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Abstract

Plants produce an enormously diverse range of medicinally useful molecules, ranging
from small-molecule metabolites to peptides, microproteins, proteins, and biopolymers.
Among them, plant-derived peptides are not only under-explored, but also
marginalized for their unstable stereotypes. This thesis describes my discovery and
characterization of two highly stable and novel peptides, wisotide (wS1) from Withania
somnifera and wuweizitide (wZ1) from Schisandra chinensis. Both wZ1 and wS1
belong to the superfamily of cysteine-rich peptides (CRPs) whose structures are
stabilized by multiple cross braces of disulfides. Indeed, the structures of the two CRPs
were elucidated and confirmed using NMR spectroscopy. In addition, they are highly
resistant to proteolytic degradation. These desirable properties share similarities to
small-molecule metabolites as drug-like molecules and dispel the misconception that
peptides are inherently unstable.

Sequencing by mass spectrometry showed that wS1, with eight cysteines, contains
31 amino acids. Structural determination by NMR showed that wS1 displays the
lybatide-like disulfide connectivities to support helical conformations. The helical
conformation is a common structure motif found in proteins but rare in short peptides.
Peptide stapling is a synthetic strategy to constrain the helical conformations of a short
peptide, generally through covalent linkage of their side chains. They are also known
to be cell-membrane permeable and capable of inhibiting intracellular protein-protein
interactions. However, naturally-occurring stapled peptides are rare. Previously, we
discovered lybatides which contain helices stapled by cystine. Moreover, lybatides
form a new family of cysteine-rich peptides with novel disulfide connectivity. Here, my
thesis shows that wS1 is the second member of cystine-stapled helical peptides.

Importantly, the anionic cystine-stapled wS1 is cell-membrane permeable. Database
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mining further revealed that >50 lybatide/wS1-like sequences are found in plants.
Taken together, wS1 and the cystine-stapled helical peptides could represent useful
leads of peptide biologics to probe intracellular protein-protein interactions.
Wuweizitide (wZ1) was found to contain 18 residues with six cysteines, giving wZ1
a 33% cysteine content. This hyperdisulfide peptide is also hyperstable and cell-
membrane permeable. This thesis shows that wZ1 induces LDL uptake by an atypical
mechanism of LDLR accumulation at lipid rafts, suggesting that it might lower
circulating LDL-cholesterol by a novel mechanism. These findings not only expand our
knowledge and understanding of CRP families, but also open new avenues for
discovering hyperstable bioactive peptides as leads for orally-active therapeutics from

medicinal plants.
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CHAPTER ONE

Introduction

1.1 Natural products (NPs)-based drug discovery

NP is a revolutionary driving force in drug discovery and has greatly promoted
therapeutic developments on human diseases. Up to 2021, over 328,000 NPs have
been recorded into the Dictionary of Natural Products database, with ~10,000 new
additions per year [1]. From 1981 to 2014, NPs or their analogs, like statins and their
derivatives, account for ~25% of all drugs approved by the US Food and Drug
Administration (FDA; Figure 1.1) [2-4]. In the small molecule category, NPs or their
related compounds have over 33% occupation [2]. These nature-derived drugs are
widely and intensively applied to a broad spectrum of human illnesses, such as
microbial infection, malignant cancers, malaria, neurodegenerative diseases, and
cardiovascular diseases. According to biological origins, NPs can be classified into
three categories: 1) microorganism-derived NPs; 2) animal-derived NPs; 3) plant-

derived NPs.



Natural products &
their derivatives

- Others 4.11% Unaltered natural product
20.53% Natural product derivative
26.94% Synthetic drugs
0.58% Botanical drug
_ ~  (defined mixture)
n = 1562

6.48% Vaccine
16.04% Biological macromolecule
10.39% Synthetic drug (NP pharma-
cophore and Mimic of natural product)

11.03% Synthetic drugs (Mimic of natural product)
3.91% Synthetic drug (NP pharmacophore)

Figure 1.1 FDA-approved drugs between 1981 and 2014 in the US.

This figure was adapted from the work of David J. Newman et al. [2].



1.1.1 Microorganism-derived NPs

In 1928, Alexander Fleming, a Scottish microbiologist, discovered the penicillin from
Penicillium notatum with potent anti-bacteria effects and then shifted scientific focus
to NPs of microorganisms [5]. After the penicillin discovery, many molecules from
microorganisms have been discovered and characterized around the world. In 1940s,
two drugs with new scaffolds were discovered. One is chlortetracycline, a tetracycline
isolated from Streptomyces aureofaciens [6], and another is streptomycin, an
aminoglycoside obtained from Streptomyces griseus [7]. In 1950s, more antibiotics
were discovered, including cephalosporin C (a cephalosporin antibiotic), erythromycin
(a cyclic ketone antibiotic), and vancomycin (a glycopeptide antibiotic) [8, 9].
Nowadays, 69% of antibiotics are derived from NPs and ~60% of small molecules
directly or indirectly originate from NPs [10, 11]. The microorganism-derived NPs not
only have antibiotic activities, but also exhibit diverse other biological effects, such as
anti-cancer and anti-inflammation (Table 1.1). Due to these functions, they are broadly
used in fields, such as medicinal therapies, food preservations, agriculture

developments, and scientific investigations.



Table 1.1 Examples of natural products (NPs) from microorganisms.
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1.1.2 Animal-derived NPs

Animal NPs can be derived from the ocean, a place where life originates. The ocean
covers over 70% of the earth surface and accommodates ~2.2 million eukaryotic
species, of which 91% are unknown [12]. Out of 31 animal phyla available, 12 are
exclusively found in the ocean [13]. These characteristics indicate the invaluable
potential of marine animal sources for novel drug discovery. However, marine NPs are
far from being adequately explored, and history of using marine medicines is not as
ancient as terrestrial one, which is dating back to 2600 BCE [14]. To promote marine
investigation, development of diving technology was started several decades ago, and
this helped human activities to extend deep down to ~40 meters. In addition, other
marine technologies, like submersible vehicles with remote control, were developed.
These things make human exploration reach to an unprecedented level, and thus
greatly promoted the NPs development from the ocean. In the past decades, different
marine animal NPs from different structural classes were approved by FDA to treat
diseases, including cancer, Alzheimer disease, hypertriglyceridemia, microbial
infection, and neural pain. For example, cytarabine from Cryptotheca crypta was
approved by FDA in 1969 for acute myeloid leukemia. Ilts mode of action is to
competitively inhibit DNA polymerase in the S-phase of the cell cycle [15, 16]. In 2004,
ziconotide from Conus magus was approved for ameliorating chronic pain. This
ziconotide is a cysteine-rich peptide with three disulfide bonds and with high potency
on blocking calcium ion channels [17]. These agents with other FDA-approved ones

are listed (Table 1.2).



Table 1.2 Examples of FDA-approved drugs derived from marine animals.

Diseases Compounds Marine origins Structures Year of approval
Cytarabine Cryptotheca crypta 5 1969
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Chemical structure depiction




Animal NPs can also be derived from land, a place with a long history of medicinal
practices and experiences. On land, prevalent animal sources are often referred as
venomous species, like snakes, spiders, scorpions, and frogs. In the world, it is
estimated that venomous animals have over a million different species, and each
species might produce a venom mixture containing up to 100 different compounds
[18]. These compounds contain proteins, peptides, and other non-protein molecules,
showing a broad spectrum of specific biological functions with high potency. The
mixture of compounds not only helps venomous species, like snakes, to effectively
capture their prey by envenomation, but also represents a rich library of bioactive
compounds with tremendous potential for drug development.

For example, in the snake venom-based field, the first success came from the
marketed Captopril®, for its approval by FDA in 1981 [19]. The captopril is a peptide
obtained from Bothrops jararaca to treat hypertension via inactivating an angiotensin-
converting enzyme [19]. Another two examples are tirofiban and eptifibatide. For
tirofiban, it is an antiplatelet drug approved by FDA in 1998 for heart attacks [20]. This
drug was developed from an Arg-Gly-Asp motif of a venous ingredient, disintegrins,
from Echis carinatus [20, 21]. Similarly, eptifibatide is also an antiplatelet drug with its
approval from FDA in 1998, and it has been granted to treat acute coronary syndrome
[22]. The integrin was based on the Lys-Gly-Asp motif of disintegrins from Sistrurus
miliarus barbourin [18, 23]. These examples together (Table 1.3) with those currently
under clinical trials demonstrate that animal venom is a rich source of compounds with

markable pharmacological potential.



Table 1.3 Examples of FDA-approved drugs derived from land animals.

Diseases Compounds Land origins Structures Year of approval
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1.1.3 Plant-derived NPs

Medicinal uses of plants may start in eastern ancient civilizations. Dating back to 2600
BC, Mesopotamia included ~1000 plant-derived ingredients in their medicinal
documents [24]. Plant-derived oils in the document are still in use today for diseases
like cold, infections, and inflammations. Egyptian medicine can be traced back to 1500
BC and mainly recorded in the Egyptian “Ebers Papyrus” with over 700 medicines [25].
India has its medicine system, called “Ayurveda”, which might be started in 6000 BC
[26]. In the system, Astanga Hridaya, Charaka Samhita, and Susruta Samhita books
recorded hundreds of drugs [27, 28]. China has many ancient scriptures, and the
oldest medicinal one is “562 Medicinal Prescriptions” which can be traced back to 1000
BC [29]. By trial and error, these ancient cultures developed their sophisticated
medicine system and laid a solid basis of modern drug discovery.

Western uses of medicinal plants might begin in Greek and Roman civilizations. In the
first century CE, Greek and Roman physicians (like Dioscorides and Pliny) wrote
compendia on early Greco-Roman knowledge [30]. During the fifth to twelfth centuries,
Arabs compiled the initial Greco-Roman knowledge, their own medicinal experience,
and Chinese/Indian traditional medicine [31]. In the fifteenth and sixteenth centuries,
the letterpress promoted resurrecting of Greco-Roman knowledge by putting together
information from other books, such as Herbarius Moguntinus (1484), The German
Herbal (1485), and Herbarium Vivae Eicones (1530) [30]. Up until the eighteenth
century, the studies of aconite, colchicum, and foxglove switched previous empirical
applications to modern rational investigation [30]. At the beginning of the nineteenth
century, morphine became the first medicine with rational and systematic

investigations, involving isolation, structural determination, and pharmacological



characterization [32]. Following the morphine discovery, the pharmacology field
started to enter the era of NPs.

The twentieth century is an NPs century. Many revolutionary drugs were discovered
and characterized by using modern biotechnologies. For example, between the 1950s
and 1970s, Galantamine from Galanthus was discovered and used for Alzheimer's
disease; vincristine from Catharanthus roseus was discovered for leukemia therapy;
paclitaxel from Pacific yew and camptothecin from Camptotheca acuminata were
applied for cancer chemotherapy; artemisinin from Artemisia annua L was shown
effects on anti-malaria. These examples of NPs discovered are shown below (Table

1.4).
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Table 1.4 Examples of approved drugs from plants.

Diseases Compounds Land origins Structures Year of approval
s
Alzheimer Galantamine baany pants, L0 2004
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Cancer Paclitaxel Pacific yew ol o | 1993
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Malaria Artemisinin Artemisia annua -
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1.1.4 Advantages and challenges of plant-derived NPs

Although NPs from plants historically revolutionized drug discovery and therapeutic
development, pharmacology industry, in twenty-first century, starts losing enthusiasm
on drug discovery in plants. Many reasons are there for this trend, such as technical
obstacles of characterization and conventions on biological diversity [33], but the main
reason might be the overwhelming exploration of phytochemicals, mainly represented
by secondary metabolites or small molecules. In our research, we shifted the
investigating focus from the overly-explored small molecules to under-explored

peptidyl phytochemicals, cysteine-rich peptides.
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1.2 Cysteine-rich peptides (CRPs) emerging as bioactive
compounds

1.2.1 Roles of CRPs in plants

CRPs are unusual small peptides (usually less than 100 amino acid residues) with
stable disulfide bonds and diverse sequences. The disulfide bonds render their
scaffolds highly stable, and amino acid sequences with scaffold support in CRPs can
exhibit multiple biological functions. In plants, CRP is mainly known for its functions
on defending against external pathogens and mediating internal signaling, which is
crucial for plant development. These biological functions or roles shall be discussed
(Table 5).

Plants are constantly under stress from environmental pathogens. To confront the
harmful attacks from pathogens, plants have developed their physical and chemical
defense systems. Physical system can be built up by the strengthened cuticle and the
hardened cell wall, which are natural barriers for pathogen spreading. Unlike physical
barriers, chemical system does not resist pathogens by building the “physical wall”.
This system is mainly responsible for supplying the front line with “chemical warriors”,
like metabolites and peptides. For example, antimicrobial peptides are abundant in
plants and encoded by 2-3% of genes in the genome of some plants [34]. These
peptides are not only resistant to a broad spectrum of pathogens, but also often
characterized by their cysteine-rich property, so-called antimicrobial CRPs. These
CRPs are represented by thionins, defensins, HLP (hevein-like peptides), knottin, LTP
(lipid transfer proteins), hairpinin, and snakins [35].

CRPs in plants are not always harmful to microbes. Instead, they are sometimes
beneficial to microbes by establishing a symbiotic relationship with microbial plant

hosts, like legumes. In this relationship, microbes provide plants with ammonium
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(source of nitrogen); leguminous plants supply microbes with carboxylic acid (source
of carbon) and accommodate them in nodules. CRPs bridge communications between
microbes and legumes, at least in nodule development. Studies show that some CRPs,
like ENOD3 and ENODA4, are encoded by nodule-specific genes in peas. In the nodule-
forming process, these two CRPs begin to express at the early stage and their amount
decreases after 16 days with occurrence of nifH (a bacteria nitrogenase) [36, 37]. In
addition, over nodule-related 300 CPRs with highly conserved cysteine residues are
identified from a nodule-forming legume (Medicago truncatula). As microbial invasion
does not always activate the defense system in legumes [36], nodule-specific CRPs
might be coordinators in a symbiosis between plants and microbes, instead of being
anti-microbial peptides.

CPRs, like RALF (rapid alkalinization factor), actively take part in root growth. The
RALF peptides were widely discovered in species like tobacco, sugarcane, and
Arabidopsis [38-40]. RALF might bind to cell membrane receptors (ATPase) for
alkalinizing the extracellular environment, because disrupting association between
ligands and receptors (using suramin) can inhibit such alkalinization [41, 42]. This view
was reinforced by other evidence: 1) RALF activates the MAPK signaling pathway [43];
2) tomato RALF analog has a typical peptide-receptor dissociation (0.8 x 10~° M) [43];
3) RALF interacts with two proteins (25 kDa and 120 kDa) that might be receptors on
the cell membrane [43].

In stomatal patterning, EPFs (epidermal patterning factors) are CRPs that control
stomata formation in Arabidopsis. For instance, EPF1 is a negative regulator in
stomatal development by acting on TMM and ER signaling pathways [44], while EPF1
mutation leads to a disorder of stomata distribution [45]. EPF1 is likely an excreted

signaling CRP for neighboring cells of stomata precursors. The excreted EPF1 might
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acton TMM and ER receptors of the neighboring cells for regulating stomatal patterns.
More examples of stomatal regulating CRPs are STOMAGEN and CHALLAH. The
former positively promotes stomatal formation, while the latter represses stomatal
formation by directly interacting with stomata-related receptors [46].

Apart from playing a role in pathogen defense, microbe symbiosis, root growth, and
stomatal patterning, CRPs also participate in plant reproduction, involving pollen tube
formation, self-fertilizing prevention, and seed development [47]. These CRPs
functions are based on regulating capacities of CRPs in cellular signaling
communication, suggesting CRPs have high therapeutic potential in human diseases.
Although possessing diverse biological functions, CRPs share high conservation in
terms of disulfide connectivities, cysteine motif (arrangement and spacing), and
cysteine numbers. Based on these conserved characteristics, we can classify CRPs

into different families to seek their biosynthetic, structural, and functional similarities.
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Table 1.5 Cysteine-rich peptides and their roles in plants

Name Plant Expression Cysteine Role Function Reference

RsAFP2 Radish Pathogen induced 8 Defence Pathogen defence Terras et al., 1992a

ENOD3/14  Pea Infected nodules 4 Nodulation Metal binding? Scheres et al., 1990a

RALFs Tobacco Roots 4 Development  Root elongation Pearce et al., 2001b

EPF1 Arabidopsis Epidermal cells 8 Development  Stomatal positioning Hara et al., 2007, Hunt and Gray, 2009
EPF2 Arabidopsis Epidermal cells 8 Development  Negative regulator of stomatal density  Hara et al., 2009

STOMAGEN Arabidopsis Mesophyll cells 6 Development  Positive regulator of stomatal density Sugano et al., 2010, Kondo et al, 2010
CHALLAH Arabidopsis Epidermal cells 8 Development  Negative regulator of stomatal density =~ Abrash and Bergmann, 2010

LATS2 Tomato Pollen 6 Reproduction Pollen tube germination Muschietti et al., 1994

STIG1 Tomato Pistil 6 Development  Positive regulator of pollen tube growth Tang et al., 2004

SCA/LTPS Lily/Arabidopsis ~ Stigma, style 8 Reproduction Pollen adhesion to pistil tube track Mollet et al., 2000; Chae et al, 2009
SCR/SP11 Brassica Pollen 8 Reproduction Male determinant of Sl Schopfer et al., 1999

PrsS Poppy Stigma 4 Reproduction Female determinant of SI Wheeler et al., 2009

LUREs Torenia Synergid cell 6 Reproduction Pollen tube attractants Okuda et al., 2009

ES4 Maize Synergid cell 6 Reproduction  Pollen tube rupture Amien et al., 2010

BAPs Maize Endosperm 4 Reproduction  Antifungal? Serna et al., 2001

AE1/3 Maize Endosperm 8 Reproduction Embryo/endosperm crosstalk? Margnard et al., 2000

MEGH1 Maize Endosperm 8 Reproduction Transfer cell development Costa et al, unpublished data

Note: This table is taken from the work of E Marshall et al. [29].
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1.2.2 Families of plant CRPs

Among diverse CRPs in plants, we are interested in CRPs of 2 to 6 kDa, with six to
eight cysteine residues. In this range, CRPs can be classified into 15 different families
that are unique in their cysteine motifs with evolutionary conservation (Table 1.6). In

my thesis, the following part is limited to plant CRPs from these families.
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Table 1.6 Plant CRP families and their representative members.

Representative member

CRP Family DiNs?J.If?;e Peptide Name AA No. Disulfide Motif
6C-Thionin 3 Crambin 46 S il e~
8C-Thionin 4 B-Purothionin 45 2-04)-C|-7-C-3-Cﬁ-1-6-34:-7-66
8C-Defensin 4 NaD1 47 2-C-10-C-5-C-3-C-9-C-6-C-1-C-3-C
10C-Defensin 5 PhD1 47 zﬁcﬁm I s B s Tl
6C-HLP 3 Ac-AMP1 29 34{«:306!«:«:4
8C-HLP 4 Hevein 43 2-C-8-C-4-C-0-C-5-C-6-C-5-C-3-C-2
10C-HLP 5 EAFP1 41 2-C-3-C-3-C-4-C-0-C-5-C-6-C-5-C-1-C-1-C-2
Knottin 3 PAFP-S 38 2-cs-c-sja-c-3-c-1o-c-3
Cyclotide 3 Kalata B1 29 r%a-l
a-Hairpinin 2 Ec-AMP1 37 6-C-3-C-13 aj-s
Jasmintide 3 iS1 27 2.C-2-C-5-C-6-C-6-CC-3
B-ginkgotide 3 gB1 20 4-0-2-0-03-64:-24:4|4:
Lybatide & Lyba2 33 2-C-3-C-3-C-2-C-10-C-0-C-3-C-0-C-2
Potentide 3 pA3 35 7-C-3-C-2-C-2-C-10-C-1-C4
Ginsentide 4 TP1 31

C-6-C-6-C-0-C-2-C-1-C-4-C-4-C
. — S — e

Note: This table is modified from the work of James P. Tam et al. [48].
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1.2.2.1 Thionin family

Thionins are antimicrobial cysteine-rich peptides with six to eight cysteine residues,
45-48 amino acid residues, and symmetric disulfide bonds. In 1977, purothionin as a
prototypic thionin was discovered from Triticurm vulgare [49]. Following this discovery,
other thionins (a-/B-/y- thionins) were identified from different tissue of monocots and
dicots, including cereal (endosperm), Pyrularia pubera (leaves and nuts), Hordeum
vulgare (leaves), mistletoe (leaves and stems), and Crambe abyssinica (seeds) [50].
a-/B- thionins are highly homologous at their primary, secondary, and tertiary
structures. These two thionins are classified into five types (I, Il, lll, IV, and V; Figure
1.2), according to their charges, cysteine motifs, residue numbers, and origins [51, 52].
Type | is basic with 45 residues from cereals versus 46-47 residues of basic type Il
from Pyrularia pubera [53]. Unlike type | and Il have four disulfide bonds with similar
charges, type lll and IV possess three disulfide bonds, with different net charges (i.e.
basic type lll versus neutral type IV). For origins, type lll and IV are from Viscum album
(European mistletoe) and Crambe abyssinica, respectively. Lastly, type V is a
truncated thionins with unknown functions from cereals, like wheat. Unlike a-/B-
thionins, y- thionins have different structures that are similar to defensins. For this
reason, they were suggested to be placed in the defensin family [54]. Initially, thionins
are recognized as toxins, due to their toxicities on microbes (e.g. bacteria and fungi)
and some animals (e.g. insects) [55-58]. Although the mode of action is still unclear,
positive/hydrophobic thionins might disrupt the membrane integrity by interacting with

negative phospholipids [54, 59-61].
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—— Y- thionins (Structurally like defensins )

Thionin family —

____________________

____________________

I I I I I
Type I Il Il IV \'

. Crambe abyssinica,
Viscum album Y

Origin Cereals Pyrularia pubera (European mistletoe) Phoradendron

Triticum aestivum
(Wheat)

tomentosum
Residues 45 46-47 46 46 37
Disulfide bonds 4 4 3 3 3
Net charges Basic Basic Basic Neutral Neutral
Examples Purothionin, Pp-TH Viscotoxin Crambin, TTHV
hordothionin, Phoratoxin

avenothionin

Figure 1.2 Different types of thionins and their sequence properties.
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1.2.2.2 Defensin family

“Plant defensins” term was named after animal defensins [62], which contain three
types (a, B, and 0) with tissue distributing specificities (Figure 1.3) [63]. Like defensins
from animals (e.g. invertebrates), plant defensins are generally 2-5 kDa in size with
potent antimicrobial properties. As antimicrobial CRPs in plant innate immunity, plant
defensins might exhibit their microbe-killing functions by at least two folds: 1) the
cationic property or basic isoelectric point; 2) sequence variation. Cationic defensin
can electrostatically interact with anionic lipid components in the microbial membrane,
leading to membrane pore formation or its biogenesis inhibition, which causes death
of microbes during their invasion. This speculated mode of action is based on studies
of MtDef5 from Medicago truncatula. MtDef5 is an antibacterial defensin with y-core
motif, and mutation of cationic residues in this motif leads to loss of antibacterial
activities [64]. Sequence variation not only can provide defensin with a broad spectrum
of anti-microbial capacities, but also render defensin promiscuous, meaning
possessing diverse biological functions [65]. For example, other than anti-microbe,
some defensins also show activities on promoting pollen tube formation, exhibiting

amylase-like properties, and increasing mental tolerance [66, 67].
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— Animal defensins
(a-, B-, and 6- defensins)

Defensin family — Cationic properties

Defensin interacting with microbial
membrane, leading to pore formation

—  Plant defensins —

Sequence variation

Functional promiscuity

Figure 1.3 Classification of the defensin family and functional properties of plant defensins.
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1.2.2.3 Hevein-like peptide family

In 1960, hevein as a novel CRP was identified from latex of Hevea brasiliensis [68].
For its chitin-binding domains, the hevein CRPs can inhibit many chitin-containing
fungal strains, such as Botrytis cinerea, Fusarium oxysporum, and Pyricularia oryzae
[69]. In 1998, hevein-like peptides (HLPs) were coined after discovering two hevein
CRP homologs (Pn- AMP1 and Pn-AMP2) from Pharbitis nil L. [70]. Based on their
functional properties, HLPs can be classified into chitin-binding and non-chitin-binding
HLPs , which can be further divided into 6C-, 8C-, and 10C- subfamilies (Figure 1.4).
Chitin-binding HLPs are known for their chitin-binding domain at the third and fourth
inter-cysteine loops (a loop refers to the sequence between cysteine residues. For
example, the third loop is between the third and fourth cysteine residues, which are in
ascending order from the N to C terminals). In the third and fourth loops, chitin-binding
HLPs have a highly conserved motif, SXeG@CGX4@, in which X means any amino
acid residues and ¢ represents aromatic residues [71]. Due to this motif, chitin-binding
HLPs can target a cell wall component, chitin, of many fungi and exhibit a wide
spectrum of anti-fungal activities [35]. In chitin-binding HLPs subfamilies, 6C is thought
to be a truncated variant of 8C, while 10C is regarded as an adding variant of 8C and
this addition shuffles cysteine pattern of 10C. To date, 6C-chitin-binding HLPs contain
over 10 characterized members, such as Ac-AMPs (Amanranthus caudatus) [72],
IWF-4 (Beta vulgaris) [73], and altides (Alternanthera sessilis) [74]. 8C-chitin-binding
HLPs have over 20 characterized members, such as hevein (Hevea brasiliensis) [68],
ginkgotides (Ginkgo biloba) [75], and Fa-AMPs (Fagopyrum esculentum) [76]. 10C-
chitin-binding HLPs have five characterized members, involving EAFPs (Eucommia

ulmoides) [77], WAMPs (Triticum kiharae) [78], and Ee-CBPs (Euonymus europaeus)
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[79]. These few characterized chitin-binding HLPs indicate they are not only
structurally, but also functionally underexplored.

Non-chitin-binding HLPs have the same cysteine pattern and disulfide connectivities
as the ones in chitin-binding HLPs, but lack the chitin-binding domains in loop 3 and
4. So far, non-chitin-binding HLPs have 23 members isolated from five species
(Hibiscus sabariffa, Pereskia bleo, Panax ginseng, Panax nontoginseng, and Panax
quinquefolius). In Hibiscus sabariffa, our lab firstly discovered a group of non-chitin-
binding HLP, termed as roseltides (rT1-rT8) [80]. The roseltides are 27 to 39 residues
in length and identified as non-chitin-binding HLPs (a term created in 2017) with six
cysteine residues [80]. In other words, roseltides belong to 6C-non-chitin-binding
HLPs. Following the discovery of roseltides, our lab reported another group of 6C-non-
chitin-binding HLPs from Pereskia bleo in 2017 and then coined “non-chitin-binding
HLPs” [81]. This group of HLPs is termed as bleogens (pB1-pB5) with 27—40 residues
in length. Unlike roseltides and bleogens have six cysteine residues, ginsentides (TP1-
TP14) were shown to possess eight cysteine residues, and they are a suite of 8C-non-
chitin-binding HLPs from three ginseng species (i.e. Panax ginseng, Panax
nontoginseng, and Panax quinquefolius) [48]. However, 10C-non-chitin-binding HLPs
are still unknown, suggesting our knowledge of non-chitin-binding HLP family should
be expanded in the future.

Collectively, HLPs can be divided into two groups: chitin-/non-chitin-binding HLPs. To
date, chitin-binding HLPs have 38 characterized members and non-chitin-binding
HLPs have 23 characterized members. These reported members are relatively low
compared with other CRP families, indicating that they might exhibit unique functional

properties.
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Figure 1.4 Classification of the hevein-like peptides (HLPs).
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1.2.2.4 Knottin family

The first knottin was discovered as an inhibitor of potato carboxypeptidase in 1982. In
following decades, many knottin-type peptides have been identified, characterized,
and synthesized from different organisms. According to the knottin database

(https://www.dsimb.inserm.fr/kKNOTTIN/), 3320 knottin sequences from 654

organisms are identified (until 29 December, 2021). These organisms cover microbes
(bacteria and fungi), animals (e.g. agouti, spiders, and insects), and plants (e.g. maize).
In plants, knottins are typically ~30 amino acid residues in length with three disulfide
bonds. Plant knottins can be generally classified into two groups, which are cyclic and
linear knottins (Figure 1.5), based on whether their backbones at N and C terminals
are cyclized or ligated by ligases (e.g. butelase 1 [82]). Cyclic knottins subfamily is
represented by cyclotides, which have 35 determined NMR structures in the KNOTTIN
database, such as structures of Circulin a, Kalata b1, and Palicourein. These
cyclotides are derived from many plant species, such as Chassalia parviflora, Viola
odorata, and Oldenlandia affinis. Functionally, these cyclotides possess diverse
biological activities, involving anti-HIV, cytotoxic, and uterotonic. In contrast to cyclic
knottins, linear knottins have no cyclized backbones, and they are either acyclic
(meaning with sequence homology to cyclic knottins, but without head-to-tail
backbone cyclization) or native linear (meaning unlike cyclotide in terms of sequences
and cyclization). Acyclic knottins are exemplified by acyclotides, such as violacin A
from Viola odorata and hedyotide B2 from Hedyotis biflora [83, 84]. Native linear
knottins, for example, have alstotides from Alstonia scholaris and wrightides from
Wrightia religiosa [85, 86]. Thus, knottins present a special CRP family with both cyclic
and linear subfamily, and possess multiple biological functions, indicating their

potential as agricultural and medicinal uses in the future
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1.2.2.5 Other plant CRP families

Classified plant CRP families also have a-hairpinin, lipid transfer proteins (LTPs), and
snakins (Figure 1.6). Although being unique in their structures at primary to tertiary
levels, these CRP families, so far, have few members reported. a-hairpinin is a family
of Lys/Arg-rich CRP with cystine-stabilized antiparallel a-helices. This family has
limited members (~10 members) reported, such as MBP-1 from Zea mays L. [87],
MiAMP2s from Macadamia integrifolia [88], Ec-AMP1 from Echinochloa crus-gali [89].
LTPs (e.g. LTP1 and LTP2) are another CRP family with unusual molecular weight
(>7 kDa) [90], compared with usual CRPs (< 6 kDa) from other families like thionin,
defensin, knottin, and hevein-like peptides. LTPs exist in various plant species, like
radish, maize, and wheat [90-92]. They are cationic 8C-CRPs that were thought to
play a lipid-transferring role between intracellular organelles, but inconsistency was
observed in newly discovered LTPs [93]. Another CRP family with a molecular weight
of over 7 kDa is snakin. The snakin is a class of AMPs with 12 disulfide bonds in the
plant defense system. For example, snakin-1 and -2 from Solanum tuberosum, as
defense barriers, protect plants from pathogen invasion [94, 95]. In addition, novel
CRP families have been discovered in our laboratory, including jasmintide, ginkgotide,
lybatide, potentide, and ginsentide (Figure 1.6). These work enriched our knowledge
of CRP families and triggered our interest in function investigation for future medicinal

use.
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Figure 1.6 Other plant CRPs families with relatively few members.
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1.2.2.6 Statistics of major CRPs in plants

In plant CRP families, defensin and cyclotide are the major CRP members. By
searching PubMed database with “defensin” or “cyclotide”, we found that thousands
of academic papers have been published and this number is still increasing.
Specifically, until 16" December 2022, “defensin” has 8460 related publications since
1985. “Cyclotide” has 510 related publications since 1948. In contrast, “lybatide” family
has only two papers published (in 2017 and 2022), and “wuweizitide” family has no
publications so far (Figure 1.7), suggesting these two CRP families are rare in planta

and their unusual scaffold might provide new engineering possibilities.
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Figure 1.7 Publications of our current studies (wuweizitide and lybatide families) and the major plant CRPs.
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1.2.3 General classifications of plant CRPs

For plant CRP general classification, other than the number of cysteine residues (i.e.
6C, 8C, and 10C), disulfide connectivities and cystine pattern are other two key factors.
Based on these two factors, these CRPs, in theory, have hundreds of unique forms at
the primary sequence level. For example, taking only disulfide connectivity into
account, we found that a CRP containing 6-10 cysteine residues can exhibit 176
different connectivities. Since these diverse cysteine motifs directly determine three-
dimensional structures and functional engineering possibilities, it is worthwhile to have
a clear understanding of them.

