

CysI-CysV, CysII-CysIV, and CysIII-Cys-VI which is different from other known 

plant CRPs. The discovery of novel Oleaceae jasmintides, the corresponding 

precursor sequences, and their characteristics will be discussed in this chapter. 
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2. Results 

2.1. Screening for CRPs from the Oleaceae Family 

We investigated the presence of CRPs in Oleaceae family by a small-scale 

extraction using RP-HPLC. Briefly, we extracted 300 mg of plant material with 

50% EtOH and loaded to C18 cartridge. The column was prior washed and 

balanced with 20% acetonitrile and eluted with 70% acetonitrile. The occurrence 

of putative CRPs was profiled using MALDI-TOF MS. The screening of CRPs 

was based on a mass range of 2-6 kDa and presence of three disulfide bonds. 

Mass shift before and after reduction of their disulfide bond with DTT and S-

alkylation with IAM was observed with an increment of 58 Da for each cysteine 

[183].  

Leaves of seven plants were collected from Singapore Botanic Garden namely 

Osmanthus fragrans, J. multiflorum, J. sambac, J. biflorum, J. angustifolium, J. 

rex, and Nyctanthes arbor-tristis and screened by mass spectrometry. Only J. 

sambac showed strong signals in the mass range of 2-6 kDa. The other six plant 

extracts showed a low abundance of CRPs under our screening conditions. After 

reduction with DTT and S-alkylation with IAM, a mass shift of 348 Da was 

observed, indicating the presence of putative CRPs in J. sambac with three 

disulfide bonds. 
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2.2. Isolation of Jasmintides from J. sambac  

To investigate the presence of CRPs in different tissues of jasmine, we did 

preliminary screening of various plant parts, including leaf, root, and flower. All 

samples were extracted with 50% EtOH and extracts were spotted on MALDI 

plate and analyzed. The resulting mass spectra (Figure 3.2) revealed a group of 

peaks in the range of 3-4 kDa.  

We performed a scale-up extraction of the fresh leaves of J. sambac and isolated 

two putative CRPs, named as jasmintides. The major CRP from leaves with a 

MW of 3105 Da was named jasmintide 1 (jS1), and the minor CRP of 3181 Da as 

jasmintide 2 (jS2). The most abundant jasmintide (jS1) was purified sequentially 

by SCX-HPLC and then by RP-HPLC. The sequence of jS1 was determined by 

mass spectrometry shown in Table 3.2. 

We also extracted fresh flowers of J. sambac with 50% EtOH and isolated two 

putative CRPs, jasmintide jS3 and jS4 with MW of 3199 and 3198 Da. These two 

jasmintides were purified sequentially by SCX-HPLC and RP-HPLC. Jasmintides 

jS3 and jS4 differ by 1 Da only but elute at different retention time. The 

sequences of jS3 and jS4 shown in Table 3.2 were determined from 

transcriptome data, described in later part. 
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Figure 3.2. Tissue-specific expression of putative CRPs from J. sambac. A) shows 
MS profile of CRPs from leaves, B) shows MS profile of flowers and C) shows MS profile 
of roots. All parts were extracted with 50% ethanol and analyzed by MALDI-TOF. 
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2.3. De Novo Sequencing of Jasmintide jS1 Isolated from Leaves 

To determine the primary sequence, isolated and purified jasmintide jS1 from 

leaves was reduced by DTT and digested with trypsin and chymotrypsin. The 

resulted fragments were sequenced by tandem mass spectrometry MALDI-TOF 

MS/MS by analyzing b- and y-ions in their profiles.  Figure 3.3 showed the 

sequencing of jasmintide jS1 where S-reduced jasmintide jS1 had the m/z value 

of 3111, indicating a mass increase of 6 Da in comparison to native peptide. 

Trypsin digestion of S-reduced jasmintide jS1 produced three fragments with m/z 

values of 846, 1207 and 1095, respectively. The total m/z value of these three 

digested fragments was 37 units larger than the m/z of whole S-reduced jS1, 

suggesting two tryptic cleavages of the backbone. MALDI-TOF MS/MS gave a 

full sequence of jS1 (ZLCLQCRSNSDCNIIWRICRDGCCNVI) with N-terminal 

pyroglutamic acid (Z; Figure 3.3). De novo sequencing by MS/MS limits the 

identification of isobaric amino acids such as Leu/Ile and Lys/Gln. These 

ambiguities were resolved by gene cloning.  



 

69 
 

 

Figure 3.3. MS/MS sequencing of jS1. A) Enzymatic digestion of reduced jasmintide 
jS1 by trypsin yielded three fragments with m/z values 846, 1207 and 1095 Da; Z= 
pyroglutamic acid. B-D) shows MS/MS spectra of digested fragments. Ile/Leu and 
Lys/Gln assignments were determined by jasmintide gene. 
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2.4. Gene Cloning of Jasmintides 

The full-length gene of jS1 using 3´- and 5´-rapid amplification of cDNA ends 

(RACE) polymerase chain reaction (PCR) was obtained to gain insight into its 

biosynthesis. A degenerate primer targeting the LCRDGCC sequence was 

designed for 3´-RACE PCR, which resulted in the 3´-end partial gene sequence. 

Based on this partial gene sequence, a specific primer from the 3´-untranslated 

region (UTR) was designed and used for 5´-RACE PCR. After assembling the 3´- 

and 5´-RACE clones, two full-length cDNA gene sequences were obtained that 

encoded jS1 and jS2 and named jsac1 and jsac2, respectively. To better 

understand the DNA sequence of jasmintides, gene-specific primers targeting 3´- 

and 5´-UTRs of jsac1 and jsac2 were designed and used in PCR amplification of 

genomic DNA extracts. Comparison between mRNA and DNA revealed that 

these jasmintide genes contained a single intron located in the endoplasmic 

reticulum (ER) signal peptide region.  

Gene sequences showed that jasmintide precursors contained a 27-residue ER 

signal peptide region followed by a 46-residue pro-domain and a 27-residue 

jasmintide domain at the C-terminus (Figure 3.4 and 3.5). The signal peptide 

sequence and pro-domain of jS1 and jS2 precursors were highly similar, with 

only a single residue difference, and had a stop codon immediately after the 

mature peptide domain (Figure 3.6). Jasmintides jS1 and jS2 shared high 

sequence homology (88%), differing from each other by only three residues 

(Table 3.2); they contained six cysteine, four isoleucine, three arginine, two 

leucine, and two asparagine residues.  
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Figure 3.4. The nucleotide and deduced the amino acid sequence of jS1 from J. sambac.  Untranslated regions and intron are 
presented in low case whereas the ORF in upper case, the signal peptide is shown in the bold and jasmintide domain in blue with 
highlighted cysteine residues. The red triangle marks the signal peptide cleavage side which is predicted with SignalP 4.1 using 
hidden Markov models (HMM) [131]. The asterisk is put beneath the stop codon. 
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Figure 3.5. The nucleotide and deduced the amino acid sequence of jS2 from J. sambac.  Untranslated regions and intron are 
presented in low case whereas the ORF in upper case, the signal peptide is shown in the bold and jasmintide domain in blue with 
highlighted cysteine residues. The red triangle marks the signal peptide cleavage side which is predicted with SignalP 4.1 using 
hidden Markov models (HMM) [131]. The asterisk is put beneath the stop codon. 
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2.5. Analysis of Jasmintides at Nucleic Acid Level 

To obtain a more comprehensive library of jasmintides produced by J. sambac, 

we performed transcriptome profiling of the leaf, flower and root. RNA was 

extracted using TRIZOL reagent from the fresh leaf, flower and root samples. It 

was purified with oligo (dT) magnetic beads to enrich for mRNA and reverse 

transcribed into cDNAs, which were then sequenced with Illumina Hiseq 2000 

instrument, resulting in 284.2 million clean reads for leaf and flower (referred as 

LF_JS sample) and 242.1 million reads for root (referred as R_JS sample). The 

reads were assembled using Trinity to produce a transcriptome of 157,889 and 

138,127 contigs for LF_JS sample and R_JS sample, respectively with a 

minimum length of 201 nucleotides. Using in-house built software tool Protein 

analyzer 1.6 we extracted 12 contigs, with similar cystine spacing to jS1 

sequence, from the root, leaf and flower. The sequences were aligned using 

ClustalW (Figure 3.6). The work flow of transcriptome analysis is shown in Figure 

3.7. 

All novel sequences share the same precursor architecture with identified 

jasmintide (jS1) precursors with three major domains consisting of endoplasmic 

reticulum signal sequence, prodomain and mature jasmintide domain. The most 

common N-terminal cleavage site of jasmintide precursor occurs between Asn 

and Gln/Gly residue. Surprisingly, three precursors jS10, jS12 and jS13 differ in 

from the common processing site. Interestingly, loop 4 (between Cys 4 and Cys 

5) in these three jasmintides is more diverse with all different residues in 

comparison to other identified jasmintides. Notably, jS10 produce a jasmintide 

with three residues within loop 1, which is one residue longer compared to the 

identified jasmintides (jS1-jS9, jS11-jS13). Among all jasmintides, loop 2 consists 

of five residues and loop 4 consists of three residues, but loop 3 is the most 

diverse loop with four to seven residues.  
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Figure 3.6. Schematic (top) and deduced amino acid sequences of jasmintide precursors (bottom). A jasmintide precursor 
consists of an endoplasmic reticulum (ER) signal sequence (white) followed by a prodomain (grey), and a jasmintide domain (black). 
All sequences are obtained from high-throughput transcriptome sequencing of J. sambac leaf, flower and root. Strictly conserved Cys 
residues in the jasmintide domain are shaded with yellow and labeled in Arabic numerals 1-6. The asterisks denote the positions of 
the stop codon. Intro is represented by a black triangle. The sequence of jS2 was confirmed from the gene. 

 

 

                   1       2           3                4     5 6 

 

 

 

 

 

 

jS1 MEKASIKLTVLTLFLVAIALPVL------KVEARE-PPQTLR-IPAVLEVETKEMQQTLSMPVAKIDANELPRLTLSKQ-PNQLC-LQCRSNSDCN-IIWRICRDGCCNVI* 

jS2 MEKASIKLTVLTLFLVAIALPVL------KVEARE-PPQTVR-IPAVLEVETKEMQQTLSMPVAKIDANELPRLTLSKQ-PNQLC-LQCRSDDDCN-IIWRICRYGCCNVI* 

jS3 MEKASLKATFLTLFLIAIAGAVALVP---KVEGRG-LQQTLR-IPTYLEVEGKQLPQ-LTLSV---------------Q-PNQLC-LLCQTSRDCNYIIWTVCRDGCCNIS* 

jS4 MEKASIKFTFLTLFVIAIAVAVVPVP---KVEARE-LQQ------------------PLSMLVAKMEAKELPKLTLSVQ-PNQIC-LLCSSNSDCNYPLWTHCRDGCCQIF* 

jS5 MEKASIKFTFLTLFVIAIAVAVVPVP---KVEARE-LQQTSR-IPVVMEVEAKEPRQPLSMPVANMEAKELPKLTLSVQ-PNQLC-LLCSSNSDCN-IIWSHCRDGCCQLF* 

jS6 ------------------------------------------------------------MPIANIKAKELPQLTLSVQ-PNQLC-LLCSSDADCN-FIWSHCRDGCCQLF* 

jS7 MEKASIKLTFLTLFLIAIAIAVP------TMEAREPPQTMR--IPVVLEVQANEPREPLIMRVAKMEAKELSQLTLSDQ-LNQPC-LACRTNADCVLPLWRNCRDGCCHLF* 

jS8 MEKASVKLTFLTLFLITIAVAVAPVP---KVEARE-LQP------------------TLRMPVANMEAKELPQLTLHMQLPNQLC-LLCTTNADCN-AIWRWCRDGCCHLF* 

jS9 ------------------------------------------------------------MPVAQTEAKELQQLPLSVQ-PNGPC-LYCIADRNCNIWPWKHCRDHCCQIF* 

jS10 ------------------------------------------------------------MPVTKMEA-ELPQLTLSKQ----ECTRPCKTNNDCTLRPFNTCIKGCCVFR* 

jS11 MEKTSIKFTFLTLFLIAIAVAVVPVP---KVEATEPQQTLRIVPVVVKVEAKEPPQTLSRP-VAETEAKELQQSPLSAQ-PNGPC-LYCHSDANCDIWPWTHCRDECCHMF* 

jS12 --------------------------------------------------------------MFDATIGYVCPLTIDTS-SSSAC-FLCYKKPQCL---GKHCFVTCCIYS* 

jS13 MEKASIKLTFFTLFLIALAVLPIPNMRQVGVEARVL----------------------QETSSVQPLSNILLQPMLSQGKL-GFC-VACRENRDCFI--FWSCSGGCCQ* 

ER signal Pro-domain Mature peptide 



 

75 
 

 

Figure 3.7. Schematic diagram for the work flow of transcriptomic and proteomic analysis.  
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The transcriptome data also revealed molecular diversity regarding net charge. 

Precursors of jS1, jS3, jS8 and jS9 encode jasmintides with no net charge, 

whereas jS10 encodes for a highly positively charged jasmintide with +4 net 

charge. In addition, four jasmintides jS4, jS5, jS6 and jS11 were found to be 

negatively charged with -1 or -2 net charge, respectively. 

It is known that peptides expression level is affected by environmental changes 

[184] and some peptide precursors are exclusively expressed in certain plant 

tissue only [185], these all factors have an influence on peptide transcription. 

Most importantly, the major limitation in data mining is the erroneous prediction of 

processing site, which is based on sequence homology only. So, we performed 

peptide analysis at proteome level using LC-MS/MS to verify the transcriptomic 

analysis.   

2.6. Analysis of Jasmintide Expression at Proteome Level 

To elucidate the presence of jasmintides in J. sambac at proteome level we used 

LC-MS/MS in collaboration with Professor Newman Sze’s laboratory. Samples 

including leaves, flowers and roots were extracted with 50% ethanol in water. 

Disulfide bonds were reduced using DTT and alkylated with 2-bromoethylamine 

(BrEA) using the method described previously [133]. A mass increment of 264 

Da was observed after reduction and alkylation of CRPs with three disulfide 

bonds. This sample was desalted using C18 ziptip and sequenced by using ETD 

mode in LC-MS/MS. The work flow of proteomic analysis is shown in Figure 3.7.  

The data was analyzed in PEAK Studio using the database obtained from 

jasmine transcriptome mining. PTM were analyzed using PEAKS PTM function 

[132] in PEAKS Studio and data was searched for >650 PTMs listed in Unimod 

database [186]. Single point mutations were identified using SPIDER algorithm of 

PEAKS [135].  
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We have identified seven jasmintides from leaves named as jS1 to jS7 and nine 

jasmintides from flowers (jS1-7 and jS14 and jS15) by LC-MS/MS. Jasmintides 

were named based on the sequences found in transcriptome data. In flowers, 

seven jasmintides (jS1 to jS7) were found to be identical with those in leaves, but 

two jasmintide sequences were new which were named as jS14 and jS15, and 

these two jasmintides were not detected in transcriptome data. However, from 

the root, we also identified seven jasmintides (jS1 to jS3 and jS5 to jS8). 

Jasmintide jS4 is not expressed in roots; in contrast, jS8 is only detected in roots. 

The jasmintide sequences are summarized in Table 3.2. 
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Table 3.2. Jasmintide from Jasminum sambac 

Peptide Sequence MWa (Da.) Chargeb Approaches    Part 

Intercysteine 
segment           1          2            3           4   

 

  

Jasmintide 1       jS1  ZLCLQ-CRSNSDCN-IIWRICRDGCCNVI 3105.62 +1  G, P, T L, F, R 

Jasmintide 2       jS2  ZLCLQ-CRSDDDCN-IIWRICRYGCCNVI 3182.70 0  G, P L, F, R 

Jasmintide 3       jS3  ZLCLL-CQTSRDCNYIIWTVCRDGCCNIS 3199.42 0  P, T L, F, R 

Jasmintide 4       jS4  ZICLL-CSSNSDCNYPLWTHCRDGCCQIF 3198.31 -1  P, T L, F 

Jasmintide 5       jS5  ZLCLL-CSSNSDCN-IIWSHCRDGCCQLF 3037.48 -1  P, T L, F, R 

Jasmintide 6       jS6  ZLCLL-CSSDADCNF-IWSHCRDGCCQLF 3057.48 -2  P, T L, F, R 

Jasmintide 7       jS7  ZPCLA-CRTNADCVLPLWRNCRDGCCHLF 3184.72 +1  P, T L, F, R 

Jasmintide 8       jS8  ZLCLL-CTTNADCNA-IWRWCRDGCCHLF 3135.64 0  P, T R 

                          Cont’d.  
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Peptide Sequence MWa (Da.) Chargeb Approaches    Part 

Intercysteine 
segment           1          2            3           4   

 

  

Jasmintide 9       jS9  GPCLY-CIADRNCNIWPWKHCRDHCCQIF 3388.94 0  T L, F, R 

Jasmintide 10     jS10  -ECTRPCKTNNDCTLRPFNTCIKGCCVFR 3216.76 +4  T L, F 

Jasmintide 11     jS11  GPCLY-CHSDANCDIWPWTHCRDECCHMF 3336.76 -2  T R 

Jasmintide 12     jS12  SACFL-CYKKPQCL---GKHCFVTCCIYS 2839.44 +3  T L, R, F 

Jasmintide 13     jS13  GFCVA-CRENRDC-FIFWS-CSGGCCQ 2685.07 +1  T R 

Jasmintide 14     jS14  ZLCLL-CSSNADCNV-IWSHCRDGCCQLF 3008.44 -1  G, P L, F, R 

Jasmintide 15     jS15  QPCLA-CRTNPDCVLPLWRNCRDGCCHLF 3226.45 +1  P F 

 

 

  
 

  

aMolecular weights are reported as monoisotopic mass. bArg and Lys are taken as positively charged, Asp and Glu as negatively 
charged and His as neutral. Cysteine connectivity is shown at the bottom with bold lines. (Z) represents the pyroglutamic acid. In 
approach G=Genomic, P=Proteomic and T=Transcriptomic approaches. In parts L=leaf and F=Flower. 
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All spectra of sequences identified by proteomics jS1-jS8, jS14 and jS15 are 

shown in Appendix A, Figure A1. All identified jasmintides sequences from 

leaves, flowers and roots (Appendix A, Table A1, A2 and A3) were combined in 

one excel sheet and duplicates were removed. In total, we identified 82 

jasmintides by LC-MS/MS analysis and confirmed ten jasmintides, representing 

71% coverage of a total number of jasmintides genes present in J. sambac. 

Additionally, 12 truncated sequences with six cysteine residues and 54 truncated 

sequences with five or less cysteine residues are also reported here (Table 3.3). 

