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Preface

“You would do well to mark the various forms of the Viper.... And from the
wound she makes there oozes a discharge like oil or, it may be, bloody or
colourless, while the skin around starts up into a painful lump, often
greenish, now crimson, or again livid of aspect. At other times it engenders
a mass of fluid, and about the wound small pimples like blisters rise flabbily
from the skin, which looks scorched. And all around spread ulcers, some at
a distance, others by the wound, emitting a dark blue poison; and over the
whole body the piercing bane eats its way with acute inflammation; and in
the throat and about the uvula retchings following fast upon one another
convulse the victim. The body is oppressed with failures of sense in every
part, and forthwith in the limbs and loins is seated a burdening, dangerous
weakness, and heavy darkness settles in the head”.

From Theriaca by Nicander of Colophon, 2nd century BCE
(Translation from the Greek poem by
A.S.F. Gow and A.F. Scholfield)

Humans have been simultaneously enthralled and terrified by venomous
animals for thousands of years. For some, the merest glimpse of a spider or
snake provokes an irrational and debilitating fear. But for many the threat is
all too real—venomous animals continue to have devastating effects on
human populations, with an estimated 50 000 people dying each year from
snake bite in India alone.

Yet, strangely, and perhaps perversely, venomous animals have proved to
be a source of life-saving drugs. Captopril, the first blockbuster antihyper-
tensive drug, was derived from a peptidic inhibitor of angiotensin-converting
enzyme found in the venom of a Brazilian viper. Captopril has saved many
more lives than this snake and its close relatives have killed in their millions
of years on the planet. There are currently six FDA-approved drugs derived
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viii Preface

from animal venoms, and they are used to treat a variety of ailments,
including hypertension, diabetes, and chronic pain.

Research into venoms as a potential source of therapeutics greatly inten-
sified over the past decade, with much activity in both academia and the
pharmaceutical industry. There are several reasons for this. The dwindling
output of new molecular entities combined with the recent success of bio-
logics led to renewed interest in natural sources, such as venoms, as a source
of drug leads. Increasing patient acceptance of injectable therapies created
a more conducive environment for the development of peptide and protein
drugs. And finally, our improved understanding of the chemical and phar-
macological complexity of animal venoms facilitated the development of
more focussed screens to discover venom molecules with desired biological
activity. As a result of this increased research activity, the current pipeline of
venom-derived drugs is larger than ever, with several venom peptides
currently undergoing clinical trials and many more in various stages of
preclinical development.

This book attempts to capture the current excitement and most important
developments in the field of venoms-based drug discovery. The book begins
with an overview of the extant suite of venomous animals and their toxin
repertoires before drilling down to detailed case studies and issues
surrounding optimisation and manufacturing of venom-derived peptide
drugs.

Each venom has a specific ecological role, and therefore understanding the
context in which a venom has evolved is important for focussing drug
discovery efforts. It makes no sense, for example, to focus on neurotoxic
spider venoms if one is seeking a drug that modulates blood pressure; hae-
motoxic snake venoms are likely to be a better bet. Thus, the book begins
with a comprehensive overview of venom evolution and how this relates to
biodiscovery. Chapter 2 provides an overview of the diverse range of
disulfide-rich scaffolds found in animal venoms. These scaffolds have
provided a robust structural framework for evolving peptides that are
simultaneously potent, selective, and stable. Despite their potential for
providing high target potency and selectivity, these disulfide-rich scaffolds
have an inherently high degree of chemical and pharmacological plasticity,
thereby facilitating the design of analogues with greater potential for thera-
peutic application.

Chapters 3 and 4 review the wide range of approaches that can be used for
venoms-based drug discovery, including recent developments in proteomics,
transcriptomics, high-throughput target-based screens, and automated
electrophysiology. In addition, the case is made for the power of more
traditional bioassays using whole animals or isolated tissues.

The complex venoms of reptiles, aquatic cone snails, scorpions, and
spiders have evolved independently. Each of these venoms has a specific
ecological purpose, with a chemical and pharmacological composition tuned
for this role. In Chapters 5-8, experts on these venoms examine their
potential as a source of drug leads.



Preface ix

Chapter 9 details the development of analgesic drugs derived from
disulfide-rich peptides in the venom of cone snails. Chapter 10 provides
a detailed case study of the ongoing and highly promising development of
a sea anemone peptide for the treatment of a range of autoimmune and
inflammatory diseases, including multiple sclerosis and psoriatic arthritis.

Most venom components being considered for drug development are
disulfide-rich peptides, which creates significant challenges for large-scale
production and drug delivery. Chapter 11 discusses chemical approaches
that can be used to modulate the stability and bioavailability of disulfide-rich
venom peptides, while the final chapter provides real-life examples of how
synthetic challenges have been overcome in production of the venom-derived
drugs eptifibatide, ziconitide, and exenatide.

This primary goal of this book is to provide a comprehensive resource for
chemists and biologists who are interested in venoms as a source of new
drugs, as well as members of the lay public who are fascinated by the notion
that venomous creatures can also have positive impacts on human health.
However, I also hope that this book will inspire the toxinology and medicinal
chemistry communities to work together, with cross-fertilisation of expertise
and knowledge, on creating a new generation of venom-derived therapeutics.

Iwould like to convey my sincere gratitude to the contributing authors who
willingly gave their time and energy towards this project. My thanks and
appreciation also go to the team at the Royal Society of Chemistry, including
Gwen Jones, Rosalind Searle, Helen Prasad, Cara Sutton, Sarah Salter, and
Rowan Frame, for their support and encouragement. Finally, I would like to
thank my family and all the members of my laboratory for their patience and
forbearance during the production of this book.

Glenn King
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2 Chapter 1

1.1 The Fundamental Problems

The majority of commercial drugs being used today in both developed and
developing countries are based on natural products." Most of these products
are based upon plants, but research into animal venoms holds great poten-
tial for the discovery of novel medicinally useful natural products.>?
Knowledge of the evolutionary origins of venom proteins/peptides and the
forces shaping the biodiversity seen today is crucial for efficient biodiscovery.
In addition, efficient utilisation of venom toxins in drug design and devel-
opment cannot be achieved without recognition of the true biochemical,
ecological, morphological, and pharmacological diversity of venoms and
associated venom systems. A major limitation of the use of venom proteins
thus far has been the very narrow taxonomical range studied. Entire groups
of venomous animals remain virtually ignored. Those that have been
examined have apparently been selected due to their medical significance or
ease of collection, rather than as a result of their ecological or evolutionary
uniqueness.