1.2.3.1 Disulfide connectivity-based classification

Disulfide connectivities of plant CRPs have at least six different forms (type I-V; Figure
1.8). Unlike other forms that are rarely characterized, type | (cystine-knot like
connectivity) and type Il (thionin-like connectivity) are major classes. Type | that can
be further divided into type | a and type | b is the commonest in plant CRPs, as
demonstrated by a large amount of studies on defensins and cyclotides (a type of
knottins) in the NCBI database (Figure 1.7). At the primary level, type | a has six
cysteine residues and specific disulfide linkages (Cys I-IV, Cys 1I-V, and Cys IlI-VI). At
the tertiary level, this knottin-like linkage, however, may display differently. For
example, knottins and hevein-like peptides are with similar in terms of connectivities
at the primary level, but they may differ at the tertiary level (their structural
characteristics will be discussed later in this chapter). Unlike type | a with six cysteine
residues, type | b has eight or ten that can form four or five disulfide bonds, respectively.
These additional disulfide bonds in type | b do not intervene formation of Cys I-IV, Cys
[I-V, and Cys IlI-VI. Thus, we could consider 8C-type | b as a derivative CRP from 6C-

type | a by having one more disulfide bond.
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In contrast to asymmetric type |, type Il is symmetric and can be further divided into
type lla (6 C), type Il b (8 C), and type Il c (4 C), according to their number of cysteine
residues contained. In type Il, the simplest connectivity is type Il ¢, represented by a-
hairpinin with two symmetric disulfide bonds [96]. Type Il a, like 6C-thionin [97], has a
disulfide linkage of Cys I-VI, Cys 1I-V, and Cys IllI-IV. Type Il b, like 8C-thionin [98],
possesses one more symmetric disulfide bond formed between first and last cysteine
residues (Cys | and Cys VIII), compared with 6C-thionin. The additional disulfide bond
does not have to be symmetric, like in lybatides [99], a CRP with one more asymmetric
disulfide bond between Cys | and Cys VI based on symmetric three disulfide bonds.
These 8C CRPs with additional asymmetrical/symmetrical disulfide bonds, in a sense,
could be treated as structural derivatives of 6C thionin or 4C a-hairpinin. The
relationship between these 4C, 6C, and 8C type Il presents an interesting evolutionary
mystery.

Other CRPs with unique disulfide connectivities were type lll jasmintides, type IV
potentides, and type V B-ginkgotide (Figure 1.8). A limited number of plant CRPs
members in these novel types (IlI-V) indicates that plant CRPs connectivities are
unusual and could provide novel scaffolds for peptidyl drug carriers. Also, six types of
discovered connectivities, in contrast to theoretical 176 different connectivities,
suggest one possibility that these types are unctionally selected by nature in the

evolution of plants.

33



Examples:

——=] a(6C-CRPs) --------- Knottins
— Typel cC-C-C-C-C-C o . .
Lonmvovow b (8C/10C-CRPs) ----. Hevein-like peptides and defencins
a (6C-CRPs) --------- 6C-thionins
e ( )
& [ Type |l C-(E-(”:I-sv:-(v:-(v? b (8C-CRPs) --------- 8C-thionins and lybatides
& .g c (4C-CRPS) --------- a-hairpinins
e 2
38— [T 1] -
n © — Typell C-C-C-C-C-C ------------------------ Jasmintides
- momovovowv
o c
3
—f— /| ;
— Type IV C-C-C-C-C.C ~~~-==r==r==r-oemosooe Potentides
i m v v v
— 7 1 | . .
— TypeV CLLLLL ---mmom-rmmmmmomcomsmces B-ginkgotides
I m v v v

Figure 1.8 Disulfide connectivity-based classification of plant CRPs.

This figure is modified from the work of J. Huang (Ph.D. thesis, Nanyang Technological University, 2019).
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1.2.3.2 Cysteine pattern-based classification

Cysteine pattern is formed by cysteine residues and intercysteinyl loops that might or
might not carry functional peptidyl segments. As the length of these segments various,
we decide to classify these cysteine patterns, instead of using the number of amino
acid residues in each loop, based on the number of successive cysteine residues (or
number of “-CC-"). From currently known plant CRP families, they can be classified
into three classes: 1) non-successive Cys residues; 2) one pair of successive Cys
residues; 3) two pairs of successive Cys residues (Figure 1.9). The first class has
non-successive Cys residues in their cysteine pattern and contains four to eight
cysteine residues, such as a-hairpinin with four, potentide with six, and defensin NaD1
with eight. The second class can be seen in 6C-, 8C-, and 10C- families, and in this
class, one Cys pair can be formed in different places of cysteine pattern. For example,
6C-thionin crambin has the Cys pair at the N terminal; 6C-hevein like peptides have
the Cys pair in the middle; jasmintides possess the Cys pair at the C terminal. The
third class of CRP has two pairs of Cys residues and only two members have been
isolated and characterized so far. These two members are the 6C (-ginkgotide and
the 8C lybatide. These cysteine patterns determine the intercysteinyl loop length or
size that is one of the key determinants for peptide functions, as the length might affect

the holding capacity of sequence information and peptidyl structural conformations.
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Figure 1.9 Cysteine pattern-based classification of plant CRPs.
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1.2.4 Biosynthesis of CRPs
1.2.4.1 Translocating pathways to the endoplasmic reticulum (ER)

CRP precursors are biosynthesized by the cytoplasmic ribosome and then
translocated into ER. In this translocating process, different excretory pathways could
be involved, such as the Sec pathway, the SRP pathway, and the Tat pathway [100].
The Sec pathway can translocate unfolded proteins post-translationally. Accompanied
by Sec machinery (e.g. Sec A, E, G, Y, and DF) [101], the unfolded proteins were
guided to ER for excretion. The SRP pathway occurs co-translationally and involves
machinery like SRP complex, SRP receptors, and Sec 61 [102, 103], to ensure an
efficient translocation of proteins into ER. Lastly, the Tat pathway is responsible for
translocating mature proteins. In this pathway, although participating machinery varies
in different species, Tat A and C are treated as essential [104]. After ER localization
via different pathways, the proteins start to fold or refold into a mature form, to be post-

modified, and to be excreted into different intracellular locations or extracellular places.

37



1.2.4.2 CRP precursor domains

CRP precursors can in maximum exhibit four domains: signal domains, pro domains,
mature domains, and c tails (Figure 1.10 A). Being translocated into ER, the signal
domain (or signal peptide) provides protein couriers (i.e. machinery in secretory
pathways) with a precise delivery address. In other words, only with signal peptides in
precursors can proteins enter excretory pathways [105]. The signal peptides are
generally ~25 amino acid residues in length with three regions: N-region, H-region,
and C-region (Figure 1.10 B) [105]. N-region at the amino terminus is 1-5 residue long.
By being positively charged, this N-region has at least three functions: 1) binding to
the phosphate group on the ER membrane, an essential step for protein translation
[106]; 2) together with C-region, conferring basic-to-neutral orientation of signal
sequence [107] and making recognition of cutting-site effortless for SPase I; 3)
preventing signal disorders caused by other signal peptides, as others (e.g.
mitochondria-/chloroplast-organelle-targeting) could be more basic [108]. For the H-
region, it is hydrophobic with 7-15 residues in length [105]. This region tends to form
a-helical conformation, together with its hydrophobic property, contributing to its
membrane-spanning capability. Also, H-region affects the translocation efficiency of
proteins and determines ER translocating pathways [100, 109, 110]. The C-region
normally consists of 3-7 hydrophilic and no charge residues [105]. As the cleavage
site should not be far from the membrane binding domain (e.g. H-region), the C-region
is not long [100]. Although the sequence of signal peptides varies, the cleavage site
of C-region is highly conserved among different species. Specifically, the presence of
Ala at the C terminal of C-region is crucial for the recognition by SPase [100]. The
well-conserved cleavage site and highly-diverse signal sequences not only can ease

the enzyme supply for cutting, but also can specifically translocate characteristic
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proteins in cells. In addition, other domains such as pro domain and c tails also take
partin the protein translocation, besides their roles in organelle targeting and structural

folding [111].
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Figure 1.10 General structural architectures of a CRP precursor.
The number of domains might varies in different CRP precursors, but signaling and mature domains are conserved. For example,

cyclotide precursors have four domains, while thionin precursors have only three domains.
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1.2.4.3 Folding and disulfide formation in the ER

For the newly synthesized CRPs, ER is the first location in their excretory pathway.
After reaching ER lumens, linear forms of CRPs start to be folded into three-
dimensional conformations, which are stabilized by disulfide bonds. To ensure a
proper disulfide formation, ER not only provides an oxidating environment, but also
two key players: protein disulfide isomerase (PDI) and ER oxidoreductase 1 (ERO1).
ER environment differs from the cytosolic one in two aspects: GSH:GSSG ratio and
enzymes with thioredoxin domains. In the cytosol, GSH:GSSG ratio is higher than the
ratio in ER, as glutathione exists mainly in a reduced form (or the GSH form) [112].
Other groups of enzymes (e.g. glutathione reductase, thioredoxin, and thioredoxin
reductase) can form a reducing system to prevent disulfide formation in the cytosol
[113]. In contrast, ER environment has a lower GSH:GSSG ratio. Proteins with
thioredoxin domains in ER have higher reduction potential in the active site,
suggesting a higher tendency to form disulfide bonds [114, 115]. In this case, ER can
have a robust redox buffer for the disulfide formation.

Disulfide formation requires two crucial enzymes: PDI and ERO1 (Figure 1.11). On
one hand, the PDI is ubiquitous in all eukaryotic cells and it functions as relaying
disulfide to substrates, like CRPs. PDI achieves this relaying function by thioredoxin-
like domains, which can accept electrons from thiol groups in substrates and lead to
disulfide bond formation [116, 117]. On the other hand, oxidation form of PDI is
contributed by ERO1 that functions as a vehicle to transfer oxidating power from
oxygen to PDI [116, 117]. The oxygen then loses two electrons to form hydroxy
peroxide, which can further be cleaned by other enzymes, such as glutathione

peroxidase and peroxiredoxin 1V, to relieve intracellular oxidative stress [116].
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Taken together, ER as a place for CRPs maturation has a robust buffer system,
containing oxidating components (e.g. low reduced glutathione) and crucial proteins
(e.g. PDI and ERO1). This system can fold linear CRPs into a three-dimensional

molecule with super stable structures, the premise for CRP biological functions.
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Figure 1.11 Putative disulfide formation of plant CRPs in the ER.

This figure is adapted from the work of Yayoi Onda [117].
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1.2.5 Molecular structures of CRPs

1.2.5.1 Thionin structures

Thionins are unique in primary, secondary, and tertiary structures (Figure 1.12). They
are cationic with three or four symmetric disulfide connectivity [54]. Although varying
in the number of disulfide bonds, in secondary structures, 6C-/8C-thionins commonly
possess a B1-a1-a2-B2-coil motif [35]. In this motif, two a-helices constitute a long arm,
while two wwz2rands constitute a short arm, and these two arms then form a gamma
I-like fold in their tertiary structures [118]. To maintain this unique fold, thionins employ
three to four disulfide linkages. In 8C-thionins, there are four disulfide bonds: 1) Cys |
of B1 to Cys VIII of a coil at the C-terminal; 2) Cys Il of B1 to Cys VII of $2; 3) Cys Il
of a1 to Cys VI of loop 4; 4) Cys IV of a1 to Cys V of a2. In 6C-thionins, they also have
similar disulfide connectivities, with one missing connectivity (i.e. disulfide bond
between Cys Il and Cys VII). In addition, thionins have a disulfide bond linking between
C- and N-terminal sequences, loosely forming a pseudocyclic peptide and further

stabilizing the characteristic thionins.
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Figure 1.12 Primary, secondary, and tertiary structures of plant thionins.

(A) Thionins members with their disulfide connectivities and B1-a1-a2-B2-coil motif.
(B) Tertiary structures of thionins with a gamma I'-like fold. This figure is obtained from

James P. Tam et al. [48]
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1.2.5.2 Defensin structures

In primary structure (Figure 1.13 A), plant defensins typically have eight cysteine
residues, forming four disulfide bonds, except for ten disulfide bonds in PhDs [119]. In
these four bonds, three of them form a knottin-type connectivity at the primary level,
but not at a tertiary level, and one bond at N- and C-termini forms a pseudocyclic
structure in plant defensins [65]. In the secondary structure (Figure 1.13 B), plant
defensins contain one a helix and three anti-parallel 8 strands, which are stabilized by
three disulfide bonds [65, 120]. These secondary structures of plant defensins can
also be observed in mammalian defensins [121]. In tertiary structures, plant defensins
and mammalian are different from each other (Figure 1.13 B and 1.14). Plant
defensins have a cystine-stabilized af fold (or Csaf3 motif) that belongs to the cis-
defensins superfamily. In this superfamily, two disulfide bonds from the CXC motif of
the third B strand both links to the same a helix, and this type of topology is called cis
(Figure 1.14 A and C). Mammalian or invertebrate defensins have -CC- motif in the
third 8 strand, projecting two disulfide bonds to different secondary elements, and thus
these invertebrate defensins are from trans-defensin superfamilies (Figure 1.14 B
and D). Other than the well conserved Csaf3 motif, amino acid and loop length of plant
defensins vary, contributing to diverse functions, such as antimicrobial and neurotoxic

activities.
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Figure 1.13 Primary, secondary, and tertiary structures of plant defensins.

(A) Defensins members with their knottin-type disulfide connectivities and secondary
structures. (B) Tertiary structures of defensins with one a helix and three anti-parallel
B strands, which are stabilized by disulfide bonds. This figure is obtained from James

P. Tam et al. [48]
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Figure 1.14 Tertiary structures of plant and mammalian defensins.

(A) Plant cis-defensins (NaD1, PDB: 1MR4 ). (B) Mammalian trans-defensins (HBD1,
PDB: IJV). (C) cis topology is two disulfide bonds (yellow) from the 8 strand link to the
same a helix. (D) trans topology is one disulfide bond (yellow, 5 to 1) from the B strand
links to the a helix, while another (yellow, 6 to3) is projected in the opposite direction.

This figure is from J. Huang (Ph.D. thesis, Nanyang Technological University, 2019).
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1.2.5.3 Hevein-like peptide (HLP) structures

HLPs contain chitin-binding (CB) and non-chitin-binding (non-CB) HLPs subfamilies.
Since the difference between these two subfamilies is the CB domain (see details
below), we only used CB-HLPs as examples for structural discussion. CB-HLPs,
based on cystine number can be further classified into 6C-, 8C-, and 10C- HLPs
(Figure 1.15). The 6C-CB-HLPs contain a knottin-type disulfide connectivity at the
primary level (not at the tertiary level) [35], this connectivity locks two anti-parallel 3
strands and two a helices [35]. Also, the 6C-CB-HLP has four intercysteinyl loops.
Among these loops, the loop 3 and loop 4 contain a chitin-binding domain:
SXeGeCGX4@p, in which X stands for any residues and ¢ represents aromatic
residues (Figure 1.15) [35]. 8C-CB-HLPs, compared with 6C-CB-HLPs, have an
extender at its C terminal, containing the fourth disulfide bond and one more 3 strand
(like the hevein, Figure 1.16). Although 10C-CB-HLPs possess one more disulfide
bond compared with 8C-CB-HLPs (Figure 1.15), the location of this additional
disulfide bond varies. For example, EAFPs from Eucommia ulmoides Oliv have the
fifth disulfide bridging between an N-terminal coil and a B strand 3 [122], while in Ee-
CBP from Euonymus europaeus, the fifth disulfide bond locates at in the C-terminal
[123]. In a word, 6C-/8C-/10C-HLPs are similar to each other in structure, but might

be different in functions, as the same structural scaffold can hold different sequences.
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Figure 1.15 Cysteine motifs of chitin-binding and non-chitin-binding HLPs.
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Ac-AMP1 VGE(I‘.-VRG-R—-<I,PSGMKI, !SQFGY(!GKGPKY'.G--A-I ------ l----
Ac-AMP2 VGEC-VRG-R--CPSGMCCSQFGYCGKGPKYCG - - = = = = = = =« - Racais
Ar-AMP AGEC-VQG-R--CPSGMCCSQFGYCGRGPKYCG -~ - == -~~~ - R- - -
Hevein -EQCGRQAGGKLCPNNLCCSQWGWCGSTDEYCSPDHNCQSN-CKD - -
Pn-AMP1 -QQCGRQASGRLCGNRLCCSQWGYCGSTASYCG- -AGCQSQ-CRS - -
Avensin A WSGCSP - - - - - - CPGNECCSKYGYCGLGGDYCG--AGCQSGPLYG - -

Fa-AMP1 - AQCGAQGGGATCPGGLC
Fa-AMP2 - AQCGAQGGGATCPGGLC

-SQWGWCGSTPKYCG- -AGCQSN-CK- - -
-SQWGWCGSTPKYCG- -AGCQSN-CR~- - -

D" i e A i G | SR et R |l g

UDA -QRCGSQGGGGTCUPALWCCS IWGWCGDSEPYCG- -RTCENK-CWSG -
WGA3 -QRCGEQGSGMECPNNLCCSQYGYCGMGGDYCG- -KGCQNGACWTS -
EAFP1 ~QTCASRCPR-PCNAGLCCSIYGYCGSGNAYCG-AGNCRCQ-CRG- -
EAFP2 ~-QTCASRCPR-PCUNAGLCCSIYGYCGSGAAYCG-AGNCRCQ-CRG - -
WAMP-1a AQRCGDQARGAKCPNCLCCGKYGFCGSGDAYCG-AGSCQSQ-CRGC -
Ee-CBP -QQCGRQAGNRRCANNLCCSQYGYCGRTNEYCCTSQGCQSQ-CRRCG

EAFP2 WAMP-1a

Figure 1.16 Primary, secondary, and tertiary structures of HLPs.

(A) Primary sequences of hevein-like peptides (HLPs), with aromatic residues
(marked by asterisks) in the chitin-binding motif. (B) Tertiary structures of 6C-HLPs
(Ac-AMPs), 8C-HLPs (hevein and WAMP-1a), and 10C-HLPs (EAFP2). This figure is

obtained from James P. Tam et al. [48]
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1.2.5.4 Knottin structures

Knottins have three disulfide bonds, forming connectivity of Cys I-1V, Cys II-V, and Cys
[lI-VI (Figure 1.17). Although some defensins and HLPs share this disulfide
connectivity in primary sequences, they do not have the knottin topology at the tertiary
level. The core structural topology of knottins is that two disulfide bonds (Cys I-IV and
Cys 1I-V), together with peptide backbones in between, constitute a macrocyclic that
is threaded by the third disulfide bond: Cys IlI-VI (Figure 1.17). Due to this knot-like
topology, knottins are treated to have “peptide promiscuity”, a term to describe their
multiple biological functions discovered thus far [67, 124]. Other than the core topology,
knottins also contain some characteristic secondary elements, like cystine-stabled
triple B strands [124]. The linear knottins can be cyclized from head-to-tail of the
peptide backbone to form cyclotide [125], or by using a disulfide bond to link the head

and tail of the backbone to form pseudocyclic peptides [86] (Figure 1.18).
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| I nm wv Vv Vi

Figure 1.17 Structural topology of knottins.

The macrocyclic (the dashed line), formed by two disulfide bonds (orange) and the peptide backbone (grey), is penetrated the third
disulfide bond (blue) to form a knot. This figure is adapted from a figure in Knottin database in Jan, 2022 (website link:

https://www.dsimb.inserm.fr/KNOTTIN/)

53


https://www.dsimb.inserm.fr/KNOTTIN/
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PAFP-S AG(l? | KNGGR&NASA-GPPY(':(l:SSY-(llFQIAGQSYGVCKNR
Mj-AMP1 -QCIGNGGRCNENV -GPPYCCSGF -CLRQPGQGYGYCKNR
Mj-AMP2 --CIGNGGRCNENV -GPPYCCSGF -CLRQPNQGYGVCRNR
AAI --CIPKWNRCGPKMDGVP -CCEPYTCT---SDYYGNCS - -
| 1 1
CMTI4 - - - - - RVCPRILMECKKDSDCLAE- -CV-CL -EHGYCG- - - -
Panitide L2 --PQLPICGET---CVLGR-CYTPN-CT-C--QYPICVR- - -
Violacin A --SAIS-CGET---CFKFK-CYTPR-CS-C--SYPVCK- - - -
PCI EQHADP I CNKP - - -CKTHDDCSGAWFCQACWNSARTCGPYVG

Figure 1.18 Primary, secondary, and tertiary structures of knottins.

(A) Knottins sequences and their secondary structures. (B) Examples of tertiary

structures of knottins. This figure is obtained from James P. Tam et al. [48].
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1.2.5.5 Other CRP structures

CRP families also include a-hairpinin, lipid transfer proteins (LTPs), and snakins. The
a-hairpinin has two symmetric disulfide bonds, stabilizing two helices in its structures
(Figure 1.19 and 1.20). These helices dominating properties distinguish a-hairpinin
from other CRP with wwz2rands. In structures of LTPs, a-helices are stabilized by four
disulfide bonds [126, 127], and the inner cavity of these a-helices is hydrophobic,
responsible for binding to lipids [128-131]. The structures of snakins are not well
characterized thus far, but they are predicted to show a-helices and six disulfide bonds.
In addition, other CRPs with newly discovered structures include jasmintides,
ginkgotides, lybatides, potentides, and ginsentides. These new CRP families enriched

our knowledge on CRP structural diversity.
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Figure 1.19 Primary, secondary, and tertiary structures of a-hairpinin.
(A) a-hairpinin sequences and their secondary structures. (B) Examples of tertiary structures of a-hairpinin. This figure is obtained

from James P. Tam et al. [48]
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Barley LTP1 LNCGQVDSKMKPOLT -YVQG GPGPSGE CNGVRDLHNQAQSS GDRQTVI N LKG IARGIHNLNLNN AASIPSKON VNVPYTISPDIDCSRIY
Mung bean LTP1 MTOCGQVQGNLAQO I1G FLQK GGVVPPS TOGVEKNILNSSRTT ADRRAVUSULKAAAGAVRGINPNN AEALPGK .G VNIPYKISTSTNUNSIN
Lentil LTP1 AISCGAVTSDLSPOLT YLTG GPGPSPQ GGVKKLLAAANTT PDRQAACNCLKSAAGSITKLNTNN AAALPGK(O G VNIPYKISTTTINONTVKF
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I 1 T 1 1 | |
Wheat LTP2 ACQ ASQLAVCAS AILS GAKPSGE GNLR AQQG F QYAKDPTYGQYIRSPH ARDTLTS G LAVP H
Rice LTP2 AGCN AGQLTVOTG AIAG GARPTAA SSLR AQQG F QF AKDPRYGRYVNSPN ARKAVSS( G 1ALP TOH
Maize LTP2 ANPON PAQLTPOCAGPALFG GAVPP A AQLR AQQGU LU GYARSPNYGSYIRSPN AARLFAICN LPMP RCR
DIRY AIDLOGMSQDELNE KPP AVSKENPTSPSQP TALQH ADFACLOCGYKNSPWLGSFGVDPELASALPKQ G- LANAP T

C
Maize LTP1 Wheat LTP2

Figure 1.20 Primary, secondary, and tertiary structures of lipid transfer proteins (LTPs).
(A) Lipid transfer proteins (LTPs) sequences and their secondary structures. (B) Examples of tertiary structures of lipid transfer

proteins (LTPs). This figure is obtained from James P. Tam et al. [48]

o7



1.2.6 Chemical synthesis of CRPs

Compared with synthetic compounds, natural CRPs normally have more complex
molecular structures, partially due to the long-time biological evolution and multiple
functions. Although this complexity may render them functionally beneficial, producing
CRPs in tedious conventional ways, like isolation from plants, is not desirable anymore.
Solid-phase peptide synthesis (SPPS) and oxidative folding are rapid and robust
chemical ways of producing CRPs. This method not only accelerates the functional
investigation of CRPs, but also paves a road for structurally optimizing CRPs with
better efficacies and specificities.

SPPS method was first reported by Bruce Merrifield in 1963 [132]. In following several
decades, this method has been developed into a robust way for synthesizing various
peptides, even peptides with post-translational modifications [133]. The SPPS
generally has three key steps (Figure 1.21). First, the C-terminal of the first amino
acid residue, with its side chain and alpha-amino groups protected, is directly or
indirectly (via a linker) attached to the insoluble resin, like crosslinked polystyrene.
After that, resin, with an attached residue, is washed and filtered for clearing unwanted
by-products and reagent waste. Second, the alpha-amino group of the first residue on
the resin is deprotected, and a new residue, with protection of its side chain and alpha-
amino groups, is then coupled to the alpha-amino group of the first residue. The first
and second steps are repeated until the synthesis of a full sequence is complete. Third,
all protective groups on the newly synthetic peptides are removed, and then (or at the
same time) the sequence is released from the resin by using cleavage reagents. In
my projects of this thesis, we synthesized linear CRPs by SPPS, and then folded them

into three-dimensional CRPs by oxidative folding.
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Oxidative folding of CRPs is referred to the formation of correct disulfide bonds
intramolecularly. In vitro, many variables should be taken into consideration, such as
redox buffer, pH value, peptide concentrations, and additives. Typically, the redox
buffer mimics the environment of ER lumen where CRP disulfide bonds are formed.
The redox buffer contains oxidants, like glutathione, dimethyl sulfoxide, and (z)-trans-
1,2-bis(2-mercaptoacetamido)cyclohexane (BMC) [134, 135]. pH value can influence
deprotonation (or activation) of thiol groups that is a premise for disulfide formation
[136, 137]. Peptide concertation, in aqueous folding, could not be too high (normally
20 — 50 uM), because the high concentration increases the ratio of intermolecular
disulfide formation [138]. The additives might also improve the yield of CRPs folding.
For example, adding salt can inhibit the electrostatic interaction [139], and detergent
might improve the folding yield of hydrophobic peptides [140]. In addition, folding
temperature and time also are variables that could influence oxidating folding of CRPs.
Therefore, the development of SPPs and oxidative folding might be effective solutions

for peptide production, which is a bottleneck of CRP scaled-up applications.
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Figure 1.21 Solid-phase peptide synthesis and oxidative folding of CRPs.

Abbreviations are as follows: Rs (resin), SP (side-chain protective group), and Aa

(amino acid residues).
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1.3. Underexplored CRPs in medicinal plants

1.3.1 Underexplored medicinal CRPs

At the primary structural level, CRPs can be classified by cysteine motifs that include
disulfide connectivity, cysteine numbers, and the cysteine pattern (also known as
framework or spacing). The cysteine pattern directly influences the length and
distributions of intercysteinyl sequences that are crucial for biological functions of
CRPs. For these reasons, we often use the cysteine pattern to structurally classify
CRPs, aiming to determine their functional and evolutional similarities. Compared with
CRPs patterns in animals like cone snails, plant CRPs frameworks are markedly
underexplored. In cone snails, conotoxins are specific CRPs and used for immobilizing
prey or predators, because they can bind to ion channels, receptors, and transporters
on neuronal cells with high affinity [141]. So far, the conotoxins have 31 different
patterns with cysteine numbers of 4-12 (Table 1.7). In contrast to conotoxins with 31
patterns, plants have relatively fewer cysteine patterns discovered. From the
transcriptomic analysis of 1267, it is estimated that these plants have 46,112 CRPs in
theory [142]. Because cysteine patterns are structural skeletons for functional peptide
sequences, structurally under-exploration also indicates functionally under-exploration

of CRPs in plants.
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Table 1.7 Cystine pattern-based classification of conotoxin.

This table was taken from the ConoServer database in Jan. 2022 (website link:

http://www.conoserver.org/?page=classification&type=cysteineframeworks).