In total 32 jasmintides were identified with N-terminal pyroglutamic acid. This 

modification is spontaneous or occurs due to the enzymes is still unknown.  
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Table 3.3. Jasmintides sequences identified from leaves, flowers and roots of J. sambac using proteomic analysis 

Jasmint-
-ides Sequence 

-
10lgPa Mass ppm z 

No. 
(c) #Spec MODb 

jS1 I.IWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 153.12 1678.858 -0.4 4 3 17 - 

jS1 N.IIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 1791.942 -0.2 4 3 27 - 

jS1 D.C(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 108.48 2052.037 -0.3 4 4 13 - 

jS1 N.SDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 110.5 2254.096 -0.3 4 4 3 - 

jS1 Q.C(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 150.64 2757.323 -1.8 5 5 30 - 

jS1 C.LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 2998.466 0.3 5 5 71 - 

jS1 L.C(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 117.6 3144.517 0.2 5 6 3 - 

jS1 Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)N.V 186.11 3156.481 0.7 5 6 13 
Pyro-glu 
from Q  

jS1 Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NV.I 165.43 3255.549 0.6 6 6 9 
Pyro-glu 
from Q 

jS1 Q.LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 3257.601 0.4 6 6 25 - 

jS1 N.Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 172.71 3368.633 1.2 6 6 252 
Pyro-glu 
from Q 

jS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)N.V 200 2863.328 -0.3 5 5 30 - 

jS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NV.I 200 2962.397 -0.5 5 5 17 - 

jS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 200 3075.481 0.8 5 5 46 - 

jS2 Q(-17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NV.I 164.75 3332.565 0.1 5 6 1 
Pyro-glu 
from Q 

jS2 Q(-17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 193.97 3445.648 0.8 6 6 98 
Pyro-glu 
from Q 

jS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRD.C 111.19 1347.664 -0.2 3 2 13 
Pyro-glu 
from Q 

jS3 N.YIIWTVC(+43.04)RDGC(+43.04)C(+43.04).N 76.12 1559.741 1 3 3 2 - 

jS3 I.IWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 44.85 1597.753 -0.4 3 3 4 - 

jS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)N.Y 133.47 1607.758 0.6 4 3 37 
Pyro-glu 
from Q 

 
jS3 Y.IIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 167.9 1710.837 -0.6 4 3 10 - 
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Jasmint-
-ides Sequence 

-
10lgPa Mass ppm z 

No. 
(c) #Spec MODb 

jS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NY.I 74.91 1770.822 0.3 3 3 1 
Pyro-glu 
from Q 

jS3 D.C(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 117.04 2133.994 -0.4 4 4 18 - 

jS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIW.T 163.06 2183.069 -0.8 4 3 9 
Pyro-glu 
from Q 

jS3 C.QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 64.09 2721.261 0.1 5 4 3 - 

jS3 L.C(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 120.33 2867.312 -0.3 5 5 16 - 

jS3 L.LC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 42.73 2980.396 1.4 5 5 4 - 

jS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 153.61 3463.648 4.7 5 6 15 
Pyro-glu 
from Q 

jS3 N.QLC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 41.89 3480.674 -8 5 6 8 - 

jS4 Q(-17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPL.W 33.38 1883.858 0.6 3 3 1 
Pyro-glu 
from Q 

jS4 D.C(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 151.69 2230.006 -0.5 4 4 10 - 

jS4 N.SDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 90.58 2432.065 -0.7 5 4 5 - 

jS4 C.SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 133.19 2720.172 -0.3 5 4 26 - 

jS4 L.C(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 154.64 2866.223 0 5 5 57 - 

jS4 L.LC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 109.64 2979.307 -0.7 5 5 14 - 

jS4 Q(-17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QI.F 79.59 3315.49 0 5 6 2 
Pyro-glu 
from Q 

JjS4 Q(-17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 153.62 3462.559 2 5 6 67 
Pyro-glu 
from Q 

jS4 QIC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 58.47 3479.585 -8.9 5 6 10 - 
jS4/jS
5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04).N 97.07 1396.615 -0.9 3 3 4 

Pyro-glu 
from Q 

jS4/jS
5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)N.I 77.57 1510.658 0.8 3 3 7 

Pyro-glu 
from Q 

jS5 D.C(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 138.02 2068.958 -0.4 4 4 2 
 jS5 N.SDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 91.96 2271.017 4.1 4 4 2 - 

jS5 C.SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 51.01 2559.124 0.4 5 4 4 - 

jS5 L.C(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 116.53 2705.175 -0.5 4 5 8 - 
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Jasmint-
-ides Sequence 

-
10lgPa Mass ppm z 

No. 
(c) #Spec MODb 

jS5 L.LC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 45.77 2818.259 0 5 5 2 - 

jS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)Q.L 137.26 3041.358 0.2 5 6 1 
Pyro-glu 
from Q 

jS5 L.C(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 114.15 3077.395 1.8 5 6 2 - 

jS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QL.F 144 3154.443 -0.5 5 6 7 
Pyro-glu 
from Q 

jS5 Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3301.511 0.2 5 6 15 
Pyro-glu 
from Q 

jS5 T.LSVQPNQLC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 38.67 3956.876 -8.4 5 6 8 - 
jS5/jS
6 F.IWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 116.95 1695.78 0.6 4 3 25 - 

jS6 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSDADC(+43.04)N.F 90.03 1495.647 -0.1 3 3 6 
Pyro-glu 
from Q 

jS6 D.C(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 108.67 2102.942 -0.5 4 4 15 - 

jS6 Q(-17.03)LC(+43.04)LLC(+43.04)SSDADC(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3320.484 0.3 5 6 100 
Pyro-glu 
from Q 

jJS6 QLC(+43.04)LLC(+43.04)SSDADC(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 120.44 3337.511 -4.3 5 6 4 - 

jS7 N.Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VL.P 159.69 1617.779 0.3 4 3 56 
Pyro-glu 
from Q 

jS7 L.WRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 96.7 1637.749 0 4 3 3 - 

jS7 N.Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLP.L 110.95 1714.832 -0.5 4 3 13 
Pyro-glu 
from Q 

jS7 P.LWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 49.74 1750.833 0.7 4 3 5 - 

jS7 D.C(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HL.F 70.17 2059.021 0.7 4 4 6 - 

jS7 D.C(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 158.47 2206.09 1.6 4 4 4 - 

jS7 R.TNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 135.94 2210.033 -0.4 4 4 5 - 

JS7 R.TNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)H.L 91.74 2347.092 -0.1 5 4 8 - 

jS7 C.RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 59.1 2366.134 -0.7 5 4 4 - 

jS7 A.C(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 47.17 2512.186 -1.3 5 5 3 - 

jS7 C.RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 66.88 2763.346 0.4 5 4 4 - 

jS7 Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 104.52 3050.443 0.1 5 6 5 
Pyro-glu 
from Q 
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Jasmint-
-ides Sequence 

-
10lgPa Mass ppm z 

No. 
(c) #Spec MODb 

jS7 Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)H.L 150.62 3187.502 -0.1 5 6 9 
Pyro-glu 
from Q 

jS7 
N.Q(-
17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HL.F 200 3300.586 0.3 5 6 34 

Pyro-glu 
from Q 

jS7 
N.Q(-
17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 190.75 3447.654 0.7 5 6 85 

Pyro-glu 
from Q 

jS7 N.QPC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 89.43 3464.681 -5.1 6 6 8 - 

jS8 N.Q(-17.03)LC(+43.04)LLC(+43.04)TTNADC(+43.04)N.A 94.24 1522.694 -0.5 3 3 2 
Pyro-glu 
from Q 

jS8 L.C(+43.04)TTNADC(+43.04)NAIWRWC(+43.04)RDGC(+43.04)C(+43.04)HLF 167.41 2802.255 -1.8 5 5 7 - 

jS8 N.Q(-17.03)LC(+43.04)LLC(+43.04)TTNADC(+43.04)NAIWRWC(+43.04)RDGC(+43.04)C(+43.04)HLF 182.32 3398.59 0.6 5 6 53 
Pyro-glu 
from Q 

jS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04).N 82.23 1380.62 0.4 3 3 3 
Pyro-glu 
from Q 

jS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)N.V 78.98 1494.663 0 3 3 10 
Pyro-glu 
from Q 

jS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVI.W 58.49 1706.815 0.6 3 3 1 
Pyro-glu 
from Q 

jS14 N.VIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 88.73 1794.848 -1.3 4 2 1 - 

jS14 L.C(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 107.86 2675.165 1 5 4 24 - 

jS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QL.F 200 3124.432 -0.3 5 6 9 
Pyro-glu 
from Q 

jS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 179.32 3271.501 0.1 5 6 28 
Pyro-glu 
from Q 

jS15 QPC(+43.04)LAC(+43.04)RTNPDC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF  145.47 3490.696 0.7 5 6 175 - 
aIn Peaks a higher -10logP value indicates a more confident sequencing result. Sequences are identified using false discovery rate (FDR) 0.01%.  
bMOD: side chain modifications and chemical derivatization. All cysteine residues are alkylated with ethylamine with the addition of 43.04 Da. 
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We identified three new jasmintides from J. sambac that are not found at 

transcriptome level, Jasmintide jS2, jS14 and jS15. Jasmintide jS2 was identified 

by gene and is described earlier whereas Jasmintide jS15 differed from jS7 at 

A10P. This point mutation was manually validated and annotated as shown in 

Figure 3.8. Jasmintide jS14 was further validated by gene (Figure 3.9). These 

jasmintides do not seem to be derived from post-translational modifications or 

misidentification. 

Tissue-specific expression of jasmintides is also observed such as jS8 was 

identified only in roots and jS15 only in flowers, In contrast, leaves do not 

express jS7 and roots do not express jS4. Jasmintides jS9 to jS13 expressed at 

transcriptome level were not identified at proteome level, this could be because 

the expression of CRPs is affected by climate change or the processing of these 

jasmintides could be using alternate pathway which is unknown and hence could 

not be detected at proteomic level [184, 185]. 
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Figure 3.8. MS/MS spectra of the new jS15 sequence. A) shows full annotated spectrum of jS15 which exhibit single amino acid 
mutation (A to P) compared to jS7.B) shows the zoomed view of spectra of jS15 at P10. 
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Figure 3.9. The nucleotide and deduced the amino acid sequence of jS9 from J. sambac.  Untranslated regions are presented 
in low case whereas the ORF in upper case, the signal peptide is shown in the bold and jasmintide domain in blue with highlighted 
cysteine residues. The red triangle marks the signal peptide cleavage side which is predicted with SignalP 4.1 using hidden Markov 
models (HMM) [131]. The asterisk is put beneath the stop codon. 

5´ Untranslated region  
ctaatacgactcactatagggcaagcagtggtatcaacgcagagtacatgggatcaaatccagagttcagtaaag 
 
 
ATGGAGAAAGCTTCAATTAAGTTCACTTTCCTTACACTTTTTGTTATTGCTATTGCTGTCGCTGTTGTACCA 
 M  E  K  A  S  I  K  F  T  F  L  T  L  F  V  I  A  I  A  V  A  V  V  P  
 
  
GTCCCGAAGGTGGAGGCCAGAGAACTGCAGCAAACCTCGCGCATACCCATAGTCATGGAGGTGGAGGCCAAA 
 V  P  K  V  E  A  R  E  L  Q  Q  T  S  R  I  P  I  V  M  E  V  E  A  K   
 
GAACCGCGGCAACCCTTGAGCATGCCAGTCGCAAAGATGGAGGCCAAAGAATTGCCAAAGTTGACCTTGAGC 
 E  P  R  Q  P  L  S  M  P  V  A  K  M  E  A  K  E  L  P  K  L  T  L  S  
 
GTGCAACCAAACCAGCTTTGTCTGTTATGTTCATCAAACGCTGACTGCAACGTTATCTGGAGCCATTGTAGG 
 V  Q  P  N  Q  L  C  L  L  C  S  S  N  A  D  C  N  V  I  W  S  H  C  R  
 
GATGGATGTTGTCAACTCTTTTGA 
 D  G   C  C   Q  L  F  *  
 
 
 
3´ Untranslated region  
agagcattcaaactgccgtctttctgtttccattttgcaataataatcatcaatattttagtgttattaatgactca
tgcagttgttataacattgtttattgatgtacgctcctgtgccatgatgttttta 
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2.7. Disulfide Connectivity Analysis of jS1 shows a New Motif 

To obtain partially reduced intermediates of jasmintides in a significant amount, 

we tested various reduction conditions at room temperature, 37°C and 65°C 

(Table 3.4). In our strategy, purified jS1 was first partially reduced with a limited 

amount of TCEP to generate a series of fragments with one, two, or three 

reduced disulfide bonds. The reduced fragments were immediately alkylated with 

NEM under an acidic pH to avoid scrambling of disulfide linkages and then 

purified by RP-HPLC. The number of NEM-tagged cysteines (S-NEM) was 

determined by MALDI-TOF MS. S-NEM fragments caused a mass increase of 

126 Da. Based on the mass shift, the four purified HPLC fractions were identified. 

Fraction one consisted of native jS1 with no reduced and alkylated cysteines. 

Fraction two corresponded to peptide 2SS with two S-NEM tagged cysteines and 

two intact disulfide bonds. Fraction three contained peptide 1SS with four S-NEM 

tagged cysteine and one intact disulfide bond. The fourth fraction corresponded 

to peptide 0SS with six S-NEM tagged cysteine and no intact disulfide bonds 

(Figure 3.10 A). Peptide 2SS was then fully reduced and S-alkylated with IAM 

and subjected to LC-MS/MS analysis to reveal its S-NEM connectivity at CysI-

CysV (Figure 3.10 B). 
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Table 3.4. Different conditions for partial reduction 

  

Condition 

# 

TCEP concentration 

(mM) 

Temperature 

(°C) 

Time  

(min) 

1 15  25 1, 5, 10, 15, 30 

6 15  37  1, 5, 10, 15, 30 

11 15  65  1, 5, 10, 15, 30 

16 30 25 1, 5, 10, 15, 30 

21 30 37  1, 5, 10, 15, 30 

26 30 65  1, 5, 10, 15, 30 

32 50 25 1, 5, 10, 15, 30 

44 50 35  1, 5, 10, 15, 30 

45 50 65  1, 5, 10, 15, 30 

Jasmintide jS1 was incubated at pH3. Samples were collected at the 

indicated time points and spotted on MALDI plate and analyzed by MALDI-

TOF MS. 
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Figure 3.10. Disulfide mapping of Jasmintide jS1. A) RP-HPLC separation of partially 
S-reduced and S-NEM labeled jasmintide jS1 derivatives. B) Interpreted sequence of 
2SS shows the disulfide connectivity CysI-CysV established after the second alkylation 
with iodoacetamide (IAM denoted as CAM). C) Schematic deconvolution of three 
possible scenarios by tryptic digestion patterns to arrive CysII-CysIV and CysIII-CysVI 
connectivity. MS showing two fragments of scenario 1 with m/z 1359.2 and 2053.3 
generated after tryptic digestion of 2SS performed under 2 M urea. Four small fragments 
generated after reduction and second alkylation using iodoacetamide (IAM) as an 
alkylating agent. 
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To map the connectivity of the other two remaining disulfide bonds, peptide 2SS 

was enzymatically digested with trypsin in the presence of 2 M urea at pH 7 for 2 

h. From that digestion, three possible combinations were calculated based on the 

possibilities of remaining two disulfide bonds (Figure 3.10 C). After digestion, two 

fragments with m/z of 1359 and 2053 Da, indicating the possibility of CysII-CysIV 

and CysIII-CysVI pairs (Figure 3.10 C, Scenario 1), were detected. These tryptic 

digested samples were fully reduced with DTT and alkylated with IAM, giving rise 

to four different short peptides which were further identified by LC-MS/MS (Figure 

3.11). Based on the two detected tryptic digested peptides and four short 

peptides released after reduction and alkylation, disulfide linkages between 

CysII-CysIV and CysIII-CysVI were identified (Figure 3.10 C). Thus, the disulfide 

connectivity of jS1 was found to be CysI-CysV, CysII-CysIV, and CysIII-CysVI 

(Figure 3.12 A). It provides unambiguous evidence that jasmintides do not share 

the Type I connectivity CysI-CysIV, CysII-CysV, and CysIII-CysVI (cystine-knot 

arrangement) which is commonly found in many CRP families, such as plant 

defensins, knottins, and heveins [29, 35, 36, 42, 51, 78, 86, 187, 188]. Jasmintide 

jS1 neither share Type II connectivity CysI-CysVI, CysII-CysV, and CysIII-CysIVI, 

found in thionins. Thus, we named this novel disulfide connectivity as Type III 

connectivity. 
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Figure 3.11. MS/MS spectra of each tryptic digested fragment of jS1. Tryptic 
fragments were identified after fully alkylating with iodoacetamide. MS/MS spectrums 
showed were pre-processed by PEAKS studio showing only single-charged peaks. 
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2.8. Solution Structure of the Jasmintide 1 (jS1)  

In order to confirm that finding, the disulfide connectivity pattern of jS1 was 

further validated by NMR spectroscopy. The NMR spectrum of jS1 was 

characterized by well-dispersed resonances in the amide region signifying a 

stable folded structure. All spin-spin systems of jS1 were identified, and most 

proton resonances were unambiguously assigned as ~98% completeness 

(Appendix B, Figures B1, B2, and Table B1). The solution structure of jS1 was 

determined based on a total of 656 NMR-derived distance restraints and 22 

dihedral angle restraints. The ensemble of 20 low-energy structures is shown in 

Figure 3.12 C. Root-mean-square deviation values relative to the mean 

coordinate of 20 conformers were 0.18 Å for backbone atoms and 0.90 Å for all 

heavy atoms (Table 3.5). Based on the strong NOE connectivities, sequential 

dαN(i,i+1) NOEs together with hydrogen bond patterns determined by amide-

hydrogen exchange experiments, jS1 was determined to be mainly shaped by a 

combination of three short extended β-strands and several loop elements. In 

addition, several long-range dNN, dαN, and dαα NOEs were also observed, 

indicating a folded β-sheet conformation for these regions. The structure of jS1 

was found to consist of three short antiparallel β-strands (β1: L4-Q5; β2: I18-R20; 

β3: C23-N25) and two loops (L1:C6-R17 between β1 and β2; L2: R20-C24 

between β2 and β3), and its molecular shape is well-defined by a number of 

medium- and long-range NOEs (Figure 3.12 D, Table 3.5). PROCHECK analysis 

indicated that all residues were distributed in the allowed region of the 

Ramachandran map (Table 3.5). The position of the disulfide bridges was further 

confirmed by characteristic dββ (i,j) and dαβ (i,j) NOEs between cysteine pairs. An 

NOE signal between Hβ-Hβ from Cys3 and Cys23 (Figure 3.12 B), which 

corresponds to the CysI-CysV cysteine pair, was also identified, while the CysII-

CysIV pair was identified based on an NOE between Hβ-Hβ from Cys6 and 

Cys19 (Figure 3.12 B).  
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Figure 3.12. The primary, secondary and tertiary structure of the jS1. A)  Amino 
acid sequence of jS1. Disulfide connectivity is shown by bold solid lines. The presence 
of β-strands is shown by thick arrows. B) Two-dimensional NOESY spectra are showing 
the expanded aliphatic regions of jS1 obtained with 300-ms mixing in D2O at 25 °C. 
Correlations between cysteine-forming disulfide bridges of jS1 (Cys3-Hβ/Cys23-Hβ, 
Cys6-Hβ/Cys19-Hβ) are represented by rectangular boxes. C) Superposition of the 
backbone traces from the final 20 ensembles of solution structures and restrained 
energy minimized (REM) structures of jS1 by NMR spectroscopy. The REM structure of 
jS1 is highlighted in red. D) Ribbon representation of jS1 REM structure. Three disulfide 
bridges (CysI-CysV, CysII-CysIV and CysIII-CysVI) are shown by ball-and-stick 
representation.   
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Table 3.5. Structural statistics of NMR structures of jS1  

Number of NOE constraints   

 All 656 

 Intra residues |i-j|=0 165 

 Sequential, |i-j|=1  195 

 Medium-range, 1<|i-j|<5 86 

 Long-range, |i-j|>=5   210 

Number of Hydrogen Bond Constraints 10 

Number of Dihedral Angle Constraints 22 

Number of Constraint Violations (>0.5Å) 0 

Number of Angle Violations (>5°)  0 

Energies (kcal/mol)  

ENOE 5.31 ± 1.10 

Ecdih 0.04 ± 0.05 

Ebond + Eangle + Eimproper 23.57 ± 0.98 

EVDW 16.70 ± 1.39 

RMS Deviation of the structural segment(Cys3-Ile27) for final 20 structures to 

REM structure 

Backbone (N,Cα,C’) 0.18 ± 0.08Å 

Heavy Atoms    0.90 ± 0.15Å  
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Additionally, several long-range NOE correlations were observed between HN/Hα 

atoms of Cys3 and Hα/Hβ of Cys23. Similar long-range NOE correlations were 

identified for Cys6-Cys19 (CysII-CysIV); all of these observations are in 

agreement with the formation of CysI-CysV and CysII-CysIV disulfide bridges. 