Venom is defined as “a secretion, produced in a specialised gland in one
animal and delivered to a target animal through the infliction of a wound
(regardless of how tiny it may be), which contains molecules that disrupt
normal physiological or biochemical processes in the victim so as to facilitate
feeding or defence by the producing animal”.* This definition encompasses
creatures normally considered venomous (e.g., scorpions, snakes, and
spiders) as well as animals that have not been traditionally recognised as such
(e.g:, leeches, ticks, and vampire bats). Acknowledgement of the evolutionary
analogy of the recruitment and use of toxins in all these animals increases the
number of known independent occasions in which venom has evolved
independently. In addition, this acknowledgement improves our under-
standing of the factors underlying the evolution of venoms and their associ-
ated proteins while also drawing attention to the vast pool of unstudied
toxins. Venom has been a key innovation in the evolutionary history of an
incredibly diverse range of animals. Even using the traditional definition of
venom, venom systems are believed to have evolved independently on at least
20 occasions in extant lineages (Figure 1.1). Intriguing fossil evidence has also
led to speculation about the possibility of extinct venomous lineages repre-
sented by the theropod dinosaur Sinornithosaurus® and the extinct pantolestid
mammal Bisonalveus browni.” If lineages such as ticks, leeches, vampire bats,
etc. are rightfully recognised as venomous, the number of independent
evolutionary events in which venom has arisen increases to over 30.

The evolutionary selection pressure upon defensive venoms (e.g., those of
fish and bees) is largely directed at the development of streamlined venom
that has the primary action of immediate, intense localised pain.®?® In
contrast, predatory venoms are shaped by a classic co-evolutionary arms race,
where evolving venom resistance in prey and the evolution of novel venom
composition exerts reciprocal selective pressures on one another in a situa-
tion that conforms to the Red Queen hypothesis of Van Valen.’ Powerful
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Metazoa
‘Ecdysozoa’
Bilateria
Lophotrochozoa

Vel

Deuterostomia

A
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Mammalia
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Jellyfish, sea anenomes
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Crustaceans
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True bugs
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Tuatara
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Birds
Monotremes
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Figure 1.1 Schematic tree of venomous life in the animal kingdom. Coloured
branches indicate lineages that include members with venom
systems. Phylogeny based on the tree of life presented in Pennisi.**®
Note that a number of animal lineages have been pruned from the

tree. Adapted from ref. 34.

purifying selection pressures acting on predatory venoms for millions of
years have resulted in highly complex modern venom arsenals that consist of
potent compounds with exquisite target specificity. Variation in venom
composition is not only observed between different lineages, but also
between the closely related species within a clade.'® Intraclade differences in



4 Chapter 1

venom composition often arise as a result of the evolution of prey-specific
toxins in species with specialised diets."*™* Significant variation in venom
profile has even been demonstrated within individual species with wide-
spread geographical distributions.'*' Venom can also vary intraspecifically
as the result of numerous other factors, including sibling differences® and
ontogenic changes in prey preference” or behaviour. In Sydney funnel-web
spiders (Atrax robustus), juvenile male spiders and female spiders of all ages
have similar insecticidal predatory venoms, whilst sexually mature males
(who stop feeding and leave the burrows in search of females) have a verte-
brate-specific defensive venom." It is this adaptive complexity and innova-
tion that makes predatory venoms ideal candidates for the discovery of
therapeutic lead compounds.

The majority of venom components have evolved to target physiological
systems reachable by the bloodstream. In particular, the neurological and
haemostatic systems have been convergently targeted via a myriad of inno-
vative pathways (Figure 1.2).* A consistent feature of venom proteins is
a stable molecular scaffold of cross-linked cysteines' (see Chapter 2 for
further details of disulfide-rich toxin scaffolds); this characteristic appears to
facilitate modification of non-structural residues, which in turn facilitates
protein neo-/sub-functionalisation. A remarkable degree of convergence exists
not only in terms of toxin molecular scaffolding, but also in target specificity
and bioactivity.* The superimposition of sequences from functionally
convergent toxins reveals tremendously useful information regarding struc-
ture-function relationships. An example of this is the platelet-aggregation
inhibiting RGD tripeptide motif. This motif has been independently derived
on numerous occasions within a myriad of distinct protein scaffolds, ranging
from snakes (two different occasions: disintegrins and three-finger toxins) to
a wide variety of invertebrate species, including ticks (e.g., Ixodes spp., Argas
Spp., Rhipicephalus spp., Amblyomma spp.), tabanid flies (e.g., Tabanus spp.),
true bugs (e.g., Triatoma spp., Rhodnius prolixus), mosquitoes (e.g., Anopheles
spp., Aedes spp., Culex spp.), sand flies (e.g., Lutzomyia spp., Phlebotomus
spp.), leeches (e.g., Macrobdella spp., Placobdella spp.), and worms (e.g,
Ancylostoma spp.).**° This reinforces the fact that biological targets within
prey animals are the primary drivers of the evolution of toxin structures.

Snakes, spiders, scorpions, marine cone snails, and sea anemones repre-
sent the majority of venomous organisms that have been studied, with other
venomous lineages remaining neglected. Moreover, even within these well-
studied lineages, there has been a significant taxonomical bias. Partly as
a result of the limited taxonomic range studied, the majority of known venom
components remain poorly understood, and it is likely that many more
venom components await discovery. The complex nature of venom makes it
energetically expensive to produce. Hence, most venomous organisms have
evolved a highly sophisticated cocktail that can efficiently aid in predation
and/or defence, even when secreted in very small quantities. The small
amount of venom produced by many venomous organisms was a major
obstacle that impeded venom exploration in the past. Even in snakes, which
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may produce copious amounts of venom, particularly large amounts (multi-
gram) were necessary for the discovery novel venom components that are
secreted in miniscule amounts. For smaller animals such as spiders, the tiny
amounts secreted made many species impossible to investigate using
protein-based approaches.

Another impediment to venom exploration has been the difficulty of
extracting venom from species that do not store secreted venom in readiness
for delivery, or that have venom delivery systems that are difficult to access or
stimulate. For instance, the venom delivery apparatus of non-front-fanged
snakes is located at the back of the mouth and, unlike those of many front-
fanged snakes, the venom glands do not contain an appreciable lumen for
venom storage, instead only secreting venom as required. Hence, it was very
difficult and time-consuming to obtain sufficient quantities of venom from
such snakes for the “proteome-only” oriented venom research of the past.
Even chemical stimulation of venom secretion (e.g:, injection of pilocarpine
into the venom gland) has been unsuccessful in overcoming some of the
aforementioned complications, impeding venom research in a large group of
other organisms (e.g., coleoids, centipedes, non-front-fanged snakes,
spiders, and vampire bats). In some cases, these difficulties have been
overcome through the application of considerable amounts of time and
effort. For example, it took over 200 pilocarpine-stimulated milkings (venom
extraction) of Coelognathus radiatus to obtain 110 mg of crude venom, which
yielded 10 mg of pure a-colubritoxin in the first study of a three-finger toxin
(3FTx) from a non-elapid snake.”* In other cases, however, the difficulties
described above have proven impossible to surmount.