#
FRAMEWORK CYSTINE PATTERN CYSTERA CONNECTIVITY REFERENCE
1 ce-C-C 4 111, 111V %é W.R. et al. (1981) J. Biol. Chem. 256:4734-
T cece-c-c-C 6 532"23"0 C. et al. (1992) Biochemistry 31:9919-
III Cc-c-c-cCc 6 Sato.S. et al. (1983) FEBS Lett. 155:277-280
v CC-C-C-C-C 6 1SV, 11111, IV-VI ggisnezilber M. et al. (1995) Biochemistry 34:8649-
Walker,C.S. et al. (1999) J. Biol. Chem.
¥ GetC LY 274:30664-30671
VI/VII C-C-CC-C-C 6 RVATRVATIRY g(l)ié/coera B.M. et al. (1984) Biochemistry 23:5087-
VIII C-C-C-C-C-C-C-C-C-C 10 England,L.J. et al. (1998) Science 281:575-578
T C-C-C-C-C-C 6 IV, 1=V, 111V %gggan M.B. et al. (2000) Biochemistry 39:1583-
i i g Balaji,R.A. et al. (2000) J. Biol. Chem.
X CC-C.[PO]C 4 -1V, -1 275-39516-39522
-V, 11-VI, VI, Jimenez,E.C. et al. (2003) J. Neurochem.
X GECoCtL0 8 v 85:610-621
T C-C-C-C-CC-C-C 8 g;%vgvn M.A. et al. (2005) Biochemistry 44:9150-
XITT C-C-C-CC-C-C-C 8 1A1g;1u:j}|é1r M.B. et al. (2005) Biochemistry 44:11130-
YTV C-C-C-C 4 1111, 111V I;A;glléegc. et al. (2005) Biochemistry 44:15986-
XV C-C-Cc-C-C-C-C 8 Peng.C. et al. (2008) Peptides 29:985-991
XVI C-C-CC 4 Pi,C. et al. (2006) Genomics 88:809-819
XVII C-C-Cc-Cc-Cc-C 8 Yuan,D.D. et al. (2008) Peptides 29:1521-1525
XVIII C-C-CC-CC 6 Chen.J.S. et al. (1999) J Nat Toxins 8:341-349
XIX C-C-C-Ccc-C-C-C-C 10 Chen.P. et al. (2008) Toxicon 52:139-145
Loughnan,M.L. et al. (2009) Biochemistry
XX C-CC-Cc-Cc-Cc-C-C-C 10 48:3717-3729
Moller,C. and Mari.F. (2011) Biopolymers
XXI Cc-c-c-c-cc-c-c-C 10 96:158-165
XXII C-C-C-C-C-C-C-C 8 Elliger,C.A. et al. (2011) Toxicon 57:311-322
S C-C-C-CC-C 6 }(zgl\géet al. (2012) J Biol Chem 287:14973-
XXIV C-CC-C 4 Luo.S. et al. (2013) PLoS ONE 8
XV C-C-C-C-CC 6 %?I:ltllar M.B. et al. (2013) Peptides [ahead of
XXUY C-C-C-C-CC-CC 8 ?;(r)r;éldez J. et al. (2013) Mar Drugs 11:1188-
XXVII C-C-C-CCc-C-C 8 Jin,A.H. et al. (2015) Proc. Biol. Sci. 282
XXVIII C-C-C-Cc-c-Cc-C-c-C 10 Lu et al. (2017) Peptides, 94, pp.64-70 94:64-70
XXIX CCC-C-CC-C-C 8 Bernaldez-Sarabia et al. (2019) Toxins 11:128
XXX C-C-Ccc-c-c-c-cc 10 Bernaldez-Sarabia et al. (2019) Toxins 11:128
Kancherla,A.K. et al. (2015) ACS Chem. Biol.
XXXII C-CC-C-C-C 6 10:1847-1860
XXXIII C-C-C-C-C-C-C-C-C-C-C-C 12 ;’;Tg;-BIas,J.R. et al. (2019) Marine drugs
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As mentioned above, the plant CRPs have at least seven different families, including
thionins, defensins, knottins, a-hairpinin, lipid transfer proteins (LTPs), and snakins.
These plants CRPs are well-known for their anti-microbial activities [35], but CRPs
from medicinal plants are rarely structurally and functionally investigated. To broaden
plant CRPs from medicinal plants, our laboratory first characterized jasmintide from
Jasminum sambac [143], ginkgotide from Ginkgo biloba [144], lybatide from Lycium
barbarum [99], and ginsentide from ginseng [48]. Because these CRPs are derived
from medicinal plants with a long history of medicinal uses and are highly stable in
structures, they might have great potential of being developed into orally active drugs
or leads for therapeutics. However, these CRPs from medicinal plants are rarely

reported in terms of their biological functions.
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1.3.2 Neglected chemical space in medicinal plants

In medicinal plants, the phytochemicals can be generally divided into three groups with
different chemical spaces (or molecular weight, M.W.). These three groups are: 1)
small molecules with M.W. less than 1 kDa; 2) macromolecules with M.W. more than
10 kDa; 3) peptidyl molecules with M.W. between 1 and 10 kDa (Figure 1.23). In
modern studies of medicinal plants, small molecules are intensively studied, in
contrast to rare investigations of macromolecules (represented by proteins) and
peptidyl molecules. This is a stereotype that proteins and peptides are unstable under
extreme conditions, like high temperature during decoction and low pH/enzymatic
conditions in gastrointestinal tracts. In our research, we are interested in unusual
peptides, called cysteine-rich peptides (CRPs) that are 2-6 kDa and constrained by 2-
5 disulfide bonds. The bonds make them highly stable under high temperature, acidic,

and enzymatic conditions.
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Figure 1.22 The position of CRPs in the chemical space of phytochemicals.

This figure is adapted from the work of Loo S. N. (Ph.D. thesis, Nanyang Technological University, 2017).
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1.4. Withania somnifera

1.4.1 Indian traditional medicine W. somnifera

Indian ginseng (IG) refers to the root of the plant W. somnifera in the Solanaceae
family (Figure 1.22). Although this plant can be found in other Asian countries, India
is the most well-known producing one, especially in the Indian Northwest and middle
areas [145]. The geographical preference might be that |G requires relatively restricted
growing conditions. For example, cultivating conditions of IG would be best, if the
altitude is 1500 m above sea level, regions have tropical or semitropical climates with
~650 mm rainfall every year, and the temperature is in the range of 20 to 38 Celsius
[145]. Other factors, like soil types, can also influence geographical distributions of IG
[146-148].

In ancient times, for its important pharmacological value, |G had been included in
Indian, Unani, and Tibetan traditional medicine systems. In the Indian system
(Ayurveda), IG is called ashwagandha (a term describing a strong sweaty-horse-like
smell), and thus the IG is often administrated with milk and honey [145] to exert tonic
effects like slowing aging [149, 150]. In the Unaini system, IG is called asgand with
varieties and can be administrated alone or with other medicines [151, 152]. Also, the
asgand is included in many formulations and used for diseases like arthritis, anxiety,
and ulcers [152, 153]. The Tibetan system is one of the medicine systems with the
longest history in the world. In this system, IG is called Asgandnagori or Ba-dzigandha
[154, 155], and mainly used for respiratory, cardiovascular, and hepatic diseases.
Though recorded in different works of literature, |G is still widely treated as Indian

traditional medicine. This might partially be because of IG geographical distributions
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Figure 1.23 Withania somnifera plant.

Flower and fruit are shown on the left, and root (Indian ginseng) is shown on the right. These pictures were purchased from

Shutterstock (website link: https://www.shutterstock.com/).
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1.4.2 Phytochemicals of the W. somnifera

Many phytochemicals of IG have been structurally characterized, including steroids,
flavonoids, sitoindosides, steroidal lactones, and alkaloids [148]. Unlike others, the
latter two are generally regarded as the main components, responsible for the
pharmacological activities of the |G [145]. The steroidal lactones contain withanone,
withaferin-A, and withanolides (A, E, F, G, H, |, J, K, L, and M). Interestingly, the
steroidal lactones from the IG are structurally similar to ginsenosides from Panax
ginseng [156, 157], suggesting they could have remarkable pharmacological potential
like panacea ginseng. In the steroidal lactones, the most intensively studied one is
withaferin-A, which shows a broad spectrum of pharmacological effects, including
neuroprotection [158], anti-cancer [159], and anti-virus effects [160]. In the IG,
alkaloids have over 12 members discovered. Among them, the withanine is the major

one [145]. The structures of their representatives are shown (Figure 1.24).
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Figure 1.24 Representative phytochemicals from the Indian ginseng.
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1.4.3 Pharmacological activities of the W. somnifera

Like Panax ginseng, Indian ginseng (IG) is also an ancient panacea with a broad range
of pharmacological activities. In modern studies, these activities of IG at least cover
neuroprotection, anti-infection, anti-diabetes, anti-cancer, and cardioprotection [148].
In the W. somnifera, the “somnifera” stands for “leading to sleep” in Latin, intuitively
indicating its potential applications in neurological diseases. In elderly people,
neurodegenerative diseases are a big health concern, and they are represented by
Parkinson’s disease and Huntington’s disease. In Parkinson’s mouse models, |G
extract has neuroprotective activities, demonstrated by reversing MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) or MB-PQ (Maneb-Paraquat) induced alternations
of disease-related markers and physical symptoms [161-164]. These neuroprotective
effects of IG in the mouse model are further supported by using a Drosophila
melanogaster model, in which |G extract decreases rotenone-induced locomotor
disorders and neurological toxicities [165]. In Huntington’s model, nitropropionic acid
was used to induce Huntington-like abnormities, and IG extract can protect against
these abnormities via anti-oxidant effects [166]. These modern studies suggest that
IG might contain phytochemicals with neuroprotective activities.

IG can potently be against infections from bacteria, parasites, and fungi. The anti-
bacteria properties of IG can be both seen in Gram-positive and Gram-negative
species [167-169]. The mechanism might be partially related to gene regulation and
immunology [170]. Other than having anti-bacteria activities from |G itself, IG can even
synergize anti-microbial agents, rifampicin, and isoniazid [171]. Similarly, IG has anti-
parasite activities itself, and it can synergize with cisplatin on Leishmania donovani
[172]. The IG also shows anti-parasite activities in malarial mice [173]. For anti-fungi

effects, components from IG, such as glycoprotein and flavonoids, show fungistatic
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properties [168, 174]. These studies not only explain the native immune defense
system in plants, but also suggest the drug-like potential of |G for future applications.
For anti-cancer, |G extraction and phytochemicals show activities in cells in vitro or in
mice in vivo. For instance, |G leaf extract can kill cancer cells [175], and root extraction
inhibits the proliferation of Hep2 cells (the human laryngeal carcinoma) [176].
Withaferin A, as a representative phytochemical of IG, induces cell death of human
melanoma cells [177], human myeloid leukemia HL-60 cells [178], human breast
cancer cells [179], and renal carcinoma cells [180]. The cell death of these cancer
cells is via apoptosis or apoptosis-related pathways. Since the anti-cancer activities of
IG can be unspecific, more work on |G specifically killing cancers is still required.

Other activities of IG are related to anti-diabetes and cardioprotection. In diabetes, 1G
shows pharmacological effects on rat models and humans, as demonstrated in
humans by stabilization of blood glucose after administration of root powder. The anti-
diabetic effects are further demonstrated in rats by IG normalizing diabetic parameters
after treatments of root/leaf extracts [181-183]. In cardiovascular diseases, IG can
exert protective effects on doxorubicin-induced cardiotoxicities [184], isoprenaline-
induced cardio necrosis [185], and ischemia-reperfusion-caused heart injuries [186].
These studies show that IG can be a promising phytochemical pool for drug

development, providing alternative solutions for diabetic and cardiac diseases.
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1.5. Schisandra chinensis

1.5.1 Chinese traditional medicine S. chinensis

Schisandra chinensis is commonly known as five flavor berries (FFBs) that were
included in an ancient book “Shen-nong’s Herbal Classics” that has a history of around
2000 years in China, and their medical value is described in the upper-grade category.
FFBs are a type of medicine with sour, sweet, bitter, spicy, and salty tastes. Nowadays,
although FFBs might be obtained from the genus Schisandra with 25 different species,
medicinal FFBs are only derived from two plant species: schisandra chinensis and
schisandra sphenanthera [187] (Figure 1.25). These two species differ from each
other by growing regions, because S. chinensis is from north-eastern China [188],
while S. sphenanthera is from the south of China [187] (Figure 1.26). For this
geographic reason, FFBs can be classified into north- and south- FFBs. Another
difference is that the north-FFBs possess higher medicinal value than the south
counterpart, based on Chinese pharmacopeia. In the rest part of my thesis, we shall

use FFBs to stand for S. chinensis-derived berries, if there are no specific indications.
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Figure 1.25 Five-flavor berries from Schisandra chinensis and Schisandra sphenanthera.

(A) Fruit of S. chinensis. (B) S. sphenanthera. This figure is from the work of Zijian Li et al. [187].
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Figure 1.26 Geographical distributions of northern and southern five-flavor berries.

This picture was purchased from Shutterstock (website link: https://www.shutterstock.com/) and then modified by me.
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1.5.2 Preparations of the S. chinensis

FFBs are often considered as a traditional Chinese medicine with thousands of years
of clinic history, but their modern research started in USSR (Union of Soviet Socialist
Republics, or former Russia) during 1940s-1960s. In 1943, USSR leader, Joseph
Stalin, signed an order (No. 4654-P of People’s Commissars Council) to study
pharmacological functions and active components of FFBs. He aimed to improve
physiological and mental conditions of USSR people in the Second World War. For
decades of hard work, Rusia officially finalized two groups of FFBs preparations: the
fruit preparation and the seed preparation. The fruit preparation can be air-dried fruit,
a tincture of fruit with 95% ethanol at the ratio of 1/6 (w/v), or a mixture of fruit and
water at the ratio of 1/20 (w/v) [189-191]. These fruit preparations are suggested to be
administrated twice a day at ~1 g for fruit, 25 drops for the ethanol tincture, and 150
ml for water solution [189-191]. Like the fruit preparations, the seed preparations also
have three different types: 1) seed powder [192]; 2) seed tincture prepared by adding
five volumes of 95% ethanol into seeds [192]; 3) seed extract solution made by using
one volume of 95% ethanol [193]. The seed preparations can be administrated every
two days at ~1 g for the seed powder, ~25 drops for the seed tincture, or ~1.2 mi/kg

for the seed extract [192, 193].
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1.5.3 Phytochemicals of the S. chinensis

FFBs, as ancient medicines, contain remarkable molecules with functional potential.
These molecules might be polysaccharides, vitamins, essential oils, and lignans [194].
Nowadays, although components like polysaccharides also are reported to exhibit
biological functions [187], the main active components in S. chinensis are treated as
a specific type of lignans: dibenzocyclooctadiene lignans. This type of lignans is
characterized by its common skeletal structure, consisting of two aromatic rings
attaching to an eight-carbon ring (Figure 1.27). In 1951, the first
dibenzocyclooctadiene lignan, schizandrin in a crystalline form, was obtained from S.
chinensis fruits [195]. Since then, around 30 different dibenzocyclooctadiene lignans
were further isolated and characterized. Examples of these lignans are schisandrin (A,
B, and C), schisantherin A, and Gomisin A (Figure 1.27). The compositions of lignans
in FFBs might highly vary from batch to batch, and this variation could be caused by
factors like geographically growing conditions of FFBs [196]. Since lignan
compositions cannot be used as a quality of standard for FFBs, we speculate that
there are other unknown compounds with pharmacological activities in FFBs

remaining to be discovered and characterized.
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Figure 1.27 Representative phytochemicals from the S. chinensis.
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1.5.4 Pharmacological activities of the S. chinensis

After 1960, based on pharmacological studies, FFBs gradually established their role
in Russian pharmacopeia, and they are treated as the “adaptogen”, a term coined for
substances with non-specific anti-stress activities [197, 198]. In other words, FFBs can
possess various biological functions, by adapting human beings to different
environmental stressors, physiologically and mentally.

Being an adaptogen, FFBs preparation regulates multiple human systems, involving
gastrointestinal, cardiovascular, nervous, and inflammatory systems, especially when
the human body is exposed to stressors [188]. Then, these multi-systematic
regulations might synergistically lead to final pharmacological effects, such as anti-
fatigue. For example, when two groups of Red Army soldiers were running 20 km, the
soldiers (n=23) with the administration of FFBs seeds showed less exhaustion, thirst,
and muscular pain, compared with the soldiers in the placebo group (n=22) [199].
FFBs preparations can increase not only physical capacities of individuals, but also
mental performances. A group of ~22 year-old telegraph-operators (n=20), with a five
min task of transmitting Morse code, had higher accurate performance after
administration of FFBs preparations, compared with operators without such
administration (n=23) [200, 201]. Other than showing anti-fatigue physically and
mentally, FFBs preparations are also involved in balancing reflexes in post-traumatic
encephalopathy [202], improving the coagulation system of pregnant women [203],
and inhibiting local inflammatory activities of the skin [188].

Apart from preparations of FFBs, dibenzocyclooctadiene lignans from S. chinensis
were also intensively studied. These lignans show pharmacological activities in
neuroprotection and cardioprotection at least in vitro. For instance, schisandrin A show

neuroprotective effects in different cell-line based models, such as LPS-induce
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neuroinflammation on the microglia BV-2 cell model [204], oxygen
deprivation/reperfusion on the rat cortical cell model [205], deprivation of nutrition on
the neuroblastoma SH-SY5Y model [206]. Other lignans like schisandrin B can
improve cognitive function in vivo, as demonstrated by reducing mice memory loss
that was impaired by B-Amyloid [207]. Cardiovascular diseases can be caused by
disturbance in many biological processes, including vascular relation [208], fibrosis
[209, 210], inflammation [211, 212], and apoptosis [213]. In these processes,
Schisandrin B from FFBs can exert positive pharmacological activities and might
decrease the risk of suffering cardiovascular diseases. For instance, Schisandrin B
can increase NO production via promoting phosphorylation of eNOS, leading to
vasodilation in rat thoracic aorta [214]. Also, the schisandrin B can not only
downregulate cytokines TNF-a and IL-1f to inhibit inflammation for cardioprotection
[215], but also can inhibit apoptotic pathways in cardio myoblast [216]. Taken together,
due to these pharmacological effects mentioned above, FFBs are widely recognized

as adaptogens in modern pharmacology.
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1.6. Familial hypercholesterolemia

1.6.1 Familial hypercholesterolemia

Patients with allele defections in LDLR and PCSK9 genes normally suffer familial
hypercholesterolemia (FH). Heterozygous familial hypercholesterolaemia (HeFH) is
the most common disorder in FH with one allele defective and another allele normal,
and its incidence ratio is 1 out of 500 patients [4]. In contrast, homozygous FH (HoFH)
is relatively rare and its incidence ratio is one out of a million lives. Patients with the
HoFH often develop cardiovascular diseases in childhood, for their high low-density
lipoprotein cholesterol (LDL-C) in circulation [4]. In other words, LDLR and PCSK9
play key roles in FH development. These two proteins, thus, shall be discussed in the

following sections.
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1.6.2 Low-density lipoproteins (LDL) receptors (LDLR)

1.6.2.1 LDLR entering cell by clathrin-mediated endocytosis

Unlike EGFR moving to coated pits after binding to EGF ligands [217, 218], LDLR can
continually move to coated pits and then to intracellular coated vehicles with/without
binding of LDL ligands. After binding to LDL, LDLR/LDL complex is internalized and
delivered to endosomes that have a low pH environment inside. This acidic condition
disassociates LDL from LDLR [219, 220]. The LDL is then transported into lysosomes
for degradation, while LDLR in vehicles budded from endosomes recycles back to the
cell membrane. Since LDLRs might remain clustered, they are easily trapped again
by coated pits for another round of internalization and recycling [221]. One round of
recycling takes 10-20 mins and the lifespan of LDLR is 10-30 h. These characteristics
allow such ligand internalization to be highly efficient. Since LDL goes through the
acidic endosome during the process, the binding domain of LDLR must be highly

stable and the structural domains of LDLR are discussed in the following section.
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1.6.2.2 Structural domains of LDLR

LDLR protein sequence with 839 residues can be divided into five domains (Figure
1.28), after SPase removes the signal sequence of 21 residues in the LDLR precursor
[222]. The first domain at the N terminal contains 292 residues and it is a cysteine-rich
domain. This domain is external to the cell membrane and contains seven repeats,
each being ~40 residue long and possessing the C-C-C-C-C-C motif. Importantly,
these repeats have significantly clustered negative residues, making them negatively
binding to positive residues of ligands, like apolipoprotein E [223]. The second domain
contains ~400 residues and shares the homology of the EGF percussor [224-226].
This domain contains three sequence repeats (A, B, and C), and each repeat contains
six cysteine residues. The repeats are homologous only to the EGF precursor [227-
229], but also to blood clotting proteins [228, 229]. Although the functional relationship
between the second domain, the EGF precursor, and blood clotting proteins is unclear,
these three were suggested to be likely caused by gene duplications [224]. The third
domain has 58 residues, 18 of which are serine or threonine residues [225]. The
domain contains O-linked carbohydrate chains with a core of N-acetylgalactosamine
and might function as a strut for LDLR standing on the membrane. The fourth domain
is cell-spanning with hydrophobic residues, and it is not well conserved, when human
and bovine LDLRs are compared with each other. Unlike the fourth domain, the fifth
domain is well-conserved between species, and it is located on the cytoplasmic side
of the cell membrane. In the fifth domain, the sequence near the cell membrane is
positively charged, while the C terminal far from the membrane has a negatively
charged cluster. These properties in the fifth domain are important for clathrin-related

binding, which is a crucial step of LDLR internalization.
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1.6.3 PCSK9
1.6.3.1 PCSK9 genetics

Mutation of PCSK9 can be gain-of-function (GOF) and loss-of-function (LOF), based
on mouse and human studies. In mice, the GOF that leads to upregulation of PCSK9
can cause hypercholesterolemia [230], while the LOF that leads to downregulation of
PCSK9 can cause hypocholesterolaemia [231]. In a human population study, DNA
sequencing reveals PCSK9 LOF variants (e.g. pY142X and p.C679X) are related to a
40% reduction of LDL-cholesterol (LDL-C) level [232]. The existence of these variants
might differ in different populations, as Africans in the US appear to have some LOF
variants more commonly than Europeans in the US [232]. Another 15-year study on
LOF variants of PCSK9 suggested that US Africans (around ~3%) had low LDL-C and
a risk of suffering cardiovascular diseases. These mutation sites in PCSK9 gene
together with others are shown (Figure 1.29 a). Thus, these genetic studies suggest
that PCSK9 could be a drug target for lowering LCL-C and decreasing the risk of

suffering cardiovascular diseases.
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1.6.3.2 Structural domains of PCSK9 precursor

PCSK9 precursor contains 692 amino acid residues by the PCSK9 gene on
chromosome 1P32 [233]. It has four domains, including a signaling domain, a pro
domain, a catalytic domain, and a cysteine/histidine-rich domain (Figure 1.29 b). The
signaling domain guides the precursor to enter the endoplasmic reticulum (ER) and
then is cut by signal proteinases. In the ER, the pro domain is cleaved at Gln1s2 and
then blockades the catalytic triad of the catalytic domain [234]. In this case, the mature
PCSK9 without exposing its catalytic triad is excreted for executing its functions [235].
In contrast to its normal condition, PCSK9 excretion can be reduced, if LOF mutations
happen in PCSK9. These mutations can be found in all of the domains, but mainly in
the catalytic domain of the PCSK9 precursor [236], leading to RNA decay,
autocatalytic inhibition, and protein misfolding [237, 238]. Unlike LOF, GOF is
relatively rare to be studied in a population, but it is suggested to increase the risk of
getting cardiovascular diseases [239-241]. These findings of structural domains and

point mutations laid a solid foundation for later drug discovery of PCSKS9 inhibitors.
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Figure 1.29 Mutation sites and structural domains of PCSK9 or its precursors.

This figure is the work of Amy C. Burke et. al [242].
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1.6.3.3 Transcriptional regulation of PCSK9

PCSKQ9 is regulated by at least two transcription factors: sterol regulatory element-
binding protein-2 (SREBP-2) and hepatocyte nuclear factor-1a (HNF-1 a). The
activated SREBP binds to the sterol regulatory element (SRE) in PCSK9 proximal
promoter, leading to PCSK9 gene transcription [243]. The SREBP has two isoforms:
1) SREBP-2 that regulates cholesterol biosynthetic/uptake genes; 2) SCREBP-1c that
mainly regulates genes related to fatty acid synthesis [244]. In response to low
cholesterol in ER, SREBP is proteolytically processed into the active form, which then
enters into the nucleus and binds to SRE. Apart from PCSK9, the gene of LDLR is
also transcriptionally regulated by SREBP-2. For instance, statins can activate
SREBP-2 by inhibiting the HMG-CoA reductase in the cholesterol biosynthetic
pathway. The active form of SREBP-2 increases LDLR gene transcription and thus
corresponsive protein expression, leading to LDL-C uptake in hepatocytes and LDL-
C decrease in blood circulation. Since statins activate both PCSK9 and LDLR genes,
the circular LDL-C lowering effect suggested that statin-induced LDLR upregulation
dominates the effect, while statin-induced PCSK9 upregulation can neutralize
overexpression of LDLR. Other than SREBP, the HNF-1 a also can bind to a site near
SRE in PCSK9 for upregulation [245]. The activity of HNF-1 a can be altered by other
external factors. For example, insulin can induce exclusion of HNF-1 a from the
nucleus, limit PCSK9 gene expression, and upregulate LDLR protein [246]. Thus,

HNF-1 a and SREBP cooperate together to regulate the transcription of PCSKO9.
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1.6.3.4 Mechanism of PCSK9-induced LDLR degradation

PCSK9-induced LDLR degradation can happen intracellularly and extracellularly.
Inside of cell, PCSK9 binds to LDLR in the Golgi network and increases transportation
of LDLR/PCSK9 complex from frans Golgi to lysosomes for proteolytic degradation.
Also, the LDLR degradation can be activated extracellularly, when excreted PCSK9 in
the active form binds to the EGF-A domain of LDLR, which extends out of the hepatic
cell membrane. The binding site of PCSK9 is located in the catalytic domain [230, 247,
248]. After binding, LDLR is endocytosed in a clathrin-dependent manner and
enclosed in the endosome that has an acidic environment. This acidic condition
normally helps ligand of LDLR, such as LDL, disassociate from LDLR, which is then
recycled to the cell surface. Unlike LDL, PCSK9/LDLR complex did not disassociate
from each other in the acidic endosome. This disassociation inhibits the recycling of

LDLR and promotes LDLR trafficking to the lysosome for degradation [234, 247, 249].
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1.6.4 Drugs for familial hypercholesterolemia

1.6.4.1 Statins

In 1978, lovastatin is the first statin discovered from Aspergillus terreus in Merck
Research Laboratories. It showed potent inhibiting activities on HMG-CoA reductase,
which is a key rate-limiting enzyme in the cholesterol biosynthetic pathway. Although
the lovastatin later has revolutionized therapeutics of hypercholesterolemia, at the
early stage, the future of lovastatin was doubtful. In 1980, the Merk company ceased
clinic trials of the lovastatin and started new safety evaluations in animals, because
the compactin that is structurally similar to the lovastatin showed serious toxicity in the
clinic. In 1983, after confirming lovastatin safety in animals, the Merck company re-
initiated clinic trails. In 1987, the US FDA panel finally approved lovastatin for clinic
uses. In addition to lovastatin, other statin drugs 1980s to 2000s, including simvastatin
(1988), pravastatin (1991), fluvastatin (1994), atorvastatin (1997), cerivastatin (1998),

and rosuvastatin (2003). These statin structures are shown (Figure 1.30).
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Figure 1.30 Structure of statins

This figure is the work of Jonathan A. Tobert [4].
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1.6.4.2 PCSKO inhibitors

As mentioned above, statins inhibit HMG-CoA reductase and increase LDLR
expression at a genetic level. However, statins do not work well on patients that are
intolerant to the reverse effects of statins [250]. Patients with HeFH often possess one
normal allele of the LDLR gene. In HeFH cases, the PCSK9 inhibitors can inhibit LDLR
degradation for increasing the LDLR uptake. To date, PCSK9 inhibitors approved by
FDA are two monoclonal antibodies: alirocumab (approved in July, 2015) and
evolocumab (approved in August, 2015). Thus, the development of PCSK9 inhibitors
provides statin-intolerant patients with a novel therapeutic way of reducing LDL-C in

the blood circulation.
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1.7 Overview of this thesis

In my thesis, chapter one gives an overview of natural products, plant CRPs, two
medicinal plants (W. somnifera and S. chinensis), areas of under-exploration, the role
of LDLR (low-density lipoprotein receptors) in the familial cholesterolemia, and current
therapeutics for lowering LDL-cholesterol in blood circulation. Chapter two is the
hypothesis and specific aims. Chapter three is the methods and materials. The
following two chapters shall discuss structural characterization and functional
investigation of two novel CRPs. Specifically, chapter four discusses wisotide (wS1)
from W. somnifera with characterization of its primary sequences, tertiary structures,
homologs, biosynthesis, and phylogenetic trees. Besides, chapter four will cover
chemical synthesis, orally active potential, and cell-membrane permeability of wS1,
which are crucial for their future functional investigation. Chapter five has three
subsections: 1) the first subsection focused on wuweizitide (wZ1) from S. chinensis
with analysis of its primary sequences, tertiary structures, homologs, biosynthesis, and
phylogenetic trees; 2) the second subsection related to cellular uptake pathways,
intracellular localization, putative target identification, and transcriptomic regulations;
3) the third subsection covering upregulation of LDLR and investigation of the
underlying mechanism: lipid raft accommodating LDLR. Finally, chapter six covers the

overall discussion, general conclusions, and preliminary results for future directions.
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CHAPTER TWO

Hypothesis and aims

Cysteine-rich peptides (CRPs) from medicinal plants possess high structural stability

and great pharmacological potential. They belong to a special chemical space with the

molecular weight (M.W.) of 1-10 kDa, making them not only differ from small molecules

(M.W. less than 1kDa) and large molecules (M.W. more than 10 kDa) which include

biologics such as proteins and nucleic acids, but also likely inherit advantages of both

small and large compounds in terms of structural and functional properties. However,

the CRPs from the medicinal plants are structurally and functionally underexplored.

Thus, we hypothesize that hyperstable CRPs in medicinal plants can represent a novel

class of orally active compounds with broad therapeutic applications.

My specific aims are:

1.

To discover novel CRPs from two traditional medicinal plants: Withania
somnifera and Schisandra chinensis

To characterize these CRPs in terms of primary sequences, three-
dimensional structures, biosynthesis, and bioinformatic analysis

To chemically synthesize the CRPs for functional investigation

To determine the orally-bioactive potential of the CRPs by exposing them to
enzymatic conditions

To investigate the molecular targets of CRPs. This aim includes testing their
cell-membrane permeability, intracellular localization, transcriptomic

regulations, potential target identification, and pharmacological effects.
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CHAPTER THREE

Methods and materials

3.1 Materials

3.1.1 Chemicals and reagents
Names
Acetic acid
Acetonitrile
AF488 NHS ester
Ammonium bicarbonate
Dimethyl sulfoxide
Dimethylformamide
Dithiothreitol
Dynasore
Ethanol
Ethylisopropylamiloride (EIPA)
Hoechst 33342
lodoacetamide
Lactate dehydrogenase (LDH)
Nystatin
PKH26 red-fluorescent dye
PureLinkTM RNA Mini kit
Sodium chloride

Sodium phosphate
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Companies

Merck, USA
Merck, USA
Lumiprobe, USA
Signa-Aldrich, USA
Signa-Aldrich, USA
Merck, USA
Signa-Aldrich, USA
Signa-Aldrich, USA
Merck, USA
Signa-Aldrich, USA
Signa-Aldrich, USA
Signa-Aldrich, USA
Cell Biolabs, USA
Signa-Aldrich, USA
Signa-Aldrich, USA
InvitrogenTM, USA
Signa-Aldrich, USA

Signa-Aldrich, USA



Trifluoroacetic acid

Triisopropylsilane

1,2-ethanedithiol
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT)

3.1.2 Medicinal plant sources

Tokyo Chemical Industry,
Japan
Signa-Aldrich, USA

Signa-Aldrich, USA

Signa-Aldrich, USA

Root powder of Withania somnifera was purchased in an Indian pharmacy. Five flavor

berries of Schisandra chinensis were purchased from the HUNG SOON Medicinal

Trading Pte. Ltd. in Singapore.