These results confirm a new cystine motif relative to conventional cystine-knot 

peptides with disulfide connectivity between CysI-CysV, CysII-CysIV, and CysIII-

CysVI. The three disulfide bonds might play an important role in generating and 

stabilizing the overall structure of jS1.   

Analysis of the solvent-exposed surface residues shows that the six cysteine 

residues were buried into the peptide core like other known CRPs such as 

cyclotides. However, hydrophobic residues (Ile14, Ile15, Trp 16) in the loop 

between β-strand 1 and β-strand 2, form a continuous hydrophobic surface 

combined with N- and C-terminal hydrophobic residues (Leu2, Leu4, Val26 and 

Ile27). The surface representation of the jS1 structure reveals the forming of 

these hydrophobic patches as shown in Figure 3.24. Additionally, most of the 

charged and polar residues are mainly exposed on the molecular surface. 
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2.9. Solution Structure of the Jasmintide 3 (jS3)  

The NMR spectrum of jS3 showed well-dispersed resonances in the amide 

region signifying stable folded populations. Based on the combination of 2D-

NOESY and TOCSY spectra, all spin−spin systems of jS3 were identified, and 

most proton resonances were unambiguously assigned as ~98% completeness 

(Appendix B, Figures B3 and B4, Table B2). The solution structure of jS3 was 

determined based on a total of 517 NMR-derived distance restraints and 23 

dihedral angle restraints. The ensemble of 20 low-energy structures is shown in 

Figure 3.13 C. Root-mean-square deviation values relative to the mean 

coordinate of 20 conformers were 0.29 Å for backbone atoms and 1.00 Å for all 

heavy atoms (Table 3.6). On the basis of the strong dαN(i,i+1) NOE connectivities, 

coupling constants measured by DQF-COSY and 1H-1D experiments, and 

hydrogen bond patterns determined by amide−hydrogen exchange experiments, 

jS3 was determined to be mainly shaped by a combination of three short 

extended β-strands and several loop elements, which resembles with jS1 

structure. RMSD value between jS1 and jS3 is 1.16 Å for 24 Cα atoms. The 

overall structure of jS3 was determined to consist of three short antiparallel β-

strands (β1: C3−L5; β2:T18−R21; β3: C24−N26) and two loop segments 

(L1:C6−W17 between β1 and β2; L2: D22−G23 between β2 and β3), and a 

number of medium and long-range NOEs were observed to prove a well-folded 

structure as shown in Figure 3.13 D. PROCHECK analysis indicated that all 

residues were distributed in the allowed region of the Ramachandran map (Table 

3.6). The position of three disulfide bridges was further confirmed by 

characteristic dββ (i,j) and dαβ (i,j) NOEs between cysteine pairs.  NOE signals 

between Hβ−Hβ from Cys3/Cys23 and Cys6/Cys20 (Figure 3.13 B) were 

observed in NOESY spectra, which correspond to the CI-CV and CII-CIV 

cysteine pairs, respectively. However, no NOE cross peaks were observed for 

CIII-CVI pair (Cys12/Cys24) due to spectral overlap. Additionally, several long-

range NOE correlations were observed between HN/Hα atoms of Cys3 and 

Hα/Hβ of Cys23. Similar long-range NOE correlations were identified for 
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Cys6−Cys20 (CysII-CysIV) and Cys12-Cys25 (CysIII-CysVI); all of these 

observations are in agreement with the formation of CysI-CysV, CysII-CysIV and 

CysIII-CysVI disulfide bridges such as previously reported jS1. Like jS1, the three 

disulfide bonds might play an important role in generating and stabilizing the 

overall structure of jS3. Analysis of the solvent-exposed surface residues shows 

that the six cysteine residues were buried into the peptide core like jS1 and other 

known CRPs. And also, hydrophobic residues (Tyr14,Ile15, Ile16, Trp 17) in the 

loop between β-strand 1 and β-strand 2 form a continuous hydrophobic surface 

combined with N- terminal hydrophobic residues (Leu2, Leu4, Leu5). 

Additionally, most of the charged and polar residues are mainly exposed on the 

molecular surface.  
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Figure 3.13. The primary, secondary and tertiary structure of the jS3. (A)  The 
primary sequence of jS3. Disulfide connectivity is shown by bold solid lines. The 
presence of β-strands is shown by thick arrows. (B) Two-dimensional NOESY spectra 
showing the expanded aliphatic regions of jS3 obtained with 300-ms mixing in D2O at 25 
°C. Correlations between cysteine-forming disulfide bridges of jS3 (Cys3-Hβ/Cys24-Hβ, 
Cys6-Hβ/Cys20-Hβ) are represented by rectangular boxes. (C) Superposition of the 
backbone traces from the final 20 ensembles of solution structures and restrained 
energy minimized (REM) structures of jS3 by NMR spectroscopy. The REM structure of 
jS3 is highlighted in red. (D) Ribbon representation of jS3 REM structure. Three disulfide 
bridges (CysI-CysV, CysII-CysIV and CysIII-CysVI) are shown by ball-and-stick 
representation.  
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Table 3.6. Structural statistics of NMR structures of jS3 

Number of NOE constraints  

 All 503 

 Intra residues |i-j|=0 139 

 Sequential, |i-j|=1  141 

 Medium-range, 1<|i-j|<5 48 

 Long-range, |i-j|>=5   175 

Number of Hydrogen Bond 

Constraints 

14 

Number of Dihedral Angle Constraints 23 

Number of Constraint Violations 

(>0.5Å) 

0 

Number of Angle Violations (>5°)  0 

Energies (kcal/mol)  

 ENOE 0.74 ± 0.33 

 Ecdih 0.02 ± 0.01 

 Ebond+Eangle+Eimproper 18.53 ± 0.78 

 EVDW 7.27 ± 1.20 

RMS Deviation of the structural segment(Cys3-Ser28) for final 20 structures to 

REM structure 

 Backbone(N,Cα,C’) 0.29 ± 0.06Å 

 Heavy Atoms  1.00 ± 0.11Å 
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2.10. Thermal and Enzymatic Stability of Jasmintides  

CRPs are well-known for their proteolytic and thermal stability [17, 35, 36]. This 

high resistance is an important feature for peptides in herbal medicine. To 

investigate how tolerant these stabilities are to sequence variation we heated 

jS1, jS3 and jS4 at 100 °C for 1 h or incubated with trypsin, pepsin or 

carboxypeptidase A for 8 h. Peptide degradation was monitored using MALDI-

TOF and RP-UPLC. The result showed that > 95% of jasmintides survived the 

heat treatment.  In enzyme stability assay, 73% of jS1 and >90% of the jS3 and 

jS4 remained intact with trypsin treatment and maintaining >91% of the initial 

concentration of jasmintides with pepsin treatment.  Incubation of jasmintides 

with carboxypeptidase A for eight hours showed that jS4 was 78% stable 

compared to jS1 and jS3 (>90%). However, the control peptides KL and RV were 

completely degraded after 1 h of incubation with trypsin or 4 h treatment with 

pepsin or carboxypeptidase A at 37 °C (Figure 3.14).  

Jasmintides were also subjected to protease degradation in 25% human male 

serum AB type in RPMI medium, and their stability was monitored by RP-HPLC 

and MALDI-TOF analysis. Linear RF7, a control peptide, was degraded 100% 

within 4 h. In contrast, more than 75% of jasmintides jS1, jS2 and jS3 remained 

intact over a period of 24 h in human serum (Figure 3.14). 
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Figure 3.14. Stabilities of jasmintides. A) Thermal stability of at 100°C. B) Acid 
stability at pH2. C) Trypsin stability. D) Pepsin stability. E) Carboxypeptidase A stability. 
F) Human serum stability. Error bars represent standard deviation.    
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2.11. Biological Activity of Jasmintides 

Next, we examined the biological activities of jasmintides including cytotoxicity, 

hemolysis, antimicrobial activity, wound-healing activity, angiogenic activity and 

collagenase synthesis activity of jS1, jS3 and jS4. To evaluate the cytotoxicity 

effect of jasmintides on Vero, H1299, Huvec and THP-1 cell lines, cell viability 

was measured using Presto blue reagent as an indicator. Jasmintides were 

nontoxic to the four tested cell lines at the concentration of 50 µM. The hemolytic 

effects were investigated on human type +O erythrocytes. Triton X-100 (0.1%) 

was used as a positive control. Jasmintides jS1, jS3 and jS4 did not show any 

hemolytic effect up to 10 µM. Next, we examined antimicrobial activity against 

Escherichia coli, Staphylococcus aureus and Candida albicans using the radial 

diffusion assay. The peptide dendrimer, D4R with broad antimicrobial activity, 

was used as a positive control [155]. Jasmintides did not exhibit antimicrobial 

activity against the tested strains at concentrations up to 100 µM. Further, we 

tested jasmintides for anti-inflammatory activity using scratch assay and tube 

formation assay, based on the traditional use of jasmine for inflammation. 

Jasmintides did not exhibit any significant change up to 25 uM. Finally, we also 

investigated the role of jasmintides for collagenase synthesis due to its usage in 

cosmetics, but jasmintides were not found to show any increase or decrease in 

collagenase synthesis. 

  



 

104 
 

2.12. Antiviral Activity against Infectious Bronchitis Virus (IBV) 

We screened jasmintides for antiviral activities against the infectious bronchitis 

virus (IBV). Cytotoxicity studies demonstrated that jasmintides jS1 and jS4 were 

not cytotoxic to Vero cells up to the concentration of 50 μM. Thus, subsequent in 

vitro studies were performed with concentrations in the range of 0.01-10 μM. 

Jasmintides jS1 and jS4 were evaluated for the ability to inhibit cytopathic effect 

caused by IBV. Briefly, Vero cells were inoculated with mock (medium only), 

jasmintide and IBV or IBV only (0.1= MOI) and viral replication was evaluated at 

24 hpi (Figures 3.15). IBV replication in the absence of jasmintides was scored 

100%, which was used to normalize the treated samples. The results showed 

that co-treatment with IBV and jasmintide could inhibit plaque formation in a 

dose-dependent manner with an IC50 of 70 nM, and 86 nM for jS1 and jS4, 

respectively. Jasmintide jS1 was found to be more potent than jS4. 
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Figure 3.15. Evaluation of the Antiviral effect of jasmintides against IBV infection. 
Microscopic Images A to D corresponds to different concentrations of jasmintide jS1. 
Sample containing 0uM jS3 represents negative control. (E) The graph represents the 
dose-dependent inhibition of jasmintides jS1 and jS4 determined at a concentration 
ranging between 0.01 to 10 µM. Both jasmintides exhibit antiviral effect against IBV 
infection of Vero cells with estimated IC50 of 70, and 86 nM, respectively, calculated 
using Graph Pad prism 5. Error bars represent standard deviation.  
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2.13. Effect of Jasmintides on Growth of Larvae of Tenebrio molitor 

The control of pest in plants is of great socio- and economic importance. Hence, 

we tested the role of jasmintides in plant defense. Purified jasmintides jS1, jS3, 

jS4 and cyclotide cT9 at the concentration of 1 mg/mL were incorporated into the 

artificial diet and fed to mealworm larvae for nine days. Jasmintides jS1, jS3 and 

jS4 showed a significant effect on the growth of larvae compared with larvae fed 

on jasmintide free diet.  No mortality was observed with jS1, jS4 and cT9. 

However, only one larva was found dead with jS3 on day 3. Remaining all larvae 

survived until the end of the experiment. After nine days the control worms larva 

weighed 79 mg whereas jasmintide fed larva weighed between 58 to 62 mg and 

larva fed on cT9 diet weighed 54 mg as shown in Figure 3.16 and Table 3.7. The 

insecticidal potency of jasmintides jS1, jS3, jS4 and cT9 appeared to be very 

similar, despite the lack of sequence similarity between them. 

2.14. Antifeedant Activity of Jasmintides in No-choice Assay against Larvae 
of Tenebrio molitor 

In no-choice tests, we fed larvae with a diet containing jasmintides (jS1, jS3 or 

jS4) or cyclotide (cT9) or control (no peptide) for three days. After that, remaining 

diet was weighed and the difference of diet eaten by worms was calculated. 

Figure 3.17 showed that jasmintides jS1, jS3 and jS4 consumed only half the diet 

compare to the control (no peptide), which reflects similar result as by cyclotide 

cT9, a positive control. This data suggests that mealworm larvae do not prefer to 

consume jasmintides containing diet.  
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Table 3.7. Weight and mortality rates of T. molitor fed a diet containing 
jasmintides  

 

  

Peptide Weight (mg)± SEM 
Weight increase 

(%) Mortality (%) 

 Day 0a Day 9a   

Control 47.4±0.8 71.2±1.5 50 0 

jS1 44.3±1.0 58.9±1.3 33 0 

jS3 44.3±0.7 62.2±1.3 40 5 

jS4 45.7±0.9 61.1±1.2 33 0 

cT9 44.5±0.8 54.6±1.5 29 0 

aEach value represents the mean of five replicates, each set with 4 larvae (n=40). For 

comparison of mean with the control, the t-test was used. Differences are statistically 

significant at p*<0.05 
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Figure 3.16. Effect of jasmintides on the growth of T. molitor larvae. Each set of 4 
larvae (n=40) were fed with diet containing jasmintides (jS1, jS3, and jS4) or cyclotide 
(cT9) or no peptides as a control. The body weight of larvae was monitored after every 3 
days. Error bars represent standard error mean. For comparison of mean with the 
control, the t-test was used. Differences are statistically significant at p*<0.05. 

 

Figure 3.17. Antifeedant Activity of Jasmintides in No-choice Assay against 
Larvae of Tenebrio molitor. Each set of 4 larvae (n=40) were fed with a diet containing 
jasmintides (jS1, jS3, and jS4) or cyclotide (cT9) or no peptides as a control. The diet 
remaining in petri dishes was weighed after 3 days. Error bars represent standard 
deviation. For comparison of mean with the control, the t-test was used. Differences are 
statistically significant at p*<0.05. 
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3. Discussion 

In this study, we report the discovery and characterization of 15 CRPs from J. 

sambac, jS1-jS15 (jasmintides). With the discovery of jasmintides, a new family 

of CRPs in plants is identified with Type III disulfide connectivity. These peptides 

contain 25-28 amino acid residues and adopt a novel disulfide connectivity 

pattern which has not been found in plant CRPs till date. The peptidomic studies 

provide further understanding about the molecular diversity of jasmintides 

regarding their sequence, structure and function. We have also shown that 

jasmintides possess an insecticidal activity against yellow mealworms, which 

suggests their role in plant defense. In addition, the antiviral effect discovered in 

this study suggests that similar to other CRPs such as defensins, α-amylase 

inhibitors and cyclotides, jasmintides may possess a promiscuous array of 

biological functions [55, 89, 91]. Thus, it is of interest to explore their therapeutic 

potential for applications as a drug lead in developing peptidyl drugs.  

3.1. Sequence Conservation and Molecular Diversity of Jasmintides 

Jasmintides are moderately conserved within specie; they share 22-85% 

sequence identity with each other. The consensus sequence for loop 2 to loop 4 

(based on the inter-cysteinyl residues from the N-terminus) throughout 

jasmintides jS1-jS15 is X1-2CX2-3CX5CX4-7CX3CCX3.  

The 15 jasmintide sequences reported here from J. sambac show extensive 

variations in the size and composition of their loops. Sequence logo of 

jasmintides (Figure 3.18) summarizes the sequence variations and also 

highlights the regions of conservation. In general, it would be expected that the 

highly conserved residues play a role in maintaining the structure integrity of the 

framework while other residues which show variations might be associated with 

the adaptation to target different pests or for different biological functions. The 

residues which are conserved throughout the jasmintide suite are the cysteine 

residues, a hydrophobic residue at the fouth position and an aromatic residue at 
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the fifth position in loop 3. For example, in jS3 Ile16 and Trp17 are at 4th and 5th 

position in loop 3. NMR structural characterization of jS1 and jS3 shows that 

these residues are involved in structural stabilization through hydrogen bonding 

or hydrophobic interactions. Overall, only one-third residues of the scaffold are 

highly conserved; hence, there are many possibilities that plants evolve the 

remainder of sequences for optimizing the biological functions.   