With the advent of next-generation RNA sequencing, venom exploration
has become more efficient, as researchers can now rapidly construct
transcriptome libraries of entire venom glands, without depending on
proteinaceous venomous secretions directly. While transcriptomics will
rapidly yield full-length precursor sequences, the prediction of propeptide
cleavage sites, other than those that are conventionally dibasic, may be
impossible.”> Moreover, transcriptomics alone cannot unravel post-trans-
lational modifications (PTMs), which are often crucial for the biological
activities of venom components. For example, a sulfo-tyrosine PTM is
required for the bioactivity of lizard venom cholecystotoxin; synthetic
analogues lacking this PTM are completely inactive.?® For these reasons,
a combined proteomic-transcriptomic approach is essential for the most
effective venom exploration (see Chapter 3).

Genome information remains scarce for species other than those routinely
used as model organisms in genetics research. To date, genomes are avail-
able for only a few venomous animals. Knowledge of the location and orga-
nisation of venom-encoding genes can greatly increase our understanding of
their molecular evolutionary history. Availability of genomic information will
facilitate easier amplification of specific venom-encoding genes. Moreover,
this will enable researchers to use small amounts of tissue or other non-
destructive samples for sequencing of venom-encoding genes, not only
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making venom exploration in rare venomous organisms easier and more
sustainable, but also overcoming the difficulties of obtaining permits for
destructive sampling for research.

Another major problem that has affected venom research is the difficulty of
obtaining the venomous animals themselves. Most well-studied venomous
organisms have been those that are locally common in the regions in which
the research was performed. Researchers often restrict their venom collec-
tion to species represented in local serpentariums or that are available from
other venom suppliers. Samples acquired from third parties in this manner
are often associated with uncertainties regarding geographical origin and
sometimes even basic taxonomy. For example, the Sigma pharmaceutical
catalogue entry for Oxyuranus scutellatus venom (see http://www.sigmaaldrich.
com/catalog/product/SIGMA/V3129) states “This venom may be from subspe-
cies O. s canni (Papuan taipan) or O. s scutellatus (Australian taipan) or
a mixture from both”; with a note that “Physical characteristics are almost
identical”. This is despite the existence of abundant research showing that
venoms may vary appreciably across a relatively short continuous geographical
range, let alone the sort of variance that may occur between completely
disjunct localities. Considerable differences in toxicity and antivenom
coverage have recently been demonstrated for O. s. canni and O. s. scutellatus,**
which highlights the fact that disregarding the geographical origin of samples
is unacceptable in venom research.

The taxonomical bias in toxinology is starkly evident when sequenced
toxins are mapped against organismal diversity. For example, in elapid snake
venom research, two genera (Bungarus and Naja) account for almost 40% of
all published sequences (Table 1.1). Moreover, almost 40% of all 3FTxs have
been sequenced from Ngja alone. Despite the diversity of toxin forms
present, some toxin types are known from transcriptomic studies only.
Similarly, of the 3FTxs known from the non-front fanged snake lineages, the
majority are known from a single transcriptomic study.”® Only three studies
have characterised the bioactivity of fully-sequenced 3FTx from non-
front-fanged snake venoms.**® This bias is not unique to snakes, as the
other venomous lineages that have received toxinological attention have
suffered similar levels of taxonomical bias. For example, although scorpion
venoms have received more research attention than the venoms of any other
lineage, only 50 or so of the approximately 1700 species of scorpion recog-
nised today have been examined. The major focus has been on basal families
such as Buthidae, which account for more than 50% of all known scorpion
toxin sequences. These basal families are known to have separated from all
other scorpion families about 350 million years ago,***° suggesting that there
is likely to be a plethora of novel venom components that remain undis-
covered in the other families. Similarly, despite spiders being the most
speciose group of venomous animals, represented by ~45 000 recognised
species, venom exploration remains primarily restricted to large mygalo-
morph species. For example, tarantulas account for more than one quarter of
all spider toxins isolated to date, although they represent only ~2% of the



Chapter 1

unrdem = dep ‘ufidsoa = soA ‘osesjordoferotu wWouda IeUS = JINAS ‘oseatoad auriss = ds ‘“y asedijoydsoyd = %y1d ‘10308 [Imo13 aa19u = JHN ‘opndad
onRINIIRU = N ‘9SBPIXO OUTWE-T = QY] ‘UN0J[ = 297 ‘ZTuny] = uny ‘X 10308 = XJ ‘A 1010B] = AJ ‘9SBI2ISIUI[OYD[AI90R = UOY ‘UIX0) 193Uul-aa1) = XIIE,

144 € 81 < viv 61 €€ 4" 9¢ veEr <1 14 129 T T v6S LIET [ej0L
(4 4 € 6 DISOUULIINDM

(4 L 0 € T T (4 € (114 siyoaprdo.],
T T ST (4 S L T [4 T (4" Ly plbuopnasq
9 L€ v 9 | A €T 1 4 € <8 snf2opnasd
I 1 snuvjad

€ 09 € (4" € 6 (4" (4 (4 S ST 9¢1 snup.indxo
T T 1 € 1 T T T I 4 LS sndvydorydo

(4 1C € (4 T S v € T (4 474 S1Y39)0N
T (AT Lg (A S i 8 |48 92z 0I€ vloN

0¢ € S (4 474 [ 774 SNANIITA

1 1 T s1yaado.Loyn

T T 9 6 suuadpT

s T VT 09 DpNYIDT

T 6 (1) 8 siydoapy

I T T 9 1 € 1 T I o1  smppydasojdory
T (4 8 11 SMIDYIDUWIF]

T T € puriplyusg

€ 6 T ST 8¢ pyopsCiq

4 6 T LY 65 s1dspopuac

i4 LT € T € 9 (4 T € (1174 bisubnuaq
(4 v T (4 € 9 1 T 0T siydordin
4 T € swydoi D

T L8 T T (4 S 6¢ T T 08  8IC sn.vgung

T € S puriauanog

€ (49 9 € 6T €9 sdpja.asny
4 14 vno.sy

T 1 € S sdpjaprdsy

€T €T snunsddiy

T T siydoydqpoy

8 T i €T siydoyuvoy

dom  saA  dWAS dS VId AON dN ovi 9a1 uny xf Af dSWD uwy LIV XIAE  ]PI0L Snuay

Lswouaa pide[s woyy psousnbas suxol, T'T J[qeL



Seeing the Woods for the Trees: Understanding Venom Evolution 9

taxonomic diversity of spiders.** Furthermore, it is suggested that the
currently recognised species constitute only ~25% of existing species.*
Spiders evolved from the stem arachnid ancestor about 300 million years ago
during the Carboniferous period. Spider venoms contain a range of low
molecular weight peptides and proteins that are neurotoxic, haemotoxic or
cytotoxic in activity. It is likely that the highly complex nature of the venom is
responsible for the tremendous success and diversification of the spiders as
a group. Continuing this theme, the venom has not been thoroughly char-
acterised from a single species of centipede amongst the 3300 species of
centipedes known today. The forcipules, or poison claws, which are modified
front legs used for delivering venom into the prey, have been identified in
centipede fossils dating back to the early Devonian period, 400 million years
ago. This suggests that centipedes, along with scorpions, possess one of the
most ancient venom delivery apparatuses.?* Despite this, centipede venom
research is very much in its infancy.