3.1.3 Chromatographic materials

Names Companies

Filter papers Whatman, UK
Funnel VWR, USA
Preparative column Phenomenex, USA
Analytical column Phenomenex, USA
SPE C18 column Phenomenex, USA
SP Sepharose beads GE healthcare, USA

3.1.4 Enzymes and biotin probes

Cat. No.

1004150

5110066

00G-4605-P0-AX

00G-4632-E0

8B-S001-EAK

17072901

Trypsin protease (MS grade) for proteomics and Ultra Streptavidin-HRP for probing

the biotin were purchased from Thermo Scientific, USA. Histon-H4 primary antibody

was from Cell Signaling Technology, USA.
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3.1.5 Cell lines

HepG2 cells (human hepatoma)were purchased from ATCC, USA and HUVEC-CS (a
subline of human umbilical vein endothelial cells that are immortalized) were obtained
from Professor Kathy Qian Luo.

3.1.6 Culture medium

Names Companies Cat. No.
DMEM Gibco, USA 11995-065
FBS HyClone, USA SVv30160.03
Penicillin/streptomycin HyClone, USA SV30010
Trypsin-EDTA Gibco, USA 15400-054
Phosphate buffered saline HyClone, USA SH30256.01
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3.2 Instruments

Names Companies

LSR Fortessa™ X-20 BD, USA

LSM710 and LSM 980 confocal microscopes Zeiss, Germany

Cytation1 reader BioTek, USA

HPLC Shimadzu, Japan

UHPLC Shimadzu, Japan

LC-MS/MS (Orbit trap) Thermo Fisher Scientific, USA
Nanodrop™ 2000/2000c Thermo Fisher Scientific, USA
NMR spectrometer (800 MHz) Bruker, USA

5800 MALDI-TOF/TOF Applied Biosystems, USA
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3.3 Proteomic and transcriptomic analysis

3.3.1 Identification

The cysteine-rich peptide screening was conducted by using the 5800 MALDI TOF
mass spectrometer (Applied Biosystems, USA). Two medicinal plants (Withania
somnifera and Schisandra chinensis) were screened and show occurrence of CRPs.
This identification was confirmed by S-reduction with dithiothreitol (DTT) and S-
alkylation with iodoacetamide (IAA). Specifically, the root powder of W. somnifera was

mixed with 30% ethanol at room temperature for 1h. The mixed sample was
centrifuged by the 5418 microcentrifuge (Eppendorf, Germany) at 12,500 xg for 30 s.

The supernatant was collected and scanned for its mass spectrum. After that, the
supernatant was lyophilized and then reduced with dithiothreitol (20 mM) in
ammonium bicarbonate (50 mM, pH 8.4) at 60°C for 1 h. The reduced sample was
further alkylated with iodoacetamide (40 mM) in a dark box at room temperature for
30 min. Similarly, we identified a new CRP (wZ1) from seeds of S. chinensis, except
for some details. These are: 1) extraction with 50% ethanol; 2) reduction with 100 mM
IAA; 3) conduction with ammonium bicarbonate (25 mM, pH 7.8).

3.3.2 Isolation and purification

For wS1, the root powder of W. somnifera (100 g) was stirred with 30% ethanol (500
ml) for 4 h at room temperature. The stirred sample was centrifuged by a J-25
centrifuge (Beckman Coulter, USA) at 8000 rpm for 30 min. The supernatant was
collected and filtered by filter papers (Cat. No. 1004150, Whatman, USA). After filtering,
the clean solution was diluted to <10% ethanol by using distilled water for C18-beads
flush chromatography. The C18 beads were prepared in three steps: 1) loading the
beads (~60% of the funnel volume) into the funnel (Cat. No. 511-0066, VWR, USA);

2) washing beads with 100% ethanol (0.5 L); 3) balancing beads with distilled water
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(2.5 L). The diluted sample was loaded into the C18 beads, and the flow-through
solution was collected. The loaded sample was then eluted out with 0%, 20%, 40%,
and 100% ethanol solutions (200 ml each). These eluted solutions and the flow-
through solution were subjected to 5800 MALDI-TOF/TOF mass spectrometry for
determining existence of wS1. The solutions with wS1 were diluted and then loaded
into the Shimadzu HPLC system (HPLC: high-performance liquid chromatography,
LC-20 series, Japan). Two columns were used in this HPLC purification: 1) preparative
column (Cat. No. 00G-4605-P0-AX, Phenomenex, USA); 2) analytical column (Cat.
No. 00G-4632-E0, Phenomenex, USA). Specifically, the wS1 in 5% ethanol solution
was loaded into the preparative column (250 x 21.2 mm, 5 ym, 100 A). The wS1 in
the column was eluted at room temperature by using the following HPLC programme:
15% acetonitrile (ACN) in 10 min; 15 to 30% ACN-water gradient in 30 min; 100 %
ACN in 10 min; 15% ACN in 10 min. The eluted solution containing the wS1 was
determined by MALDI-TOF/TOF and diluted to the solution with <15% ACN for further
purification using the analytical column (250 x 4.6 mm, 5 ym, 100 A). The purification
settings of HPLC using analytical column are similar to the one using the preparative
column, except for that the flow rate was changed from 5 ml/min to 1 ml/min. Finally,
the purified wS1 was lyophilized to remove the water and ACN.

ForwZ1, the dried berries (2 kg) were blended with a fruit blender (Toyomi, Singapore)
with 50% ethanol. The blended mixture was stirred for 4 h at room temperature and
spun down by a centrifuge (Model: J-25, Beckman coulter, USA) at 9000 rpm for 20
min. The supernatant was filtered with the 150mm filter paper (Cat. No. 1004150,
Whatman, UK). The filtrate was adjusted to pH 2 and loaded to SP Sepharose beads
(Cat. No. 17072901, GE healthcare, USA). The peptide was eluted out with 20 mM

sodium phosphate, 1M sodium chloride, and 5% acetonitrile. The eluted sample with
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<20% ACN was then purified by RP-HPLC using an analytical column (Cat. No. 00G-
4632-E0, 250 x 21.2 mm, 5 ym, 100 A, Phenomenex, USA). The linear gradient from
20%-50% buffer B/A was applied with a flow rate of 1 ml/min at room temperature
using an HPLC system (Shimadzu, LC-20 series, Japan). Buffer A contains 0.1%
trifluoracetic acid and 99.9% Milli-Q® water, and buffer B contains 0.1% trifluoracetic
acid and 99.9% acetonitrile.

3.3.3 Primary sequence determination

For w31, the purified peptides were reduced with dithiothreitol (20 mM) in ammonium
bicarbonate (50 mM, pH 8.4) at 60°C for 1 h. The reduced wS1 (3394.8 m/z) was
confirmed by using the MALDI-TOF/TOF mass spectrometer (Applied Biosystems,
USA). After confirmation, the reduced peptide was digested by the trypsin (Cat. No.
90057, Pierce™, USA). The digestion was performed at 37°C with the trypsin-to-
peptide ratio of 1:50 (w/w) for 24 hours. Finally, the digested sample was cleaned up
by C18 column (Cat. No. 8B-S001-EAK, Phenomenex, USA) and subjected to de novo
sequencing by Orbitrap LC-MS/MS (Thermo Fisher Scientific, USA). The wS1
sequence was confirmed by transcriptomic analysis of W. somnifera. Similarly, wZ1
was de novo sequenced and its sequence confirmed transcriptomic analysis. There
are two main differences: 1) the sequencing was conducted using the 5800 MALDI
TOF/TOF mass spectrometer (Applied Biosystems, USA). 2) the transcriptome of S.
chinensis is not obtained from online databases, but from our experiments.

To obtain its transcriptome, fresh S. chinensis plants were sent to Beijing Genomics
Institute (BGI) for sequencing. Briefly, total RNA from S. chinensis tissues was
extracted using the RNApre Pure kit (Tiangen, China). The RNA quantity and purity
were determined using a NanoDrop™ (Thermo Scientific, USA). Next, mRNA was

purified by magnetic beads using poly-T oligos. The purified mMRNA was cut into small
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fragments by divalent cations at an optimized temperature. These fragments were
reverse-transcribed into a single cDNA strand using random primers. Using single
cDNA strands as a template, double-stranded cDNA was synthesized. It was added
with an “A” base and ligated with adaptors for PCR amplification. The double-strand
cDNA was used to generate ssDNA circles (single-strand DNA circles) with DNBs
(DNA nanoballs). Sequencing was performed using the BGISEQ-500 platform. The
raw reads were filtered, and the clean reads were de novo assembled by Trinity.
Finally, wuweizitide precursors were determined by blasting the transcriptome library,
using de novo sequenced wZ1 as a query sequence in Bioedit software.

3.4 Structural analysis

3.4.1 NMR structures

For wS1, the peptide after purification was dissolved in H20 (containing 5% D20) or in
pure D20 at pH 3.5. The Bruker Avance 800 spectrometer equipped with a cryogenic
probe at 30 °C was used to require: 1) 'H,"H-2D TOCSY with a mixing time of 80 ms
[251]; 2) 'H,"H-2D NOESY with a mixing time of 150 ms [252]. W5 pulse sequences
were used for the water suppression [253]. By the "H-1D spectra using pure D20, the
amide that forms hydrogen bonds was determined in the exchange of hydrogen and
deuterium. NMRPipe software was used for visualizing NMR spectra [254], and
NMRFAM-Sparky was used for analysis [255]. The solution structures of wS1 were
calculated with Xplor-NIH software [256]. The proton-proton distance restraints and
four disulfide bond (Cys3-CYs24, Cys7-Cys-29, Cys11-Cys28, and Cys14-Cys23)
restraints were employed in standard simulated annealing protocol. Based on the
intensities of NOE cross-peaks, the distance restraints were divided into three classes:
1) strong, 1.8 <d < 2.9 A, 2) medium, 1.8 <d <3.5A and 3) weak, 1.8 A<d<5A A

total of 100 structures were calculated and 20 lowest energy structures were chosen
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for data statistics and presentation. The structure was verified using the PROCHECK
program [257], and it is presented by using Chimera version 1.15 [258].

For wZ1, the purified peptide was dissolved in a water mixture (95% H20 + 5% D20)
or pure D20 at pH 3.5. The dissolved wZ1 (~1 mM) was then analyzed via NMR using
a Bruker Avance 800 spectrometer equipped with a cryogenic probe at 30°C. Two
data sets were generated by two experiments: 1) 1H,1H-2D TOCSY with a mixing time
of 80 ms [9] and 2) 1H,1H-2D NOESY with a mixing time of 200 ms [10]. W5 pulse
sequences were used for water suppression [11]. By the 1H-1D spectra in pure D20,
the amide that forms hydrogen bonds was determined by the exchange of hydrogen
and deuterium. NMRPipe software was used to process the NMR spectra [12], and
NMRFAM-Sparky was used for data analysis [13].The solution structures of wZ1 were
calculated using Xplor-NIH software [14]. The proton-proton distance restraints and
four disulfide bond restraints were used for the standard simulated annealing protocol.
The distance restraints were divided into three classes based on the intensities of the
NOE cross-peaks: strong (1.8 < d < 2.9 A), medium (1.8 <d < 3.5 A), and weak (1.8
A < d < 5 A) intensities. A total of 100 structures were calculated, and the 20 lowest
energy structures were selected for statistics and presentation. The structure was
verified using PROCHEC program and presented using Chimera version 1.15[15, 16].
3.4.2 Structural stability

The linear wS1 and wZ1 were prepared by reduction with DTT and alkylated with I1AA.
Synthetic peptides and S-reduced peptides were subjected to proteolytic degradation.
For wS1, the synthetic wS1 and the S-alkylated wS1 (2 ul, 0.3 mM) were subjected to
degradation of protease (Sigma, USA), pepsin (Roche, USA), and a-chymotrypsin
(Sigma, USA). For wZ1, the synthetic wZ1 and S-alkylated wZ1 were incubated with

the same three proteases plus the trypsin (Thermo Scientific, USA). The pepsin
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digestion was performed at pH 2.4 in 10 mM phosphate buffer, whereas the other
protease (trypsin, pronase, and a-chymotrypsin) reactions were performed at pH 7.4
in PBS at 37°C. RP-HPLC was used to determine the quantity of peptide remaining

by calculating the area under the curve.
3.5 Bioinformatic analysis

The primary wS1 sequence was used as a query sequence to search for its precursors

and homologs in planta. The searching database is EST (expressed sequence tags)

in NCBI (National Center for Biotechnology Information). The tBLASTn was used as

the searching algorithm (with other parameters in default settings). Two different wS1

precursors from W. somnifera (with a percent identity of 100%) were found. They have
three structural domains: the signaling domain, the mature domain, and the C tail. The
signaling domain was predicted by using the SignalP 4.0 Server[259]. The mature

domain was the primary sequence of wS1. The C tail domain was deduced from other
two domains. For the phylogenetic analysis, the top 100 sequences with significance
from the tBLASTn searching were selected. These sequences with repetition were

filtered out. The remaining unique sequences were aligned by the MUSCLE (Multiple
Sequence Comparison by Log- Expectation) [260]. The phylogenetic analysis after the

sequence alignment was displayed and annotated by the iTOL (Interactive Tree Of
Life) [261]. After the sequence alignment, wS1 precursors and their representative

homologs were selected from different plants, including the goji berry, the eggplant,

the tobacco, and the tomato. The conservation in the mature domain of these
precursors was presented by WeblLogo [262, 263].

The percussor and mature sequences of wZ1 were used for searching homologs in

NCBI databases, the OneKP database [264], and the ConoServer database [265, 266].

The signal domain, pro domain, and mature domain of wZ1 were determined by the
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Expasy Translate and the SignalP 4.1 [267]. The isoelectric point (PI) of wZ1 was
computed by the Expasy ProtParam tool [268]. From the ConoServer database [265,
266], three domains, structure, and physicochemical properties of conotoxin were
obtained. Finally, sequence alignment, conservation, and phylogenetic tree of wZ1

were conducted using the methods in wS1 bioinformatic analysis.
3.6 Chemical synthesis

The chemical synthesis of wS1 and wZ1 follows procedures of roseltide rT1[269].
Briefly, linear wS1 and wZ1 on the resin were prepared by Fmoc-SPPS (fmoc-solid-
phase peptide synthesis). Then, the peptides were cleaved by trifluoroacetic acid
(92.5%) with an equal amount of 1,2-ethanedithiol, triisopropylsilane, and distilled
water (each 2.5%). This cleavage was performed at room temperature for 2 h. After
that, the peptides were folded in ammonium bicarbonate (100mM) buffer with dimethyl
sulfoxide (10%) and cystamine/cysteamine (ratio of amount: 1 to 10) at 4°C for 30 min.
The folded wS1 and wZ1 were purified by an analytical column (Cat. No. 00G-4632-
EO, Phenomenex, USA) in the HPLC system (Shimadzu, Japan). The synthetic
peptides (wS1 and wZ1) and native ones were structurally compared using HPLC co-

elution and 112D NMR spectrum overlapping.
3.8 Investigation of biological functions

3.8.1 Cell culture

HepG2 cells (HB-8065™, ATCC, USA) and HUVEC-CS (courtesy of Prof. Kathy Qian
Luo) were cultured in DMEM (Cat. No. 11995-065, Gibco, USA) with 10% FBS (Cat.
No. SV30160.03, HyClone, USA) and 100 units/mL penicillin/streptomycin (Cat. No.
SV30010, HyClone, USA). The cell culturing conditions were at 37°C in a humidified
incubator supplied with 5% CO2. Medium for cell culture was replaced with the new

one every two days. The cells were sub-cultured when cell confluency reached 80%
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of a petri dish, by using the Trypsin-EDTA (Cat. No. 15400-054, Gibco, USA) to
trypsinized for 10 min.

3.8.2 MTT and LDH release assays

For the MTT assay of wS1, HepG2 cells and HUVEC-CS were seeded on a 96-well
plate with 3000 cells/well for 24 h. The cells were treated with wS1 in different
concentrations (0 uM, 0.1 uM, 1 uM, and 10 yM) for 24h, and then incubated with 0.5
mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 4 h.
The medium was removed, and the purple formazan was then dissolved in 100 pl
dimethyl sulfoxide (DMSO) with shaking for 5 min. The absorbance was measured at
580 nm by the cytation1 cell imaging multi-mode reader (BioTek, USA).

For cell membrane integrity of wZ1, it was measured by LDH Cytotoxicity Assay Kit
(Cat. No. CBA-241, Cell Biolabs, USA). The HUVEC-CS and HepG2 cells were
seeded in 96 well plates (3000 cells/well) and then treated with 1-20 yM wZ1 for 48 h.
The 45 pl culture medium was collected and incubated with the 5 pl LDH reagent in a
cell-culture incubator for 1 h. The OD value was read at 450 nm.

3.8.3 Fluorescent labeling

To label the N terminus of wS1 and wZ1 with AF488 fluorophore, AF488 NHS ester
(Cat. No. 21820, Lumiprobe, USA) was used. The 0.86 mg AF488 HNS ester and 0.5
mg peptides were dissolved in 100 ul dimethylformamide (DMF). Then, the solution
was mixed with 900 ul sodium bicarbonate buffer (100 mM, pH 8.4). The reaction was
conducted at 4°C in the dark overnight. Finally, the labeled peptides were determined
by the MALDI-TOF mass spectrometry and purified by the RP-HPLC.

3.8.4 Cell-membrane permeability

HepG2 cells or HUVEC-CS were seeded on a 24-well plate (30,000 cells/well) for 24

h. For the cellular uptake analysis, the HepG2 cells were treated with AF488-wS1 (1
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pM) at 37°C for 0 h, 0.5 h, 1 h, 2 h, and 4 h. The treated cells were washed with
phosphate-buffered saline (PBS; HyClone, USA) three times. Then, they were
detached from the plate by using the 0.05% Trypsin-EDTA (Gibco, USA). The
detached cells were mixed with 10% FBS and spun down at 500 xg for 5 min. After
replacing the supernatant with PBS, the cells were vortexed and analyzed by the LSR
Fortessa™ X-20 flow cytometer (BD, USA). For temperature-dependent analyses, two
groups of cells were pre-incubated at 4°C and 37°C separately for 10 min, and then
they were treated with AF488-wS1 (1 uM) at their respective temperature for 1 h. After
that, these cells were trypsinized for flow cytometry analyses. For the endocytic
analysis, HepG2 cells and HUVEC-CS were pre-incubated with nystatin (50 ug/ml),
dynasore (50 pM), or ethylisopropylamiloride (EIPA, 50 uM) for 30 min. These cells
were then co-incubated with AF488-wS1 (1 uM) and respective inhibitors for 1 h before
flow cytometry analyses. The key cytometer settings are as follows: 1) 10,000 events
per sample; 2) excitation laser: 488 nm; 3) emission filter range: 530/30 nm. The
generated data were analyzed by Flowjo™10 (BD, USA). Similarly, we analyzed the
cellular uptake of AF488-wZ1 in HepG2 cells.

To visualize the cellular uptake of peptides, live HepG2 cells and HUVEC-CS were
treated with AF488-wS1 (1 uM) or AF488-wZ1 (1 uM) for 1 h. The cells were then
stained with Hoechst 33342 (1 ug/mL) and PKH26 red-fluorescent dye (2 uM) for 10
min. The stained cells were incubated at 37°C and 5% CO2 and imaged by the LSM
confocal microscope (Zeiss, Germany) after 1h and 4 h treatments.

3.8.5 Affinity-enrichment mass spectrometry

A pull-down assay was conducted using NeutrAvidin ™ resin (Thermo Scientific, USA).
Briefly, 20 yL of resin was incubated with biotin-LC-wZ1 (10 ug/mL) or biotin (10 ug/mL)

at room temperature with rotation for 1 h and then blocked with BSA for another hour.
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The resins were incubated with HepG2 cell lysate (500 pg) at 4°C with rotation
overnight. After incubation, the resins were washed thoroughly 10 times with PBS.
The resins were then incubated at 95°C for 5 min, reduced by DTT (20 mM) in
NH4HCO3 (50 mM, pH 8) at 60°C for 1 h, and alkylated using IAM (50 mM) in the dark
for 1 h at room temperature. The alkylated samples were digested with 1 pg/ml trypsin
(Pierce, USA) and subjected to high pH (0.1% TEA) reversed-phase fractionation. The
fractions were evaporated using a vacuum centrifuge.

LC-MS/MS analysis was conducted using an online Dionex UltiMate 3000 UHPLC
system coupled with an Orbitrap Elite mass spectrometer (Thermo Scientific Inc.,
Germany). Tryptic peptides were dissolved in 0.1% formic acid solution and separated
on an Acclaim PepMap RSL column (75 um inner diameter, 15 cm, 2 ym patrticle size)
using a 60 min gradient of mobile phase A and mobile phase B (0.1% formic acid in
90% can). Samples were sprayed through a Michrom Thermo Captive Spray
nanoelectrospray ion source (Bruker-Michrom Inc., USA) with a source voltage of 1.5
kV. A full MS scan range was set to 350-1600 m/z with a resolution of 60,000 at 400
m/z. The Fourier transform-MS/MS scan range was set to 150-2000 m/z with a
resolution of 15,000 at 400 m/z. The 10 most intense ions with a threshold of 500
counts were selected for high-energy collisional dissociation fragmentation and
fragmented using 32% normalized collision energy with a maximum ion accumulation
time of 120 ms. Parameters included an automatic gain control of 1E + 06 for the full
MS scan and 2E + 05 for the MS/MS scan, active precursor ion charge state screening,
and a capillary temperature of 250°C. Data acquisition was conducted in positive
mode using LTQ Tune Plus software.

MetaMorpheus is a software tool used to identify peptides and proteins based on mass

spectrometry fragmentation spectra profiles [270]. The raw data obtained from LC-
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MS/MS was entered into MetaMorpheus. The human proteome (Proteome ID:
UP000005640) was obtained from UniProt.org and used as the reference proteome
in MetaMorpheus. Carbamidomethylation of cysteine was set as a fixed modification
and methionine oxidation was set as a variable modification. Digestion by trypsin and
a maximum of two missed cleavages were defined as the search parameters.
Quantification was incorporated using label-free quantification by FlashLFQ. The
quantitation was set to be normalized and matched between runs. After the protein
groups were quantified, the corresponding data were entered into Perseus for
statistical analysis. A two-sample t-test was conducted between the experimental and
control samples. Subsequently, a volcano plot was generated to identify the proteins
that were enriched at least twofold in the experimental group. These proteins were
then filtered against CRAPome (Contaminant Repository for Affinity Purification) [271],
a database consisting of commonly occurring background contaminants. The filtered
enriched proteins were entered into STRINGdb. STRINGdDb is a biological database
that compiles known and predicted protein-protein interactions [272]. A protein-protein
interaction network was generated to illustrate the relationships between the identified
proteins.

3.8.6 Nuclear localization

HUVEC-CS and HepG2 cells were seeded on a chambered slide with a glass bottom
(Ibidi, Germany), treated with 1 yM AF488-wZ1 for 1 h, and washed with PBS three
times. After washing, the cells were incubated with Hoechst 333242 (1 ug/ml) for 10
min and PKH26 red-fluorescent dye for 5 min. The stained live cells were imaged in
real time at 37°C with 5% carbon dioxide for 4 hours by the LSM 710 confocal

microscope (Zeiss, Germany).
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For Western blotting analysis, wZ1 was labeled with LC-biotin atits N terminal by using
EZ-Link NHS-LC-Biotin (Thermo Scientific, USA). WZ1-LC-biotin was confirmed by
MALDI-TOF mass spectrometry, purified by HPLC, and then lyophilized. The purified
wZ1-LC-biotin (20 puM) was used to treat HepG2 cells for 24 h. By using
nuclear/cytosol fractionation kit (Cat. No. K266-25, Biovision, UK), the nucleus and the
cytosol are separated from each other for Western blotting (WB) analysis. The
fractionated nucleus and cytosol samples were denatured with WB loading buffer at
95 °C for 5 min. These two samples were then separated by SDS-PAGE and
transferred to a PVDF membrane by a semi-dry electrophoretic cell (Cat. No. 1703940,
Bio-Rad, USA). At room temperature, the membrane was blocked with 5% BSA
(Sigma-Aldrich, USA) for 1 h, before incubating with the Ultra Streptavidin-HRP
(Thermo Scientific, USA) overnight. The next day, the membrane was washed with
TBST three times for 10 min each. Finally, the membrane was shortly incubated with
Clarity™ Western ECL Substrate (Bio-Rad, USA) and imaged by the ChemiDoc™
imaging system (Bio-Rad, USA).

3.8.7 RNA-seq analysis of wZ1-treated HepG2 cells

HepG2 cells were treated with or without 10 uM wZ1 for 24 h. Total RNA was then
extracted and purified using the PureLink™ RNA Mini kit (Invitrogen, USA). For RNA-
seq, the RNA samples (five replicates for the control group and five replicates for the
treated group) were submitted to BGI for constructing the transcriptome library and
sequenced using the DNBSEQ platform. The data analysis was conducted using a Dr.
Tom server (BGI, China).

3.8.8 Real-time polymerase chain reaction (QPCR)

HepG2 cells were treated with or without 10 uM wZ1 for 6 and 24 h. Total RNA was

then extracted and purified using the PureLink™ RNA Mini kit (Invitrogen, USA). Total
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RNA (4 pg) was reverse-transcribed into cDNA using reverse transcriptase (Thermo
Scientific, USA), oligo(dT)'® (Thermo Scientific, USA), dNTP mix (Thermo Scientific,
USA), and an RNase inhibitor (Thermo Scientific, USA). Then, 100 ng of cDNA from
each sample (three biological replicates and two technical replicates) were used for
gPCR analysis. The mRNA expression level was measured using an SYBR™ Green
kit (Bio-Rad, USA) on a CFX96™ machine (Bio-Rad, USA). The primers used for
gPCR are provided in the supplementary information.

3.8.9 LDL receptor-mediated LDL uptake

For confocal imaging, HepG2 cells were seeded on an 8-well coverslip (Cat. No.
80826, Ibidi, Germany) overnight and then treated with wZ1 (10 uM) for 24 h. Then,
confocal cell samples were prepared using an LDL uptake cell-based assay kit (Cat.
No. 10011125, Cayman Chemical Company, USA). To avoid unspecific binding, LDL
concentration in the original protocol was further diluted 125 times in our experiments.
Briefly, the preparing process is as follows. First, the HepG2 cells were washed with
TBS (tris buffered saline) three times and fixed with a fixative solution in the kit. After
fixing, the cells were washed with TBS-Triton buffer three times. The washed cells
were incubated with a blocking solution and anti-LDL receptor primary antibody.
Finally, the cells were washed again with TBS-Triton three times and incubated with
DyLight™ 488-conjugated secondary antibody before the confocal imaging.

For flow cytometry analysis, HepG2 cells were seeded on a 6 well-plate overnight and
treated with wZ1 (10 uM) for 24 h. The next day, the cells were treated with diluted
LDL. On the third day, the cells were trypsinized from the culture plates and pelleted
by 500 x g for 5 min using a microcentrifuge. The cells were then washed with TBS
once and gently shaken with the TBS-Triton buffer three times for 5 min each. Finally,

the cells were blocked with 5% BSA for 30 min and incubated with the FITC-
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conjugated LDL receptor primary antibody (Santa Cruz, USA) on ice for 1 h, before
the flow cytometry analysis. The results were presented by FlowJo™ software (BD,
USA).

3.8.10 Lipid raft analysis

HepG2 cells were seeded into a six-well plate and incubated with 10 yM wZ1 for 24 h.
After incubation, the cells were trypsinized from the culture plates and lipid rafts were
stained using the Alexa Fluor® 594 Lipid Raft Labeling Kit (Invitrogen, USA). The cells
were analyzed using an LSRFortessa™ X-20 cell analyzer (BD, USA). To visualize,
hepG2 cells were seeded onto an eight-well chamber slide (Ibidi, Germany) and
treated with 10 uM wZ1 for 24 h. After incubation, lipid rafts were stained using the
Alexa Fluor® 594 Lipid Raft Labeling Kit (Invitrogen, USA). Then, the cells were fixed
and permeabilized. LDLRs were stained using a FITC-conjugated LDLR primary
antibody (Santa Cruz, USA) for 1 h, and the nuclei were stained with 1 ug/ml Hoechst
333242 at room temperature for 10 min. The cells were imaged via LSM 980 confocal
microscopy (Zeiss, Germany) in a Z-stack Airyscan mode.

3.8.11 Statistical analysis

The statistical analyses were conducted by the Prism 8 software (USA) ), if there are
no specific indications. The data were analyzed by using the ordinary one-way ANOVA
and the groups were compared by Tukey’s multiple comparison test. The data were

presented as the mean + SD and P-value < 0.05 was regarded as statistical significant.
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CHAPTER FOUR
Wisotide: An anionic cystine-stapled helical peptide from

Withania somnifera with cell-membrane permeability
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4.1 Introduction

Withania somnifera from Solanaceae family is an evergreen shrub growing in India,
Mediterranean sea, Cape of Good Hope, and high-altitude places of Himalayas [273].
The root of W. somnifera is known as Indian ginseng [274], and it plays crucial roles
in traditional Indian medicine (called Ayurveda) [273]. Formulations of Indian ginseng
are used for providing physical strength, treating neurological disorders, and improving
sleep quality. In this medicine, current bioactive compounds include alkaloids,
sitoindosides, and withanolides [275]. The withanolides, like withaferin A and
withanolide D, are treated as main active constituents [276]. However, cysteine-rich
peptides (CRPs) with bioactive potential from Indian ginseng are unknown.