One of the jasmintides, jS10 contains unusual sequence element such as three 

residues in loop 1 (TRP) whereas all other identified sequences contain only two 

residues. Along with the one additional residue, the amino acid content of this 

loop stands out (Table 3.2). With the presence of a basic residue in each loop, 

jS10 has a net charge of +4 and is thus; more cationic compare to all other 

jasmintides. Together with the hydrophobic residues, this makes jS10 more 

amphipathic. So far, in all jasmintides loop 4 contains basic and acidic residue, 

except jS12 and jS13 which do not contain any acidic or basic amino acid (Figure 

3.18). Sequence diversity wheel of jasmintides in Figure 3.19 shows that the 

framework of jasmintide is capable of tolerating a range of sequences of varying 

length and amino acid contents.  
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Figure 3.19. Diversity wheel of jasmintides. Diversity wheel represents the sequence 
diversity of jasmintides drawn from a multiple sequence alignment, where the consensus 
sequence is positioned in the inner circle and the spike protruding from each position 
represents the amino acid variation observed at that position. 
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Some of the jasmintides such as jS9-jS13 are not detected at the proteomic 

level, which could be because their expression is affected by the environmental 

change or they are processed using unknown pathways. However, those 

expressed at proteomic level showed the molecular diversity of jasmintides in 

terms of truncated peptides.  The existence of truncated peptides is also a mean 

of diversification. For example, >100 truncated conotoxins are generated from 

one single gene MrIA [14, 190]. Similarly, partial sequences of cyclotides from 

Clitoria ternatea also confirm the natural existence of truncated peptides [133].  

The reason for such molecular diversity is not known. Although, we also do not 

fully understand the physiological role of these jasmintides in plants, but this 

diversity suggests that plants evolve for better adaptation to the environmental 

stress. We also speculate that the production of less abundant jasmintides in 

plants might indicate that they have increased biological function for which plants 

need them in small amount only, being so bioactive peptide. 

3.2. Biosynthesis of Jasmintides 

Genetic characterization revealed that a novel jasmintide gene encodes three 

major domains. The ER signal sequence plays a role in directing the protein to 

the secretory pathway [191]. Signal peptidase I (SPase I) is involved in cleaving 

the signal peptide from the precursor to release the pro-peptide. The knottin 

family of α-amylase inhibitors is cleaved between a Leu/Ile/Val-Xaa, where Xaa is 

a small amino acid. In comparison, the N-terminal cleavage site of a jasmintide 

precursor occurs between Asn and Gln/Gly residues (Figure 3.20) which could 

be mediated by an asparaginyl endopeptidase enzyme (AEP) [192]. These 

characteristics show that jasmintides are ribosomally-synthesized peptides [78]. 
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The three-domain precursor is commonly found in many plants families producing 

cystine-knot peptides in the Rubiaceae, Violaceae, Solanaceae, Poaceae, and 

Apocynaceae families [35, 42, 78, 187, 188]. Jasmintides are found to contain a 

pyroglutamic acid at their N-terminus. It remains to be determined whether the 

conversion of glutamine to pyroglutamic acid occurs spontaneously or is catalyzed by a 

specific glutamyl cyclase. A similar modification can be found in the squash trypsin 

inhibitor from Momordica cochinchinesnsi [193], Phyb M isolated from Petunia hybrid 

[194], and Ib-Amp from Impatiens balsamin [195]. The incorporation of an N-terminal 

pyroglutamic acid unit could be an alternate strategy for backbone cyclization to protect 

jasmintides against exopeptidase degradation. 

Among jasmintides, remarkable homology is found between jS1 and jS2 

precursors (Figure 3.20) which suggest jasmintides have evolved from gene 

duplication and mutation events within the species through a process known as 

evolutionary divergence. Plants adopt the divergence process to increase the 

gene population of important molecules for better adaption to climate changes. 

Such homologous genes have also been reported previously. For example, α-

amylase inhibitors As1 and As2 from A. scholaris which share 97% sequence 

homology [91]. 

  



 

116 
 

3.3. Disulfide Connectivity  

Disulfide bonds play a critical role in stabilizing the peptide structures. They aid in 

the correct folding of proteins by forming disulfide bridges [196]. The primary 

sequence of jasmintide jS1 showed that it contains six cysteine residues, two of 

which are adjacent with each other forming a CC motif. The disulfide connectivity 

of a CC motif in CRPs is a challenge to unravel because there is no enzyme 

known to cleave the CC bond for fragmenting a reduced peptide to be 

sequenced by a proteomic method. Thus, a method involving partial reduction 

coupled with differential alkylation and enzymatic digestion was adapted to map 

the disulfide bond of jasmintide. Previously, disulfide bond mapping of CRPs 

have been assessed by regional partial reduction and differential alkylation, 

where the fully-reduced and S-alkylated fragments are further digested with 

enzymatic treatment and sequenced [188]. This strategy often meets with 

difficulty when there is a CC motif with an adjacent cysteine.  

Our early attempts to map the CC motif-containing jS1 failed as all disulfide 

bonds of the CC motif were reduced simultaneously. Later, with a modified 

method involving careful partial reduction and alkylation, we obtained 

intermediate 2SS with two disulfide bonds intact; suggesting that S-S bridge 

between CysI-CysV was the first to be broken. Next, two cystine linkages were 

determined by enzymatic digestion of 2SS intermediate to generate multiple 

disulfide bond-containing tryptic peptides in the presence of urea. The use of 

urea during enzymatic hydrolysis was necessary as trypsin was not able to 

cleave the partially alkylated two-NEM-tagged specie (2SS) in the urea-free 

solution.  
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With this method, the connectivity pattern depicted for jS1 was CysI-CysV, CysII-

CysIV and CysIII-CysVI. Further validation by NMR, confirms this cysteine 

pairing due to the presence of dββ (i.j) NOEs between them (Figure 3.12 and 

3.13). 

In plants, for CRPs containing 6 cysteines (6C-) only two type of disulfide 

connectivity has been reported so far (discussed in detail in Chapter 1). Peptides 

with additional disulfide bonds (8C- or 10C-) are extensions of either Type I 

(Cystine-knot) or Type II (Thionin-like) connectivity. For example, Hevein-like 

peptides exist as 6C-, 8C-, or 10C- in nature. The additional bond does not 

disturb cystine-knot in their structure. Jasmintide jS1 does not share Type I 

(cystine-knot) connectivity: CysI-CysIV, CysII-CysV and CysIII-CysVI (cystine-

knot arrangement) neither this disulfide connectivity matches with Type II 

(Thionine-like) connectivity (CysI-CysVI, CysII-CysV and CysIII-CysIVI) [197, 

198]. This disulfide linkage has not been reported in plants; hence, revealing a 

new CRP family with Type III (Jasmintide-like) connectivity in plants. It still needs 

to be determined whether the members of this family also exist as 8C- and 10C-

jasmintide or are limited to 6C- only (Figure 3.21).  

Apart from new disulfide connectivity pattern in jasmintides, they also have 

different cystine motif in comparison to other plant CRPs. For example, the CC 

motif found in thionins is located at the N-terminal CysI and CysII, whereas in α-

amylase inhibitors and hevein-like peptides CC motif is found in the middle of the 

sequence as CysIII and CysIV. In contrast, jasmintides have CC motif towards 

their C-terminus CysV and CysVI (Figure 3.22). 
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Figure 3.22. Cystine motif and disulfide connectivity of CRPs. A) shows the cystine 
of thionins having CC motif at CysI and CysII. B) shows cystine motif of cystine-knot α-
amylase inhibitors and hevein-like peptides with CC motif at CysIII and CysIV. C) shows 
cystine motif of jasmintides with CC at CysV and CysVI.  
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 Searches from data banks from National Center for Biotechnology Information, 

DNA Data Bank of Japan homology and European Bioinformatics Institute 

showed jS1 shared 43.5% homology with a carboxypeptidase inhibitor from 

Ascaris suum (ACI). Importantly, these searches failed to uncover the cystine 

motif of jasmintides in plant CRPs. However, similar disulfide connectivity was 

found in human β-defensins [199] and in two scorpion toxins [200] (Table 3.8), all 

of which are substantially larger in size than jasmintides. None of the further 14 

jasmintides (jS2-jS15) showed sequence homology to the other known plant 

CRPs. 

Carboxypeptidase inhibitor ACI inhibits carboxypeptidase A (CPA). Based on the 

homology detected between jS1 and ACI the carboxypeptidase inhibitor activity 

of jS1 was tested against bovine carboxypeptidase A (bCPA). Nonetheless, jS1 

does not inhibit bCPA up to 100 µM.  
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3.4. Structural Features of Jasmintides  

We also determined the three-dimensional structure of jS3 in collaboration with 

Professor Yoon Ho Sup. Figure 3.23 shows a comparison of the structures of jS1 

and jS3. The backbones are superimposed with an RMSD of 1.16 Å. The main 

structural feature of jasmintides is that they have a compact core which 

comprises type III connectivity (CysI-CysV, CysII-CysIV and CysIII-CysVI) and 

three short extended β-strands which are linked by turns and disulfide bonds.  

The structure of jS1 and jS3 are almost similar, but there are some interesting 

differences. JS3 elutes later than jS1 on RP-HPLC and it has less aqueous 

solubility. These both findings suggest that jS3 has more hydrophobic residues 

compare to jS1. Primary sequence analysis of jasmintides shows that the 

surface-exposed hydrophobic patch is conserved in jasmintides, mainly in loop 3. 

In jS3 the hydrophobic patch is extended with the presence of more hydrophobic 

residues Lue5, Thr21 in place of Glu5 and Arg20 and an additional Tyr17 in loop 

3 (Figure 3.24).  

 

Figure 3.23. Structure overlapping of jS1 and jS3. The backbones of jS1 and jS3 are 
overlapped with RMSD of 1.16 Å. 
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Figure 3.24. Stereo view of jS1 and jS3. A and C) showing the distribution of 
hydrophobic residues colored green, negatively charged residues colored red, positively 
charged residues colored blue, all other residues colored grey for jS1 and jS3. B and D), 
the views are rotated 180° about the vertical axis for jS1 and jS3, respectively. 
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3.5. Insecticidal Activity of Jasmintides 

Insect pest control in plants is of great socio and economic importance. With 

increasing world population and decreasing availability of farmable land, there is 

urgent need to expand food production efficiently in crop plants. Molecular 

approaches to combat insect infestation include direct contact of the chemical or 

biological agent by spraying or their delivery via transgenic plants. Chemical 

agents are mostly small molecules ranging between few hundreds to thousand 

Daltons and biological agents are typically large proteins. CRPs are an 

intermediate class between chemical and biological insecticides and are not 

much focused on their insecticidal activity. 

In this study, we have isolated a suite of jasmintides from J. sambac which raise 

the question of their natural role in plants. Defensive role of plants could be 

attributed to their antimicrobial activity against bacterial or fungal species, or it 

can be associated with digestive proteinase inhibition. Jasmintides did not show 

any antimicrobial activity against tested human and plant pathogenic strains. 

However, to further understand the role of jasmintides in a defense mechanism, 

we fed it to yellow mealworms.  This study showed that insect larvae do not 

prefer to consume a diet containing jasmintides. The molecular basis of this 

insecticidal activity by jasmintides is not fully understood. There are few possible 

mechanisms for insecticidal activity by CRPs. First,  it could be from inhibition of 

major digestive enzymes such as trypsin and chymotrypsin [78]. In particular, 

MCoTI-I and MCoTI-II from Momordica cochinchinensis, cysteine-knot trypsin 

inhibitors retard insect growth by impairing digestion of proteins [29].  

The second possible mechanism is membrane disruption; however, it is unclear 

whether it will be a result of the formation of pores or simply a generalized 

disruption of the membrane. Many peptidic toxins, particularly those with surface 

exposed hydrophobic patches, have been shown to form pores in membranes, 

including melittin from bee venom [205]. NMR structure of jasmintides showed 

that the hydrophobic residues are exposed on the surface, but it is difficult to 



 

125 
 

speculate about their role for an insecticidal activity unless further studies are 

performed. Larvae fed on jasmintides containing diet have shown body weight 

reduction, also suggesting the possibility of irritation and necrosis of intestinal 

epithelium cells, which occurs by the continuous administration of jasmintides in 

the diet. 

The function of jasmintides in plants has not been fully elucidated yet, but the 

high level of expression of jasmintides in leaves and flowers, as well as the 

production of several isoforms within a single plant, is consistent with a role in 

recognition or defense. Furthermore, plant defense molecules are often small 

cysteine-rich proteins (33) that are trafficked through the secretory pathway. 

These defense molecules include insecticidal molecules such as proteinase and 

α-amylase inhibitors as well as potent antimicrobial molecules such as thionins 

and defensins. 

3.6. Antiviral Activity of Jasmintides against IBV 

The emergence of viral resistance has posed a significant challenge. Many 

efforts have been laid to develop alternative antiviral chemotherapeutics. 

However, a big proportion of antiviral drugs are plant sourced and small 

molecules being the active component. The utility of peptidyl drugs has 

limitations due to poor bioavailability, cytotoxicity, and off-target effects. Our 

results describe the discovery of metabolic stable and non-cytotoxic jasmintides, 

with antiviral activity against IBV on Vero cells.  

To date, only alostides from A. scholaris have been reported as an anti-IBV drug 

for infectious bronchitis virus among domestic fowl. The potent antiviral activity of 

jasmintides characterizes them as the second member of peptidyl drugs effective 

against IBV disease with an IC50 of 70 nM, and 86 nM for jS1 and jS4, 

respectively. The IC50 of As1 (6 µM) is almost 85 times higher than IC50 of jS1, 

which showed that jasmintides are more potent than alostides.  Jasmintide jS1 

and jS4 possess high sequence diversity in loop 2 and loop3. Despite such high 
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sequence diversity in jasmintides, they still retain the function which suggests 

antiviral activity could be associated with the conserved residues. However, 

further studies are needed to get insight into the mechanism involved in inhibition 

of activity.  

3.7. Stability of Jasmintides 

 CRPs are well-known for their stability against thermal and enzymatic 

degradation [17, 35, 36]. This high resistance is an important feature for CRP 

peptide bioactives in traditional medicine preparations. Interestingly, the cross 

linked structure of jasmintides, conferred by three cystine linkages, are resistant 

to both thermal denaturation and proteolytic degradation, including exopeptidase 

treatment. High thermal stability means jasmintides will still be present in 

decoction after prolonged heat treatment for brewing, and high enzymatic 

stability shows that jasmintides are able to diffuse across our gastrointestinal 

tract. In addition, their stability in human serum showed that these do not 

degrade in human blood. These stability features make jasmintides comparable 

to cystine-knot peptides, such as α-amylase inhibitors [35, 36].  

3.8. Potential Applications of Jasmitides 

CRPs have been employed in nature as a scaffold for a variety of protein families 

found from animals, plants and microbes. Having the advantage of small size, 

stability to thermal and proteolytic degradation and high tolerance to sequence 

variation make them an appealing candidate for designing peptidyl drugs. The 

discovery of jasmintides which contain a unique cystine connectivity of CysI-

CysV, CysII-IV, and CysIII-CysVI but their structural and molecular stability 

features are comparable to other CRP families such knottins, defensins, and 

heveins. Along with these features, jasmintides are notably smaller CRPs with 

27-28 residues, which make them more accessible to chemical synthesis. 

Further, the peptidomic analysis suggests the high tolerance of jasmintides to 

sequence variations. Thus, CRPs, such as jasmintides with a molecular weight of 
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3 kDa possess remarkable characteristics as a scaffold for protein engineering in 

order to attain new function. A successful example includes grafting of bradykinin 

antagonist DALK or DAK in cyclotide kalata B1 scaffold [118].  

Jasmintides also demonstrate insecticidal activity, which suggests their 

application as a natural insecticide to crop plants. Insight into the biosynthesis of 

jasmintides reveals that jasmintides are gene-encoded which lead to the 

possibility of production of transgenic plants in the same way as the Bacillus 

thuringinesis (Bt) have been employed for the protection of corn, soybean and 

cotton. 

Today, no specific treatment is available for treating IBV infection; however, 

vaccination has remained the prime method to control the spread of infection. In 

addition, antibiotics are given to treat secondary infections, but not the acute 

bronchitis disease itself. Prior vaccination of chickens is an expensive and labor-

intensive process and still provides moderate prophylaxis. Jasmintides with an 

antiviral function can be potentially used in poultry. They have two major 

advantages, firstly they are stable to proteolytic enzymes, thus, can be given 

orally. Secondly, they are isolated from the natural source, i.e., plant. Hence, the 

cost of production of jasmintides is much lower than the cost of the vaccine.  

In summary, there are no six-cysteine-containing linear plant CRPs with a MW of 

3 kDa and a cystine connectivity motif of CysI-CysV, CysII-CysIV, and CysIII-

CysVI reported. Currently, the CysI-CysIV, CysII-CysIV, and CysIII-CysVI 

cystine-knot arrangement in the knottin family is the most common. The proline-

rich, CC-bond-containing α-amylase inhibitors with 30-32 amino acids in the 

knottin family represent the closest relatives to jasmintides [36]. Other six-

cysteine-containing knottin CRPs include both linear and cyclic cyclotides which 

contain 29-37 amino acids [42, 43, 188]. The isolation and characterization of a 

new family of CRPs with an unusual cystine motif from J. sambac of the 

Oleaceae family in this thesis serve to expand our knowledge of the occurrence 
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of cystine motifs in plant CRPs. Understanding the structure and stability of 

jasmintides could lead to their use as a scaffold for designing new peptide drugs.  
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Chapter 4 

Designing of Metabolically Stable Substance P 
Antagonists 

1. Introduction 

Peptide therapeutics plays an important role as drug leads and pharmaceutical 

discovery tools because of their high specificity to target and less side-effects as 

compared to conventional medicines, which was dominated by small molecules 

(<1 kDa). They are emerging as a new class besides small molecules and 

proteins. They are potentially valuable therapeutics in the chemical space 

between 1-8 kDa, combining the stability of small molecules and specificity of 

proteins. These advantages enhance the application of peptides in drug 

development. 

Developing peptide therapeutics has always been promising but challenging. 

However, the utility of peptides as therapeutics in the field of the pharmaceutical 

industry has limitations due to their poor stability and limited bioavailability. Linear 

peptides degrade rapidly into inactive fragments by proteolytic enzymes in the 

gastrointestinal tract (GIT) and by serum enzymes. As a result, the desired 

therapeutic effects are not exerted. This is particularly true for peptides when 

administered orally. Because of these limitations, intravenous injections 

remained the most common method for peptides administration. In order to 

improve their stability and bioavailability, several approaches are utilized such as 

conventional chemical modifications [206-208], introducing non-natural amino 

acid, cyclization [111] retro-inverso compounds [113], incorporating lanthionine 

modifications [209] and engineering of bioactive peptides into the stable natural 

scaffold [115-118].  
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Grafting bioactive epitopes into a stable scaffold is one of the novel approaches 

for increasing the peptide stability. CRPs are stable peptides found in nature from 

various species i.e., plants and animals. The presence of intramolecular disulfide 

bonds stabilize these against chemical, thermal and enzymatic environment [17]. 

CRPs have also shown tolerance for the wide range of sequence substitutions. 

These properties make CRPs a suitable scaffold for drug designing and protein 

grafting [210, 211]. 