1.2 The Solutions

The most efficient venom exploration approach is multidisciplinary and
encompasses various fields and techniques, including:

« Organismal selection based upon phylogenetic position and ecological
niche occupied

 Transcriptomics and in silico studies

« Molecular evolution and phylogenetics of toxins

« Proteomics

« Bioactivity testing

1.2.1 Taxon Selection

In order to maximise the efficiency of biodiscovery efforts, researchers
should endeavour to examine the most diverse range of taxa possible. As
highlighted elsewhere in this chapter, toxinological research in the past has
focussed on species that were easy to acquire venom from or that were the
most “medically significant”, where medical significance is defined as “the
danger posed to a human by a bite/sting”. This reliance on common species,
or the tiny minority of venomous species that are dangerous to humans, has
resulted in the fact that the vast majority of venomous animals remain
under-researched or completely ignored.

There are two primary drivers of diversity in venom evolution, both of
which should be taken into account. The first is phylogenetic distance—
species that are distantly related are likely to have more divergent venom
components than species that are closely related. For this reason, researchers
can widen their net in the search for novel compounds by examining
members of as many genera as possible within their chosen clade, rather
than concentrating solely on one genus.
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The second primary driver of venom diversity is ecological distance,
specifically differences in prey type, foraging mode and prey-handling
behaviour. The majority of venomous animals use their toxic secretions to
aid in prey subjugation, and hence selection pressures driving the evolution
of venom components originate, in large part, from the prey species.* It is
likely that different venom components are more suited to subduing
different types of potential prey animals, therefore venomous species, even
those that are closely related, that feed on divergent prey types are likely to
have divergent venom compositions. The foraging mode largely determines
the type of prey available to a venomous animal, but it also determines prey
condition. Prey conditions, such as body temperature, activity level, etc. may
affect the physiological action of toxins; therefore venomous predators that
feed on the same prey types, but feed when the prey is in a different
condition, may have divergent venom compositions. For example, snakes
that forage at night for sleeping diurnal lizards will encounter inactive prey
with a low body temperature and may therefore have less need to quickly
disable prey that are too cold to resist effectively but may also rely on toxins
that have a temperature-independent activity. Snakes that forage for the
same lizard species during the day will encounter active prey with high body
temperatures and may therefore rely on toxins that quickly disable prey to
prevent it escaping or injuring the snake, and may be able to utilise toxin
types that have a temperature-dependent activity. Similarly, prey-handling
behaviour may influence venom composition. Venomous predators that
strike and release their prey may rely on toxins that rapidly disable motor
functions in order to ensure that prey does not travel far after envenomation
and is therefore easy to track down. Venomous predators that strike and
hold onto prey may have less need to disable motor functions and may also
have the option of physically subduing prey; that is, they may use
a combined physical and chemical attack (e.g., use of powerful pincers and
venom in scorpions, the use of constriction and venom in snakes, or
harpoon-shaped radulars filled with venom in marine snails). Good
examples of the fact that investigation of atypical subjects of toxinological
research yields “low-hanging fruit” for biodiscovery include recent studies
on organisms as diverse as Antarctic octopods® and lizards previously
considered “non-venomous”.?*3¢

Although venom is ubiquitous within the Octopoda, the majority of tox-
inological work on this order has been focussed on the medically significant
Hapalochlaena sp. (blue-lined octopods) that harbour tetrodotoxin (TTX)
produced by endosymbiotic bacteria.’” Prior to 2010, nothing was known
about the composition of the venom of octopods from the waters of the
Southern Ocean in the vicinity of Antarctica. Inhabiting waters with sub-zero
temperatures has placed extreme selection pressures on the venoms of these
octopods and not only were two new toxin classes not previously known from
octopods identified in their venoms, but the activity of enzymatic toxins
contained therein displayed extreme cold-adaption, with enzymes generally
more active at 0 °C than 37 °C.*®
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Although it was previously believed that venom was restricted within
lizards to the two species in the family Helodermatidae, the discovery that
toxin-secreting oral glands are an ancestral trait of toxicoferan squamate
reptiles®®?® vastly increased the number of lizard species of potential interest
to toxinological researchers. Subsequent investigation of the venom systems
of these lizards has not only increased our understanding of the evolution of
venom in squamate reptiles, but has also resulted in the discovery of
a number of new peptide types, including three that affect the cardiovascular
system and are thus of potential interest in drug design and development.*®

As investigators continue to widen the scope of their toxinological
research, it is inevitable that many new toxins of interest from a biodiscovery
perspective will be uncovered. Understanding the evolutionary pathways that
venom travels and the evolution and ecology of the whole organism in which
venom evolves serves as an effective guide for biodiscoverers. Through this
understanding they may gain valuable knowledge of the most efficient
directions in which to cast their nets. Indeed, viewing the study of venom
evolution and the search for novel toxins as separate disciplines has become
an outmoded and unconstructive viewpoint. These areas of research are two
sides of the same coin and complement one another to the extent that
a discovery in the field of venom evolution will almost invariably uncover
a valuable new resource for biodiscovery.