CRPs lies in a chemical space of 2—6 kDa and are constrained by 2-5 intramolecular
disulfide bonds [35]. These bonds render CRPs structurally resistant to thermal,
chemical, and proteolytic degradations [99, 143, 277-279]. Although CRP families
differ from one another in cysteine numbers, cysteine motifs, and disulfide connectivity
[280], these peptides commonly exhibit a large footprint for protein interaction,
showing less off-target or side effects [281]. So, these features make CRPs ideal leads
for therapeutic development or excellent templates for protein design. Recently, we
discovered an 8-cysteine CRP, called lybatide 2, from the cortex of the Lycium
barbarum root [99]. The lybatide 2 has an unusual cystine-stapled helical scaffold [99],
which enriched our current template pool of plant CRPs.

Structurally, CRP topology can be arbitrarily divided into two major groups: cystine-
stabilized (CS) B-peptides and CS a-helical peptides [35]. The CS B-peptides in plants
are exemplified by knottins and hevein-like peptides, whereas CS a-helical peptides
are represented by defensins and thionins. Unlike CS B-peptides, which are often

dominated by short B-strands without a-helices involved, CS a-helical peptides are
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characterized by a cystine-stapled helix stabilized by other secondary structural
elements, such as an a-helix in thionins and 3-strands in defensins.

Here, we report the discovery and characterization of a novel cystine-stapled CRP,
designated as wisotide (wS1), from the root of Withania somnifera. The wS1 has a
short 310 helix to stabilize its 1-helix, a feature similar to lybatides but different from
defensins containing a helix stabilized by three B-strands. Although wS1 is anionic and
hydrophilic, it can cross cell membranes by micropinocytosis, likely because of its
hydrophobic patches that are displayed on the disulfide-stapled helices. Furthermore,
over 57 putative wS1-like peptides were found in the transcriptome of over five
different plants. Thus, our findings indicate an excellent class of scaffolds for

membrane-permeable peptide design.
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4.2 Results
4.2.1 Discovery and structural characterization of wisotide (wS1)
4.2.1.1 Identification of wisotide (wS1)

To discover a novel cysteine-rich peptide (CRP) from Withania somnifera, we applied
MALDI-TOF mass spectrometry (MS). By the MS scanning, we detected a 3386.8 m/z
signaling in the crude extraction of W. somnifera (Figure 4.1 A). After S-reduction with
dithiothreitol, the mass signaling shifted from 3386.8 to 3394.8 m/z (Figure 4.1 B).
This 8 m/z increase might be because of four disulfide bonds formed by eight cysteine
residues in the peptide. Furthermore, we alkylated the reduced sample with
iodoacetamide and found that the 3394.8 m/z became 3850.4 m/z, with an increase
of 463.6 m/z (Figure 4.1 C). Since iodoacetamide alkylation leads to 57 m/z for one
cysteine residue, this 463.6 m/z increase suggested the existence of an eight cysteine
CRP in W. somnifera. The wS1 was then extracted and purified in a large scale for the

following studies. The yield of wS1 is ~4 mg out of 100 g power of roots.
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Figure 4.1 Identification of wisotide wS1 from Indian ginseng (Withania
somnifera).

(A) W. somnifera root was extracted with 30% ethanol and then profiled by a MALDI-
TOF mass spectrometer. (B) The extraction sample was lyophilized and then reduced
with dithiothreitol (20 mM) in ammonium bicarbonate (50 mM, pH 8.4). The mass peak
shifted forward 8 m/z, indicating four disulfide bonds in wS1. (C) The reduced sample
was alkylated with iodoacetamide (40 mM). The mass peak shifted forward 463.6 m/z,
confirming the existence of four disulfide bonds. The wS1 was identified by Dr. Wong

K. H. initially.
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4.2.1.2 Primary sequence determination

To sequence this CRP, we digested the linear peptide (reduced) with the trypsin, and
then performed de novo sequencing by LC-MS/MS. The digested peptide fragments
were sequenced and then mapped together to obtain a full sequence (Figure 4.2 A).
These fragment sequences were deduced from y ions and b ions generated by LC-
MS/MS. Two fragments (red lines in Figure 4.2 A) were used as representatives to
show deducing details (Figure 4.2 B). After transcriptomic confirmation, the full
sequence of wS1 is: ADCTEYCSNSCPFCNGQPLYQLCCINNCCPS. Thus, wS1 is a

hydrophilic and negatively charged cysteine-rich peptide.
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Figure 4.2 Primary sequence determination of wS1.

(A) Purified wS1 was reduced by dithiothreitol (20 mM) and digested into peptide
fragments using trypsin at a trypsin/peptide ratio of 1:50 (w/w). The fragments were
sequenced using LC-MS/MS and then mapped to deduce the complete wS1 sequence.
(B and C) The representative de novo sequencing of two peptide fragments (red) from
the (A). The sequence was confirmed with wS1 precursors using the W. somnifera
transcriptome. The wS1 sequencing experiment was performed by Dr. Kam A. and Dr.

Loo S.N., and then analyzed by us.
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4.2.1.3 Disulfide connectivity and cystine-stapled helical scaffold

To characterize the disulfide connectivity and the three-dimensional structure of wS1,
we used nuclear magnetic resonance (NMR) spectroscopy. Our results showed that
four disulfide bonds were connected as follows: Cys [-VI, Cys II-VIII, Cys llI-VII, and
Cys IV-V (Figure 4.3 A). In the backbone of wS1, we observed two helical structures:
a 1-helix and a 310 helix (Figure 4.3 B). The 1 helix is stabilized by four disulfide bonds,
and the 310 helix has one disulfide bond (Cys IV-Cys V) connected to the 1 helix
(Figure XX). These results that wS1 has a cystine-stapled helical scaffold.

By analyzing surface properties, we found that wS1 has two negative charge residues
(D and E) that are close to each other and overall hydrophilic molecular surfaces.
Although wS1 shows these unfavorable properties of cell-membrane permeability, the
peptide displays hydrophobic surface patches, which are partially supported by the
helical scaffold (Figure 4.3 C). Thus, we speculate that wS1 can cross cell membranes

with these hydrophobic patches.

119



1
| | | |
I v V VI VIIVII

| ]
ADCTEYCSNSCPFCNGQPLYQLCCINNCCPS
10 20 30

180°

180°

Hydrophobic Hydrophobic

Figure 4.3 Cysteine motif, peptide backbone, and surface properties of wS1.

(A) Primary sequence contains eight cysteine residues (yellow), forming four disulfide
bonds (blank lines). Negatively charged residues (D and E) are indicated in red. (B)
The peptide backbone is locked by four disulfide bonds (yellow) and shows two
common secondary structures: the 3 helix and the 11 helix. (C) Structural properties
of wS1 are indicated in different colors: negative properties in red, hydrophilicity in
white, and hydrophobicity in dark grey. The NMR structure of wS1 was determined by

Dr. Fan. J. S. and then analyzed by me.
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4.2.1.4 Biosynthesis

For determining the biosynthesis of wS1, we searched the NCBI database with
tBLASTn, and then determined structural domains with the SignalP 4.0 Server. We
found that two wS1 precursors have the same three domains (signaling, mature, and
C tail domains) and the same length (72 residues) (Figure 4.4). Although these
precursor sequences are similar, they are still slightly different from each other in their
signaling domains by one residue (at the 11" position, V in wS1 1.1 versus A in wS1
1.2, Figure 4.4). These findings showed that wS1 has two slightly different precursors,

but these two share the same structural domains.
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C}{) SPase
Precursors Signaling domain

wS 1.1 MAAMKLKATIVVLMMVMITLMLSISPSYA
wS 1.2 MAAMKLKATIAVLMMVMITLMLSISPSYA

10 20 CX)

wS 1.1 ADCTEYCSNSCPFCNGQPLYQLCCINNCCPS FRVGVLSNFLRT
wS 1.2 ADCTEYCSNSCPFCNGQPLYQLCCINNCCPS FRVGVLSNFLRI
30 40 50 60 70

Figure 4.4 Structural domains of wS1 precursors

Two precursors are the same in three structural domains, but slightly different from each other (V in wS 1.1 versus Ain wS 1.2, in

the red rectangle) in the signaling domain. SPase denotes a signaling peptidase.
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4.2.1.5 Phylogenetic tree

To investigate wS1 origins and homolog distribution in planta, we drew a phylogenetic
tree (Figure 4.5). In the phylogenetic tree, we found that the wS1 homologs, in planta,
are widely distributed in three different families and over different five plants (Indian
ginseng, goji berry, eggplant, tomato, tobacco, and others). Although the wide
distribution of wS1 homologs, most of the sequences including the wS1 sequence
were found in the Solanaceae family. Very few sequences, in contrast, were found in
the other two families (Caprifoliaceae and Sargassaceae). Interestingly, goji berry,
apart from Indian ginseng, is the only medicinal plant among the five plants. Besides,
lybatides from goji berry were the phylogenetically close to wS1, compared with other

homologs. Thus, wS1 and lybatides may share the therapeutic potential.
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Figure 4.5 Phylogenetic tree of wS1 precursors and their homologs.

Phylogenetic analysis of wS1 precursors (yellow), lybatides (red), and other homologs with the same cysteine motif (dark gray).

124



4.2.1.6 wS1-like CRPs

To deduce the biosynthetic and structural similarities of wS1-like CRPs, we aligned
wS1 precursors with their homologs in planta (Figure 4.6), and then compared the
sequences in Weblogo to show residue conservation (Figure 4.7). In sequence
alignment, we found that all sequences, except for lyba 1 and lyba 2, contain three
structural domains. In these domains, signaling domains are cut by two signaling
peptidases (SPases): one cuts at the carboxyl end of alanine residues, and another
cut at the carboxyl end of glycine residues. The C tail of these sequences is mainly
cleaved by serine endopeptidases, except for FS1992.14.1 from tomatoes. By
analyzing residue conservation (the mature domain), we observed that these
sequences contain five loops. Charged residues (D, E, R, and K), in these loops,
mainly are present mainly in loop 1 and loop 4, whereas few of these are conserved
in other loops. These charged residues are also well conserved at the amino-terminus
of these sequences (before loop 1). Apart from charged residues, some residues are
also conserved, including F in loop 3, P and Y in loop 4, and | and N in loop 5. This
analysis suggested that these homologs are not only biosynthetically similar, but also

likely to exhibit similar structural and physicochemical properties.
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Indian ginseng

Precursors

R SPase

L]

MAAMKLKAT-IVVLMMVMITLMLSISPSYA-—-—
MAAMKLKAT-IAVLMMVMITLMLSISPSYA---

ADCTEYCS-NSCPFCNG--QPLYQLCCINNCCPS
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FS032754.1
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MASMKLQGV-IVVLMMVMITLLLSISPTYA---
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MASMKLQGV-IVVLMMVMITLLLSISPTYA---
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EB428002.1
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--FRTSILSTYL-RI
--FRTSILSTYL-RI
--FHTSILSTYL-RI

Tomato
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-—FAQVSP-——————

Figure 4.6 Precursor alignment of wS1 and its homologs.

Representative precursors, except for lyba 1 and lyba 2 with unknown precursors, from different plants are aligned. Cysteine residues

are highlighted in yellow
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Figure 4.7 Mature domain conservation of wS1 and wS1-like peptides

Conservation of residues in the mature domain is shown. The height of each residue letter presents the residue conservation at that
position. Residues are in different colors: negatively charged residues in red, positively charged residues in blue, cysteine residues

in yellow, and others in black.
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4.2.1.7 Comparison between wS1 and lybatides

To further compare wS1 with wS1-like peptides, lybatide, the only peptide
characterized in this CRP family so far, was used as an example. By physiochemical
analyses, we found that lybatides have ~30 residues in length, -2 for their overall
charges, and 4.03 for their isoelectric point (pl). These parameters are almost the
same as the parameters of wS1, which are 30 residues in length, -2 for its charges,
and 3.67 for its pl (Figure 4.8 A). Besides, peptide backbone analysis showed that
lyba 2 has the two common secondary structures (an a + 11 helix and a 310 helix) and
a specific C-C-C-C-CC-CC cysteine motif. Similarly, wS1 has two common secondary
structures (an a helix and a 3 strand) with the C-C-C-C-CC-CC cysteine motif (Figure
4.8 B). Furthermore, we found that lyba 2 has negative charge residues, close to each
other, on its structural surface (Figure 4.8 C). Two of these negative charges (D and
E) are at the amino-terminal of lybatides (Figure 4.8 A). These properties of lyba 2
were also observed on wS1. Thus, wS1 and lybatides have high physiochemical and

possible biological similarities.
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Amino acid Species/

Peptides Characterized mature sequences residues Charge pl Organisms References
_
T f Tt n] Il
wS1  ADCTEYCS-NSCPFCNG--QPLYQLCCINNCCPS 31 2 3.67  Withania somnifera  This work
Lybal DSCSEYCSNNSCPYCDG--QKLYTLCCINTCCPS 32 -2 4.03  Lycium barbarum  WeiLiang Tan et al, 2017
Lyba2 DSCSEYCS-NRCPSCDGQTQTQYTLCCINICCPS 33 -2 4.03  Lycium barbarum  WeiLiang Tan et al, 2017

B C

C

Hydrophilic Hydrophilic
Hydrophobic

Hydrophobic
wS Lyba2

Figure 4.8 Comparison between wS1 and lybatides.

(A) Physiochemical properties of wisotide (wS1) and lybatides (lyba1 and lyba2). (B-
C) Peptidyl backbones and surface properties of wS1 and lyba2. In the surface

properties, negative charge residues are in red and positive residues are in blue.
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Table 4.1 Structural statistics for the final 20 conformers of wS1.

Distance restraints

Intra-residue (i-j = 0) 81
Sequential (|i-j| = 1) 78
Medium range (2 < |i-j| < 4) 15
Long range (|i-j| > 5) 22
Hydrogen bond 12
Total 208

Average rmsd to the mean structure (A)°

Backbone atoms 0.78 £0.28
Heavy atoms 1.39 £0.35
¢/ space®
Most favored region (%) 73.6
Additionally allowed region (%) 24.4
Generously allowed region (%) 1.6
Disallowed region (%) 0.4
rmsd from covalent geometry
Bonds (A) 0.003 £ 0.000
Angles (deg.) 0.485 £0.023
Impropers (deg.) 0.381 £0.027

rmsd from experimental restraints

NOEs (A) 0.036 £ 0.008

2 Selected from 100 calculated conformers according to overall energy.

b Calculated with MOLMOL using range 3-16, 20-30.
¢ Calculated with PROCHECK-NMR.
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Table 4.2 Proton chemical shift assignments for each residue of wS1.

HN Ho

(ppm) (ppm) Hp (ppm) Others (ppm)
Al 4.223 1.441
D2 10.40 4.020 3.214
C3 9.443 4361 3.218 | 3.809
T4 8.358 4.331 4.398 Ms2, 1.319
ES 9.579 3.833 1.099 | 1.352 | Hy, 2.088, 2.320
Y6 7.288 4.690 2.409 | 3.242 | HS, 6.988; He, 6.785
C7 8.358 5.244 2.825 | 3.510
S8 8.958 4.389 3.914
N9 8.281 4.700 2.605 | 2.682
S10 8.040 4.709 3.736
Cl11 8.319 4.612 2.130 | 2.416
P12 4.467 1.994 | 2.368 | Hy, 1.841,2.081; H§, 3.528, 3.708
F13 6.894 4.544 3.010 | 3.358 | HS, 7.110; He, 7.263; HC, 7.344
Cl4 6.993 4917 2.619 | 3.108
N15 7.877 4.592 2.933 | 3.021

3.892,

G16 8.716 4.034 Hy,2.441, 2.655
Q17 | 7.609 4.538 1.978 1 2.215 | Hy, 2.392, 2.441; HJ, 3.852, 3.886
P18 4.329 2.124 | 1.926 | M8, 0.883, 0.922
L19 7.965 4.779 1.549 | 1.856
Y20 7.461 3.940 2.873 | 3.445 Hy, 1.423, 1.685
Q21 8.692 3.053 1.936 M8, 0.792, 0.863
L22 7.611 3.833 1.526 | 1.563
C23 7.994 4.222 3.045 | 3.409
C24 8.414 4.489 2.504 [ 2.721 | g1, 1.189, 1.233; HO, 0.654; Mg2,
125 8.368 3.948 1.784 0.759
N26 8.181 4.841 2.575 | 2.838
N27 8.298 5.088 3.00 |3.272
C28 8.044 5.143 2.814 | 4.344
C29 8.594 5.389 3038 3354 | 1 | 907: 15, 2,957, 3.447
P30 4.821 2.017 | 2.352
S31 8.387 4.482 3.902 | 3.964
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4.2.1.8 Structural stability

Medicinal plants usually involve decoction before oral administration. To test the
stability of wS1, we used digestive enzymes to simulate oral administration. Our
results showed that synthetic wS1 (with disulfide bonds) was highly stable after two
hours in the enzymatic condition (Figure 4.9 A-C). In contrast, liner wS1 (S-alkylated
wS1) was degraded under the same conditions. Therefore, disulfide bonds can render

the structure of wS1 highly stable.
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Figure 4.9 Structural stabilities of wS1.
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Synthetic wS1 (with intact disulfide bonds) is 100-fold more stable than its S-alkylated

form (without disulfide bonds) against proteolytic degradation. The pronase,

chymotrypsin, and peptides were used at 20 pg/ml for these experiments.

133



4.2.2 Cell-membrane permeability of wS1
4.2.2.1 Non-cytotoxicity

To test the safety of wS1, we measure cell viability after treating cells with wS1. We
did not detect any cytotoxicity after wS1 treatments (1-10 uM) for 24 h in HUVEC-CS

and HepG2 cells, suggesting wS1 is non-cytotoxic up to 10 uM (Figure 4.10).
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Figure 4.10 Non-cytotoxicity of wS1.

The cells were treated with wisotide (wS1) in different concentrations for 24 h. After
wS1 treatment, the cell viability was measured by an MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay. The analysis was based on five replicates

in each group. N.S. denotes no significance.
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4.2.2.2 Chemical synthesis and fluorophore labeling

For biological investigation, we chemically synthesized, oxidatively folded, and
fluorescently labeled wS1 (Figure 4.11). The linear wS1 synthesis was conducted by
using the Fmoc SPPS (solid-phase peptide synthesis). Then, the peptides were
cleaved by trifluoroacetic acid (92.5%) with 1,2-ethanedithiol (2.5%), triisopropylsilane
(2.5%), and distilled water (2.5%). The synthetic linear wS1 was precipitated by diethyl
ether and oxidatively folded in an aqueous solution at 4°C for 30 min. The solution
contains cystamine/cysteamine (ratio: 1/10), DMSO (10%), and NH,HCO; (100mM).
In RP-HPLC co-elution, synthetic wS1 shares the same retention time with the native
one (Figure 4.12 A). Also, they share high similarities in their 172D NMR spectra
(Figure 4.12 B), indicating their identity in three-dimensional structures. Furthermore,
the synthetic wS1 (folded) was labeled with the AF488 at its amino-terminus and
purified by RP-HPLC. The mass shift of 516.3 Da indicates the success of AF488
labeling on wS1 (Figure 4.11 and Figure 4.12 C). Thus, we show the synthetic wS1

(folded) is identical to the native one and that wS1 can be labeled with the AF488.
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Figure 4.11 Schematic illustration for chemical synthesis, oxidative folding, and fluorescent labeling of wS1.
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Figure 4.12 Quality control of synthetic wS1 and AF488-wS1.
(A) Co-elution of synthetic and native wS1 by using HPLC (high-performance liquid
chromatography) is shown. (B) Overlapping 2D NMR spectra of the synthetic wS1
(yellow) and the native one (blue) are shown. (C) MALDI-TOF mass shift after labeling
wS1 with the AF488 fluorophore. The NMR experiment for the spectra overlapping

was conducted by Dr. Fan. J. S. and then analyzed by me.
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4.2.2.3 Endocytosis-mediated cell entering

To determine cell entering capacities of wS1, we performed flow cytometric analysis
and confocal imaging. After treating cells with AF488-wS1, we observed that cellular
uptake of AF488-wS1 (at 37°C) increased in a time-dependent manner (Figure 4.13
and Figure 4.17). At low temperature (4°C), the cellular uptake decreased 38%
compared with the uptake at 37°C (Figure 4.14), indicating the AF488-wS1 might
cross the cell membrane in an energy-dependent manner. For endocytic pathway
analysis, we found that EIPA (ethylisopropylamiloride) inhibited the cellular uptake in
two different cell lines (Figure 4.15 and Figure 4.16), showing that AF488-wS1 can
cross via macropinocytosis. We also found that dynasore (an inhibitor of clathrin-
dependent endocytosis) exhibited inhibition in HUVEC-CS rather than in HepG2 cells,
which might be due to the cell line variation. Unexpectedly, nystatin (an inhibitor of
caveolae/lipid-mediated endocytosis) promoted the cellular uptake, suggesting that
these endocytic pathways are not independent from each other, but might share

common regulators.
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Figure 4.13 Flow cytometry analysis of AF488-wS1 cellular uptake with time.
HepG2 cells were treated with AF488 labeled wS1 (AF488-wS1) for different periods.

(A) The cells were selected in elliptical circles for the fluorescent analysis. SSC-A
indicates the side scatter area, and FSC-A stands for the forward scatter area. (B) The
fluorescent peaks shifted forward after AF488-wS1 treatment. (C) Plotting cure of

AF488-wS1 cellular uptake (n=3).
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Figure 4.14 Temperature-dependent cellular uptake of AF488-wS1.
(A) HepG2 cells under different temperatures were treated with the AF488-wS for 1 h.
By using SSC-A and FSC-A, the cells in elliptical circles were selected for the
fluorescent analysis. (B) The fluorescent peaks shifted more at 37°C than at 4°C. (C)

Quantification of (A) and (B) with statistical analysis (n=3).
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Figure 4.15 Cell entering by endocytic pathways in HepG2 cells.

(A) The HepG2 cells were treated with exocytotic inhibitors (30 min) and co-treated
with AF488-wS1 and inhibitors (1 h) before being selected by ellipses. (B) The cells in
ellipses were analyzed by peak shifting extend. (C) Quantification of (A) and (B) with

statistical analyses (n=3).
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Figure 4.16 Cell entering by endocytic pathways in HUVEC-CS.

(A) The HUVEC-CS were pre-treated with endocytic inhibitors (30 min pre-treatment
and 1 h co-treatment). The cells were selected by elliptical circles. (B) Fluorescent
intensity difference between cell groups was presented by fluorescent shifting extent

between peaks. (C) Quantification of (A) and (B) with statistical analyses (n=3).
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Figure 4.17 Confocal micrographs of AF488-wS1 cell entering.

(A and B) Live cells were treated with the AF488-wS1 (1uM) for 1 h and 4 h before
confocal microscopic analysis. The nuclei were stained with Hoechst 33342 (1 ug/ml)
for 15 min, and the plasma membrane was stained with PKH26 red-fluorescent dye (2

MM) for 5 min. White arrows indicate the internalized AF488-wS1.
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4.3 Discussion

In this study, we discovered and characterized an unusual cystine-stapled helical
peptide, wisotide (wS1), from the root of Withania somnifera or Indian ginseng. The
wS1 has 31 residues in length and a cystine-stapled helical scaffold, rendering it
hyperstable against proteolytic degradations. Also, the wS1 with hydrophobic patches
clustered by its helical scaffold exhibited cell-membrane permeability, an important
property for peptides targeting the intracellular environment.

Sequence analysis showed that wS1 has a cysteine pattern of C-C-C-C-CC-CC, with
two consecutive cysteine residues (-CC-) at its C terminus. In plant CRPs, based on -
CC- pairs in their cysteine motif, there are at least three known classes: class | with
no -CC- pairs, class Il with one -CC- pair, and class Ill with two -CC- pairs. Class |
without the -CC- pair can be found in 4C/6C/8C CRPs, such as 4C a-hairpinin, 6C
potentides, and 8C defensin (e.g., NaD1). Class Il has -CC- pair located in different
sites in the cysteine pattern, and this class can be found in 6C/8C/10C CRP families,
such as 6C thionin (e.g., crambin) with the -CC- pair at the N terminus, 6C hevein like
peptides with a pair in the middle, and jasmintides with a pair at the C terminus. Class
lll contains two pairs of -CC- and only two characterized members so far, including
the 6C B-ginkgotide and the 8C lybatide. In this study, we present wS1 as a new
member of the lybatide family, for it shares same cysteine pattern with lybatides. This
pattern determines the loop length, a key determinant of intercysteinyl sequence
variation and peptidyl structural conformations.

NMR spectrometry indicated that 8C wS1 has disulfide connectivity of Cys [-Cys VI,
Cys 1I-Cys VI, Cys IlI-Cys VIl and Cys IV-Cys V. The disulfide connectivity in 8C
CRPs can be treated as an extension of the one in the 6C CRPs, which contain at

least five types. Type | is the well-known cystine knot (Cys I-Cys IV, Cys II-Cys V, and
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Cys llI-Cys VI), like the one in knottins, defensins, and hevein-like peptides. Type Il is
the symmetric connectivity (Cys I-Cys VI, Cys II-Cys V, and Cys IlI-Cys V), like the
one in thionins and a-hairpinins. Other types are hybrid and represented by the
connectivity in jasmintides (type lll), potentides (type V), and B-ginkgotides (type V).
Like lybatides, wS1 may be treated as an 8C CRP derived the 6C CRP in type Il,
because after removing Cys I-Cys VI, the connectivity of wS1 is symmetric. Disulfide
connectivity together with the cysteine pattern result in excellent scaffold diversity of
CRPs.

Structural analysis revealed that wS1 has a cystine-stapled helical scaffold, which in
CRPs can be seen in two structural motifs: CSaa and CSaf. The CSaa motif is
characterized by two a helices bridged by disulfide bonds in between them. This motif
can be found in a-hairpinins and thionins, although these two do not share the exact
same motif: a-hairpinins have only two a-helices stabilizing one another, whereas
thionins not only have two stabilized a-helices but also two anti-parallel B-strands. The
CSap is characterized by an a-helix linked to the central B-strand of an anti-parallel 3-
sheet by disulfide bonds, such as in defensins. wS1 has two helices bridged by one
disulfide bond and thus exhibits a CSaa motif. The inside disulfide bond of the wS1
motif might force hydrophobic side chains to be exposed outside, partially leading to
cell-membrane permeability of hydrophilic and anionic wS1.

Biosynthetic analysis showed that wS1 is derived from two precursors with one residue
variation, and that these precursors share three structural domains: a signal domain,
a mature domain, and a C tail. The signal domain is cleaved by the signal peptidase
at the ER, and then the mature domain is subsequently cleaved by the serine
endopeptidase. Bioinformatic analysis revealed that 57 wisotide-like peptides are

distributed in three plant families, and their precursors all have the three architectural
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domains. Weblogo analysis indicated that these wisotide-like peptides have the serine
highly conserved at the C terminus, indicating the importance of the serine
endopeptidase in peptide maturation.

In conclusion, wS1 is an anionic cystine-stapled peptide from the root of Withania
somnifera with cell-membrane permeability activity, which is partially attributed to
hydrophobic patches on the peptide molecular surface. Moreover, 57 putative wS1-
like peptides were identified from five different plants. Thus, wS1 represents an
excellent class of cystine-stapled helical templates for designing membrane-

permeable peptides.
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CHAPTER FIVE
Discovery of a plant-derived hyperdisulfide peptide that

induces LDLR-mediated LDL uptake at lipid rafts
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5.1 Introduction

Among natural products, peptides are distinguished in size from small molecules and
large proteins, but often possess their inherent therapeutic advantages, representing
a novel class of compounds for drug discovery [281]. Natural occurring peptides can
be found in fungi, animal venoms, human hormones, and plant tissues. These
peptides, like macrocycles [282], conotoxins [283], chlorotoxin [284], and insulin [285],
exhibit exceptionally high structural diversity and have evolutionally fine-tuned
biological functions, critical for organisms to defend, prey, and signal. Over 80 peptides
from nature so far have succussed as clinical drugs, like captopril for hypertension and
exenatides for Type 2 diabetes [286]. Nowadays, natural occurring peptides, cysteine-
rich peptides (CRPs) in particular, are a highly underexplored frontier of drug discovery.
CRPs in nature are 15-50 residue miniproteins, braced by 2-5 disulfide bonds,
displaying different cysteine frameworks [35, 75, 99, 143, 277-280]. CRPs occurring
in plants can function as antimicrobial peptides or protease inhibitors [35, 287]; in
animal, like marine snails, spiders, and scorpions, they can be a venom component
[286]. Unlike small molecules, these natural miniproteins are evolutionally optimized
to display a large molecular interface for protein-protein interactions, representing
CRPs an ideal class of therapeutic leads with less off-target possibilities (or side
effects). For example, ziconotide from the venom of Conus magus has been
developed into a potent neuropathic painkiller in clinic [288]. Although promising, no
plant-derived CRPs are marketed so far.

Hyperdisulfide CRPs are a subfamily of CRPs containing at least 30% cysteine content
[289]. As cystine percentage increases and peptide size decreases, structural scaffold
becomes increasingly constrained to render peptides hyperstable against thermal,

chemical, and proteolytic degradation. Hyperdisulfide CRPs derived from nature can
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be exemplified at least by three peptides: 1) the linaclotide with ~42% cystine in 14
residues [290]; 2) the conotoxin SIIIA with 30% cystine in 20 residues [291]; 3) the B-
ginkgotides with at least 30% cystine in 18-20 residues [289]. The high cystine
percentage in small peptide size indicates that hyperdisulfide CRPs likely exhibit
small-molecule stability and are good starting points for orally bioactive development
or drug design.

Schisandra chinensis, from Schisandraceae family, is a woody vine plant growing at
high-latitude areas in Asia. Fresh fruits of S. chinensis ripen once a year, and they are
often consumed directly with hot water or dried for long-term storage like tea. In
modern pharmacopeias, these fruits are positioned as “adaptogens”, a term describing
substances with none-specific anti-stress effects or multiple therapeutic functions [197,
198]. One of their pharmacological applications is to treat hyperlipidemia in blood
circulation [292]. Currently, bioactive constituents in these fruits are represented by
dibenzocyclooctadiene lignans, like schisandrin B, schisantherin A, and Gomisin A
[196]. However, bioactive peptides in this medicine are unknown.