1.1. Sunflower Trypsin Inhibitor 

Sunflower trypsin inhibitor SFTI-1 is a cyclic peptide containing 14 amino acid 

residues and has been isolated from sunflower seeds, Helianthus annus. It is the 

most potent and the smallest trypsin inhibitor known (Ki=0.1 nM) [92]. SFTI-1 has 

high sequence homology to the trypsin reactive site from Bowman-Birk Inhibitors 

(BBIs), a class of serine protease inhibitors [93]. The tertiary structure consists of 

two anti-parallel short β-strands which are connected by two turns at each end 

and braced centrally with a single disulfide bond between Cys3 and Cys11. The 

hydrogen bonds in the crystal structure (PDB: 1SFI) are responsible for its well-

defined structure. SFTI-1 has two loops, trypsin inhibition (TI) loop and the 

secondary loop [212]. The reactive sites of binding loop comprise reactive site TI 

loop between Lys5 and Ser6 [212], and are responsible for its trypsin inhibition 

activity (Figure 4.1). The cyclic backbone structure of SFTI-1 prevents its 

enzymatic degradation by exopeptidases [212] and its ability to form β-turns 

within a cysteine-rich framework demonstrates that it can be used as a scaffold 

for drug design application [212]. Chan et al., reported the grafting of angiogenic 

VEGF peptide into SFTI-1 scaffold by replacing trypsin binding loop. This grafted 

peptide has shown stability in human serum and produced angiogenesis at nano-

molar concentrations [117]. Thus, extensive stability and biopharmaceutical 

property of SFTI-1 promise it as an excellent scaffold for stabilization of foreign 

bioactive peptides.  
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Figure 4.1. Schematic structure and amino acid sequence of SFTI-1. The sequence 
is represented with one letter amino acid code. The disulfide bond is shown with a bold 
line. Amino acids are numbered from N- to C-terminal as reported by Luckett et al. [92]. 
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1.2. Substance P (SP) 

SP was first discovered by Ulf von Euler and John. H. Gaddum in 1931. Initially, 

it was isolated from the horse’s small intestine and brain and found to induces 

smooth muscle contractions and reduces hypertension [213]. Later in 1934, 

Gaddum and Schild et al., named this preparation as ‘Substance P’  and ‘P’ 

refers to the crude extract powder acquired after the extraction [214]. In 1953, 

Lambeck and Pernow et al., suggested that SP is a primary neuronal sensory 

transmitter which induces pain and its higher concentration was found in the 

spinal cord [215, 216]. 

In 1971, Leeman and coworkers confirmed the amino acid sequence of 

undecapeptide SP (RPKPQQFFGLM) in the bovine hypothalamus [217]. After a 

decade, SP was recognized as a member of tachykinin family [215]. Tachykinin 

family shares a common C-terminal sequence FXGLM-NH2 (X is Phe or Val) 

[218] and varying N-terminal sequences. Many of the tachykinins have been 

discovered, but only those specific to mammals are known as neurokinins. Along 

with SP, Neurokinin A (NKA) and Neurokinin B (NKB) also exist in nature. The 

varying N-terminal sequences are responsible for recognition of the specific 

neurokinin receptor [215]. Three different neurokinin receptors have been 

characterized. SP preferentially binds with NK1 receptor, whereas NKA and NKB 

bind to NK2 and NK3 receptors, respectively. All these receptors are G-protein 

coupled receptors [219, 220].  

Primarily, SP was considered to be the nociceptive transmitter in afferent sensory 

fibers [215] which is released in response to noxious stimuli and participate in 

conduction across sensory afferent nerves (C-fibers). Later, the role of SP in 

transmitting noxious sensory information to the brain was confirmed by 

identification of NK1 receptors [221, 222]. SP and NK1 are present in small 

sensory neurons throughout the neuraxis responsible for the integration of pain, 

stress, and anxiety [220]. 
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1.3. Substance P in Inflammation and Nociception 

It is believed that SP together with other tachykinins is responsible for 

nociception. The structural basis for such hypothesis was the fact that SP is 

synthesized in small sensory neurons. Injury or tissue damage causes the 

release of inflammatory mediators such as bradykinin and prostaglandins, which 

activate nociceptors. Activation of nociceptors promotes the release of SP and 

CGRP (calcitonin gene related peptide) from C-fibers [223, 224]. In the vicinity of 

sensory endings, SP acts on mast cells to induce degranulation to release 

histamine, which directly excites nociceptors. In response, SP causes plasma 

extravasation and CGRP causes dilation of peripheral blood vessels.(Figure 4.2) 

The resultant edema enhances the bradykinin release [225]. More than one 

mechanism is involved in the slow or prolonged release of SP. It has been 

suggested that in response to prolong noxious stimuli SP and excitatory amino 

acids are released which bind to the NK1 and NMDA (N-Methyl-D-aspartate) 

receptors. Excitations of receptors cause penetration of calcium ions into the 

neuronal cells. Nitric oxide synthases is activated and thus nitric oxide (NO) is 

produced (Figure 4.3). Nitric oxide plays a role in increasing nociceptive 

transmission. Long term excitation of receptors activates secondary messenger 

system involving changes in G-protein, which leads to alterations in neuron 

excitability [226, 227]. 
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Figure 4.2. The release of substance P and nociception. In response to Injury or 
tissue damage inflammatory mediators such as bradykinin and prostaglandins are 
release, which activates nociceptors. In turn, activation of nociceptors promotes the 
release of SP and CGRP (calcitonin gene related peptide) from C-fibers. In the vicinity of 
sensory endings, SP acts on mast cells to induce degranulation to release histamine, 
which directly excites nociceptors. In response, SP causes plasma extravasation and 
CGRP causes dilation of peripheral blood vessels. The resultant edema enhances the 
bradykinin release. Figure adapted from reference [225]. 
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Figure 4.3. Schematic representation of steps involved in the release of Nitric 
oxide followed by the release of SP and excitatory amino acids (EEA). NMDA (N-
methyl-D-aspartate), NOS (Nitric oxide synthase), NK1 (Neurokinin-1 receptor). Figure 
adapted from reference [227]. 
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1.4. Substance P Antagonists 

Efforts have been taken in past years to develop SP receptor antagonists to 

understand the physiological role of endogenous ligand SP. Various peptidyl and 

non-peptidyl SP antagonist have been developed. Folker et al., was the first to 

synthesize many SP analogs as SP antagonists using the approach of 

substitution of a natural amino acid (L-amino acid) by an unnatural amino acid 

(D-amino acid) [228]. Some of the examples are mentioned in Table 4.1. Later in 

1991, Sinder et al, reported the first non-peptide SP antagonist (CP96.345) [229]. 

Afterward, many non-peptidyl SP receptor antagonists have been developed.  

1.5. N-Terminal SP1-7 

N-terminal SP1-7, hexapeptide (RPKPQQF), is the major bioactive fragment [230], 

which is released from the undecapeptide SP after enzymatic degradation [231, 

232]. The N-terminal fragment SP1-7 is widely distributed in central nervous 

system (CNS) and possess opposed biological effects of the SP [230, 233, 234]. 

For instance, SP1-7 is responsible for antinociception in CNS [235-237], anti-

inflammatory response [238] and antihyperalgesic effects in diabetic mice 

reflecting its involvement in neuropathic pain [239]. It was also shown to inhibit 

opioid withdrawal effects stimulated by NK-1 receptor agonists [240, 241]. 
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Table 4.1. List of SP Antagonists 

S.# SP Antagonists References 

1 N-Fragment SP (1-7) [230] 

2 (D-Arg
1
, D-Trp

7, 9
, Leu

11
) SP [242] 

3 [N
α
 - Z-Arg

1
, N

E
-Z-Lys

3
, D-Trp

7, 8
, D-Met

11
] SP-OMe [243] 

4 [N
α
 - Z-Arg

1
, N

E
-Z-Lys

3
, D-Pro

9, 10
] SP-OMe [243] 

5 (Arg
6
, D-Trp

10 
) SP (6-11) [244] 

6 (D-Pro
4
, D-Trp

7, 9 
) SP (4-11) [244] 

7 [D-Arg
1
, D-Nal

5
,D- Trp

7, 9
 Nle

11
] SP [245] 

8 [D-Arg
1
, D-Cl

2
Phe

5
, Asp

6
, d-Trp

7, 9
, Nle

11
] SP [245] 

9 (D-Arg
1
, D-Pro

2
 , D-Trp

7, 9
, Leu

11
) SP [246] 

10 (D-Pro
2
, D-Trp

7, 9
)SP [246] 

11 (D-Pro
2
, D-Phe

7
, D-Trp

9,
)SP [246] 

12 (D-Pro2, D-Phe7 ) SP (1-7) [247] 
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The mechanism for N-terminal SP1-7 is not fully understood. Stewart et al., has 

reported that the antinociceptive effect of SP1-7 is blocked by naloxone [235]. 

Initially, SP1-7 was thought to exert effects through µ-opioid receptor [238]. 

However, Botros and Igwe et al., suggested that there are specific binding sites 

for SP1-7 in the CNS, which are distinct from the known opioid receptors [248-

250]. For instance, these binding sites are present in the ventral tegmental area 

(VTA) in the spinal cord [250] and rat brain [248]. Recently in 2010, Carlsson and 

Oshawa et al., reported that the effects produced by SP1-7 were thought to be 

intervened through indirect activation of naloxone-sensitive sigma σ1 receptors 

[239]. However, SP1−7 is not an active ligand for the σ1 receptor. There has been 

no report of SP1−7 biological effects which are produced by any of the known 

tachykinin or opioid receptors [239]. Hence, the effects of SP1−7 are generated 

through an undefined receptor present at the specific binding sites found in the 

brain and spinal cord of rat and mouse [248, 250]. No successful attempt for 

cloned SP1−7 receptor has been reported so far. Here, we report the development 

of four SP antagonists by grafting SP1-7 analogs into the SFTI-1 scaffold. The 

engineered peptide was expected to be bifunctional, possessing both trypsin 

inhibition and substance P antagonistic activity. 

1.6. Chemical Synthesis of Peptides 

1.6.1. Solid Phase Peptide Synthesis 

In 1963 Merrifield introduced solid phase peptide synthesis (SPPS) [251]. In 

SPPS, a fully protected peptide chain is assembled stepwise on an insoluble 

polymer support. Initially, an Nα protected amino acid is coupled through its C-

terminus to the solid support of beads [251]. The advantage of this method is that 

the excess amino acid and reagents are flushed through filtration and washing. 

The Nα protecting group of first amino acid is deprotected, and the consecutive 

N-terminal protected amino acid is then reacted with existing amino acid bound 

on the resin support. The amino acid coupling cycles are repeated till the desired 

peptide sequence is attained. At the end, the peptide chain bound to the resin 
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(solid support), N-terminal protecting and orthogonal side-chain protecting groups 

are cleaved to afford full-length crude peptide [252] (Figure 4.4). SPPS 

assembles peptides in C→N terminus direction, unlike in vivo, where protein 

synthesis proceeds in opposite N→C terminus direction. 

Two different approaches of the α-amino protecting group are employed in SPPS 

including 9-flourenylmethoxycarbonyl (Fmoc) and Tert-butyloxycarbonyl (Boc). 

Both approaches use different methods for deprotection of protecting groups and 

cleavage. In Boc strategy, 50% TFA is used to deprotect Boc protection group 

and HF or TMFSA is used for cleavage [253] whereas in Fmoc strategy 20% 

piperidine in DMF is used to remove Fmoc protection group and TFA is used for 

the final cleavage [254, 255]. 
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Figure 4.4. Schematic representation of procedure of solid phase peptide 
synthesis. 
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1.6.2. Cyclization 

Cyclic peptides are commonly prepared using an approach of unprotected 

peptides containing N-terminal cysteine and C-terminal thioester [256-258]. This 

approach is commonly known as native chemical ligation or cysteine thioester 

ligation [258, 259] (Figure 4.5). In the past years, different methodologies have 

been encountered for preparing thioesters using SPPS using the Boc and Fmoc 

chemistries. In Fmoc chemistry, thioesters are susceptible to piperidine 

deprotection. In Boc chemistry, a repetitive acid deprotection step is an effective 

strategy for peptide thioester preparation, but it is not suitable for synthesis of 

peptides which are sensitive to acidic pH such as phospho or glycopeptides. 

Furthermore, a specialized apparatus is required for final cleavage step using 

HF, hence, limiting the use of Boc chemistry for preparing peptide thioesters. 

To overcome these challenges, Fmoc-compatible methods for preparing 

thioesters have been reported  which includes the use of less basic Fmoc-

deprotection cocktail [260], direct conversion to thioester from C-terminal acid 

[261], “safety-catch” auxiliaries [262], N-acylurea [263], acid hydrazide [264], and 

O/N-S acyl shift methods such as N-4,5-dimethoxy-2-mercapto-benzyl (Dmmb) 

[265], N-alkylated cysteine [266], bis-(sulfanylethylamino) (SEA) [267], SEA-

anilide [268], thio-proline [269] and thiazolidine [270]. A common functional group 

in these approaches is the thioethylamido moiety (TEA), which facilitates 

proximity-driven N-S acyl shift reaction via five-member ring expansion to obtain 

thioester after thiol-thioester exchange reaction with an external thiol. An 

example of TEA-thioester surrogate is MeCys-thioester surrogate [266, 271], 

which has several limitations such as coupling of C-terminal amino acid with 

MeCys attached resin is slow due to the low reactivity of the secondary amine on 

MeCys residue and other disadvantage is β-elimination side reaction of a 

protected MeCys residue due to piperidine addition during peptide elongation 

[272]. To avoid this side reaction, Tam’s laboratory has proposed a new 

approach for preparing TEA-thioester surrogate using thioethylbutylamido 

(TEBA) moiety [273] which is a simplified form of MeCys residue and retains TEA 
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group instead of MeCys residue and also eliminating electron-withdrawing 

carbonyl group of MeCys to minimize β-elimination side reaction completely. This 

methodology is adopted in this thesis for the synthesis of grafted peptides. The 

presence of TEBA-thioester surrogate at C-terminus with N-terminal cysteine 

makes it an ideal candidate for peptide cyclization. Cyclization of peptides 

involves series of N-S, S-S and S-N acyl shift reactions. However, this method 

involves two purification steps which make it laborious and time-consuming. A 

more efficient synthesis using one-pot synthesis scheme would facilitate high 

yield in less time.  
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Figure 4.5. Schematic representation of native chemical ligation or Cys-thioester 
ligation.  
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In 1999, Tam et al., proposed the theory of thia-zip mechanism involved in 

macrocyclization of CRPs [257], which require Nα Cysteine, C-terminal thioester 

and at least one free internal thiol group. Cyclization of CRPs containing TEBA-

thioester surrogate fulfill the needs of proximity-driven thia-zip cyclization and the 

side chain thiols of CRPs replace the role of external thiols in S-S acyl shift 

reaction and gives series of thiolactone intermediates instead of C-terminal 

thioester. The N-terminus cysteine joins the C-terminus of the peptide to form the 

amide bond by expansions of thialoactone rings via reversible S-S acyl shift 

reactions, followed by irreversible S-N acyl shift reaction (Figure 4.6) [257]. 

Here, we also report a one-pot synthesis of cyclic peptides using TEBA- thioester 

surrogate without utilizing external thiol. Peptides are cyclized using thia-zip 

cyclization strategy and directly subjected to oxidation, avoiding the purification 

or lyophilization of intermediate products. The resulting synthetic peptide is 

obtained in high yield compared to conventional method. 
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Figure 4.6. Schematic illustration of thia-zip cyclization. Thiolactone intermediates 
were formed and the ring structure expanded through the thiol-thiolactone exchange. 
The N-terminus cysteine joins the C-terminus of the peptide to form the amide bond via 
a proximity-driven S, N-acyl shift. Since the peptide bond formation was irreversible, the 
last expansion reaction was driven towards the product side efficiently. 
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2. Design and Synthesis of Grafted Peptides 

2.1. Design of Grafted Substance P Antagonists 

SFTI-1 consists of two loops. One is the trypsin inhibition binding loop and the 

other is a secondary loop. We replace either loop of SFTI-1 with SP1-7 and its 

analogs (Figure 4.7A and 4.7B). The disulfide bridge between the two cysteine 

residues is conserved since Korsinczky and coworkers have reported that SFTI-1 

loses its internal hydrogen bonding network and secondary structure when the 

disulfide bond is removed and hence, reducing its proteolytic stability [212]. Here 

we report SP1-7 N-terminal sequence as RF7 (RPKPQQF) and its analog used for 

grafting in SFTI-1 as NF7 (rPKPQNF).  

In 1989, Ljungqvist and coworkers had reported that by substituting Gln with Asn 

at position 6 shortens the side chain by one CH2 and increases antagonistic 

potency pA2 value 7.4 in GPI (guniea pig ileum) [245]. Substitution of natural 

amino acids (L-amino acid) with unnatural amino acids (D-amino acid) can 

significantly alter physiological properties. Therefore, in peptide RF7, Gln6 is 

substituted with Asn6 and further to determine physiological properties natural 

amino acid Arg1 is substituted with un natural D-Arg1. TI-RF7 and TI-NF7 

peptides are grafted sequence of RF7 and NF7, respectively in SFTI-1, in which 

secondary loop of SFTI-1 is substituted whereas in peptides RF7-T and NF7-T 

trypsin inhibition loop of SFTI-1 is substituted shown in Table .4.2. 
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Figure 4.7. Schematic overview of the design for grafting of Substance P 
antagonist in SFTI-1 scaffold. Each loop of SFTI-1 is substituted with SP antagonist 
alternatively. A) showing the scheme for grafting of substance P antagonist RF7 in the 
SFTI-1 scaffold. B) showing the scheme for grafting of substance P  antagonist NF7 in 
SFTI-1 scaffold Beads in blue color show the half loop of SFTI-1 and red color shows SP 
antagonists. Disulfide bond is shown with bold line 
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Table 4.2. Linear Substance P antagonists and its cyclic analogs grafted on SFTI-1 
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3. Synthesis of Grafted Peptides using Fmoc-SPPS 

Peptides TI-RF7, TI-NF7, RF7-T and NF7-T were synthesized using TEBA linker 

3 prepared by incubating commercially available TEBA [(2-butylamino) 

ethanethiol] 2 with Cl-Trt (2-Cl) resin 1 in DCM. The C-terminal Fmoc-Phe-OH 

was coupled to secondary amine 3 using HATU/DIEA for 1 h to give Fmoc-Phe-

TEBA resin 4a (Figure 4.8). The coupling of amino acid Fmoc-Phe-OH to the 2°-

amine on the TEBA linker was monitored by acetaldehyde/chloronil test. Peptide 

elongation for TI-NF7, TI-RF7, RF7-T and NF7-T precursors was carried out by 

automated microwave peptide synthesizer (CEM, Liberty1). For peptides RF7-T 
and NF7-T the last three amino acids (CFP) were coupled manually using Fmoc-

AA/HBTU/HOBt/DIEA in DMF for 30 min for each amino acid and Fmoc-

deprotection was done using 20% morpholine in DMF instead of piperidine to 

avoid aspartamide formation. 