1.2.2 Transcriptomics

With the advent of high-throughput sequencing technologies, scientists can
generate datasets of considerable size. These advances have had consider-
able benefit for the field of toxinology. Recent studies have demonstrated the
effectiveness of applying these technologies to the tasks of identifying novel
toxin components and exploring diverse venom-encoding gene families that
have previously been characterised.****¢ Several methods of toxin annota-
tion have been employed for proteomic and transcriptomic datasets, mainly
based on “BLAST gold standards”.*”~** Complementary phylogenetic analyses
of toxin gene families have also revolutionised our understanding of the
origins and evolution of toxins. However, phylogenetic analyses of toxin gene
datasets have been hampered by significant problems: (i) several toxin types
have very short sequences and consequently few informative phylogenetic
positions are identified on alignments (e.g., conopeptides from cone snails,
crotamines in rattlesnakes); (ii) it has been shown that signal, pro and
mature peptides may adopt different evolutionary pathways, leading to low
statistical support among phylogenies; (iii) some toxin gene families expe-
rience tremendous diversifying selection pressures,* resulting in a lack of
phylogenetic resolution as each amino acid site experiences multiple
changes, which poses a major problem for multiple sequence alignments;
(iv) performing phylogenetic analyses on large datasets can be problematic if
strong statistical support is needed, especially for maximum likelihood and
Bayesian inferences.
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One way of addressing these issues is to employ genetic-network-based
approaches to unravel the evolutionary histories of toxins. Genetic networks
have been extensively used to study genes that follow reticulate evolutionary
pathways, such as those that experience regular recombination and lateral
gene transfers.> A genetic network (or a graph) is a mathematical model of
pairwise relations among entities named nodes. The nodes in the network
are linked by edges representing the connections or interactions between
these entities. Building a network allows nodes to be grouped into connected
components. Nodes and interactions can be of diverse nature (directed or
undirected interactions, metabolic pathways, transcriptional regulation
processes, etc.). In the case of toxin gene networks, the nodes represent
amino acid or nucleotide sequences of toxins and the connections are rep-
resented as “% similarity” shared between two sequences. A new software
called Evolutionary Gene & Genome Network (EGN) has recently been used
for metagenomic analysis® and is now available to the public."® This soft-
ware, which is written in PERL, has been used for building toxin gene
networks by making use of the manually curated ToxProtDb database.”” It
begins with the comparison of all sequences from a given dataset with one
another using sequence similarity tools such as BLAST or BLAT, which are
implemented in the software itself. The tabular output generated by the
software contains parameters such as percent ID, percent similarity, e-value
and score, which are then processed by EGN to generate graphs. The graph
can be further visualised using software such as Cytoscape®® and Gephi.*” The
primary benefit of these analyses is their ability to process datasets generated
with high-throughput techniques.

In order to discuss some of the main advantages of network-based
analyses, we will describe a few examples.

The ToxProtDb dataset includes 5361 manually reviewed toxin sequences.
We first excluded sequences that were less than 40 residues in length. Out of
the remaining 4339 sequences, we were able to cluster 3071 sequences into
93 toxin groups or connected components (Figure 1.3A) using a BLAST
similarity search (minimal e-value: 1E-05; minimal hit identity threshold:
20%). Using the aforementioned parameters, we were unable to find any
matching sequences for the remaining 1268 sequences, which were therefore
considered to be “singletons”. Nodes were coloured according to the
taxonomic classification of sequences. Graphical representation of the con-
nected components not only reveals the diversity that exists among these
examined groups (Figure 1.3B), but also the major convergent recruitment
events of different toxins (Figure 1.3C and D). In our analyses, Kunitz
proteases came out as one of the convergently recruited toxins in spiders,
cone snails, insects, and snakes. The discovery of the similarity between Uy ;-
theraphotoxin-Cjla isolated from the spider Chilobrachys jingzhao and
M-conopeptide isolated from Conus vexillum, however, was more surprising.
As illustrated in Figure 1.3A, this similarity is not restricted to cysteine pattern
alone. To our knowledge, this level of convergence has not been documented
before, and its discovery reinforces the value of network-based analyses.
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Network-based analyses can also be focussed on particular taxa.
Figure 1.3D represents the evolutionary network analysis of snake venom
proteins. Of 1701 sequences available on ToxProtDb, 1351 sequences form 24
different connected components (e-value threshold: 1E-05). This network
perfectly illustrates the predominance of phospholipases and 3FTxs in snake
venoms. The shape of each connected component also shows that some
families such as the metalloproteinases are highly diverse, while others such
as phospholipases are highly conserved.

Network-based analyses can help in processing large datasets quickly.
Further, the network analyses offer numerous statistical frameworks for
comparative purposes. Genetic diversity among each connected component
could be evaluated using simple statistics such as the clustering coefficient,
the sum of edges divided by total number of possible edges, or network
diameter. Highly sophisticated parameters concerning whole network shape
or individual nodes could also be estimated (degree distributions, neigh-
bourhood connectivity, between-ness centrality, etc.) using the Cytoscape and
Gephi plugins. A basic representation of comparative diversity is illustrated
in Figure 1.3C. The most compact connected component includes highly
similar sequences as shown by the Weblogo consensus.”® A more diverse
connected component is represented as well, with the sequences exhibiting
a low level of similarity outside cysteine residues.

To summarise, network-based approaches offer several advantages when
applied to toxin datasets. They: (i) allow efficient annotation of toxins in large
datasets; (ii) efficiently process comparative analyses using previously identi-
fied toxins; (iii) help in identification of closest relatives for further phylogenetic
analysis; (iv) significantly improve multiple sequence alignments and clus-
tering; and (v) facilitate visualisation of reticulate evolutionary pathways that
cannot be represented using bifurcating phylogenetic trees (nodes could have
numerous connections instead of the usual tree nodes with only one parent).

1.2.3 Sequence Retrieval and Alignment

Newly sequenced toxins may be identified by comparison with previously
characterised sequences using search programs such as BLAST*® imple-
mented in various public sequence databases like the UniProtKB protein
database (http://web.expasy.org/blast) and NCBI (http:/ncbi.nlm.nih.gov/).
This is often employed to retrieve additional homologous sequences, already
deposited in the aforementioned databases, so as to increase the number of
sequences in the dataset. Resultant sequence sets are aligned using
programs such as CLC Main Workbench, CLUSTAL,* MUSCLE,** etc.

1.2.4 Phylogenetic Analyses

Phylogenetic analyses are performed to reconstruct the molecular evolu-
tionary history of each toxin type. Datasets are analysed with methods such
as Bayesian inference implemented in MrBayes® or maximume-likelihood
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implemented in various applications such as PhyML,*® Randomized
Axelerated Maximum Likelihood (RAXML),** etc. Although both the afore-
mentioned methods can generate accurate phylogenetic trees, the Bayesian
methods are widely preferred.