Here, we report the identification and characterization of a novel hyperdisulfide CRP,
designated wuweizitide 1 (wZ1), from S. chinensis. We showed that wZ1 contains six
cystine residues out of 18 total residues, processed from an 86-residue precursor with
three structural domains. We suggested that wZ1 with cysteine-knot like scaffold is
hyperstable against proteolytic degradation. We revealed that wZ1 crosses the cell
membrane by endocytosis and increases LDL uptake by promoting LDLR distribution
into lipid rafts. Thus, this study enriches our knowledge of hyperdisulfide CRPs and

indicates their underexplored potential as therapeutic leads.
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5.2 Results

5.2.1 Discovery and structural characterization of wuweizitide (wZ1)
5.2.1.1 Identification of wuweizitide (wZ1)

To discover novel cysteine-rich peptides, we profiled berries of Schisandra chinensis
by MALDI-TOF mass spectrometry (MS), reduced berry extraction with dithiothreitol,
and then alkylated with an iodoacetamide. By the MS profiling, we found two mass
peaks at 2154.1 m/z and 2178.4 m/z, designated as wuweizitide (wZ1) and its sodium-
ion binding form (wZ1+Na*), respectively (Figure 5.1 A). By the reduction, we
observed a mass shift of 6 m/z between 2154.4 m/z and 2160.9 m/z, indicating the
possibility of occurring a novel peptide with three disulfide bonds, which are formed by
six cysteine residues (Figure 5.1 B). By the alkylation, we detected a peak at 2502.7
m/z, with a mass increase of 348.3 m/z, compared with the wZ1 peak at 2154.4 m/z.
This mass increase confirmed the occurrence of six cysteine residues, as one
cysteinyl alkylation leads to a mass increase of 58 m/z (Figure 5.1 C). These results
suggest that a novel cysteine-rich peptide with three disulfide bonds exists in the S.
schisandra berries. The wZ1 was then extracted and purified in a large scale from S.

chinensis seeds, and the yield of wZ1 is ~2 mg out of 100 g seeds.
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Figure 5.1 Mass spectrometry profile of wuweizitide (wZ1).

(A) MALDI-TOF MS profile of wZ1 with m/z value 2154.4 isolated from the fruit of
Schisandra chinensis. To confirm that wZ1 is a six-cysteine peptide, we performed S-
reduction and S-alkylation. (B) MS profile of the S-reduced wZ1 with m/z value 2160.9
after reduction with 25 mM dithiothreitol. (C) MS profile of the S-alkylated wZ1 with
m/z value 2502.7 with 100 mM iodoacetamide in 25 mM ammonium bicarbonate buffer

(pH 7.8). The increase in m/z value 348.3 confirms that wZ1 has six cysteine residues.

The wZ1 was identified by Dr. Wong K. H. initially.
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5.2.1.2 Primary amino acid sequence determination of wZ1

To determine the primary sequence of wZ1, we de novo sequenced wZ1 by using
MALDI-TOF/TOF in an MS/MS mode and further confirmed its sequence by
transcriptomic analysis. De novo sequencing showed a putative wZ1 sequence:
XXCCRCXSWPYMCSVFCC (Figure 5.2). In this sequence, X represents isobaric
residues (I/L and K/Q), which can have four possible combinations (IK, 1Q, LK, and
LQ). To confirm these isobaric residues, we extracted the total RNA of the live S.
chinensis berries, sequenced the transcriptome of the berries by using the next-
generation sequencing, and then conducted a de novo assembly of the transcriptome.
By transcriptomic analysis, we found that wZ1 precursor has three architectural
domains, in which the mature domain shows the primary sequence of wZ1 as
IQCCRCQSWPYMCSVFCC (Figure 5.3). However, when aligning wZ1 sequence to
the transcriptome of S. chinensis by using the blast (basic local alignment search tool),
we did not find its homologous mMRNA sequences with the CC-C-C-CC motif in S.
chinensis. Interestingly, we found another cysteine-rich peptide (B-wuweizitide, wwz2)
showing a C-CC-C-CC motif from the transcriptome of S. chinensis (Figure 5.3).
These results show that two different wuweizitides exist in S. chinensis. WZ1 in high

yield was used for structural characterization and functional investigation.
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The primary amino acid sequence was deduced by using b-/y- ions, generated by MALDI-TOF/TOF in an MS/MS mode.
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wZ1 MKNNSIIVVVLAMVIVAGVCMA STAGARLHPGNYLLLSEGENAAFPVTVNVPFPLRDLAIPNGGDQAN IQCCRCQSWPYMCSVFCC

CXD SPase
Signaling domain Pro domain + Mature domain

wZ2.1 MMRKSEL-VLLLAFLVMSAFWLTTTA T-PLHDDHTVYPQACPCCKWIRNPLLLCAKICCN
wZ2.2 MMEKRLVVVLLAFLLVAALCVLSTTA ARLRSGEHGAHPHGCRCCSWVGDP-IKCGNVCCT

Precurosrs

Figure 5.3 Biosynthesis of wZ1 and wuweizitide2 (wZ2).

Transcriptomic analysis confirmed the sequence of wZ1 and indicated the occurrence of wuweizitide2 (wZ2.1 and wZ2.2). The

precursor sequence of wuweizitides consists of three architectural domains, including signaling, pro, and mature domains.
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5.2.1.3 Chemical synthesis of wZ1

To prepare the sample for later structural and functional investigation, we chemically
synthesized wZ1 and compared its structure with the native one. In detail, linear Fmoc-
wZ1 with protection was obtained by solid-phase peptide synthesis (Figure 5.4). The
Fmoc-wZ1 was then deprotected and cleaved by trifluoroacetic acid to release the
linear wZ1, which was immediately folded oxidatively under redox conditions
(cystamine/cysteamine) with 10% DMSO in the 100 mM NH,HCO; buffer (pH 8) at
4°C for 30 min. The folded wZ1 was purified by RP-HPLC to reach >98% purity, and
the purified synthetic wZ1 was then co-eluted with native wZ1 (Figure 5.5 A). The co-
elution result shows the same retention time for synthetic and native forms of wZ1,
indicating that they share an identical hydrophobic structure. The structural identity of
synthetic/native wZ1 was further confirmed by 2D NOESY spectra (Figure 5.5 B), in
which most of the cross-peaks are overlayed with each other, while some of the peaks
are not, for the existence of a few metabolites in the native wZ1 sample. These results

show that the synthetic wZ1 is identical to the native one in structure.
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Figure 5.4 Schematic illustration of wZ1 chemical synthesis for NMR structure determination.
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Figure 5.5 Quality control of synthetic wZ1.
(A) RP-HPLC co-elution of the native and the synthetic wZ1. (B) NOESY 2D-NMR overlay spectra of the native (purple) and the

synthetic (yellow) wZ1. The NMR experiment was conducted by Dr. Fan J. S. and then analyzed by me.

158



5.2.1.4 NMR (nuclear magnetic resonance) structure of wZ1

To characterize the structural properties of wZ1, we performed NMR structural
determination of synthetic wZ1. Our result showed that wZ1 has knottin-type disulfide
connectivity, C-I to C-IV, C-Il to C-V, and C-lll to C-VI (Figure 5.6 A and B). Besides,
wZ1 has one positive charge (blue) and overall hydrophobic property (dark grey) on
its structure surface (Figure 5.6 C). The NMR result suggests that wZ1 might be a

hyperstable cysteine-rich peptide with cell-permeable capacities.
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Figure 5.6 Disulfide connectivity and NMR structure of the synthetic wZ1.

(A) Primary sequence and disulfide connectivity of wZ1. WZ1 has 18 amino acids in
length with disulfide connectivity of Cys I-IV, Cys II-V, and Cys IlI-VI. (B) The backbone
of wZ1 with three disulfide bonds (yellow). The structural surface of wZ1 with positive
residue (R) in blue, hydrophobic residues (I, W, P, M, V, and F) in dark grey, and
hydrophilic residues (Q, S, and Y) in light grey. This NMR experiment was conducted
by Dr. Fan J. S. and then analyzed by me.

160



Table 5.1 Structural statistics for the final 20 conformers of wZ1.

Distance restraints
Intra-residue (i-j = 0)
Sequential (|i-j| = 1)
Medium range (2 < |i-j| < 4)
Long range (|i-j| > 5)
Hydrogen bond
Total
Average rmsd to the mean structure (A)P

Backbone atoms
Heavy atoms

¢/ space®
Most favored region (%)
Additionally allowed region (%)
Generously allowed region (%)
Disallowed region (%)

rmsd from covalent geometry
Bonds (A)
Angles (deg.)
Impropers (deg.)

rmsd from experimental restraints
NOEs (A)

55
58
12
18
0
143

0.83 £0.26
1.64 £0.39

78.7
17.7
3.0
0.7

0.003 £ 0.000
0.577 £ 0.047
0.367 £ 0.046

0.076 £ 0.011

¢ Calculated with PROCHECK-NMR.

2 Selected from 100 calculated conformers according to overall energy.
b Calculated with MOLMOL using range 3-7, 12-18.
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Table 5.2 Proton chemical shift assignments for each amino acid residues of

peptide wZ1.
HN Ha
(ppm) (ppm) Hp (ppm) Others (ppm)
M&1,0.846;  My2,  0916;  Hyl,
I1 3.820 1.899 1.127,1.419;
Q2 | 8.480 4.363 1.951 | 2.038 | Hy, 2.364
C3 8.309 4.128 2.840 | 3.127
C4 | 7.329 4,700 2.172 | 3.438
Hy,1.520,1.571; HS, 3.035,3.089; He,
R5 | 8.690 4.009 1.660 7.096
C6 | 9.106 4711 3.187 | 3.517
Q7 | 8.859 4338 2.080 | 2.511 | Hy, 2.348
S8 7.535 4.691 3.851
HS1, 7.225; Hel, 10.230; He3, 7.316
W9 | 8.820 2.893 | 3.019 | Hn2, 7.199; HE2, 7.467; HE3, 7.079
P10 3.210 1.047 | 1.285 | Hy, 1.530, -0.178; H3, 2.697, 2.920
Y11 | 8.942 4.108 2.850 | 3.163
M12 | 8.023 4.170 1.854 Hy, 2.337; M§, 1.042
Cl3 | 8.542 4.906 3.010 | 3.186
S14 | 9.161 5.023 3.575 | 3.883
V15 | 9.490 4.184 1.883 My, 0.518, 0.618
F16 | 7.917 4.563 2.779 | 3.374
Cl7 | 7.431 4.550 3.087 | 3.848
C18 | 7.362 4.571 2.834 | 3.273
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5.2.1.5 Stability of wZ1 with knottin-type disulfide connectivity.

To determine the stability of three-disulfide constrained wZ1, we built in vitro models
for gastrointestinal environments using different digestive enzymes. We found that
wZ1 is hyper-stable against proteolytic degradation (Figure 5.7 A-D), suggesting its

possibility of being developed as an orally active compound.
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Figure 5.7 wZ1 is highly stable against proteolytic degradation.
Synthetic wZ1 and S-alkylated wZ1 were incubated with (A) trypsin (20 pg/ml), (B)

pronase (20 ug/ml), (C) a-chymotrypsin (20 pg/ml), and (D) pepsin (20 pg/ml) at 37°C.
RP-HPLC was used to quantitate the percentage of peptides remaining using an area

under the curve analysis.
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5.2.1.6 Phylogenetic tree of wZ1 and its conotoxin homologs

To characterize the phylogenetic relationship, regional distribution, and biosynthesis
of wZ1 and its homologs, we searched the 1 KP database and NCBI databases with
the primary amino acid sequence of wZ1. For the phylogenetic relationship and the
regional distribution, we tried to find out its homologs in planta by using BLAST (Basic
Local Alignment Search Tool). The results showed that no homologs were found in 1
KP database and NCBI databases, as the cysteine motif, CC-C-C-CC, is unusual in
planta. Unlike in planta, we successfully found over 300 mRNA precursors in
conotoxins with the same cysteine motif; the top 100 precursors with the highest
similarity were then used for phylogenetic analysis. The results showed that wZ1 is
distantly related to its conotoxin homologs, as wZ1 does not form any cluster with other
homologs in the phylogenetic tree, and that wZ1 is geographically far from its

conotoxin homologs (Figure 5.8).
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Figure 5.8 Phylogenetic tree of wZ1 and its homologs.
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5.2.1.7 Precursors of wZ1 and ion-channel targeting homologs

For comparing the biosynthesis of wZ1 and its homologs, we aligned the precursor
sequences of wZ1 and the ion-channel targeting peptides (highlighted in red in the
phylogenetic tree). The result showed that wZ1 precursor has similar architecture to
these peptide homologs. They contain three same domains: 1) signaling domain; 2)
pro domain; 3) mature domain. In contrast to their similarities, wZ1 does not have a
small C tail as its homologs (Figure 5.9). These results suggest that wZ1 is an unusual
cysteine-rich peptide in planta, and that wZ1 is geographically and evolutionarily
distant to wZ1 conotoxin homologs, but its homologs share a similar biosynthetic

architecture with it.
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PIIA
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GlIIA
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BulllB
SIIA
CnlliC

MKNNSIIVVVLAMVIVAGVCMA STAGARLHPGNYLLLSEGENAAFPVTVNVPFPLRDLAIPNGGDQAN

—-—--MSKLGALLTICLLLFPITA ----————————— LLMDGDQPADRPAERMDYDISSEVHRLLERR--
—-—--MSKLGVLLTICLLLFPITA -—-—-—-—————————— LPMDGDQPADRLAERMODNISSEEHP-FEKR--
—--MMSKLGVLLTICLLLFPLTA —-—-——=————————— LPMDGDEPADRPAERMQDNISSEQHPLFEE—--—
—-—--MSKLGVLLTICLLLFPLTA —-———————————— LPMDGDEPANRPVERMQDNISSEQYPLFEKR--
--MMSKLGVLLTICLLLFPLTA -—=-=—=————————m LPMDGDEPANRPVERMQDNISSEQYPLFEKR~-~-
—--MMSKLGVLLTICLLLFPLFA —-———————————— LPQDGDQPADRPAERMQDDISSEQNPLLEKR~--
—--MMSKLGVLLTVCPLLFPLTA —-———————————— LPPDGDQPADRPAERMQDDISSDEHPLFDKR--
—-—--MSKLGVLLTICLLLFPLFA —-———————————m— LPLDGDQPADRPAERMQDDISSEKHPLFDKR--

--I06¢-—---- RCQSWPYMC-SVF-CC--
-HPPCCMYG--RC-RRYPGC-SSASCCQR
-QRLCC-GFPKSC-RSRQ-CKPH-RCC--
—-RHGCC-KGPKGC-SSRE-CRPQ-HCC--
—-RDCC-TPPKKC-KDRQ-CKPQ-RCCA-
--RDCC-TPPRKC-KDRR-CKPM-KCCA-
VGERCCKNGKRGC--GRW-CRDHSRCC--
—--QNCC-NG--GC-SSKW-CRDHARCC--

--QGCC-NGPKGC-SSKW-CRDHARCC--

Figure 5.9 Sequence alignment of wZ1 precursor and its ion-channel targeting homologs.

The structurally and functionally characterized homologs (highlighted in red in Figure 5.8) were selected for comparison.
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5.2.1.8 Physiochemical comparison of wZ1 and its ion-channel targeting

homologs

Conotoxins are well known for their ability to target neuronal ion channels, which are
used by snails to immobilize and catch their prey in the ocean [293]. To see if wZ1 has
functional similarity to its ion-channel targeting homologs, we compared the
physiochemical properties of their mature sequences (Table 5.3). Unlike wZ1, its ion-
channel targeting homologs have post modifications on their mature sequences during
the biosynthetic process. These post modifications on sequences are threefold: 1)
transforming proline residues to hydroxyproline residues; 2) cyclizing glutamic acid
residues to be pyroglutamic acid residues; 3) adding NH2 to the C terminus. The
modifications could not only increase the peptidyl solubility in the ocean, but also
enhance its ion-channel targeting specificity, matching their roles in the hunting
process of snails. To show the sequence conservation, we used the mature
sequences and created a WebLog (Figure 5.10), in which the cysteine motif and the
positive residues (H, K, and R) are high conserved, suggesting their hyper stabilities

and ion-channel targeting ability.
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Table 5.3 Physiochemical property of wZ1 and its ion-channel targeting homologs.

Peptides Mature sequences Amisrilguaecsid Charge PI O?g:;ii:smls References
[

wZ1 ——IQCI:CI: ————— RCQSWPYMCI:—SVF—CC—— 18 +1 7.78  Schisandra chinensis  This work

PIIE —Hf;ﬁCCMYG——RC—RRY§GC—SSASCCQR—NH2 24 +4 12.81 Conus purpurascens  Ryan M Van Wagone et al, 2003
PlIIA —SRLCC—GFEKSC—RSRQ—CKSH—RCC———NHz 22 +6 12.99 Conus purpurascens Alesia A Tietze et al, 2012
THIA -RHGCC-KGPKGC-SSRE-CRPQ-HCC---NH, 22 +4 12.28 Conus tulipa Richard J Lewis et al, 2007
GIIA --RDCC-TPPKKC-KDRQ-CKPQ-RCCA--NH, 22 +5  11.87 Conusgeographus K Wakamatsu et al, 1992
GIIB --RDCC-TPPRKC-KDRR-CKPM-KCCA--NH, 22 +6 12.18 Conus geographus  J M Hill et al, 1996

BulllIB VGERCCKNGKRGC--GRW-CRDHSRCC---NH, 24 +5 12.36 Conus bullatus Zhihe Kuang et al, 2013
SIIIA --SNCC-NG--GC-SSKW-CRDHARCC---NHZ 20 +2 11.62 Conus striatus Shenggen Yao et al, 2008
CnlliC ——SGCC—NGPKGC—SSKW—CRDHARCC———NHZ 22 +3 11.80 Conus consors Philippe Favreau et al, 2012

Note: Sequence comparison of wZ1 and its ion-channel targeting homologs [294-299]. Hydroxyproline and pyroglutamic acid
residues were labeled with * and #, respectively. The charge of the peptide was calculated by positive residues (R, K, and H) and

negative residues (D and E).
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Figure 5.10 Sequence conservation of wZ1 and its ion-channel targeting homologs.

The overall height shows the amino acid conservation at a position. The height of each amino acid indicates the individual frequency

at that position. The residues in this graph are labeled in orange (C), blue (H, R, and K), red (D and E), or black (others).
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5.2.1.9 Structural comparison of wZ1 and its ion-channel targeting homologs

To compare their tertiary structures, we aligned the backbones of wZ1 and GIIIA, a
potent ion-channel blocker (Figure 5.11 A). Although they share the same knottin-
type disulfide connectivity, the two backbones are different from each other.
Furthermore, we showed the surficial properties of GIlIA (Figure 5.11 B), showing that
GlllA is a highly positively charged (blue) and hydrophilic (cyan) cysteine-rich peptide.
These properties are in contrast to the properties of one positive charge and
hydrophobicity on the wZ1 surface. These results indicate that wZ1 might not target
the ion channel due to its obvious different properties, when compared with its ion

channel targeting homolog.
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wZ1 GIIIA

Figure 5.11 Structural comparison of wZ1 and GIIIA.

(A) The structural backbone of wZ1 and GIIIA (PDB: 1TCJ), a sodium ion-channel
blocker. (B) Surface properties are indicated in different colors: positive charges in
blue (R and K), negative charges in red (D), the hydrophobicity in dark grey (A, I, W,

P, M, V, and F), and the hydrophilicity in light grey (T, *P, Q, S, and Y).
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5.2.2 Cell-membrane permeability and membrane interaction of wZ1

5.2.2.1 Cell membrane integrity after wZ1 treatment

To see if wZ1 can damage the cell membrane integrity, we treated HepG2 cells and
HUVEC-CS (human umbilical vein endothelial cells) with wZ1 in different
concentrations, 1-20 yM, for 48 h. We measured the cell membrane integrity by using
the lactate dehydrogenase (LDH) release assay (Figure 5.12). We found that wZ1 did
not damage the cell membrane and lead to LDH release from intracellular space to

extracellular space in different cell lines.
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Figure 5.12 Cytotoxicity of wZ1.
WZ1 is not cytotoxic to HUVEC-CS and HepG2 cells, when tested in concentrations

of up to 20 pyM for 48h. The membrane integrity was analyzed by lactate

dehydrogenase (LDH) release assay.
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5.2.2.2 Affinity-enrichment proteomic profiling of wZ1

To explore the biological function of wZ1, we performed affinity-enrichment proteomic
profiling to identify putative binding partners of wZ1 (Figure 5.13). Using biotin-LC-
wZ1, pull-down assays with HepG2 cell lysates were performed on NeutrAvidin-
agarose beads followed by nano-liquid chromatography-tandem MS/MS analysis.
Label-free quantitation was subsequently conducted along with a search against the
human reference proteome (UP000005640) using MetaMorpheus version 0.0.320
software [270]. The identified protein groups with a fold-change of >2 compared with
the biotin control group were identified. After subtracting the nonspecific binding
proteins based on the CRAPome database [271], we identified 104 proteins in the
biotin-wZ1 group (Figure 5.13). Bioinformatic analysis using STRINGdb revealed that
these binding proteins formed one cluster consisting of mitochondrial proteins.
However, only eight of 104 pull-down proteins were associated with oxidative
phosphorylation. Interestingly, 68 out of the 104 proteins were membrane-associated
proteins. Based on this information, we speculated that wZ1 may interact with the lipid

membrane to exert its biological effects.
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Figure 5.13 Affinity-enrichment mass spectrometry analysis of wZ1 using
HepG2 cell lysate.

Biotin-LC-wZ1 was mounted on streptavidin beads and then incubated with HepG2
cell lysate at 4°C overnight. The pulled proteins were analyzed by mass spectrometry.
The membrane proteins binding to wZ1 were in red. Pull-down experiment was

conducted by Dr. Kam A. and Dr. Loo S. N., and then analyzed by three of us.
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5.2.2.3 AF488-wZ1 actively entering cells by the endocytosis

To determine the cell-entering capacity of wZ1 and intracellular localization, we
labeled wZ1 with AF488 fluorophore or Biotin-LC at its N terminus (Figure 5.14). After
labeling, we analyzed AF488-wZ1 treated HepG2 cells by flow cytometry. First, we
selected single cells for the cellular uptake analysis (Figure 5.15 A). The cells started
to increase the fluorescent intensity in a time-dependent manner and reached the
plateau in 4 h (Figure 5.15 B and C). Second, we pre-exposed the cells to 37°C and
4°C for 30 min, treated them with AF488-wZ1 for 10 min, and then selected single
cells for energy-dependent analysis (Figure 5.16 A). Compared with physiological
temperature (37°C), low temperature (4°C) significantly decreased the cellular
fluorescent intensity of AF488-wZ1 (Figure 5.16 B and C). Third, we pre-treated cells
with endocytosis inhibitors (nystatin, dynasore, and EIPA) for 30 min, and then
selected single cells for endocytosis analysis (Figure 5.17 A). Nystatin and dynasore
treatments significantly decreased the normal uptake of AF488-wZ1 (Figure 5.17 B
and C). These results show that AF488-wZ1 crosses the cells by energy-dependent

endocytosis.
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Figure 5.14 Schematic illustration for chemical synthesis and labeling of wZ1.
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Figure 5.15 Cellular uptake of AF488- wZ1 in HepG2 cells.

HepG2 cells

(A) The HepG2 cells were treated with AF488-wZ1 for different periods and cells in

elliptical circles were used for analysis. (B) Fluorescent peaks of the AF488--wZ1

treated cells. As the time increases, the peak shifts forward, meaning cellular uptake

increases. (C) Quantification for cellular uptake of the AF488-wZ1 versus time.
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Figure 5.16 Temperature-dependent uptake of the AF488- wZ1 in HepG2 cells.

(A) The HepG2 cells were pre-incubated under 37°C and 4°C for 30 min and then
treated with AF488- wZ1 for 10 min. The cells in elliptical circles were selected for
analysis. (B) Fluorescent intensity for each group of cells. (C) Quantification of cellular

fluorescent intensity in each group. Values are in mean + S.D (n=3) with P*** <0.001.
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Figure 5.17 AF488- wZ1 entering HepG2 cells via endocytosis.

(A) The cells were pre-treated with different endocytosis inhibitors. The cells for
analysis were selected in elliptical circles. (B) The cellular fluorescent intensity in each
cell group. (C) Quantification of the cellular fluorescent intensity. Values are presented

in mean + S.D (n=3) with **P < 0.01 and ****P < 0.0001.
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5.2.3 Nuclear targeting of wZ1
5.2.3.1 Nuclear localization of wZ1

To further confirm the cell entering of AF488-wZ1 and investigate its intracellular
localization, we imaged the cells after the treatment for 1h and 4h by confocal
microscopy. In HepG2 cells, after 1 h treatment, we observed that most of the AF488-
wZ1 molecules accumulated on the cell membrane, and that few of them were in the
cytoplasm (Figure 5.18 A, 1h). After 4 h treatment, we found that AF488-wZ1 not only
was in the cytoplasm, but also entered into the nucleus (Figure 5.18 A, 4h). Similar
results were observed in HUVEC-CS (Figure 5.18 B). In addition, we used another
cysteine-rich peptide, wS1, which was labeled with the same AF488 fluorophore,
serving as a control. After 1Th and 4 h treatments, the cellular uptake of AF488 labeled
wS1 is less than the cellular uptake of AF488-wZ1, and AF488 labeled wS1 also did
not accumulate in the nucleus (Figure 5.19). These results show that AF488-wZ1 can

enter the cells and accumulate in the nucleus.
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Figure 5.18 Nuclear localization of AF488-wZ1 in different cell lines.

(A and B) HepG2 cells and HUVEC-CS were treated with AF488-wZ1 for 1 h, washed
with phosphate-buffered saline, and then imaged with a confocal microscope. (C) wS1,

another cysteine-rich peptide, was labeled with the AF488, serving as a control.
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Figure 5.19 Comparison between AF488-wZ1 cell entering and AF488-wS1 cell entering.

AF488-wS1 was used as a negative control to show that wZ1 can have nuclear localization.
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5.2.3.2 Verification of wZ1 nuclear localization

To exclude the influence of AF488 on the nuclear localization of wZ1, we labeled the
amino terminus of wZ1 with biotin-LC and treated HUVEC-CS with biotin-LC-wZ1 for
24 h before nuclear/cytoplasmic fractionation. Our results showed that in both the
blank group and biotin-LC-wZ1 treated group the nuclei were separated from the
cytoplasm without cross-contamination. This is supported by two folds: 1) in the
fractionated nucleus, we detected Histone H4 that is a nuclear marker, and did not
detect the GAPDH that is a cytoplasmic maker; 2) in contrast, in separated cytoplasm,
we detected GAPDH without Histone H4 (Figure 5.20). Based on a solid
nuclear/cytoplasmic fractionation, we found that biotin-LC-wZ1 (M.W. = 2.5 kDa) could
be detected at around 2 kDa on a Western blotting membrane, without peptidyl
degradation after 24 h. These results further supported that wZ1 can target the nucleus

with high structural stability inside of the cell.
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Figure 5.20 Western blotting analysis of biotin-LC- wZ1 nuclear localization.

HUVEC-CS were treated with the biotin-LC-wZ1 (20 uM) for 24 h and then the cellular nuclei were separated from the cytoplasm.
GAPDH, existing in the cytoplasm rather than inside of the nucleus, was used as a cytoplasmic marker. In contrast, Histone H4,
existing in the nucleus, was used as a nuclear marker. Thus, these makers were then used for assuring no cross-contamination

between separated nuclei and the cytoplasm.

187



5.2.4 Down-regulation of cholesterol biosynthetic genes by wZ1 in HepG2 cells

To determine the influence of wZ1 on gene expression, HepG2 cells were treated with
wZ1 for 24 h, followed by transcriptomic sequencing. Compared with the control group,

the treatment group has 162 different expression genes (DEGs), among which 36
genes are downregulated and 126 genes are upregulated by wZ1 (Figure 5.21). For
these DEGs, we conducted cellular process enrichment by using Gene Ontology (GO),
and also performed pathway and disease enrichment by using Kyoto Encyclopaedia
of Genes and Genomes (KEGG). In the GO process enrichment, the top seven hits
(highlighted in red in Figure 5.22) were shown to be related to cholesterol biosynthesis,
which plays a key role in regulating low-density-lipoprotein receptors (LDLR) [4]. Also,

KEGG pathway enrichment suggested that the top one hit is steroid biosynthesis
(Figure 5.23). Disease enrichment showed that the first hit is familial

hypercholesterolemia (Figure 5.24). In detail, those DEGs influenced by wZ1 and
involved in cholesterol biosynthesis are shown (Figure 5.25). Furthermore, these
cholesterol biosynthetic genes are verified by another independent gPCR experiment
(Figure 5.26). These results show that wZ1 can regulate cholesterol biosynthetic
genes, which might play a role in LDLR regulation and have therapeutic potential for

diseases like familial hypercholesterolemia.
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Figure 5.21 Number of different expression genes (DEGs) after wZ1 treatment in HepG2 cells.

The HepG2 cells were treated with wZ1 (10 uM) for 24 h and then the transcriptome of the cells was sequenced by the BGI company.

The DEGs with statistical significance were presented in this figure.
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Figure 5.22 GO process enrichment of DEGs showing cholesterol biosynthesis.

The DEGs with statistical significance were enriched using the GO process in Dr. Tom server of BGI.
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Figure 5.23 KEGG pathway enrichment of DEGs showing steroid biosynthesis.
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The DEGs with statistical significance were enriched using the KEGG pathway in the Dr. Tom server of BGI.
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Figure 5.24 KEGG disease enrichment of DEGs showing familial hypercholesterolemia.

The DEGs with statistical significance were enriched using the KEGG pathway in the Dr. Tom server of BGI.
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Figure 5.25 DEGs are involved in the cholesterol biosynthetic pathway.
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Figure 5.26 Verification of cholesterol biosynthetic DEGs by qPCR experiments.
HepG2 cells were treated with wZ1 (10 uM) for 24 h before being analyzed by qPCR.

The cell line and treatment conditions are identical to the ones of transcriptomic

analysis.
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5.2.5 wZ1 increases LDLR-mediated LDL uptake

Transcriptome profiling suggested that a 24-hour incubation with wZ1 downregulates
cholesterol biosynthetic gene expression. We hypothesized that this effect may
represent negative feedback caused by increased cellular cholesterol levels resulting
from increased LDL uptake. Thus, we used flow cytometry to examine the effects of
wZ1 on LDL uptake and LDLR expression (Figure 5.27 and 5.28). The results
indicated that wZ1 increases the cellular uptake of fluorescent-labeled LDL (LDL-
Dylight™ 550) and the surface expression of LDLR in a dose-dependent manner using
HepG2 cells. To support these results, confocal microscopic images revealed that
LDL-Dylight™ 550 colocalized with LDLRs, which accumulated on the cell membrane
of wZ1-treated HepG2 cells (Figure 5.29). By contrast, minimal amounts of LDL were
bound to LDLRs, which were evenly distributed in the cytoplasm and the membrane
of the untreated cells. In addition, we found that wZ1 at 1 uM is better than lovastatin
at 40 yM, in terms of increasing LDLR-mediated LDL uptake (Figure 5.30). These
results suggest that wZ1 is more potent than lovastatin in promoting LDL uptake in

HepG2 cells.
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Figure 5.27 wZ1-induced upregulation of LDLR in HepG2 cells.