The peptides were cleaved using a mixture of TFA/H2O/TIS/thioanisole (89/5/5/1, 

v/v). HPLC traces showed the major products were amide form (N-forms) (5a, 
5b, 5c and 5d) for peptides TI-NF7, TI-RF7, RF7-T and NF7-T as shown in 

Figure 4.9 and about 5% of N-form rearranged to its thioester isomer S-forms 

(6a, 6b, 6c and 6d). This conversion occurred due to acidic pH during peptide 

cleavage and analytical RP-HPLC with 0.1% TFA containing an aqueous buffer. 

MS of peptides were confirmed by MALDI-TOF and shown in Table 4.4. 
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Figure 4.9. RP-HPLC profiles of linear peptides. A) shows the 5a (N-form)  and 6a (S-
form) of TI-NF7. B) shows the 5b (N-form)  and 6b (S-form) of TI-RF7. C) shows the 5c 
(N-form)  and 6c (S-form) of RF7-T. D) shows the 5d (N-form) and 6d (S-form) of NF7-T. 
E) shows the amino acid sequence of each peptide and F) shows thioester (S-) and 
amide (N-) form of the peptide. 
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3.1. Thioesterification and Cyclization of Peptides using 2-mercaptoethane 
sulfonate sodium (MESNa) 

Thioesterification and cyclization of the peptide TI-NF7 (5a, 6a), TI-RF7 (5b, 6b), 
RF7-T (5c, 6c) and NF7-T (5d, 6d) was carried out in the presence of external 

thiol 2-mercaptoethane sulfonate sodium (MESNa). Here, we report 

thioesterification and cyclization of TI-NF7 as an example to demonstrate the 

methodology. 

Thioesterification of linear peptide TI-NF7-TEBA (5a and 6a) was performed in 

the presence of external thiol MESNa. Compound 5a and 6a were dissolved in 

pH 3 sodium phosphate buffer (0.1 M) to make a final peptide concentration 2.5 

mM. To this solution 50 times more MESNa was added and incubated at 40 °C 

(Figure 4.8). The thioester 6a was derived from N-S acyl shift of 5a and then 

converted to MES-thioester 7a in 47 h which is suitable for thia-zip cyclization 

reaction. Along with MES-thioester 7a thiolactones 8a and 8a’ were also 

obtained by intramolecular thiol-thioester exchange (Figure 4.10B). Both MES-

thioester 7a and thiolactones 8a and 8a’ were directly subjected to thia-zip 

cyclization by increasing the pH of the reaction mixture to 7 with 2 N NaOH in the 

presence of TCEP (10 eq) to obtain cyclized peptide cTI-NF7 9a. The reaction 

mixture was shaken for 1 h and then quenched with 1 N HCl. These thiolactones 

8a and 8a´ can be easily distinguished from end-to-end cyclic peptide 9a by 

monitoring the absorbance at 260 nm in RP-HPLC. The thioester and 

thiolactones are strongly absorbed at 260 nm wavelength. In contrast, amide 

bond is strongly absorbed at 220 nm wavelength. The cyclized peptide 9a was 

further purified by RP-HPLC using a preparative column with a linear gradient of 

15-40% buffer B for 80 min. MALDI-TOF MS of compound 9a was 1810.98 Da 

[M+H]+; theoretical value is 1810.94 Da. Figure 4.10C shows the analytical HPLC 

profile of cyclized peptide cTI-NF7 9a with a gradient of 10-60% buffer B for 25 

min at RT 16.7 min.  
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Figure 4.10. RP-HPLC profile of synthesis of TI-NF7.  A) Amino acid sequence of TI-
NF7. B) Thioesterification is completed in 47 h with 50 eq MESNa, pH 3 and incubated 
at 40°C. 5a is amide form (N-form) and 6a is the isomer thioester form (S-form) of the 
peptide, 7a is MES-thioester and 8a is thiolactone. C) Cyclized peptide 9a obtained in 1 
h after adding 10 eq TCEP and adjusting pH to 7. D) Oxidation step of the peptide at pH 
8 with 10% DMSO. Oxidized TI-NF7 10a obtained in 24 h. 
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3.2. Oxidation of TI-NF7 

Purified cyclic peptide cTI-NF7 (9a) was subjected to oxidation with 10% DMSO 

in sodium phosphate buffer (0.1 M, pH 8) to 1 mM final concentration. At different 

time intervals, reaction was monitored by RP-HPLC and peaks were confirmed 

by MALDI-TOF. After 48 h disulfide bond was formed and cyclic peptide 9a was 

completely converted into 10a (Figure 4.10D). The folded cyclic peptide TI-NF7 
(10a) was purified using preparative RP-HPLC with a linear gradient of 10-40% 

of buffer B for 80 min to get the purified compound TI-NF7 (10a) in 9% yield 

compared to the crude peptide. MALDI-TOF MS is 1808.85 Da and theoretical 

value is 1808.92 Da. Figure 4.10D shows the analytical HPLC profiles for 

conversion of c-TI-NF7 9a to TI-NF7 10a at a RT of 16.1 min with a gradient of 

10-60% buffer B for 25 min. 

Remaining, all other peptides TI-RF7 (10b), RF7-T (10c) and NF7-T (10d) were 

cyclized and oxidized in a similar manner. The time specifications for each step 

and the final yield of purified peptides are shown in Table 4.3 and m/z is 

mentioned in Table 4.4.  
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Table 4.3. Time specifications and yield of peptides using thiol MESNa  

 
Time (h) 

 

Peptide Thioesterificationab Cyclizationc Oxidationc Yield (%)d 
     

TI-RF7 24 1 24 9.4 
 

TI-NF7 47 1 48 9.0 
 

RF7-T 24 1 14 12.8 
 

NF7-T 24 1 18 14.8 
 

a Thioesterification is performed using external thiol MESNa, bTemperature 40 °C 
c Temperature rt., d Yield is calculated in comparison to crude peptide 

 

 

Table 4.4. Calculated and found m/z of grafted peptides for each step from 
peptide-TEBA precursor 

 
Crude Peptide 

 
Thioesterification 

 (m/z) 
Cyclization 

 (m/z) 
Oxidation  

(m/z) 

 Peptide-TEBA MES-Thioester Cyclized Peptide Oxidized Peptide 

Peptide Cald. Found Cald. Found Cald. Found Cald. Found 

         

TI-RF7 1944.03 1944.21 1966.93 1967.73 1824.95 1825.14 1822.94 1823.10 

TI-NF7 1958.05 1958.15 1952.91 1952.83 1810.94 1810.98 1808.92 1808.85 

RF7-T 1793.87 1793.52 1802.75 1802.83 1660.78 1660.74 1658.78 1658.55 

NF7-T 1779.85 1779.89 1788.74 1788.78 1646.78 1646.56 1644.74 1644.59 

  



 

156 
 

3.3. One-pot Synthesis 

One-pot synthesis of TI-NF7 10a included three steps: thioesterification, 

cyclization and oxidation as shown in Figure 4.11. For thioesterification, the 

peptide was dissolved in sodium phosphate buffer (0.1 M, pH 3) to a final 

concentration of 2.5 mM. 1eq TCEP was added to this solution avoid the 

formation of disulfide bonds and reaction mixture was incubated at 40 °C for 66 

h. After 66 h, pH of reaction mixture was increased to 7 with 2 N NaOH and 

incubated at rt. for 1 h for cyclization. Later, for oxidation, the crude reaction 

mixture was diluted with phosphate buffer (0.1 M, pH 8) to a final concentration of 

1 mM and 10% DMSO was added and incubated at rt. for 13 h. Intermediates at 

each step were monitored by RP-HPLC and MALDI-TOF (Figure 4.12). This one 

pot synthesis involves only single purification step after oxidative folding for the 

production of high purity cyclized and oxidized peptide. 
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Figure 4.11. Schematic diagram showing one-pot synthesis. N-form 5a  and isomer 
6a (S-form) of peptide TI-NF7 are subjected to thioesterification using 1 eq TCEP at pH 
3 and incubated at 40°C for 66 hours. Intermediate products are thiolactones 8a and 8a´. 
After adjusting pH to 7 9a is obtained in 1h and with 10% DMSO at pH8 oxidized TI-NF7 
(10a) is obtained in 13 h. 
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Figure 4.12. RP-HPLC profile of synthesis of TI-NF7 with one-pot synthesis 
method. A) Amino acid sequence of TI-NF7. B) Thioesterification of TI-NF7 is 
completed in 66 h with 1eq TCEP, pH 3 and incubated at 40°C.5a is N-form and 6a is 
the isomer (S-form) of peptide, Intermediate products are 8a and 8a´ thiolactones. C) 
Cyclized peptide 9a obtained in 1 after adjusting pH to 7. D) Oxidation of peptide, the 
reaction mixture is diluted to final conc. 1 mM at pH 8 with 10% DMSO. Oxidized TI-NF7 
10a obtained in 13 h. 
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In order to make one pot synthesis possible, we investigated and optimized the 

necessary reaction conditions for direct oxidation step after cyclization to avoid 

purification and lyophilization in between. Initially, all the conditions of the 

previous method were kept same such as thioesterification was carried out using 

50 eq MESNa at pH 3 and incubated at 40°C. Once thioesterification was 

completed, it was cyclized in a similar manner by adding 10 eq TCEP at pH 7. 

Later, the reaction mixture was directly subjected to oxidation by diluting the 

cyclization mixture with sodium phosphate buffer (0.1 M, pH 8) to the final 

concentration of 1 mM. 10% DMSO was added and incubated reaction was 

monitored using RP-HPLC and MALDI-TOF. 

After 18 h the HPLC profile showed the formation of MES mixed disulfide. The 

peak ‘a’ at rt 15.7 min with m/z = 2090.65 and peak ‘b’ at rt 16.17 min with m/z = 

1950.68 corresponded with binding of two MES and one MES group with internal 

thiols of cysteine, respectively (Figure 4.13), resulting blocked the availability of 

thiol groups for formation of disulfide bond whereas peak ‘c’ at RT 16.5 min with 

m/z = 1810.68 corresponded cyclic peptide 9a. The reaction mixture was further 

diluted to 0.1 mM final concentration but still after 48 h incubation, internal thiols 

groups of cysteine were aggregated with MES and oxidation reaction remained 

incomplete.  
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Figure 4.13. RP-HPLC profile of oxidation step for one-pot synthesis using 
condition 1. Intermediates confirmed by MALDI-TOF after 18 h shows MES mixed-
disulfide peaks. The peak ‘a’ at RT 15.7 min with m/z = 2090.65 and peak ‘b’ at RT 
16.17 min with m/z = 1950.68 corresponded with the binding of two MES and one MES 
group with internal thiols of cysteine, respectively. peak ‘c’ at RT 16.5 min with m/z = 
1810.68 corresponded to cyclic peptide 9a 
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In the next step, we reduced the concentration of external thiol (MESNa) to 10 

eq, instead of 50 eq, keeping all other conditions same. Thioesterifictaion and 

cyclization of TI-NF7-TEBA was completed very smoothly in 48 h. As the 

reaction mixture was subjected to oxidation at pH 8 to a final concentration of 1 

mM with 10% DMSO and incubated for 48 h, aggregation of MES with internal 

thiols of cysteine was observed.  

The peptide TI-NF7 has two internal thiol groups. Using the thia-zip cyclization 

approach, we omitted the use of external thiol MESNa and TCEP completely. TI-
NF7-TEBA was subjected to thioesterification in phosphate buffer (0.1 M, pH 3). 

HPLC profiles showed that the thioesterification was completed in 66 h with the 

formation of two thiolactone isomers 8a and 8a´ (Figure 4.14A).  The thiolactones 

gave m/z 1810.98 in MALDI-TOF. Addition of 2 N NaOH to the crude reaction 

mixture for increasing pH to 7 resulted in the conversion of 8a and 8a´ to 9a in 1 

h at rt. Along with cyclized product 9a, HPLC profile showed a peak at RT 18.3 

min for starting material with disulfide bond formation (m/z = 1941.71), in the 

absence of TCEP (Figure 4.14B). Further, the reaction mixture was subjected to 

direct oxidation with 10% DMSO in 1 mM final concentration. HPLC profile 

showed the conversion of 9a to 10a in 13 h (Figure 4.14C). The final yield of TI-
NF7 was 20%.  
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Figure 4.14. RP-HPLC profile of oxidation for one-pot synthesis using condition 3. 
A) shows thioesterification at 66 h without using MESNa. B) shows cyclization at 1 h. C) 
shows Oxidation with 10% DMSO at 13 h. (     ) shows accumulation of starting material 
with disulfide bond. 
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Finally, to maintain all the thiols in the reduced form we included 1 eq TCEP in 

the thioesterification step. All other conditions were kept optimal. RP-HPLC 

showed completion of thioesterification, cyclization and oxidation in 66 h, 1 h and 

13 h, respectively (Figure 4.12). The reaction mixture was purified by RP-HPLC 

with a gradient of 10-40% buffer B for 80 min. After lyophilization TI-NF7 was 

obtained in a yield of 28% (16 mg). Different conditions used in optimization of 

one pot synthesis are summarized in Table 4.5. 

Peptides TI-RF7, RF7-T and NF7-T were also synthesized using one-pot 

synthetic scheme. The time duration and yields for purified peptides are 

mentioned in Table 4.6. Peptide TI-RF7 showed >50% hydrolysis. The rate of 

hydrolysis is increased with time and temperature.  
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Table 4.5. Optimization for one-pot synthetic scheme 

Reaction MESNa conc. (Eq) TCEP (Eq) Yield (%) 

1 50  10  ND 

2 10  10  ND 

3 - - 20 

4 -  01 28 

* DMSO 10% and Temperature 40°C 
ND: Not determined 

 

 

 

Table 4.6. Time specifications and yield of peptides using one-pot synthetic 
scheme without using external thiol 

 Time (h)  

Peptide 

Thioesterification 
(without MESNa) Cyclization Oxidation Yield (%) 

     

TI-NF7 66 1 13 28.0  

TI-RF7 32 1 13 28.7  

RF7-T 30 1 08 24.4  

NF7-T >66 - - -  
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4. Synthesis of RF7 and NF7 

Linear peptides RF7 (11) and NF7 (12) were synthesized on Rink amide resin at 

0.1 mmol scale manually by Fmoc chemistry. Coupling mixture included Fmoc-

AA/HBTU/HOBt/DIEA (4/4/4/6 eq). Fmoc-D-Arg-OH was coupled using Fmoc-

AA/DIC/HOAt (4/4/4 eq) for an hour. Fmoc was deprotected by using 20% 

piperidine. The purity of crude peptides was monitored by analytical RP-HPLC. 

Purification was performed by preparative RP-HPLC with a gradient of 10-40% 

using buffer B for 80 min. The yield of peptides RF7 and NF7 were 48% (43 mg) 

and 27% (23.9 mg), respectively. MALDI-TOF MS for RF7 is m/z = 900.02 and 

theoretical value is m/z = 899.51. MALDI-TOF MS for NF7 is m/z = 886.42 and 

theoretical value is m/z = 885.51 (Figure 4.15). 

 

Figure 4.15. RP-HPLC and MS profiles of RF7 and NF7. A) and C) show the purity of 
RF7 (11) and NF7 (12) with a gradient of 10-60% buffer B for 25 min and B) and D) 
show their MS profiles using MALDI-TOF.  
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5. Characterization of Grafted Peptides 

To prove our hypothesis that grafted peptides would be more stable and act 

bifunctionally, a series of stability assays and bioassays were performed on the 

synthetic grafted peptides. In vitro assays which reflect the gastro-intestinal 

environment such as, acidic pH stability, endopeptidase stability (trypsin and 

pepsin) assays were performed and monitored by RP-HPLC analysis at various 

intervals. Trypsin inhibition assay and the nitric oxide release assay were carried 

out to investigate their bifunctional property.    

5.1. Acid Stability Assay 

 We tested the stability of peptides in the presence of 0.2 M HCl to simulate the 

acidic environment of the stomach. All the peptides TIRF7, TI-NF7, RF7-T, NF7-
T and SFTI-1 were subjected to the 0.2 M HCl at room temperature for 6 h. RP-

HPLC profiles of peptides have shown that all the grafted peptides were resistant 

to acidic pH of the stomach (Figure 4.16A). More than 90% of peptides remained 

intact over a period of 6 h.  
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Figure 4.16. Stability of peptides. A) shows in acidic conditions. Peptides were 
incubated at room temperature with 0.2M HCl for 6 h. B) shows against pepsin enzyme. 
Peptides were incubated at 37°C with 1:50 ratio of pepsin enzyme for 6 h. 
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5.2. Endopeptidase Stability Assay 

 To evaluate the stability of grafted peptides against endopeptidase such 

as pepsin and trypsin, peptides were subjected to enzyme digestion at 37 °C. 

The digestion processes were monitored by analytical RP-HPLC and MALDI-

TOF analysis. SFTI-1 and S-reduced and S-alkylated TI-NF7-ra were used as 

the control peptides. 

5.2.1. Pepsin Stability Assay 

All the peptides and the controls were subjected to pepsin digestion for 6 h. The 

results showed that 90% of all the grafted peptides were resistant against pepsin 

enzyme whereas, 30% of the S-reduced and S-alkylated TI-NF7-ra was digested 

with pepsin enzyme in 6 h (Figure 4.16B). The result suggests that cysteine bond 

conferred pepsin resistance to grafted cyclic peptides. 

5.2.2. Trypsin Stability Assay 

All grafted peptides and the control peptides were subjected to trypsin digestion 

at pH 7.2. The results were compared to the control peptides SFTI-1 and S-

reduced and S-alkylated TI-NF7-ra. Peptides TI-RF7, RF7-T, TI-NF7 and NF7-TI 
have shown stability against trypsin degradation for 12 hours (Figure 4.17A). 

RF7-T and NF7-T lack trypsin inhibition loop but they have shown stability 

against trypsin due to the presence of RP, KP and RC sites, which are not major 

proteolytic sites for trypsin digestion. In contrast, the S-reduced and S-alkylated 

TI-NF7-ra (m/z = 2061.18) was completely converted to linear analog in 1 h. The 

peak (m/z = 2079.18) corresponds to the addition of H2O to the peptide (Figure 

4.17B). However, TI-NF7 and NF7-T showed 50% degradation in 12 h which 

may be due to some distortion in the structure after grafting.  
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Figure 4.17. Stability of peptides against trypsin enzyme. A) Peptides were 
incubated at 37°C with 1:50 ratio of trypsin enzyme for 12 h. S-Reduced and S-alkylated 
peptide TI-NF7-ra has shown complete degradation in 1 h. B) shows the HPLC profile 
for complete tryptic digestion of TI-NF7ra in 1 h. C) shows the cleavage site of trypsin in 
S-reduced and S-alkylated TI-NF7ra. 
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5.3. Serum Stability Assay 

Peptides were subjected to protease degradation in 25% human male serum AB 

type in RPMI-1640, phenol free medium, and their stability was monitored by analytical 

RP-HPLC and MALDI-TOF analysis. Linear RF7 was degraded 100% whereas NF7 

60% in 6 h, showing the half-life of <1 h and <7 h, respectively. In contrast, RF7-
T, TI-RF7, TI-NF7, and NF7-T showed only 10%, 20%, 30% and 30% 

degradation over a period of 24 h, respectively. SFTI-1, the control peptide, 

showed no degradation over 24 h. (Figure 4.18). 