1.2.5 Test for Recombination

Recombination is a process in which two different molecules of DNA, usually
homologous, exchange genetic material with one another. Recombination
can mislead phylogenetic interpretations.®® Hence it becomes essential to
identify and eliminate recombinant sequences from datasets before con-
ducting phylogenetic analyses. All of the contemporary algorithms that are
designed to detect selection pressures assume the absence of recombination
in the dataset. Moreover, the variations that result from recombination
events may resemble those that result from adaptive evolution,®® and the
process also leads to apparent substitution rate heterogeneity.*” Thus,
recombination can have an impact on evolutionary selection analyses as well.
One could either remove identified recombinant sequences from datasets
altogether or allow the recombinant sequences to have independent phylo-
genetic histories while estimating selection pressures. The former can be
done by employing various programs such as SIMPLOT,*® RDP,* TOPALI,”®
etc. while the latter is achieved through methods such as Single Breakpoint
algorithm (SBP) and Genetic Algorithm for Recombination Detection
(GARD), implemented in the HyPhy package” " Potential breakpoints can be

Figure 1.3 Network analysis of toxin genes. (A) The convergence between O-
superfamily Conus venom peptide and typical spider-venom peptides.
These two large groups of toxins (based on ToxProtDb data) are
connected through the toxin Uj;-theraphotoxin-Cjla from the
tarantula Chilobrachys jingzhao and conopeptide VXVIA from the
venom of Conus vexillum. They share an identical cysteine framework
(C-CC-C-C) and similar residues in the mature toxin sequence. (B)
The convergent recruitment of various toxin groups. Some groups are
exclusively found in a given taxonomic group (e.g., huwentoxins in
spiders) while highly similar cysteine-rich secretory proteins (CriSPs)
are found in various taxa such as cone snails, bees, scorpions,
spiders, and lizards. (C) Demonstration that gene network analysis
also facilitates the characterisation of genetic diversity for a given
family. The shape of the network shows the intrinsic diversity within
each group. The M-conotoxin group from cone snails includes
sequences with a low degree of conservation outside the cysteine
framework, giving rise to a dispersed network shape, whereas snake-
venom nerve growth factors are highly similar, giving rise to
a compact shape. (D) The composition and the diversity of snake
venom protein families. PLA,s and three-finger toxins are the largest
groups of snake venom proteins studied so far. This may reflect the
composition of snake venom and/or a biased interest of scientists for
certain types of toxins.
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detected using the small sample Akaike information Criterion (cAIC) and
sequences can be compartmentalised before conducting phylogenetic or
evolutionary analyses.

1.2.6 Identifying Evolutionary Selection Pressures

It is essential to recognise the evolutionary selection pressures that shape
venom components, including those that act on different regions of the same
venom component. This not only reveals the functional importance of
different toxin domains but also provides a wealth of information for drug
design and development. Many essential genes that exist in single copy
within the genome evolve through the regime of negative selection, whereby
a single non-synonymous mutation in the functional domain can lead to the
death of the organism (lethal mutations), resulting in the elimination of such
mutations from the population. By contrast, the genes that encode immu-
noglobulins are required to incorporate variation to combat the diversity of
pathogens the body encounters. Similarly, predatory venomous organisms
benefit from producing a variety of toxin forms to stay ahead in the chemical
arms race with their prey. Thus, negative selection eliminates mutations that
have harmful effects on the fitness of the organism, while positive selection
generates mutations/variations that increase the fitness of the organism.
Parallel to these two mechanisms, neutral evolution causes non-functional
synonymous and non-synonymous mutations to accumulate in equal
proportions in neutral alleles (those that do not affect the fitness of the
organism). It is worth noting that the neutral theory of molecular evolution
considers neutral mutations to be far more common, and thus have more
impact on sequence composition, than positive selection.”

Venomous predators stay ahead in the chemical arms race with their prey
as a result of the rapidity with which toxins accumulate variations. Formation
of toxin multigene families is one of the primary ways in which venom-
encoding genes diversify. Recurrent duplication events result in the formation
of new copies of venom-encoding genes, which evade pre-existing negative
selection pressures. Following duplication, they are reinforced through
positive selection and may be neofunctionalised to produce a myriad of
different peptides with novel biochemical properties. Identifying regions that
accumulate variation is not only important for understanding the evolu-
tionary history of the toxin, but is also useful for novel methods of antivenom
production. It is logical to target regions that are under the constraints of
negative selection, and hence are least likely change over short periods of
time, rather than targeting regions that accumulate tremendous variation and
are thus less likely to cross-react with antibodies raised against other
isoforms, limiting the usefulness of antivenoms based on these epitopes.

Historically, positive selection has been detected as a ratio (w) of non-
synonymous (Ka or dN or «) to synonymous (Ks or dS or ) substitutions.
Synonymous substitutions are considered neutral in terms of selection, as
they do not change the amino acid sequence, while non-synonymous
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substitutions are considered a function of selective pressure on the protein
since they change the primary structure and may affect function as well.
Negative selection pressure will reduce the accumulation of deleterious non-
synonymous mutations, effectively reducing the w value (dN/dS) to less than
1. By contrast, positive selection will increase non-synonymous mutations
relative to synonymous mutations, increasing the w value to more than 1. If
the protein evolves neutrally, it will accumulate synonymous and non-
synonymous mutations in equal proportions, resulting in an w value of 1.
Sophisticated likelihood models of coding-sequence evolution,”>”® imple-
mented in CODEML of the PAML”” package, have been popularly utilised to
evaluate selection pressures. Lineage-specific models can be utilised to
identify selection pressures acting across lineages in a phylogenetic tree. The
two-ratio model is often employed for identifying selection pressures across
different lineages. However, this model requires the branches evolving under
positive selection to be defined a priori, which is often not possible. More-
over, the lineage-specific models fail to identify regions in proteins that
might be affected by episodic selection pressures, and hence they can
underestimate the strength of selection. Hence, site-specific models are
employed that estimate positive selection statistically as the non-
synonymous-to-synonymous nucleotide-substitution rate ratio (w), where
a ratio of significantly greater than 1 indicates positive selection. While
lineage-specific models estimate sites under positive selection across
lineages and site-specific models along sites, the branch-site models identify
codon sites under selection across lineages and along sites, making them
valuable tools for estimation of selection pressures. However, similar to the
lineage-specific branch models (two-ratio model), the branch-site model also
requires the a priori definition of lineages under selection.

Unlike the lineage-specific branch and branch-site models, the GA-Branch
Test implemented in the HyPhy”® package does not require the foreground
and background branches to be defined a priori. The algorithm works on the
principle that there could be many models that fit the data more closely than
a single a priori hypothesis. Separating lineages into foreground (positively
selected) and background (negatively or neutrally evolving) groups a priori
leads to high rates of false positives and false negatives, especially when the
mode of evolution of the background branches is different from the
modelling assumptions. To overcome these limitations, a branch-site
random effects likelihood (REL) model has been proposed, which estimates
variations over sites and branches within the REL framework.”

1.2.7 Structural Analyses

Domains under selection can be depicted by mapping mutations over the
structure of the protein as determined using X-ray crystallography and
nuclear magnetic resonance (NMR) spectroscopy. Because of the lack of
structural information for most toxins, one may construct homology models
using various servers such as the Swiss-model,**®** Phyre 2,% etc. Several



18 Chapter 1

webservers are also available for automatically measuring selection pressures,
employing various models of estimating selection, and furnishing homology
models with mapped evolutionary conservations and variations.?*%°

1.2.8 Proteomics

The search for novel toxins and other bioactive compounds in organisms
other than those routinely used as model organisms in genetic research has
traditionally been an onerous task involving activity-guided purification fol-
lowed by partial sequencing from the N-terminus by Edman degradation. Full
toxin sequences were either obtained by proteolytic digestion of pure proteins
and sequencing of purified fragments or rapid amplification of cDNA ends
(RACE) from venom gland RNA using primers designed from N-terminal
partial protein sequences, followed by sequencing of the amplified product
using Sanger sequencing. Although these methods of obtaining toxin
sequences are time-consuming and in many ways “out-dated”, the coupling of
transcriptomic and proteomic techniques nevertheless remains one of the
most powerful approaches for investigation of venoms and their components.