(A) The cells were treated with different doses of wZ1 for 24 h and then LDL receptor
(LDLR) was probed by LDLR-FITC. The cells in the pentagon were selected for
analysis. (B) Fluorescent intensity for each group of cells. (C) Quantification of mean
fluorescent intensity of LDLR-FITC in each group and cells with LDLR upregulations.

Values are presented by mean + S.D (n=6) with **P < 0.01 and ****P < 0.0001.
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Figure 5.28 wZ1 increasing LDL uptake in HepG2 cells.

(A) The cells were treated with wZ1 in different concentrations for 24 h and then
incubated with LDL-Dylight™550 for 24 h. The cells in the pentagon were selected for
analysis. (B) Fluorescent intensity for each group of cells. (C) Quantification of mean
fluorescent intensity of LDL-Dylight™550 in each group and cells with LDL uptake.

Values are presented by mean + S.D (n=10) with ****P < 0.0001.
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Control wZ1 (10 uM)

Figure 5.29 Confocal micrographs of LDLR-mediated LDL uptake after wZ1 treatment in HepG2 cells.

Confocal microscopic images of HepG2 cells treated with wZ1 (10 uM) for 24 h showed that LDL-Dylight™550 colocalizes with
LDLRs at the cell membrane (white arrows). The nuclei were stained by Hoechst 333242 (1 pg/ml), and LDLRs were stained using
the LDLR-FITC primary antibody conjugate. The cells were imaged in Z-stack or 3D (X, Y, and Z), and the images were shown in

maximum intensity projection.
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Figure 5.30 wZ1 is more potent than lovastatin on LDLR-mediated LDL uptake in HepG2 cells.
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5.2.6 Increase in LDLR-mediated LDL uptake via lipid rafts

Based on our affinity-enrichment mass spectrometry experiments, we found that wZ1
does not interact directly with HMG-CoA reductase, PCSK-9 or LDLR, suggesting that
wZ1 may utilize atypical mechanisms to reduce LDL uptake. Moreover, our results
showed that the cellular uptake of wZ1 involves lipid rafts, and therefore, we examined
the involvement of lipid rafts in wZ1-mediated LDL uptake. We found that wZ1
increased the formation of lipid rafts using flow cytometry (Figure 5.31A). To
determine the relationship between lipid raft formation and LDL uptake, we found that
by inhibiting lipid raft formation with nystatin, wZ1-mediated LDL uptake was
significantly reduced (Figure 5.31B). Indeed, confocal microscopic images revealed
that lipid rafts (probed using CT-B-Alexa Fluor™ 594) colocalize with LDLR at the cell
membrane of wZ1-treated HepG2 cells (Figure 5.32). Overall, these results suggest

that wZ1 increases lipid raft formation to promote LDL uptake via LDLR in HepG2 cells.
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Figure 5.31 wZ1 induces LDL uptake via lipid raft formation.

(A) wZ1 promotes lipid raft formation in HepG2 cells as determined by flow cytometry using the lipid raft stain, CT-B-Alexa Fluor™
594. *p < 0.05 was considered statistically significant, and values are presented as the mean + SD (n = 4). (B) Nystatin, a cholesterol
sequestering agent that disrupts lipid raft formation, inhibited wZ1-induced LDL uptake as analyzed by flow cytometry using LDL-

Dylight™ 550. *p < 0.05 was considered statistically significant. Results are presented as the mean + SD (n =4).
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Control wZ1 (10 uM)

Figure 5.32 wZ1 increases redistribution of LDLR to lipid rafts.

Confocal microscopic images of HepG2 cells treated with or without wZ1 (10 uM) for 24 h show that LDLRs are clustered in lipid
rafts (white arrows) after treatment with wZ1. The nuclei in blue were stained with Hoechst 333242 (1 ug/ml). LDLR in green was

probed using an LDLR-FITC primary antibody conjugate. Lipid rafts in red were probed with CT-B-Alexa Fluor™ 594,
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Figure 5.33 Schematic diagram for wZ1 promoting LDLR redistribution into lipid rafts to increase LDL uptake.
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5.3 Discussion

S. chinensis is a Chinese traditional medicine with a long history, but its modern
studies were primarily initiated in 1940s by the Soviet Union [300-304]. After 1960s, S.
chinensis was gradually positioned as an adaptogen in medicinal applications. Based
on whether the molecules have genetic information, the S. chinensis contains two
types of biomolecules: 1) non-bioinformatic molecules (non-BMs); 2) bioinformatic
molecules (BMs). As the first non-BMs, schizandrin with activities on mental
performance was identified from the seeds of S. chinensis in 1951 [195]. Following the
schizandrin discovery, other non-BMs, like deoxyschisandrin [305] and gomisin A-F
[306, 307], were gradually reported. However, to our best knowledge, no bioactive
BMs are reported so far. Here, we report a novel cysteine-rich peptide (CRP) from S.
chinensis with its chemical structure and biological function.

Structurally, wuweizitide (wZ1) is a cysteine-rich peptide with six cysteine (6C)
residues. In planta, 6C-CRPs have at least four major families, including gingotide,
knottin, thionin, and jasmitide families, each of them with different disulfide
connectivities and/or cysteine motifs [289]. Among these 6C-CRPs, the knottin family
shows the same disulfide connectivity as wZ1, sharing knottin-type connectivity (Cysl-
CyslV, Cysll-CysV, and CysllI-CysVI). However, no plant-derived 6C-CRP families
were shown to exhibit a wZ1 cysteine motif (CC-C-C-CC). To determine the
occurrence of other CRPs with such cysteine motif in planta, we performed data
mining in NCBI and OneKP databases. Our results showed that no 6C-CRPs with CC-
C-C-CC motif could be found. These results suggest that wZ1 is a novel and unusual
6C-CRPs in planta.

Using mass spectrometry to profile CRPs from medicinal plants, we identified wZ1

from S. chinensis fruit to be a positively charged CRP with six cysteine residues, which
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account for 33.3% of the total amino acid content (18 residues). Thus, CRP wZ1 may
be further classified as a hyperdisulfide-constrained peptide, a subfamily of CRPs
characterized by their unusual cysteine-rich content (>30%). Additionally, we found
that wZ1 is proteolytically processed from an unannotated 256-nucleotide smORF-
encoded precursor. Because the proteolytic cleavage site occurs between Asn-lle at
wZ1 N-terminus, we speculate that asparaginyl endopeptidase is involved in its
hydrolytic cleavage or maturation, like that occurring in roseltides from Hibiscus
sabdariffa [80] and jasmintides from Jasminum sambac [143].

Although wZ1 homologs in planta are rare, we found that wZ1 possesses >300
conotoxin homologs with CC-C-C-CC motif in cone snails [265, 266]. Conotoxins are
small cysteine-rich peptides secreted by the Conus to capture the prey, due to their
high affinity and potency to the ion channels and receptors [141]. To investigate if wZ1
can target ion channels or receptors, bioinformatic analyses were conducted. The
phylogenetic tree shows the predicted origination of wZ1 and its 100 conotoxin
homologs, suggesting that wZ1 is distant from its conotoxin homologs phylogenetically
and geographically. WZ1 was then compared with some conotoxins with known
tertiary structure and ion-channel targeting functions. Although sharing similar
biosynthetic architecture with conotoxins, wZ1 is not like them to have post
modifications: hydroxylation of proline residue, cyclization of glutamic acid residues,
and addition of NHz at the C terminus. Besides, we found that ion-channel targeting
peptides are highly positive in charge and hydrophilic, while wZ1 is less positive in
charge and hydrophobic. We also showed that the backbone and surface properties
of GIIIA are significantly different from those of wZ1. Based on the points above, we
speculate that wZ1 might not target the ion channel or receptors specifically, but be

likely to cross the cell membrane for its biological functions.
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Cellular uptake of peptides can be spontaneous entering and/or endocytosis [308].
The cellular uptake of AF488-wZ1 is in a temperature-dependent manner without
damage of the cell membrane, indicating its cell entering might be through endocytosis.
The endocytosis mechanisms can be classified into two types: 1) the clathrin-
dependent mechanism; 2) clathrin-independent mechanisms, such as caveolae/lipid-
mediated endocytosis and macropinocytosis [309]. To confirm the entering
mechanisms of AF488-wZ1, we used dynasore to inhibit clathrin-dependent
endocytosis and applied nystatin and EIPA to inhibit the caveolae/lipid-mediated
endocytosis and the macropinocytosis, respectively. Our result shows that the nystatin
and dynasore treatments both decreased the cellular uptake of AF488-wZ1,
suggesting its cell entering is through multiple endocytosis mechanisms.

Under confocal microscopy, we observed that AF488-wZ1 entered the nucleus of
human HepG2 cells. This observation was confirmed by biotin-wZ1 localization in
nucleus fractionation. By transcriptomic analysis, we found that wZ1 downregulated
cholesterol biosynthetic genes that can lead to low cholesterol level in hepatocytes.
Decreasing the cholesterol level in the liver is an important target for upregulating
LDLR. For example, statins can inhibit the HMG-CoA reductase, a rate-limiting
enzyme in the cholesterol biosynthetic pathway. This inhibiting finally upregulates
LDLR expression on the hepatic cell membrane for uptake of LDL-C in circulation,
leading to low LDL-C and low risks of cardiovascular diseases.

In 1974, the existence of LDLR was confirmed by Joseph L. Goldstein and Michael S.
Brown using radiolabelled LDL [310]. In 1985, these two scientists are awarded The
Nobel Prize in Physiology or Medicine, for their contribution to explaining the
underlying mechanism of familial hypercholesterolemia. In 1987, the Merck company

introduced lovastatin to upregulate LDLR for treating familial hypercholesterolemia.
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The mechanism of lovastatin is to inhibit HMG-CoA reductase, a rate-limiting enzyme
in the cholesterol biosynthetic pathway, and lower cholesterol in the liver then leads to
upregulating gene expression of LDLR. Another class of medicine used to increase
LDLR is PCSK9 inhibitors (e.g., alirocumab and evolocumab). They reduce
degradation of and promote recycling of LDLR to increase LDL uptake [242, 311].
Unlike typical inducers of LDL uptake, wZ1 increases LDL uptake by spatially
distributing LDLR into lipid rafts. Apart from having a different mechanism, wZ1 as a
peptide locates in a chemical space between statins (small molecules) and PCSK9
inhibitors (monoclonal antibodies). WZ1 likely inherits both stable properties of small
molecules and less off-target properties of monoclonal antibodies. In other words, wZ1
may represent a novel class of leads for drug research and development.

Since LDLR is traditionally known as a non-raft transmembrane protein [312], we
hypothesize that wZ1 can alter lipid raft composition, leading to the formation of more
rafts that can accommodate LDLR. The redistribution of LDLR into lipid rafts increases
LDLR membrane density and enhances the efficiency of LDL uptake. Lipid rafts are
plasma membrane microdomains enriched in sphingolipid and cholesterol that are
involved in the lateral compartmentalization of molecules at the cell surface [311, 313].
One plausible explanation as to why wZ1 promotes lipid raft formation may reside in
its primary sequence. wZ1 has two features that could interact with lipids, including
the presence of a reversed cholesterol recognition motif, (L/V(X)1-5Y(X)1-sR/K), and a
tryptophan residue that may be inserted into the bilayer to increase the hydrophobicity
of the local environment [314]. A combination of these features may provide wZ1 with
the ability to interact with lipid components in the cell membrane, alter membrane lipid

fluidity, and trigger lipid raft formation. Thus, our results open a new avenue for lipid
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research to further understand this putative atypical mechanism: raft-enhanced LDL
uptake after peptide-inducing raft formation.

In conclusion, we discovered wuweizitide wZ1, a hyperdisulfide-constrained peptide
from S. chinensis, with a function of inducing LDLR-mediated LDL uptake at lipid rafts.
wZ1 is encoded by a precursor with a three-domain architecture. The mature wZ1 is
a cell-membrane permeable peptide that can promote lipid raft formation. By
redistributing LDLR to lipid rafts, wZ1 increases LDL uptake in Hepatoma G2 cells.
Our findings indicate that hyperdisulfide peptides are highly underexplored natural
products and represent a novel class of plant-derived peptide leads for orally-bioactive

therapeutic development.
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CHAPTER SIX

6.1 General discussion

To structurally and functionally investigate peptidyl phytochemicals from well-known
medicinal plants, in this thesis, we report two cysteine-rich peptides (CRPs): wisotide
(wS1) from Withania somnifera and wuweizitide (wZ1) from Schisandra chinensis.
These two CRPs are identified, isolated, and structurally determined. Structurally, on
one hand, wS1 belongs to a rarely reported lybatide CRP family and adopts a cystine-
stable helical structure. On the other hand, wZ1 represents a novel class of CRPs with
a unique cysteine pattern. For the orally-active potential, wS1 and wZ1 were tested to
be both cell-membrane penetrable and structurally stable against enzymatic
degradation. Interestingly, unlike wS1 with low cell-membrane permeable capacities,
wZ1 can easily cross the cell membrane, enter the nucleus, and regulate gene
expression, leading to upregulation of low-density-lipoprotein (LDL) receptors and
then to increase LDL uptake at lipid rafts.

wS1 contains eight cysteine residues with two pairs of consecutive cystines at the C
terminal of the primary sequence. According to our classification, wS1 belongs to
lybatide family, in which only one member has been discovered and characterized so
far [99]. In other words, wS1 is a second member of lybatide family. The structural
characteristics of lybatides are their unusual cystine-stabled helices. Similarly, wS1
has this helical scaffold, indicating that wS1 might be evolutionarily and functionally
close to lybatides. Other than its helicity, wS1 also shares physiochemical properties
with lybatides, such as hydrophobicity and pl (isoelectric point), further supporting our
speculation that these two CRPs are relevant in evolution and functions. Unlike wS1,

wZ1 is structurally unique and rare in planta. Based on our search in databases (e.g.
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NCBI, UniProt, and ONEKP), no plant homologs of wZ1 were found by us, suggesting
that wZ1 is a novel CRP family and rarely found in planta.

Structural stability and cell-membrane permeable capacity of peptides are crucial for
orally-active drug development, because they influence storage conditions, drug
functional integrity, and administration ways. Due to three or four disulfide bonds, wS1
and wZ1 are super stable against proteolytic degradation, conditions simulating
enzyme digestion in our stomach and intestines. Besides, cell-membrane permeable
capacities of wS1 and wZ1 further demonstrate the drug-like potential of these two
peptides. wS1 differs from wZ1 by hydrophobic properties, as wS1 is hydrophilic, while
wZ1 is hydrophobic. This difference could explain why the cellular uptake of wS1 is
not as good as the one of wZ1. Thus, we speculate that the main targets of wS1 are
on the cell membrane, while the main targets of wZ1 are inside the cell.

After crossing the cell membrane, wZ1 was observed to be enriched in the nucleus
under the confocal microscope. This nucleus enrichment was confirmed by Western
blotting analysis after tagging wZ1 with the LC-biotin. As the nucleus is a place for
storing our generic information, transcriptomic analyses after treating the HUVEC cells
and HepG2 cells were performed. In HUVEC cells, wZ1 regulates genes related to
inflammation, anti-oxidative stress, and apoptosis. These regulations are consistent
with the adaptogenic role of S. chinensis in modern research (Supplementary
information). In HepG2 cells (the liver carcinoma), genes in cholesterol biosynthetic
pathways are downregulated. Since inhibition of cholesterol biosynthesis is the key
mechanism for lovastatin to upregulate LDLR, we measured the level of LDLR after
wZ1 treatment and found that wZ1 upregulates LDLR and then increases LDL uptake
of HepG2 cells. To the best of our knowledge, wZ1 is the first peptidyl phytochemical

found in five-flavor berries possessing this regulation of LDLR so far.
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In Indian Ayurvedic medicine, W. somnifera or Indian ginseng is a multi-functional
medicinal plant and shows diverse pharmacological effects, like neuron protection,
immunomodulation, anti-cancer, and cardiovascular protection [315]. In this plant, we
identified wS1 that displays a well-defined (a + 1) helical conformation, stabilized by
four disulfides that are arranged in an integrated cystine-knot and symmetric motif.
This stabilization distorts the a helix towards a 11 helix and introduces torsional strain,
likely as a result of evolutional selection to serve critical biological functions, such as
in protein-protein interactions. Inspired by nature, many chemically covalent strategies
are also used to reinforce peptidyl helicity that in turn reduces exposure of polar amide
groups and enhances membrane permeability of peptides [316, 317]. Currently, these
stabilized helical peptides are a highly unmet need in biotechnological applications.
Future work can be protein engineering or functional investigation using wS1.

In traditional Chinese medicine, S. chinensis, commonly known as five-flavor berries,
possesses therapeutic-associated tastes: sour, sweet, bitter, astringent, and salty
[188]. These tastes are believed to account for systematic regulation of S. chinensis
on testicles, lung, stomach, liver, and heart [188]. Thus, this plant is used for treating
sexual disorders, asthenia, diarrhoea, body weakness, diabetes, stress, and
hyperlipidaemia [188, 196, 318]. One possible explanation for its multi-functional
property is that different components of this plant (with unique tastes) exert different
therapeutic functions. Currently known bioactive components are mainly
dibenzocyclooctadiene lignans, a class of small molecules with effects like anti-stress
[196]. Unlike these molecules, wZ1 is a peptide with a larger target-binding interface
and functions as a LDLR upregulator in human HepG2 cells. This finding can provide
molecular basics for the previous report that S. chinensis extraction lowers LDL-

cholesterol in the blood of hyperlipidemic rats [319].
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In summary, wS1 and wZ1 are novel CRPs from a highly underexplored chemical
space of phytochemicals in medicinal plants, and these CRPs have unusual structures
and huge pharmacological potential, because of their structural stabilities, sequence
diversities, and naturally-occurring in well-known medical plants. The finding that wZ1
can cross the cell membrane and upregulate LDLR further enforced our belief in the

remarkable therapeutic potential of CRPs from medicinal plants.
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6.2 Overall conclusions

In this thesis, we hypothesized that hyperstable CRPs in medicinal plants represent a
novel class of orally-bioactive compounds for therapeutic applications. Based on this
hypothesis, we aimed to discover novel CRPs from medicinal plants and then to
explore their biological functions.

In chapter four, we reported wisotide (wS1), a new CRP from the medicinal plant W.
somnifera or Indian ginseng. wS1 was sequenced to be a CRP with 31 amino acid
residues, including eight cysteine residues and two negative residues (D and E). This
sequence result was confirmed by its mRNA precursors, which show three
architectural domains: the signal domain, the mature domain, and the C tail. From
NMR structural analysis, wS1 adopts a cystine-stabled helical scaffold with structurally
super stability. In addition, phylogenetic trees showed homologs of wS1 in planta.
These homologs are distributed in different plants where only goji berry, similar to the
Indian ginseng, belongs to medicinal plants that are rich in potential bioactive
molecules. wS1 was then compared with lybatides, CRPs from goji berry in terms of
sequences, properties, and structures. We found that wS1 is the new member to the
lybatide family. Lastly, wS1 was chemically synthesized and found to be non-toxic and
cell-membrane permeable, indicating its high potential for drug development.

In chapter five, we introduced S. chinensis-derived wZ1 that forms a novel CRP family
with rare known members in planta. Structurally, wZ1 has 18 amino acid residues with
eight cysteine residues, and it has knottin-type disulfide connectivity, leading to its high
structural stability. By transcriptomic analysis, the precursor of wZ1 has three domains:
the signal domain, the mature domain, and the C tail. Although having rare homologs
in planta, wZ1 shares a cysteine pattern with some conotoxins that are known for their

capacity of targeting ion-channel on the cell membrane. wZ1 was then compared with
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its highly homologous conotoxins that are functionally characterized to be ion channel
blocking. wZ1 differs from these conotoxins in geographical distribution and structural
properties (e.g., hydrophobicity and net charges). These comparisons indicated that
wZ1 might not target the proteins on the cell membrane, but could have intracellular
localization. Our further investigation, with the chemical synthesis of wZ1, finally
unveiled one biological function of wZ1, which is to upregulate LDL receptors and
promote LDL uptake in HepG2 cells. This biological function was contributed by its
capacities of entering the cell membrane, being enriched in the nucleus, and down-
regulating cholesterol biosynthetic genes.

Taken together, we reported the discovery, synthesis, and characterization of two
hyperstable CRPs: wS1 from W. somnifera and wZ1 from S. chinensis. Importantly,
we found that wZ1 can cross the cell membrane, enter the nucleus, and upregulate
LDLR in HepG2 cells. These findings show that CRPs as a novel class of
phytochemicals, different from small molecules, could be used as orally-bioactive

leads for future therapeutic development.
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6.3 Future directions

In addition to the above-mentioned findings, we have some preliminary results:

1.

After transcriptomic analysis of wS1-treated stem cells, Dr. Antony Kam and Dr.
Shining Loo speculate that wS1 might be related to the treatment of
atherosclerosis (see Sl 1). Our preliminary results show that wS1 can decrease
LDL uptake in RAW 264.7 cells (macrophage). This uptake in macrophages is
a crucial step for atherosclerosis development, indicating that wS1 might have
therapeutic potential in atherosclerosis.

In HUVEC-CS cells, wZ1 can upregulate 158 genes and downregulate 142
genes (see Sl 2). These genes are enriched to take part in multiple cell
signaling (e.g. autophagy, metabolic pathways, and cytokine-cytokine
interaction; see Sl 2) and to different disease-related hallmarks (e.g.
inflammation, oxidative stress, and apoptosis; see Sl 2). Interestingly, these
analyses are consistent with the adaptogenic role of S. chinensis, the medicinal
plant where wZ1 is derived.

By pull-down assay, we found that wZ1 can bind to 16 ribosomal proteins in
HUVEC-CS (see SI 3), and that wZ1 might upregulate the expression of
ribosomal RNA (see Sl 3). In addition, under the confocal microscope, we
observed that wZ1 can be enriched in the nucleolus in HUVEC-CS, which is
the crucial place for ribosome biogenesis. Thus, we speculate that wZ1 can
regulate ribosome biogenesis in HUVEC-CS.

wZ1 can increase MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) absorbance after treating HUVEC-CS and HepG2 cells. This increase

can be due to either increase in cell proliferation or metabolic activities,
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suggesting wZ1 might be used for angiogenesis, liver regeneration, and
metabolic-related diseases.
Based on these preliminary results, my future work is as follows:
1. Toinvestigate effects of wS1 on atherosclerosis by using a macrophage model.
2. To explore adaptogenic (or anti-stress) effects of wZ1 by using HUVEC cells.

3. To confirm effects of wZ1 on ribosomal biogenesis.

B

To test pharmacological effects of wZ1 has angiogenesis and liver protections.
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Supplementary information (Sl)

Sl 1. Transcriptomic analysis of wS1-treated stem cells
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Supplementary figure 1. Gene expression is regulated by wS1 on mesenchymal
stem cells.

This experiment was performed by Dr. Antony Kam and Dr. Shining Loo.
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KEGG_pathway Enrichment bubble chart
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Supplementary figure 2. KEGG pathway enrichment of wS1 regulated DEGs.

This experiment was performed by Dr. Antony Kam and Dr. Shining Loo.
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S| 2. Transcriptomic analysis of wZ1 on HUVEC-CS
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Supplementary figure 3. Gene expression is regulated by wZ1.
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Network Enrichment (KEGG)
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Supplementary figure 4. Cellular network enrichment of DEGs on wZ1 treated
HUVEC-CS.
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Hallmark Classification (MSIGDB)
Genes regulated by NF-kB in response to TNF [GenelD=7124]. —

Genes defining epithelial-mesenchymal transition, as in wound healing, fibrosis and
Genes defining inflammatory response.
Genes encoding proteins involved in processing of drugs and other xenobiotics. —J—
Genes up-regulated in response to low oxygen levels (hypoxia). ——""—————
Genes up-regulated in response to IFNG [GenelD=3458). -~ - ————
Genes involved in p53 pathways and networks. —jE————
Genes encoding components of the complement system, which is part of the innate immune system. ——
Genes encoding components of apical junction complex. —J—
—
—
—
e
—_—
=

Genes defining early response to estrogen.
Genes defining late response to estrogen. -
Genes up-regulated by KRAS activation.
Genes involved in the G2/M checkpoint, as in progression through the cell division cycle. -
Genes down-regulated in response to ultraviolet (UV) radiation. -
Genes encoding proteins involved in glycolysis and gluconeogenesis. -
Genes mediating programmed cell death (apoptosis) by activation of caspases.
Genes encoding components of blood coagulation system; also up-regulated in platelets.
Genes encoding cell cycle related targets of E2F transcription factors.
Genes involved in development of skeletal muscle (myogenesis).
Genes up-regulated during unfolded protein response, a cellular stress response related to the endopl...
Genes up-regulated in response to ultraviolet (UV) radiation.
Genes defining response to androgens.
Genes up-regulated during formation of blood vessels (angiogenesis).
Genes involved in cholesterol homeostasis.
Genes encoding proteins involved in metabolism of fatty acids.
Genes involved in metabolism of heme (a cofactor consisting of iron and porphyrin) and erythroblast d...
Genes up-regulated by IL6 [GenelD=3569] via STAT3 [GenelD=6774], e.g., during acute phase response.
Genes down-regulated by KRAS activation.
Genes up-regulated through activation of mMTORC1 complex.
Genes up-regulated during transplant rejection.
Genes up-regulated by STATS5 in response to IL2 stimulation.
Genes up-regulated by activation of the PI3K/AKT/mTOR pathway.
Genes up-regulated in response to TGFB1 [GenelD=7040].
Genes up-regulated during adipocyte differentiation (adipogenesis).
Genes encoding proteins over-represented on the apical surface of epithelial cells, e.g., important f...
Genes involved in DNA repair.
Genes up-regulated in response to alpha interferon proteins.
Genes important for mitotic spindle assembly.
Genes encoding proteins involved in oxidative phosphorylation.
Genes involved in protein secretion pathway.
Genes involve in metabolism of bile acids and salts.
A subgroup of genes regulated by MYC - version 1 (v1).
A subgroup of genes regulated by MYC - version 2 (v2).
Genes encoding components of peroxisome.
Genes up-regulated by reactive oxigen species (ROS).

IQ '03 ]\Q ],io 1
Number

Supplementary figure 5. Hallmark enrichment of DEGs on wZ1 treated HUVEC-
Cs.
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Sl 3. Pull down results of wZ1 in HUVEC-CS
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Supplementary figure 6. Pull down proteins clustering analysis.

Proteins in the nucleus are in blue and proteins in the nucleolus are in red. This

experiment was performed with assistance from Dr. Antony Kam and Dr. Shining Loo.
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Histone H2A.J

Putative trypsin-6

Histone H2B type 1-M
Disco-interacting protein 2 homolog C
Synembryn-A

Sorting nexin-21

60S ribosomal protein L39
Protein-L-isoaspartate(D-aspartate) O-methyltransferase
Coagulation factor X|

Thymocyte nuclear protein 1
T-complex protein 1 subunit delta
Aminopeptidase NAALADL1

Protein adenylyltransferase FICD
DENN domain-containing protein 5A
60S ribosomal protein L27a
Fizzy-related protein homolog

40S ribosomal protein S10
Carboxypeptidase N catalytic chain
Hemoglobin subunit gamma-1
Protein FAM124A

40S ribosomal protein S24

Tubulin alpha-3E chain

60S ribosomal protein L11

40S ribosomal protein S25
Leucine-rich repeat-containing protein 59
40S ribosomal protein S7

Cofilin-1

40S ribosomal protein S11

60S ribosomal protein L23a

60S ribosomal protein L30

60S ribosomal protein L9

Keratin, type Il cytoskeletal 8
Keratin, type Il cytoskeletal 6B

40S ribosomal protein S18

40S ribosomal protein S4, X isoform
Alpha-enolase

Pyruvate kinase PKM

60S ribosomal protein L35

Platelet glycoprotein Ib alpha chain
FERM domain-containing protein 5
Histone H4

Tubulin beta chain

40S ribosomal protein S13

40S ribosomal protein S20

Probable ATP-dependent RNA helicase DDX17
BRI3-binding protein

Actin, cytoplasmic 2

Elongation factor 1-alpha 1

Supplementary figure 7. Pull down protein list.

Ribosomal proteins are in yellow and histone subunits are in red. This experiment was

performed with assistance from Dr. Antony Kam and Dr. Shining Loo.

223



Sl 4. qPCR primers

Supplementary table 1. Primers of cholesterol biosynthetic gens in the qPCR

experiment.

Genes

ACAT2

HMGCS1

HMGCR

MVK

FDFT1

SQLE

LSS

CYP51A1

MSMO1

TM7SF2

Forward primers

TGGTGCCTTAGCTGCTGTTCCT

AAGTCACACAAGATGCTACACCG

GACGTGAACCTATGCTGGTCAG

GGAAAGTGGACCTCAGCTTACC

TGTGACCTCTGAACAGGAGTGG

CTCCAAGTTCAGGAAAAGCCTGG

GACGACCGATTCACCAAGAGCA

CTCTTACCAGGTTGGCTGCCTT

GCTGCCTTTGATTTGTGGAACCT

GGTCAATGGCTTCCAGTTGCTC

224

Reverse primers

GGCTTGTCTAACAGGATTCTGCC

TCAGCGAAGACATCTGGTGCCA

GGTATCTGTTTCAGCCACTAAGG

GCTTCTCCACTTGCTCTGAGGT

GCCCATAGAGTTGGCACGTTCT

GAGAACTGGACTCGGGTTAGCT

AGACATGCTCCTGGAAGGCAGT

CTTGAGACTGTCTGCGTTTCTGG

CTGCACAACCAAAGCATCTTGCC

AACGCCAGCATGAAGCCAAACC



S| 5. Data mining of peptide homologs

Supplementary table2. Peptide precursors of wS1 homologs in the phylogenetic tree.