 

Figure 4.18. Stability of peptides in human serum. Peptides were incubated at 37°C 
with 25% human serum with RPMI-1640 medium without phenol for 24 h.  
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5.4. Trypsin Inhibition Assay  

Engineered peptides contained the trypsin inhibition loop from SFTI-1, we would 

like to investigate whether they retain the trypsin inhibition activity.  All the 

peptides were subjected to trypsin treatment in the presence of BAPNA substrate 

at 37°C. The activity of trypsin was determined through measurement of 

absorbance. As shown in Figure 4.19 peptides TI-RF7 and TI-NF7 exhibited 

almost similar effect as SFTI-1 with IC50 of 54.3 nM and 42.9 µM, respectively. 

These results reflect that TI-RF7 and TI-NF7 are able to inhibit trypsin with the 

same potency as SFTI-1. The other RF7-T and NF7-T analogs without trypsin 

inhibition loop were completely inactive in the trypsin inhibition assay, suggesting 

that trypsin inhibition activity depends on the presence of trypsin inhibition loop.  

 

 

Figure 4.19. Trypsin Inhibition activity of grafted peptides. Peptides were incubated 
with 100 nM trypsin enzyme in 50 mM Tris-HCl buffer (25 mM CaCl2 at pH 8.2) and 20 
mM of the substrate (DL-BAPNA). The result showed the data from three individual 
experiments. Error bars represent the standard deviation. IC50 of peptides were 
calculated using Graphpad Prism 5. 
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5.5. Substance P Antagonistic Activity 

5.5.1. Effect of SP on Nitrite Production by LPS-stimulated Macrophages 

Firstly, we studied the effect of SP on NO production by Raw 264.7 

macrophages. Briefly, we incubated macrophages with different concentrations 

of substance P ranging between 10-6 M to 10-10 M for 24 h and stimulated with 

0.1 µg/ml LPS. Figure 4.20 showed that nitrite production was increased by LPS 

stimulated cells and was more with 10 nM SP, though, substance P alone did not 

affect the basal level of nitrite production by macrophages as reported by Jeon, 

H.K., et al. [274]. 

 

 

 

Figure 4.20. Effect of SP on nitrite production by LPS-stimulated macrophages. 
Raw 264.7 cells were incubated with substance P 1nM to 1000nM in presence or 
absence of LPS (100 ng/ml) for 24 h.  
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5.5.2. Effect of SP Antagonists on Nitrile Production  

To determine whether our designed SP antagonist inhibit the LPS mediated NO 

production by SP, the cells were treated with different concentrations of peptides 

in the presence of LPS and SP or LPS only for 24 h. As shown in figure 4.21 A 

TI-RF7 and RF7 abolished the stimulatory effect of substance P in 10 µM 

concentration on LPS-induced nitrite production by macrophages. The other 

designed analogs TINF7 and NF7 (Fig 4.21 B) did not inhibit NO production with 

the tested concentrations. It could be because of the substitution of amino acid at 

Q6 to N6 in the primary sequence which may affect the structure conformation. 

Further NMR studies would be required to validate the structure conformation. 

 

 

Figure 4.21. Effect of SP Antagonists on Nitrile Production. Raw 264.7 cells were 
treated with different concentrations of peptide in the presence of SP (100 nM) and LPS 
(100 ng/ml) for 24 h. A) Macrophages treated with RF7 and its grafted analogs. B) 
Macrophages treated with NF7 and its grafted analogs. 
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6. Discussion 

Cyclic CRPs have shown to be stable scaffolds [111, 115, 116, 211, 275, 276] for 

grafting of bioactive peptides. Sunflower trypsin inhibitor was selected for 

designing of bi-functional analogs of SP antagonist due to their end-to-end 

cyclized backbone, disulfide bond and the extensive network of hydrogen bonds. 

SP1-7 have shown to possess anti-nociceptive (26, 27), anti-inflammatory (28) 

and anti-hyperalgesic activities (29). Recently, SP1-7 has also been reported to be 

effective for neuropathic pain in diabetic patients, but the data does not report its 

use as an oral drug candidate. The role of SP1-7 in pain motivated us to graft it in 

SFTI-1 and design orally active substance P antagonist. 

6.1. Design and Synthesis of Substance P Antagonists 

All peptides were synthesized using TEBA-thioester surrogate [273], 

thioesterification was carried out in the presence of external thiol MESNa. Under 

acidic pH, N-S acyl shift reaction occurred and N-form of peptide 5a was 

rearranged its isomer S-form 6a first and then converted to MES thioester 7a and 

thiolactones via S-S acyl shifts. Thia-zip cyclization proceeded through ring 

expansion of thiolactones, ultimately leading to the macrolactam formation by the 

N-terminal Cys residue via an S-N acyl shift [257]. This method involves two 

purifications and lyophilization, one before disulfide bond formation to remove 

excess thiol and second after disulfide bond formation, which reduces the overall 

yield of final product and utilizes more time. Therefore, despite the use of this 

method, we aimed to design one-pot synthetic scheme with a single purification 

step after oxidation of cyclic peptide for the production of high purity cyclic 

peptides. In 1999, Tam et al. proposed the theory of thia-zip mechanism involved 

in macrocyclization of CRPs [257], which require Nα Cysteine, C-terminal 

thioester and at least one free internal thiol group. Cyclization of CRPs containing 

TEBA-thioester surrogate fulfill the needs of proximity-driven thia-zip cyclization 

and the side chain thiols of CRPs replace the role of external thiols in S-S acyl 
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shift reaction and gives series of thiolactone intermediates instead of C-terminal 

thioester. The N-terminal of cysteine joins with the C-terminus of the peptide to 

form the amide bond by expansions of thiolactone rings via reversible S-S acyl 

shift reactions, followed by irreversible S-N acyl shift reaction [257]. 

Based on thia-zip cyclization mechanism, thioesterification was conducted at 

acidic pH in the absence of external thiol. At this acidic pH, N-S acyl shift 

occurred and N-form of peptide 5a rearranged its isomer S-form 6a. The internal 

thiols of TI-NF7-TEBA spontaneously underwent a series of S-S acyl shift 

reactions to form TI-NF7-thiolactones 8a and 8a´. Two isomers of thiolactones 

were obtained because of the presence of two side-chain internal thiols of two 

cysteines. The formation of thiolactones suggests that internal side-chain thiols 

participate actively in trans thioesterification. With the expansion of thiolactone 

rings via reversible S-S acyl shift, the N-terminus cysteine joins the C-terminal of 

the peptide by proximity-driven S-N acyl shift to give backbone amide bond. The 

cyclization mixture of peptide cTI-NF7 9a was directly subjected to oxidation with 

10% DMSO without purification, side-chain thiols of internal cysteine interacted 

smoothly to form a disulfide bond. In the last step, after disulfide bond formation it 

was purified to obtain 10a.  

This one-pot synthetic scheme has a significant advantage over the method of 

synthesis using external thiol. The synthesis using external thiol involves two 

purifications and lyophilizations, which affects overall yield and provided ~9% of 

purified TI-NF7 10a. However, the current one-pot synthesis with only one 

purification step gave cyclized and oxidized peptide TI-NF7 10a in identical purity 

and with 3 folds improved yield of ~28%, in overall less time. 
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6.2. Stability  

To determine the stability of synthesized grafted peptides TI-NF7, TI-RF7, RF7-T 

and NF7-T we performed the assays against heat, acid and proteolytic enzymes 

simulating the in vivo GI tract environment. Our designed peptides showed 

remarkable stability under acidic and thermal degradation for 6 h. Most of the 

peptides are prone to denature and cannot maintain their secondary structure 

under these harsh conditions. 

Peptides have to survive over the proteolytic degradation in order to be available 

for absorption in the gut. Thus, we also examined the stability of our grafted 

peptides against trypsin and pepsin, a major protease in the stomach and small 

intestine, and compared against the control peptide RF7 and NF7. TI-RF7 and 

TI-NF7 showed significant stability against proteolytic enzymes compare to the 

control peptides RF7 and NF7. This showed that our grafting strategy improves 

the stability against endopeptidases. In addition, the results were also compared 

with the S-reduced and S-alkylated (ra-TI-NF7), which is end-to-end cyclized but 

does not contain any disulfide bond. This ra-TI-NF7 was completely digested in 1 

h, suggesting the role of disulfide bond in stability against enzymatic digestion. 

The major cleavage sites for trypsin are carboxyl ends of lysine and arginine 

[277]. Data showed the stability of RF7-T and NF7-T against trypsin digestion in 

a similar manner as TI-NF7 and TI-RF7. It was hypothesized that peptide RF7-T 

and NF7-T grafted by replacing secondary loop of SFTI-1, lack trypsin inhibition 

loop and were expected to degrade in the presence of trypsin. The stability of 

these two peptides RF7-T and NF7-T was because of presence RP, KP, and CP 

sites. The existence of proline at the carboxyl terminus of arginine or lysine 

decreases the rate of digestion by trypsin. Rodriguez and Gupta had also 

reported that trypsin activity is reduced with the presence of cysteine at C-

terminal [278]. 

  



 

177 
 

In addition to proteolytic stability, stability in human serum is also important in the 

design of novel drug leads. Plasma stability is an essential factor that affects the 

half-life of peptides, and therefore all the grafted peptides were tested in human 

serum stability assay. Both the linear sequences RF7 and NF7 showed 

improvement in stability after grafting into the cyclic scaffold, SFTI-1, and > 60% 

remained intact at 37°C for over 24 h period. The remarkable stability of the 

grafted Substance P antagonists is one of the important factors that allow the 

peptides to retain in the blood for producing biological effects after oral 

administration.  

6.3. Trypsin Inhibition Activity 

Engineered peptides TI-RF7 and TI-NF7 also retained trypsin inhibition loop from 

SFTI-1, thus, beside their stability over trypsin digestion, they also possess 

trypsin inhibition activity. The inhibition activity was mainly because of TI loop, 

the peptides lacking TI loop (RF7-T and NF7-T) did not exhibit trypsin inhibition, 

although they possessed stability against trypsin enzyme. However, the 

engineered peptides (TI-RF7 and TI-NF7), containing both a trypsin inhibition 

loop and substance P antagonist loop retained activity against trypsin in nano-

molar concentrations, comparable to SFTI-1. Our results displayed that SFTI-1 

scaffold can tolerate the foreign sequence without losing its trypsin inhibition 

activity.  

6.4. Antagonistic Activity of Engineered Peptides 

Previous studies showed that SP1-7 is a major bioactive metabolite of substance 

P often has opposite effects from its parent compound [234, 279, 280]. SP1-7 is 

responsible for antinociception [235-237], anti-inflammatory response [238] and 

antihyperalgesic effects in diabetic mice [239]. The binding sites for SP1-7 are 

found in spinal cord and brain but have not been cloned yet [281]. These binding 

sites have neither affinity for neurokinin receptor ligands nor µ-opioid receptor 

ligands [250]. Due to the lack of the known receptor, it was difficult to test the 
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functional activity of our synthesized peptides in the cell-based assay and limiting 

the option to only animal model study. However, due to time constraint we were 

not able to conduct animal model studies. Therefore, we used the nitric oxide 

measurement assay system.  

NO is an important neurotransmitter which is involved in acute [282] and chronic 

[283] pain in both CNS [284] and PNS [285]. NO is one of the effector molecules 

produced by activated mouse macrophages [286] and substance P can increase 

the NO production in LPS-activated macrophages [287]. Our results also showed 

that the grafted analogs TI-RF7 and the linear analog RF7 inhibited the NO 

production in concentration dependent manner. However, TI-NF7 and NF7 do 

not show significant antagonistic activity. It could be because of the substitution 

of amino acid at Q6 to N6 in the primary sequence which may affect the structure 

conformation. Further NMR studies would be required to validate the structure 

conformation. 

Furthermore, studies have shown that SFTI-1 can penetrate the mammalian cell 

membrane and later in 2014 D’Souza et al. confirmed that a non-specific 

endocytosis mechanism is responsible for cell permeability, regardless of 

mutations in the secondary loop. These findings suggest that the grafted analogs 

are likely to be cell permeable, an essential characteristic for oral bioavailability 

of peptides. In addition, the hydrophobicity of peptides also plays a role for cell 

penetration. Tam et al. have demonstrated that peptides with the cluster of 

hydrophobic residues are able to enter the cell [290]. Our designed substance P 

antagonists TI-RF7 and TI-NF7, after grafting, contained 4 proline, 2 isoleucine 

and 1 phenylalanine, which made up 43% in comparison to full sequence. Thus, 

we speculate that these antagonists would possess cell penetrating property. In 

summary, our engineered peptide TI-RF7 was proved to be bifunctional 

possessing both the trypsin inhibition activity and the substance P antagonistic 

activity. Moreover, to understand its role in nociception animal studies would be 

conducted in future. 
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Summary, Conclusion and Future Outlook 

CRPs are mini-proteins, highly diverse in sequence and possess great stability 

against thermal and enzymatic degradation. They display a wide range of 

biological activities such as antimicrobial, immunomodulation, insecticidal and 

hormonal functions. During the past few years, this family of plant mini-proteins 

has attracted increasing interest as a rich source for peptide therapeutics 

development. In this thesis, the molecular and functional diversity of plant mini-

proteins have been studied using genomic, proteomic and transcriptomic 

methods. 

Chapter 3 describes the isolation and characterization of a family of CRPs from 

Jasminum sambac of Oleaceae family. These CRPs are named as jasmintides 

and consist of 27-29 amino acid residues. Jasmintides are expressed in a tissue-

specific manner with unique profiles in all plant tissues examined, including 

flowers, leaves and roots. Using transcriptomic method, a total of 12 jasmintides 

has been identified. The expression of jasmintides in plants was further 

confirmed by proteome analysis. Proteomic analysis further expanded the suite 

of jasmintides to 82. Three sequences (jS1, jS2 and jS14) were confirmed by a 

genomic approach. In total 87 jasmintides have been discovered in J. sambac. 

The high tolerance for sequence substitution makes jasmintides hypervariable. 

This suggests the robustness and suitability of jasmintides as a scaffold for 

engineering peptide therapeutics.  

My thesis also revealed that jasmintides are ribosomally synthesized and their 

precursor contains a three-domain arrangement. It comprises an ER signal 

peptide, a pro-domain followed by the mature peptide domain. This arrangement 

is very common in other CRPs. The understanding of the biosynthesis is useful 

for future application of jasmintides in crop protection using transgenic plants. 
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An important finding of my thesis is the novel cystine connectivity of jasmintides. 

Prior to my thesis only two types of cystine motifs were known which are cystine-

knot and thionin-like arrangements. In my thesis, we discovered a novel disulfide 

connectivity of CysI-CysV, CysII-CysIV and CysIII-CysVI by disulfide mapping 

together with mass spectrometry and NMR.  

Jasmintides exhibited exceptional thermal and proteolytic stability. In addition, 

jasmintides play a role in plant-host defense by affecting the growth of insect 

larvae and they also inhibit cytopathic effect of Infectious bronchitis virus in Vero 

cells. Taken together, jasmintides are a new family of plant CRPs with novel 

cystine connectivity and multiple bioactivities.  

Chapter four describes the application of a CRP as a scaffold for grafting linear 

bioactive epitopes. We have grafted four substance P antagonists using the 

simplest CRP scaffold, the sunflower trypsin inhibitor-1. Sunflower trypsin 

inhibitor-1 is the smallest trypsin inhibitor with a cyclic backbone, conferring it 

stability against enzymatic degradation. The designed grafted substance P 

antagonists were synthesized by solid phase methodology using C-terminal 

thioethylbutyl amido (TEBA) thioester surrogate. The peptide-TEBA was 

transformed into thioester or thiolactones via N-S and S-S acyl shifts in the 

presence of internal or external thiol under acidic condition. Under the basic 

condition, the thioester/thiolactones underwent S-S and S-N acyl shift reactions 

to afford the cyclic peptide. DMSO (10% v/v) was applied to the cyclization 

mixture for disulfide formation in a one-pot synthetic scheme. 

We showed that grafted substance P analogs (TI-RF7 and TI-NF7) improved 

stability against endo- and exopeptidases. End-to-end cyclized backbone made 

them metabolic stable in human serum and about 80% of TI-RF7 and TI-NF7 

remained intact over 12 h. TI-RF7 and TI-NF7 also retained trypsin inhibition 

activity from SFTI-1 and showed trypsin inhibition in nano-molar concentrations 

with IC50 of 54.3 nM and 42.9 nM, respectively. Furthermore, our results also 

showed that the grafted analogs TI-RF7 and the linear analog RF7 inhibited the 
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NO production in concentration-dependent manner. Taken together, our results 

revealed that the grafted analogs are bifunctional, possessing both trypsin 

inhibition activity from SFTI-1 and substance P antagonistic activity. 

In conclusion, this thesis uncovers the new CRP family with a novel disulfide 

connectivity of CysI-CysV, CysII-CysIV and CysIII-CysVI, which expands our 

knowledge of the occurrence of cystine motifs in plant CRPs. This scaffold could 

be useful for developing therapeutics and for designing peptide drugs. 