High-throughput proteomics is heavily reliant upon the existence of
sequence templates, with the sequencing of entirely novel peptides and
proteins still requiring substantial manual interpretation. Similarly, most
bioinformatic pipelines for the processing and annotation of the ever
growing next-generation sequencing (NGS) datasets still rely on sequence
homology to tease out toxin sequences. While there are algorithms available
for identification of putative toxin sequences without the use of homology
searches, the physical presence of the predicted mature toxin in the venom
cannot be confirmed without proteomic evidence. Furthermore the presence
of PTMs, which can have a significant effect on activity and specificity of
toxins,* is generally not reliably deduced from sequence information alone
and must be confirmed by examination of the pure native toxin.

The ability to rapidly attain information on toxin sequences and PTMs is
also useful beyond high-throughput description of venoms. For example, it
is useful in identifying hits from activity screens, a process that could
otherwise quickly become expensive and time consuming. By using tran-
scriptomic data as a sequence template, the interpretation of top-down
proteomic data can be largely automated and toxin identification, along with
post-translational cleavage sites and any modifications, can generally be
obtained within short time.

Thus, in isolation, both approaches are prone to becoming laborious when
dealing with novel samples, but in disparate ways; one requiring a sequence
template and the other requiring sequence validation. With the advent of NGS
and the continuing development of faster, more sensitive mass spectrome-
ters, a complementary approach allows for high-throughput verification of
mature venom component sequences from transcriptomic data, including
those of entirely novel toxins and any PTMs (see Chapter 3 for further details).
The number of software suites (e.g., Tandem, PEAKS, ProteinPilot) available
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means that integration of the two datasets is largely automated, maintaining
the high-throughput rate all the way through to data interpretation. Further
investigation of sequences from the resulting venomic library can then be
pursued on the basis of novelty, biochemical and structural properties, or
homology to previously identified bioactive compounds.

1.2.9 Bioactivity Testing

Venoms have evolved over millions of years to target vital physiological
processes within prey and predators with exquisite specificity and potency.
The vast pharmacological cornucopia contained in venoms has: (i) contrib-
uted substantially to our understanding of human physiology and the
pathophysiology of disease; (ii) provided important pharmacological modu-
lators and tool compounds; and (iii) most importantly, led to the discovery of
new drugs that have had significant positive impact on human health.

As we begin to appreciate the full complexity of venoms, with several
hundreds to thousands of bioactive molecules contained in the venom of
a single spider or cone snail,*”*® understanding and delineating the biolog-
ical activity of venoms and venom components becomes increasingly
important. However, determining the molecular targets of venom compo-
nents or isolating specific molecules with particular activity from venoms has
proven challenging, as discussed in further detail in Chapter 4.

Early studies focussed on delineating the physiological and pharmacolog-
ical effects of venoms resulting from in vivo administration to animals. Such
studies were able to provide immediate insight into the physiological conse-
quences of envenomation and led to the discovery of some of the most notable
examples of drugs derived from venoms. For example, conotoxin GVIA was
isolated following the observation that intracerebroventricular administration
of venom to mice caused a shaking phenotype.***' This was determined to
occur as a result of inhibition of neuronal calcium channels, in particular
Ca,2.2,> and a related Ca,2.2-selective conopeptide, MVIIA (ziconotide or
Prialt®), was subsequently developed as a novel treatment for intractable
pain®*®* (see Chapter 9 for further details). Similarly, the observation that
injection of venom from a Brazilian viper (Bothrops jararaca) caused a marked,
sudden drop in blood pressure mediated through inhibition of angiotensin-
converting enzyme (ACE), led to the development of modern antihypertensive
ACE-inhibiting drugs (see Chapter 5 for further details).”>™”

However, depending on the site of administration, such in vivo assays can
produce false negative results. This was the case initially for several peptides
from Conus geographus venom, which produced no effects after intraperito-
neal injection in mice, but elicited profound behavioural changes after
intracerebroventricular administration.®® Similarly, in vivo studies are
unlikely to detect biological activity that is not associated with overt behav-
ioural or physiological changes. In addition, such studies may be no longer
ethically acceptable, are time-consuming, low-throughput and clearly ill
suited to large-scale screening of venoms for specific biological activity.
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As an extension to in vivo studies, ex vivo (organ bath or isolated tissue
preparation) experiments have been used for many years to characterise the
physiological and pharmacological effects of venoms and venom components
(see Chapter 4 for further details). Ex vivo preparations facilitate detailed
pharmacological interrogation of the mechanisms of action underlying the
biological activity of venom components. Exemplifying this strategy is the
discovery of the % and p classes of conotoxins from the venom of Conus tulipa
and Conus marmoreus, which displayed inhibition and prolongation of elec-
trically excited contractions, respectively, for p-TIA and -MrIA in a rat vas
deferens tissue preparation®® (see Chapter 9 for further details).

However, like in vivo studies, bioactivity testing in ex vivo tissue prepara-
tions is time-consuming and not compatible with high-throughput identifi-
cation of venom components with specific action at selected therapeutic
targets. Thus, in order to accelerate drug discovery efforts, high-throughput
approaches are increasingly being applied to the isolation of bioactive
components from venoms.