Peptide ID

gnlimpdb|CNA000326
5_75827
gnllonekp|RWXW_sca
ffold_2060713
gnllonekp|BOLZ_scaff
old_2166794
gnllonekp|JNVS_scaff
old_2008302
gnllonekp|JNVS _scaff
old_2008301
gnllonekp|OSMU _scaf

fold_2070462

Precursors

MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSF
MLIVILMMMLVFIFMTVCANAESCSEYCSESCSYCDVRPLYEDCCINRCC
PTFAQVSP
MMKKNTNAVVLVLLVIIMGVCCYTGNAASCSEYCSNSCSFCNGQPLYEV
CCINNCCPSLGRSIFSVLRLNFV
MAAMKLQATLIVVLMMITLMFAISPSCYAADGDSCTDHCSKSCDFCNGQ
PQYDVCCINNCCPSFRRAGRHWLN
MAAMKLQATLIVVLMMITLMFAISPSCYAADGDSCTDHCSKSCDFCNGQ
PQYDVCCINNCCPSFRLSIIPNFLRI
MMKKNSNALVVVLLLVLIMGVCCYTGNAESCSEYCSNSCPFCNGQPQY

EVCCINNCCPSMALGQSLLNALRRHV
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Organisms

Lonicera
japonica
Sargassum
horneri
Atropa
belladonna

Datura metel

Datura metel

Lycium_sp

Family

Caprifoli
aceae
Sargass
aceae
Solanac
eae
Solanac
eae
Solanac
eae
Solanac

eae


https://en.wikipedia.org/wiki/Caprifoliaceae
https://en.wikipedia.org/wiki/Caprifoliaceae
https://en.wikipedia.org/wiki/Sargassaceae
https://en.wikipedia.org/wiki/Sargassaceae
https://en.wikipedia.org/wiki/Solanaceae
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gnllonekp|OSMU_scaf MGAMKLKGTIAVAFIIMMVTLMLAISRCNAEDGDSCTDHCGISCDFCNG  Lycium_sp Solanac
fold_2073250 QPQYDVCCINNCCPSFRTSLRSNFLIRI eae

gnllonekp|UGJI_scaffo MASMKLRGAIVVFMIVMISLLLSISASHAASCTEFCPKSCRYCDKYPVYN  Lycopersicon_c Solanac

Id_2024651 DCCFKSCCPKRFLSNFLSV heesmanii eae
EB426081.1 MAAMKLNPTISVVFVMVTLMVLMLAISSNAADGDSCTDHCAISCAFCNG  Nicotiana Solanac
KPLYDICCINNCCPSFRASILSNYLRI tabacum eae
EB428452.1 MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN  Nicotiana Solanac
GKPQYNVCCINNCCPSFRTSILSTYLRI tabacum eae
EB428089.1 MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN  Nicotiana Solanac
GQPQYNVCCINNCCPSFRTSILSTYLRI tabacum eae
EB425521.1 MAAMKLNLTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCNG Nicotiana Solanac
KPQYNVCCINNCCPSFRTSILSTYLRI tabacum eae
EB427158.1 MAAMRLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN  Nicotiana Solanac
GKPQYNVCCINNCCPSFRASILSTYLRI tabacum eae
EB425077.1 MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN  Nicotiana Solanac
GKPQYNVCCINNCCPSFRTSILSTYLRV tabacum eae
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EB428702.1

EB428992.1

EB428567.1

EB428469.1

EB428002.1

EB426981.1

EB427372.1

EB426866.1

MMVTLMVLMLAISSYAADGDSCTDHCAISCAFCNGKPQYNVCCINNCCP
SFRTSILSTYLRI
MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN
GKPQYNVCCINNCCPSFRTSVLSTYLRI
MAAMKLNPTNAVVFMMVTLMVLVLAISSYAADGDSCTDHCAISCAFCNG
KPQYNVCCINNCCPSFRTSILSTYLRI
MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN
GKPQYNVCCINNCCPSFHTSILSTYLRI
MAAMKLNPTNAVVFMMVTLMILMLAISSYAADGDSCTDHCAISCAFCNG
KPQYNVCCINNCCPSFRTSILSTYLRI
MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN
GKPQYNVCCTNNCCPSFRTSILSTYLRI
MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCALCN
GKPQYNVCCINNCCPSFRTSILSTYLRI
MAAMKLNPTNAVVFMMVTLMVLMLAISSYAADGDSCTDHCAISCAFCN

GKPQYNVCCINNCYPSFRTSILSTYLRI

227

Nicotiana

tabacum

Nicotiana

tabacum

Nicotiana

tabacum

Nicotiana

tabacum

Nicotiana

tabacum

Nicotiana

tabacum

Nicotiana

tabacum

Nicotiana

tabacum

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae



JZ7968628.1 MVPLNNHVLVIWMIIVLMVVCFYTGNAPSRSEFCSNSCSYCNVRPLYAD Nicotiana Solanac
CCINRCCPSLGESLLNILRPN tomentosiformis eae

gnllonekp|MKZR _scaff MVKKNNNVLVIWMIVLMVVCFYTGNAESCSEFCSNSCSYCNVRPLYAD Nicotiana_sylve Solanac

old_2107092 CCINRCCPSLGESLLNILRPN stris eae
FG395004.1 MVKKNNNVLVVIWMIIVLMAVYFYTGNAESCSEFCFNSCSFCNVRPLYE  Phyllostachys Solanac
DCCIKRCCPSLAESLLNILRPN edulis eae
FS199214.1 MMKKNNNMLIVILMMMLVFIFMTVCANAESCSEYCWESCSYCDVRPLY  Solanum Solanac
EDCCINRCCPTFAQVSP lycopersicum eae
FS028449.1 MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY  Solanum Solanac
QVCCINNCCPSFRVGILSNFLRI melongena eae
FS007677.1 MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY  Solanum Solanac
QVCCINNCCPSFRVGILSNFL melongena eae
FS031217 1 MASMKLQGTIVVLMMVMVTLMLSISPTYAASCSEYCANSCGFCDSAPAY Solanum Solanac
QVCCINNCCPSFRVGILSNFLRI melongena eae
FS046344.1 MASMKLQGAIVVLMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY  Solanum Solanac
QVCCINNCCPSFRVGILSNFLRI melongena eae
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FS005280.1

FS017320.1

FS031014.1

FS058441.1

FS042132.1

FS096539.1

FS043857.1

FS042131.1

MASMKSQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILSNFLRI
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILFNFLRIQLNGSRGR
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILSNFLRIQLNGSRGR
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILFNFLRI
MMVMITLVLSISPTYAASCSEYCANSCGFCDSAPAYQVCCINNCCPSFR
VGILSNFLRI
MASMKLQGAIVVFMMVMITLMSSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILSNFLRI
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILSNFLRIKLNGSRGR
MASMKLQGAIVVFMMVMITLVLSISPTYAASCSEYCANSCGFCDSAPAY

QVCCINNCCPSFRVGILSNFLRI
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FS006877.1

FS024697 .1

FS042756.1

FS000794.1

FS018894.1

FS097128.1

FS005299.1

FS034367.1

MASMKLQGAIVVFMMVMIALMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPSFRVGILSNFLRI
MASMKLQGAVVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPA
YQVCCINNCCPSFRVGILSNFLRI
MITLMLSISPTYAASCSEYCANSCGFCDSAPAYQVCCINNCCPSFRVGIL
SNFLRI
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINDCCPSFRVGILSNFLRI
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINSCCPSFRVGILSNFLRI
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QACCINNCCPSFRVGILSNFLRI
MASMKLQGAIVVFMMVMITLMLSISPTYAASCSEYCANSCGFCDSAPAY
QVCCINNCCPPFRVGILSNFLRI
MASMKLQGVIVVLMMVMITLLLSISPTYAASCSEFCYTTCTFCDGQPEYA

VCCINGCCPSFRVGILSN

230

Solanum
melongena
Solanum
melongena
Solanum
melongena
Solanum
melongena
Solanum
melongena
Solanum
melongena
Solanum
melongena
Solanum

melongena

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae

Solanac

eae


https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4111
https://en.wikipedia.org/wiki/Solanaceae
https://en.wikipedia.org/wiki/Solanaceae

FS034181.1

FS019706.1

FS032373.1

FS032754.1

FS037066.1

gnllonekp|GHLP_scaff
old_2049873
gnllonekp|GHLP_scaff

old_2051440

wS1 1.1

MASMKLQGVIVVLMMVMITLLLSISPTYAASCSEFCYTTCTFCDGQPEYA
VCCINGCCPSFRVGILSNFLRI
MASMKLQGVIVVLMMVMITLLLSISPTYAASCSEFCYTTCTFCDGQPEYA
VCCINGCCPSFRVGILFNFLRI
MASMKLQGVIVVLMMVMITLLLSISPTYAASCSEFCYTTCTFCDGQPEYA
ICCINGCCPSFRVGILSNFLHI
MASMKLQGVIVVLMVVMITLLLSISPTYAASCSEFCYTTCTFCDGQPEYA
VCCINGCCPSFRVGILSNFLRI
MASMKLQGVIVVLMMVMITLLLSISPTYAASCSEFCYTTCTFCDGQPEYA
VWCINGCCPSFRVGILFNFLRI
MMKKNNNVLVVILMMLVFEFMTVCFYTANGESCSEYCSNSCSYCDVRPLY
EDCCINRCCPTLSQSLLNVLHPN
MGSMKLQATIVVLMMTLMLAISPTYAVNGDSCTDYCGVSCSFCNGKPLY
QICCLNNCCPTFRVGILSNFLNI
MAAMKLKATIVVLMMVMITLMLSISPSYAADCTEYCSNSCPFCNGQPLY

QLCCINNCCPSFRVGVLSNFLRT
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wS1 1.2

Lyba1

Lyba2

MAAMKLKATIAVLMMVMITLMLSISPSYAADCTEYCSNSCPFCNGQPLY
QLCCINNCCPSFRVGVLSNFLRI

DSCSEYCSNNSCPYCDGQKLYTLCCINTCCPS

DSCSEYCSNRCPSCDGQTQTQYTLCCINICCPS
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Supplementary table 3. Conotoxin homologous precursors of wZ1 in the phylogenetic tree.

Peptide  Precursors Organism region

ID

P3.9 MMSKLGALLTICLLLFPITALLMDGDQPADRPAERMDYDISSEVHRLLERRHPPCCMYGRCRR  Eastern Pacific
YPGCSSASCCQGG

reg3.14  MMSKLGVLLTICLLLFPLSVLPLDGDQPADQPAERMQDISAEQNPWFDPVKRCCNWPRCNVY  Eastern Pacific
LCGPCC

reg3a MMSKLRVLLTICLLLFPLSALPLDGDQPADQPAKRMWNGKLAARKPRFDKYDLVRGCCPPQW  Eastern Pacific

CGPDCTSPCCG

PIIIE MSKLGALLTICLLLFPITALLMDGDQPADRPAERMDYDISSEVHRLLERRHPPCCMYGRCRRY  Eastern Pacific
PGCSSASCCQRG

PINA MSKLGVLLTICLLLFPITALPMDGDQPADRLAERMQDNISSEEHPFEKR Eastern Pacific

Bt3-105 MLKLGMVLFIFLVLLPLATLHLDADQPVERNVNKQGLKPDERRRFILHALGQRQCCDWPWCD  Indo-Pacific

DCICCD
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#P3_9
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#reg3_14
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#reg3a
http://www.conoserver.org/index.php?page=card&table=protein&id=1611
http://www.conoserver.org/index.php?page=card&table=protein&id=2228
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Bt3_I05

Cp3-101

Tx3f

Cp3-V08

S3-L02

Tx3-L02

Vi3-L01

Lt3.7

Im3.2

MLKMGVMLFTFLVLFPLATLQLDADQPVERYAEDKQDLNRDERMGFILHALGQRQCCDWPW
CDDCICCD
MSKLGVLLTICLLLFPLTALPLDGDQPADQAAERMQAEQHPLFDQKRRCCKFPCPDSCRYLCC
G
MLKMGVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSALGQRRCCIWPEC
GSCVCCL
MLKMGVMLFIFLVLFPLATLHLDADQPVERYAENKQLLNTDERREILSALRRQCCDSNSCEYP
KCLCCNG
MLKMGVVLFIFLVLFPLATLQLDADQPVERYAENKQLLSPDERREIILSALRRQCCDSNSCEYP
KCLCCNG
MLKMGVMLFIFLVLFPLATLQLDADQPVERYAENKQLLNTDERREIILSALRRQCCDSNSCEYP
KCLCCNG
MMSKLGVLLTICLLLFPLTALPMDGDQPQERKEDGKSAALQPWFDPVKRCCQAACSPWPCLP
CCR
MMSKLGVLLAICLLMLPLTALPLDGDQPQERKEDGKSAALQPWFDPVKRCCQAACSPWLCLP

CCG
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Cp3_I01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3f
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Cp3_V08
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#S3_L02
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3_L02
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vt3_L01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lt3_7
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Im3_2

Bt3.3 MMSKLGVLLTICLLLFPLTALPMDGDQPQERKEDGKSAALQPWFDPVKR Indo-Pacific

Ec3- MMSKLGVLLTICVLLFPLTAVPLDGDQPADQPAERTQNEQHPLFDQKRGCCRWPCPSICGMA  Indo-Pacific

GMARO1 RCCSS

S3-E03  MLKMGVVLFTFLVLFPLATLQLDADQPVERYVENKQDLNPDERSNFRLPLVRRCCSVSICQSP  Indo-Pacific
PVCECCA

Vx3- MMSKLGCLLTICLVLFPLTALPLDGDQPAERPAKRTQDDIPNGQDPLIDRQINCCPWPCPDSC  Indo-Pacific

HYQO1 HYQCCH

Vx3-L03 MLKMGVMLFIFLVLFPLATLHLDADQPVERYAENKQLLNTDERREVILSALRRQCCDRNSCEY  Indo-Pacific
PKCLCCNG

Qc3.7 MSTLGVLLTICLLLFPLTALPLDGDQPADQSAERPAERTQDDIQQHPLYDPKRRCCRYPCPDS  Indo-Pacific
CHGSCCYK

Tx3-L03  MLKMGVVLFIFLVLFPLATLQLDADQPVERYAENKQLLSPDERREIILSALRRQCCDRNSCEYP  Indo-Pacific
KCLCCNG

Bt3-T01  MGVVLFTFLVLFPLATLQLDADQPVERYAENKQDHYPGESRGILKSALRKCCTMSVCQPPPVC  Indo-Pacific

TCCA
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Bt3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ec3_GMAR01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ec3_GMAR01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#S3_E03
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vx3_HYQ01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vx3_HYQ01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vx3_L03
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_7
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3_L03
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Bt3_T01

Bt3.4

Qc3.6

MrlllG

Mr3.10

Mr3.18

Mr3.5

Qc3-1P01

Lv3-1P02

MMSKLGVLLTICLLLFPLTALPMDGDQPQERKEDEKSAALQPWFDPVKRCCQAGCSRYMCLP
CcCQ
MMSKLGVLLTICLVLFPLTALQLDGDQPADRPAERTQDISSEQYRKFDQRQRCCRWPCPGSC
RCC
MMSKLGVLLTICLLLFALTAVPLDGDQPADRPAERMQDDISVPLDGDQPADRPAERMQDDISS
ERHPMFDAVRDCCPLPACPFGCNPCCG
MMSKLGVLLTICLLLFPLTALPMDGDQPADRPAERMQNDISSERHPFFDRSKQCCHLAACRFR
CTPCCW
MLKMGVVLFIFLVLFPLATLQLDADQPVERYAKNKQLFNPHKRRGIILRAPGKRCCHRNWCDH
LCSCCGS
MSKLGVLLTICLLLFPLTALPLDGDQPADQRAERTQAEKHSLPDPRMGCCPFPCKTSCTTLCC
G
MMSKLGVLLTICLLLFPLTAVQLDGDQPVDLPALRTQDFAPEHSPWFNPVKRCCSRHCWVCIP
CCPNGS

MMSKLGVLLTICLLLFPLTAVQLDGDQPVDLPALRTQDFAPDGDQPVDLPALRTQDFAP
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Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific


http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Bt3_4
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_6
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#MrIIIG
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_10
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_18
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_5
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_IP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_IP02

Mr3.9

MrllIB

Ec3-1P01

Mr3.4

Qc3-

TDGO1

TsllIA

Qc3-1P02

Tx3h

MMSKLGVLLTICLLLFPLTALPMDGDQPADRPAERMQDDISSERHPFFDRSEQCCHLAACRFG
CTPCCW
MMSKLGVLLTICLLLFPLTAVPLDGDQPADRPAERMQDDISSERHPFFDRSKQCCHLAACRFG
CTPCCW
MMYKFGVLLTICLLLFPLTAVQLDGDQPVDLPALRTQDFAPEHSPWFNPVKRCCSRHCWVCIP
CCPNGS
MSKLGVLLTICLLLFPLTAVPLDGDQPADRPAERMQDDISSERHPFFDRSKQCCHLPACRFGC
TPCCW
MLKMGVVLFTFLVLFPLATLQLDADQPVARYAENKQDFNPNERMKIMLSALRQRECCEPSWC
DAGCTDGCC
MMSKLGVLLTICLLLFPLTAVPLDGDQPADQPAERKQNEQHPLFDQKRGCCRWPCPSRCGM
ARCCSS
MMYKLGVLLTTCLLLFPLTAVQLDGDQPVDLPALRTQDFAPERSPWFDPVKRCCSRDCWVCI
PCCPNGS
MLKMGVVLFIFLVLFPLATLQLDADQPVERYAENKQLLNPDERREILLPALRKFCCDSNWCHIS

DCECCYG
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_9
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#MrIIIB
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ec3_IP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_4
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_TDG01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_TDG01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#TsIIIA
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_IP02
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3h

Lv3-1P0O1

Mr3.8

Mr3.16

Lv3-V03

Vi3.3

TsMMSK

-021

Mr3.17

MrO64

MMSKLGVLLTICLLLFPLTAVQLDGDQPVDLPALRTQDFAPEHSPWFDPVKRCCSRDCWVCIP
CCPNGSA
MLKMGVVLFIFLVLFPLATLQLDADQPVERYAKNKQLFNPHKRRGIILRAPGKRCCHWNWCDH
LCSCCGS
MLKMGVVLFIVLVLFPLATLQLDADKPVERYAENKQLLNPDERRGIILHALGQRVCCSFGSCDS
LCQCCDG
MLKMGVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMGRQRRCCI
WPECGSCVCCL
MMSKLGVLLTICLLLFPLTALPMDGDQPADQPAERLQDISPKETPGSDPFKRCCHWPYCAPPP
LGCRCCGK
MMSKLGVLLTICLLLFPLTAVRLDGDQHTDRPADRMQDIATEQHPLFDPVKRCCDWPCTIGCV
PCCLP
MLKMGVVLFIFLVLFTLPTLQLDADQPVERYAENKQLLNPDERRTILHALTQPVCCPFGECKSL
CYCCGA
MLKMGVVLFIVLVLFPLATLQLDADKPVERYAENKQLLNPDERRGIILHALGQRVCCSFGSCDN

LCQCCDG
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_IP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_8
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_16
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_V03
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vt3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#TsMMSK_021
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#TsMMSK_021
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_17
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr064

Lv3-Y01

Vc3.3

Tx3-E09

Vc3.4

Mr013

Mi3-1P02

Mr063

Lv3-V02

MLKMGVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMGRHRRCC
FWPDCRGCYCCL
MLKMGVVLFTFLVLFPLATLQLNADRPVERYAANKQDLNPDETREMILHVLGQRLCCWSEMC
HARCKCCG
MMLKMGVVLFIFLVLFPLATLQLDADQPVERYAENKQLLNPDEKRGILLPALRRFCCDSNWCNI
SDCECCYG
MLKMGVLLFTFLVLFPLATLQLDADRPVERYAANKQDLNPEERRKFILHALGQWQCCTMQWC
DKACYCCE
MLKMGVVLFIFLVLFPLATLQLDADQPVERYAKNKQLFNPHKRRGIILRAPGKRCCHWNWCDH
LCLCCGS
MMSKLGVLLTICLLLFPITADPLVEDQPADRPADRMQDIATEQHPLFDPVKRCCDWPCGIGCIP
CCLP
MLKMGVVLFIVLVLFPLATLQLDADKPVERYAENKQLLNPDERRGIILHALGQRVCCRKEWCH
ARCTCCG
MLKMGVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMGRQRRCC

LWPECGGCVCCYL
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_Y01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vc3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3_E09
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vc3_4
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr013
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mi3_IP02
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr063
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_V02

MrlllE

Vt3-EPO1

Mr065

Ec3-

TYNO1

Lv3-DO01

Ts3.3

Lv3-D02

Tx3a

MLKMGVVLFIVLVLFPLATLQLDADQPVERYAENKRLLNPDERRGIILHALGQRVCCPFGGCHE
LCYCCDG
MMSKLGVLLTICLLLFPLTAVPLDGDQPADRPAERMQDGISSEHHPFFDSVKKKQQCCPPVAC
NMGCEPCCG
MLKMGVVLFIVLVLFPLATLQLDADKPVERYAENKQLLNPDERRGIILHALGQRVCCSFGSCDS
LCQCCDC
MMSKLGALLTICLLLFPITGLPLDEDQPADLPALRMEDFAPEHSPLFDPVKRCCILCWKCTYNC
CRAW
MLKMRVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMDRQRRCC
FWPMCGGCDCCYL
MMSKLGVLLTICLLLFPLTAVQLDGDQPADLPALRTQDIATDHSPWFDPVKRCCSRYCYICIPC
CPN
MLKMRVVLFTFLVLFPLATLQQDADQPRARYAENKQDFNRNERTKMILSAVSASMGRQRRCC
FWPMCRGCDCCYL
MLKMGVVLFIFLVLFPLATLQLDADQPVERYAENKQLLSPDERREILHALGTRCCSWDVCDHP

SCTCCG

240

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific


http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#MrIIIE
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vt3_EP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr065
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ec3_TYN01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ec3_TYN01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_D01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ts3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_D02
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3a

Tx3- MMSKLGALLTICLLLFPLTAVPMDGDQPADQPAQRLQDRLPTEDHPLYDPVKRCCDDSECDY  Indo-Pacific

WPO04 SCWPCCIFS

Mr3.14 MLKMGVVLFIFLVLFTLPTLQLDADQLVERHVENKQLLNPDERRRIISDALGQRICCPQGGCHQ  Indo-Pacific
LCQCCGC

Ca3- MSKLGALLTICLLLFSLTAVPLDGDQHADQPAQRLQDRLPTEDHPLYDPVKRCCDDSECDYSC  Indo-Pacific

WPO1 WPCCIFS

Mr3.15 MLKMGVVLFIFLVLFTLPTLQLDADQLVERHAENKQLLNPDERRRIISVALGQRVCCPHGGCH  Indo-Pacific
QICQCCGC

Ge3.3 MSKLGVVLFTILVLLPLATLLLEADQPVERQQDLNPQRGTRGIMKHVMSKGMSRRGCCTGQG  Indo-Pacific
CWNVPICECCV

Ve3.9 MMSKLGALLTICLLLFSLTAVPLDGDQHADQPAERLHDRLPTENHPLYDPVKRCCDDSECDYN ' Indo-Pacific
CWPCCIFG

LtIHA MLKMGVLLFTFLVLFPLTTLELDTDRPVERHAAIKQDLKPQERRGIRLHAPRDECCEPQWCDG  Indo-Pacific
ACDCCS

Mi3-V0O1  MLKMGVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMGRQRRCC  Indo-Pacific

LWPECGGCVCCY
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3_WP04
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Tx3_WP04
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_14
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ca3_WP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ca3_WP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_15
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ge3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vc3_9
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#LtIIIA
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mi3_V01

ArMMSK

-01

Lv3-V07

Mr3.3

Vx3-G02

Ts3.6

Bt3-D05

Cp3-GO1

Mi3-

QDMLO1

MMSKLGVLLTICMLLFPLTALPLDGDQPADRPAERMQDDFISEQHPLFNPIKRCCDWPCTIGC
VPCCK
MLKMRVVLFTFLVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMGRQRRCC
LWPECGGCVCCY
MSRLGVLLTICLLLFPLTAVPLDGDQPADRPAERLQDDISSEHHPHFDSGRECCGSFACRFGC
VPCCV
MLKMGVVLFVFLVLFPLATFQLDADQPVKRYAKYKQDLNTDKRMRLILPALRQRQCCGWEWC
DDICGCCE
MLKMGVVLFVFLVLFPLATLQLDADQPVERYAENKQLVSPYERRQIILHALGQRQCCDWQWC
DGACDCCA
MLKLGMVLFIFLVLFPLATLHLDADQPVERNVNKQGLKPDERRRFGFSAPRKRECCEWEWCD
GACDCCN
MLKMGVVLFVFLVLFPLATFQLDADQPVKRYAKYKQDLNADKRMRLILPALRQRQCCGWEWC
DDICGCCE
MMFKLGVLLTICLVLFPLTALPLDGDQPADRPAERMQDDTSAAQNPRVAFVERCCEADCPMC

QDMLCCRK
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Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific


http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#ArMMSK_01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#ArMMSK_01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Lv3_V07
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mr3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vx3_G02
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ts3_6
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Bt3_D05
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Cp3_G01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mi3_QDML01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Mi3_QDML01

Ts3.4

MrllIF

Qc3-

YDGO1

Am3.4

Vt3-SP01

GllIIA

SIIA

GllIB

MMSKLGVLLTICLLLFPLTVLPMDGDQPADLPALRTQDIATDQSPWFDPVKRCCSRYCWKCIP
CCPY
MLKMGVVLFIVLVLFPLATLQLDADKPVERYAENKQLLNPDERRGIILHALGQRVCCPFGGCHE
LCLCCDG
MLKMGVVLFVFLVLFPLATLQLDADQPVARYAENKQDFNPNERMKTMLSALRQRGCCDPQW
CDAGCYDGCC
MMYKLGVLLICLLLFPLTAVPQDGDQPADRPAERMQDDISFEHDRFFDPVKRCCKYGWTCW
LGCSPCCG
MMSKLGVLLIICLLLFSLNAVPLDGDQPADRYAERMQDDISSEHPLFDAVRGCCHLLACRMGC
SPCCW
MSKLGVLLTICLLLFPLTALPMDGDEPANRPVERMQDNISSEQYPLFEKRRDCCTPPKKCKDR
QCKPQRCCAGR
MMSKLGVLLTVCPLLFPLTALPPDGDQPADRPAERMQDDISSDEHPLFDKRQNCCNGGCSSK
WCRDHARCCGR
MMSKLGVLLTICLLLFPLTALPMDGDEPANRPVERMQDNISSEQYPLFEKRRDCCTPPRKCKD

RRCKPMKCCAGR
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Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific


http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Ts3_4
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#MrIIIF
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_YDG01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Qc3_YDG01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Am3_4
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vt3_SP01
http://www.conoserver.org/index.php?page=card&table=protein&id=1571
http://www.conoserver.org/index.php?page=card&table=protein&id=2707
http://www.conoserver.org/index.php?page=card&table=protein&id=1566

CnllIC

BulllB

TINA

Eb3-H03

Eu3.4

Eu3.3

Vr3-1P03

Fla3.4

MSKLGVLLTICLLLFPLFALPLDGDQPADRPAERMQDDISSEKHPLFDKRQGCCNGPKGCSSK
WCRDHARCCGRR
MMSKLGVLLTICLLLFPLFALPQDGDQPADRPAERMQDDISSEQNPLLEKRVGERCCKNGKR
GCGRWCRDHSRCCGRR
MMSKLGVLLTICLLLFPLTALPMDGDEPADRPAERMQDNISSEQHPLFEERHGCCKGPKGCS
SRECRPQHCCGRR
MMLKMGVVLFVFLVLFPLATLQLDADQPVERDAENKQDLHPDERTGFILPAMRRRCCRLRRC
KTHCHCCVYRP

MMSKLGVLLTICLLLFPLTALPMDGDQPQERKEDGKSAALQPWFDPVKRCCRAACSPWLCLP

CCG

MMSKLGVLLTICLLLFPLTALPMDGDQPQERKEDGKSAALQPWFDPVKRCCQAACSPWLCLP

CCG

MMSKLGVLLTICLLLFSLTAVQLDGDQPVDLPALRTQDFAPEHSPWFNPVKRCCSRRCWVCIP

CCPNGS
MMSKLGVLLTISLLLFPLTAVQLDGEQPVDLLALRTQDFAPEQSPWFDPVKRCCSKYCWECTP

CCPYSSG
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Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific,

Eastern Pacific

Unknown

Unknown

Unknown

Unknown


http://www.conoserver.org/index.php?page=card&table=protein&id=3834
http://www.conoserver.org/index.php?page=card&table=protein&id=3625
http://www.conoserver.org/index.php?page=card&table=protein&id=1616
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Eb3_H03
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Eu3_4
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Eu3_3
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vr3_IP03
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Fla3_4

Eu3.2 MMSKLGVLLTICLLLFPLTAVQLDGDQPADLPALRAQDFAPERSPWFDPVKRCCSQDCWVCIP  Unknown
CCPN

Vr3- MMSKLGVLLTICLLLFPITGLPLDEDQPADLPALRMEDFAPEHSPLFDPVKRCCILCWKCTYNC  Unknown

TYNO1 CRAW

Vr3-IP01  MMSKLGVLLTICLLLFPITGLPLDEDQHADLPALRAQAFEPEHSPWFDPVRRCCSQDCWECIP  Unknown
CCPN

Fla3.2 MLKMRVVLFTFRVLFPLATLQLDADQPRARYAENKQDFNRNERTKMILSAVSASMGRQRRCC  Unknown
LWPECGGCVCCY

Vr3-D01  MLKLGMVLFIFLVLFPLATLHLDADQPVERNVNKQGLKPNERRFRFSAPRKRECCEWEWCDG  Unknown
ACDCCN

Vr3- MSKLGALFVICLLLFPLTAVPLDGDQPADQPAQRMQDDISSEHPLFDAVRGCCHLLACRMGCS Unknown

SP04 PCCW
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http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Eu3_2
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vr3_TYN01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vr3_TYN01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vr3_IP01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Fla3_2
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vr3_D01
http://www.conoserver.org/index.php?table=protein&page=list&text=&textfield=All+fields&cy_mass=2154&mass_range=1000&mass_type=Average_Mass&cy_sequence=IQCCRCQSWPYMCSVFCC%0D%0A&sequence_type=fasta&e_limit=10&Class%5B%5D=ALL&Superfam%5B%5D=ALL&Framework%5B%5D=III&TargetFam_search%5B%5D=ALL&Organism_search%5B%5D=ALL&Organism_Clade%5B%5D=ALL&Organism_Region%5B%5D=ALL&Organism_Diet%5B%5D=ALL&Type%5B%5D=ALL&Evidence%5B%5D=nucleic+acid+level&Evidence%5B%5D=protein+level&fields%5B%5D=alternatives&fields%5B%5D=Class&fields%5B%5D=Superfam&fields%5B%5D=Organism_list#Vr3_SP04
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