My thesis supports the hypothesis that CRPs are an under-explored class of 

bioactive principle in medicinal plants. The outlook of further exploration of CRPs 

in this chemical space could provide promising therapeutics. 
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Figure A1. Annotated MS/MS spectra of jasmintides identified using 
proteomics approach. Fragments are labeled with c-, z-, z+1 (z’), z+2 (z(+2)), 
b- and y- ions. 
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Table A1. CRPs identified from leaf of J. sambac extract using LC-MS/MS 

Jasmintide Sequence 
-
10lgPa Mass ppm z #Spec MODb 

JS1 C.LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 2998.4656 0.3 5 71 - 

JS1 Q.LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 3257.6011 0.4 6 25 - 

JS1 N.IIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 1791.9423 -0.2 4 27 - 

JS1 Q(-

17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)N.V 

186.11 3156.4807 0.7 5 13 Pyro-

glu 

from Q 

JS1 N.Q(-

17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 

172.71 3368.6331 1.2 6 252 Pyro-

glu 

from Q 

JS1 Q(-

17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NV.I 

165.43 3255.5491 0.6 6 9 Pyro-

glu 

from Q 

JS1 I.IWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 153.12 1678.8582 -0.4 4 17 - 

JS1 Q.C(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 150.64 2757.323 -1.8 5 30 - 

JS1 N.SDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 110.5 2254.0955 -0.3 4 3 - 

JS1 D.C(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 108.48 2052.0366 -0.3 4 13 - 

JS1 L.C(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 54.79 3144.5171 1 5 3 - 

JS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)N.V 200 2863.3284 -0.3 5 30 - 

JS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NV.I 200 2962.397 -0.5 5 17 - 

JS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 200 3075.481 0.8 5 46 - 

JS2 Q(-

17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 

193.97 3445.6484 0.8 6 98 Pyro-

glu 
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from Q 

JS2 Q(-

17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NV.I 

164.75 3332.5645 0.1 5 1 Pyro-

glu 

from Q 

JS3 N.Q(-

17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 

163.12 3463.6477 1.2 6 5 Pyro-

glu 

from Q 

JS3 D.C(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 144.61 2133.9944 -0.9 4 2 - 

JS4 L.C(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 165.22 2866.2229 -0.8 5 8 - 

JS4 Q(-

17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 

161.86 3462.5586 6.6 5 19 Pyro-

glu 

from Q 

JS4 D.C(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 151.69 2230.0056 -0.5 4 10 - 

JS4 C.SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 132.32 2720.1716 -0.4 4 4 - 

JS4 N.SDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 93.98 2432.0647 -0.4 4 2 - 

JS5 Q(-

17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 

199.73 3301.511 0.3 5 6 Pyro-

glu 

from Q 

JS5 N.Q(-

17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QL.F 

141.32 3154.4426 -1 5 1 Pyro-

glu 

from Q 

JS5 D.C(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 138.02 2068.958 -0.4 4 2 - 

JS5 L.C(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 116.53 2705.1753 -0.5 4 8 - 

JS5 N.Q(-

17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)Q.L 

109.85 3041.3584 0.4 5 1 Pyro-

glu 

from Q 
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JS5 N.SDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 91.96 2271.0168 4.1 4 2 - 

JS6 Q(-

17.03)LC(+43.04)LLC(+43.04)SSDADC(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 

181.17 3320.4844 6.8 5 5 Pyro-

glu 

from Q 

JS6 D.C(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 2102.9424 -0.7 4 2 - 

JS14 Q(-

17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 

149.12 3271.5005 7.4 5 8 Pyro-

glu 

from Q 

JS14 Q(-

17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QL.F 

90.54 3124.4319 -0.2 5 1 Pyro-

glu 

from Q 

JS14 L.C(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 68.5 2675.1648 0.4 4 2 Pyro-

glu 

from Q 

aIn Peaks a higher -10logP value indicates a more confident sequencing result. Sequences are identified using false discovery rate 
(FDR) 0.01%.  
bMOD: side chain modifications and chemical derivatization. All cysteine residues are alkylated with ethylamine and labelled as EA. 
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Table A2. CRPs identified from flower of J. sambac extract using LC-MS/MS 

Jasmintide Sequence 
-
10lgPa Mass ppm z #Spec MODb 

JS1 C.LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 200 2998.4656 -0.1 5 19 - 

JS1 N.Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 178.52 3368.6331 -0.5 6 55 Pyro-glu 

from Q; EA 

JS1 Q.C(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 160.47 2757.323 0.1 5 11 - 

JS1 N.Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)N.V 154.03 3156.4807 -0.7 5 5 Pyro-glu 

from Q 

JS1 N.Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NV.I 145.8 3255.5491 0 5 2 Pyro-glu 

from Q 

JS1 D.C(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 121.83 2052.0366 -0.7 4 3 - 

JS1 L.C(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 117.6 3144.5171 0.2 5 3 - 

JS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)N.V 200 2863.3284 0.3 5 6 - 

JS2 C.LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 176.89 3075.481 -0.1 5 4 - 

JS2 Q(-17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 163.18 3445.6484 -0.4 5 19 Pyro-glu 

from Q 

JS2 Q(-17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NV.I 155.73 3332.5645 -0.4 5 3 Pyro-glu 

from Q 

JS3 Y.IIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 167.9 1710.8368 -0.6 4 10 - 

JS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIW.T 163.06 2183.0691 -0.8 4 9 Pyro-glu 

from Q 

JS3 N.Q(-

17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 

153.61 3463.6477 4.7 5 15 Pyro-glu 

from Q 

JS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)N.Y 133.47 1607.7582 0.6 4 37 Pyro-glu 
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from Q 

JS3 L.C(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 120.33 2867.3123 -0.3 5 16 - 

JS3 D.C(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 117.04 2133.9944 -0.4 4 18 - 

JS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRD.C 111.19 1347.6639 -0.2 3 13 Pyro-glu 

from Q 

JS3 N.YIIWTVC(+43.04)RDGC(+43.04)C(+43.04).N 76.12 1559.7411 1 3 2 - 

JS3 N.Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NY.I 74.91 1770.8215 0.3 3 1 Pyro-glu 

from Q; EA 

JS3 C.QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 64.09 2721.2607 0.1 5 3 - 

JS3 Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)NY.I 49.81 1770.8215 0.3 3 1 Pyro-glu 

from Q 

JS3 I.IWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 44.85 1597.7527 -0.4 3 4 - 

JS3 L.LC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 42.73 2980.3962 1.4 5 4 - 

JS3 N.QLC(+43.04)LLC(+43.04)QTSRDC(+43.04)NYIIWTVC(+43.04)RDGC(+43.04)C(+43.04)NIS 41.89 3480.6743 -8 5 8 - 

JS4 L.C(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 154.64 2866.2229 0 5 57 - 

JS4 Q(-17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 153.62 3462.5586 2 5 67 Pyro-glu 

from Q 

JS4 C.SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 133.19 2720.1716 -0.3 5 26 - 

JS4 D.C(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 121.19 2230.0056 -0.6 4 46 - 

JS4 L.LC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 109.64 2979.3071 -0.7 5 14 - 

JS4 N.SDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 90.58 2432.0647 -0.7 5 5 - 

JS4 Q(-17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QI.F 79.59 3315.4902 0 5 2 Pyro-glu 

from Q 

JS4 QIC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPLWTHC(+43.04)RDGC(+43.04)C(+43.04)QIF 58.47 3479.5852 -8.9 5 10 - 

JS4 Q(-17.03)IC(+43.04)LLC(+43.04)SSNSDC(+43.04)NYPL.W 33.38 1883.858 0.6 3 1 Pyro-glu 

from Q 
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JS5 Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3301.511 0.2 5 15 Pyro-glu 

from Q 

JS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QL.F 144 3154.4426 -0.5 5 7 Pyro-glu 

from Q 

JS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)Q.L 137.26 3041.3584 0.2 5 1 Pyro-glu 

from Q 

JS5 D.C(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 106.77 2068.958 -0.7 4 2 - 

JS5 L.C(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 98.29 2705.1753 -0.1 5 18 - 

JS5 I.IWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 56.19 1695.7795 -1 4 3 - 

JS5 C.SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 51.01 2559.124 0.4 5 4 - 

JS5 L.LC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 45.77 2818.2593 0 5 2 - 

JS5 T.LSVQPNQLC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 38.67 3956.8762 -8.4 5 8 - 

JS4/JS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04).N 97.07 1396.6149 -0.9 3 4 Pyro-glu 

from Q 

JS4/JS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)N.I 77.57 1510.6578 0.8 3 7 Pyro-glu 

from Q 

JS6 Q(-17.03)LC(+43.04)LLC(+43.04)SSDADC(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3320.4844 1 5 49 Pyro-glu 

from Q 

JS6 QLC(+43.04)LLC(+43.04)SSDADC(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 120.44 3337.511 -4.3 5 4 - 

JS6 D.C(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 108.67 2102.9424 -0.5 4 15 - 

JS6 F.IWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 37.53 1695.7795 -1 4 3 - 

JS7 Q(-

17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HL.F 

176.56 3300.5857 -1.1 5 7 Pyro-glu 

from Q 

JS7 Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)H.L 150.62 3187.5017 -0.1 5 9 Pyro-glu 

from Q 

JS7 Q(- 138.39 3447.6541 0.4 5 30 Pyro-glu 
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17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF from Q 

JS7 R.TNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 135.94 2210.033 -0.4 4 5 - 

JS7 Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 104.52 3050.4429 0.1 5 5 Pyro-glu 

from Q 

JS7 R.TNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)H.L 91.74 2347.0918 -0.1 5 8 - 

JS7 C.RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 66.88 2763.3455 0.4 5 4 - 

JS7 C.RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 59.1 2366.134 -0.7 5 4 - 

JS7 P.LWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 49.74 1750.833 0.7 4 5 - 

JS7 A.C(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04).H 47.17 2512.1855 -1.3 5 3 - 

JS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QL.F 200 3124.4319 -0.3 5 9 Pyro-glu 

from Q 

JS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 179.32 3271.5005 0.1 5 28 Pyro-glu 

from Q 

JS14 L.C(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 107.86 2675.1648 1 5 24 - 

JS14 N.VIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 88.73 1794.848 -1.3 4 1 - 

JS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04).N 82.23 1380.62 0.4 3 3 Pyro-glu 

from Q 

JS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)N.V 78.98 1494.663 0 3 10 Pyro-glu 

from Q 

JS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVI.W 58.49 1706.8154 0.6 3 1 Pyro-glu 

from Q 

JS15 QPC(+43.04)LAC(+43.04)RTNPDC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF  145.47 3490.6963 0.7 5 175 - 

aIn Peaks a higher -10logP value indicates a more confident sequencing result. Sequences are identified using false discovery rate (FDR) 0.01%.  
bMOD: sidechain modifications and chemical derivatization. All cysteine residues are alkylated with ethylamine and labelled as EA. 
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Table A3. CRPs identified from root of J. sambac extract using LC-MS/MS 

Jasmintide Sequence 
-
10lgPa Mass ppm z #Spec MODb 

JS1 N.Q(-17.03)LC(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 119.44 3368.6331 0.2 5 2 Pyro-glu 

from Q; 

JS1 L.C(+43.04)LQC(+43.04)RSNSDC(+43.04)NIIWRIC(+43.04)RDGC(+43.04)C(+43.04)NVI 55.96 3144.5171 -1.4 5 3 - 

JS2 Q(-17.03)LC(+43.04)LQC(+43.04)RSDDDC(+43.04)NIIWRIC(+43.04)RYGC(+43.04)C(+43.04)NVI 105.33 3446.6323 4.1 6 6 Pyro-glu 

from Q 

JS3 Q(-17.03)LC(+43.04)LLC(+43.04)QTSRDC(+43.04)N.C 91.17 1607.7582 -0.1 3 9 Pyro-glu 

from Q 

JS5 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3301.511 -0.1 5 12 Pyro-glu 

from Q 

JS5 L.C(+43.04)LLC(+43.04)SSNSDC(+43.04)NIIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 114.15 3077.3948 1.8 5 2 - 

JS5/JS6 F.IWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 116.95 1695.7795 0.6 4 25 - 

JS6 Q(-17.03)LC(+43.04)LLC(+43.04)SSDADC(+43.04)NFIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3320.4844 0.3 5 100 Pyro-glu 

from Q 

JS6 N.Q(-17.03)LC(+43.04)LLC(+43.04)SSDADC(+43.04)N.F 90.03 1495.647 -0.1 3 6 Pyro-glu 

from Q 

JS7 N.Q(-

17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HL.F 

200 3300.5857 0.3 5 34 Pyro-glu 

from Q 

JS7 N.Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 190.75 3447.6541 0.7 5 85 Pyro-glu 

from Q 

JS7 N.Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VL.P 159.69 1617.7789 0.3 4 56 Pyro-glu 

from Q 

JS7 D.C(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 158.47 2206.0896 1.6 4 4 - 
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JS7 N.Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)H.L 158.2 3187.5017 0.5 5 5 Pyro-glu 

from Q 

JS7 Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VL.P 115.8 1617.7789 0.3 4 54 Pyro-glu 

from Q 

JS7 N.Q(-17.03)PC(+43.04)LAC(+43.04)RTNADC(+43.04)VLP.L 110.95 1714.8317 -0.5 4 13 Pyro-glu 

from Q 

JS7 L.WRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 96.7 1637.749 0 4 3 - 

JS7 N.QPC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 89.43 3464.6807 -5.1 6 8 - 

JS7 QPC(+43.04)LAC(+43.04)RTNADC(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HLF 76 3464.6807 -5.1 6 8 - 

JS7 D.C(+43.04)VLPLWRNC(+43.04)RDGC(+43.04)C(+43.04)HL.F 70.17 2059.0212 0.7 4 6 - 

JS8 N.Q(-17.03)LC(+43.04)LLC(+43.04)TTNADC(+43.04)NAIWRWC(+43.04)RDGC(+43.04)C(+43.04)HLF 182.32 3398.5901 0.6 5 53 Pyro-glu 

from Q 

JS8 L.C(+43.04)TTNADC(+43.04)NAIWRWC(+43.04)RDGC(+43.04)C(+43.04)HLF 167.41 2802.2546 -1.8 5 7 - 

JS8 N.Q(-17.03)LC(+43.04)LLC(+43.04)TTNADC(+43.04)N.A 94.24 1522.6942 -0.5 3 2 Pyro-glu 

from Q 

jS14 Q(-17.03)LC(+43.04)LLC(+43.04)SSNADC(+43.04)NVIWSHC(+43.04)RDGC(+43.04)C(+43.04)QLF 200 3271.5005 -4.6 5 6 - 

aIn Peaks a higher -10logP value indicates a more confident sequencing result. Sequences are identified using false discovery rate (FDR) 0.01%.  
bMOD: side chain modifications and chemical derivatization. All cysteine residues are alkylated with ethylamine and labelled as EA. 
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Appendix B 
 

 

Figure B1. NH/CαH fingerprint region of 2D-NOESY spectrum (mixing time, 300 ms) of jS1 recorded in 90%H2O/10%D2O 
at 298K. Sequential connectivities of each amino acid residue are shown by solid lines.  
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Figure B2. Summary of sequential and medium NOE connectivity. Slowly exchanging amide protons (filled box) and 
backbone vicinal coupling constants (open circle: 3JHNα < 6Hz, filled circle: 3JHNα > 8Hz) are indicated. 
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Figure B3. NH/CαH fingerprint region of 2D-NOESY spectrum (mixing time, 300 ms) of jS3 recorded in 
90%H2O/10%D2O at 298K. Sequential connectivities of each amino acid residue are shown by solid lines. 

. 
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Figure B4. Summary of sequential and medium NOE connectivity. Slowly exchanging amide protons (filled 
box) and backbone vicinal coupling constants (open circle: 3JHNα < 6Hz, filled circle: 3JHNα > 8Hz) are indicated. 
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Table B1. Proton NMR chemical shift assignments for jS1 

Residues NH CαH CβH Others 
Gln1 - 4.27 1.96, 1.94 CγH 2.44, 2.33 
Leu2 8.22 4.25 1.50 CδH 0.82, 0.77 
Cys3 8.31 4.60 3.10  
Leu4 9.17 4.38 1.52, 1.40 CδH 0.83, 0.78 
Gln5 8.15 4.58 1.94,1.91 CγH 2.39, 2.34  NεH2  7.51, 6.74 
Cys6 7.92 4.77 3.22, 3.03  
Arg7 9.48 4.38 1.86, 1.75 CγH 1.61  CδH 3.13  NεH  7.23 
Ser8 8.13 4.63 4.03, 3.81  
Asn9 - 4.18 3.06, 2.76 NδH2 7.64, 7.00 
Ser10 8.13 4.76 4.18, 3.80  
Asp11 7.45 4.66 3.05, 2.76  
Cys12 7.51 4.94 2.77  
Asn13 7.74 4.89 3.07, 2.77 NδH2 7.77, 6.33 

Ile14 7.55 3.90 1.85 
CγH1 1.33, 1.16  CγH2 0.85  CδH1 
0.79 

Ile15 7.66 3.82 1.38 
CγH1 1.09, 0.82  CγH2 0.12  CδH1 

0.53 
Trp16 7.90 4.45 3.00, 2.54 NεH1 10.18  CδH1 7.08  CεH3 7.48  
Arg17 7.50 4.60 1.78, 1.71 CγH 1.68, 1.53  CδH 3.10, 3.80 

Ile18 8.43 4.13 1.64 
CγH1 1.24, 1.18  CγH2 0.68  CγH1 

0.64 
Cys19 8.82 4.63 2.76, 2.56  

Arg20 8.57 4.49 1.61, 1.55 
CγH 1.46, 1.38  CδH 3.16, 3.04  NεH 
7.80 

Asp21 9.23 4.16 2.81, 2.54  
Gly22 8.00 4.07, 3.91   
Cys23 7.58 5.35 3.21, 2.66  
Cys24 9.14 4.93 3.38, 2.67  
Asn25 9.98 4.90 2.84, 2.52 NδH2 7.30, 7.07 
Val26 8.60 4.19 1.98 CγH 0.89, 0.83 

Ile27 7.3 4.02 1.68 
CγH1 1.38, 1.10  CγH2 0.79  CδH1 

0.76 
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Table B2. Proton NMR chemical shift assignments for jS3 

Residues NH CαH CβH Others 
Gln1 7.75 4.22 1.88 CγH 2.29, 2.39 

Leu2 8.12 4.15 1.40,1.35 CγH 0.87 CδH 0.74, 0.66 
Cys3 8.25 4.52 2.99  

Leu4 8.99 4.29 1.33, 1.17 CγH 1.09 CδH 0.48, -0.07 

Leu5 7.62 4.38 1.58,1.41 CδH 0.85, 0.88 
Cys6 7.92 4.58 3.19, 3.12  

Gln7 9.27 4.45 2.08 CγH 2.34, 2.28  NHε2  7.53, 6.76 

Thr8 7.97 4.46 - CγH2 1.15 
Ser9 9.33 4.26 4.00  

Arg10 7.90 4.02 1.69 CγH 1.63, 1.58  CδH 3.11  NHε 7.10 
Asp11 7.57 4.58 3.11, 2.83  
Cys12 7.64 4.97 2.90  

Asn13 7.48 4.76 2.50, 2.46 NHδ2 7.35, 6.59 

Tyr14 7.25 3.75 3.36,2.81 CδH 7.28,  CεH 6.99  

Ile15 8.12 3.74 1.73 CγH1 1.40, 1.09  CγH2 0.77  CδH1 0.75 

Ile16 7.89 3.68 0.82 CγH1 0.63  CγH2 0.46  CδH1 0.08  

Trp17 7.16 4.44 2.99, 2.55 CδH1 6.94, NεH1 10.27 

Thr18 7.24 4.76 4.45 CγH2 1.09  

Val19 8.59 4.46 1.69 CγH 0.79, 0.71 
Cys20 8.80 4.61 2.71, 2.37  

Arg21 8.54 4.51 1.68, 1.60 
CγH 1.51, 1.34  CδH 3.15, 3.05  NHε 
7.64 

Asp22 9.36 4.25 3.03, 2.68  
Gly23 7.87 4.05, 3.92 -  
Cys24 7.35 5.32 3.25, 2.58  
Cys25 9.49 4.91 3.14, 2.61  

Asn26 10.06 4.99 2.89, 2.53 NHδ2 7.46, 7.09 

Ilel27 8.91 4.41 1.82 CγH1 1.45, 1.04  CγH2 0.89  CδH1 0.79 
Ser28 7.95 4.14 3.85,3.76  
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