Taking advantage of the rich chemical diversity present in venom, high-
throughput activity-guided fractionation has been used as an alternative
strategy for the discovery and isolation of novel venom components. The aim of
high-throughput screening (HTS) is to systematically isolate and characterise
bioactive molecules from the complex mixture of peptides, proteins and small
molecules present in venoms. This approach relies on the establishment of
specific assays to examine the effect of novel compounds on a particular
pharmacological target of interest, usually in cell lines heterologously
expressing this target (see Chapter 4 for further details). As a minimum, it
requires high assay sensitivity, accuracy, robustness, and reproducibility, often
defined by a high Z' score.”® Assays developed for and amenable to HTS are as
varied as the potential therapeutic targets themselves, and are able to assess
activity of G-protein-coupled receptors, ligand- and voltage-gated ion channels,
enzymes, or transporters, to name a few. Accordingly, the repertoire of HTS
assays available now expands on more traditional approaches such as elec-
trophysiological recordings and radioligand binding studies to include assays
based on the detection of absorbance, bioluminescence, fluorescence, fluo-
rescence polarisation, fluorescence-resonance energy transfer (FRET), and
bioluminescence-resonance energy transfer (BRET) as well as label-free tech-
nologies and image-based high content screening (reviewed in ref. 100). The
ability to miniaturise such assays, allowing the assessment of activity in 96-,
384- or 1536-well format, enables screening of activity from venom samples
that are only available in very limited quantities, including venoms from cone
snails, spiders, centipedes, and scorpions. In combination with tran-
scriptomic approaches, thus circumventing the need for time-consuming and
resource-intensive sequence analysis, HTS has the potential to vastly accelerate
the discovery of novel venom components with defined biological activities.
Indeed, high-throughput Ca** assays have recently been reported to have been
instrumental in the discovery, isolation and characterisation of bioactive
peptides from snakes and cone snails.'**'%
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In addition to technical limitations inherent to HTS assays,'**'* the most
notable disadvantage of this strategy for discovery of novel bioactive venom
components lies in the high specificity of these assays for their intended
molecular target. A lack of activity in such assays does not necessarily imply
lack of biological activity, but rather incomplete knowledge of the evolutionary
role and thus putative molecular target of such compounds. Accordingly,
a multidisciplinary approach, incorporating transcriptomic, evolutionary, and
pharmacological analysis will likely be needed to guide the discovery and
characterisation of novel venom components with biological activity.

1.3 Case Studies

The multidisciplinary approach described above can yield a wealth of
information regarding the evolution of various venom encoding genes. Here,
we illustrate this fact with a few examples (Figure 1.4).

1.3.1 Differential Evolution of Psammophis mossambicus
SVMP Domains'”!

Most viper venoms are haemotoxic in nature, disrupting homeostasis
through destruction of red blood cells, coagulation of blood, necrosis,
oedema, haemorrhage, etc. This results in severe localised and systemic
tissue damage and/or organ failure. A subfamily of zinc-dependent matrix-
metalloproteinases called the snake venom metalloproteinases (SVMPs) is
largely responsible for these pathological effects of viperid snake enveno-
mation. Since the present-day antivenom fails to neutralise these rapidly
developing symptoms effectively, a focus of venom research in the recent
past has been on studying the effects of SVMP-induced inflammatory
reactions.

Snake venom metalloproteinases belong to the reprolysin subfamily of the
M12 family of proteinases. They are grouped into three major types based on
their domain organisation:'** (i) P-I SVMPs have only the metalloproteinase
domain; (ii) P-II SVMPs contain a disintegrin-like domain in addition to the
former; and (iii) P-III SVMPs have an additional cysteine-rich domain. The
P-III class of SVMPs have been demonstrated to be more potent in causing
haemorrhage than the P-I and P-II classes.'**'* Hence it is hypothesised that
the additional cysteine-rich domain absent from both P-I and P-II SVMPs but
present in the P-III SVMP is responsible for the increased potency of the
latter. SVMPs have been demonstrated to destroy blood vessels by the
degradation of basement membrane proteins and to impair coagulation
through fibrinogenolysis. However, several SVMPs devoid of haemorrhagic
activity have also been isolated.

The multidomain, multiproduct SVMP gene exhibits some fascinating
characteristics such as the selective expression of domains. The selective
expression of the disintegrin-like domain from P-II SVMP is well known
in viper venoms. Recently, a similar phenomenon was also described in
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Figure 1.4

Chapter 1

Average

utionary Conser

Positively Selected Site

Hypervariable Region

Molecular evolution of diverse venom components. (A) Basal snake
lectins; (B) Iguania crotamines; (C) Crotalinae crotamines; (D) Elapidae
CRiSPs; (E) Homelopsidae veficolins and (F) Vampire bat (Desmodus
rotundus) plasminogen activator. The homology models show the
locations of positively selected sites in red (Model 8, PP = 0.95, Bayes-
Empirical Bayes approach), along with the site-model 8 computed w
value and the number of positively and negatively selected sites
detected using the HyPhy integrative approach [Single Likelihood
Ancestor Counting (SLAC), Fixed-Effects Likelihood (FEL), Mixed
Effects Model Evolution (MEME): 0.05 significance; Random Effects
Likelihood (REL): 50 Bayes factor; Fast, Unconstrained Bayesian
AppRoximation (FUBAR): 0.9 posterior probability].
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Psammophis mossambicus, in which the P-III SVMP propeptide was shown to
be selectively expressed.** We have shown that this has put the pre-protein
domain under significant selection pressure in these lamprophiid snakes. As
a result, the prepro domain of Psammophis SVMP has accumulated a pool of
mutations at a rapid frequency. Positive selection pressure was found to have
influenced evolution of the Psammophis monodomain SVMP prepro region
more than that of the highly lethal Echis coloratus multidomain SVMPs.
However, a few species of Echis that express similar pre-pro only domains
also express the regular multidomain SVMPs. Hence, they do not require
similar variations like the Psammophis. As a result, they do not accumulate
similar variations in the pre-pro region, which remains non-functional.
Evolutionary selection analyses conducted on different domains of Echis
multidomain SVMPs also indicated that the peptidase domain, hypothesised
to play a major role in haemotoxicity, accumulates more variations than the
disintegrin and cysteine-rich domains. Bioassays revealed that some of the
Psammophis pre-pro SVMPs inhibit the post-synaptic a7 nicotinic acetyl-
choline receptor in a similar manner to the a-neurotoxins of Elapidae. Thus,
our multidisciplinary approach involving transcriptomics, proteomics,
bioassays and bioinformatics allowed us to identify various interesting
evolutionary aspects of the Psammophis venom arsenal.

1.3.2 Evolution of Vampire Bat Venom'®®

With a level of infamy that extends far beyond the boundaries of science,
blood-sucking vampire bats (Chiroptera, Desmodotinae) have been the
subject of folk tales, superstitions and stories associated with the legendary
Count Dracula for centuries.'®”'®® All three species of vampire bat are
confined to Central and South America and typically live in caves, tree
hollows, and abandoned mines.'” The relatively rare hairy-legged vampire
bat (Diphylla ecaudata) feeds exclusively on avian hosts, while the white-
winged vampire bat (Diaemus youngi) thrives on both mammalian and avian
blood, but most likely favours the latter.'*”'*® By contrast, the common
vampire bat (Desmodus rotundus) feeds exclusively on mammals and has
established itself in large colonies over an extensive, and apparently
widening, distribution.'”"'»'*> The expanding population of these bats is
attributed to the increasing human population and the associated large
number of domesticated animals and livestock, which provide a constant,
high-density food supply.'*>'*>

All three species of vampire bat are highly specialised for a haematopha-
gous lifestyle. In order to facilitate blood feeding, the vampire bats must be
capable of interfering with their prey’s natural haemostatic response during
both feeding and digestion.">"'* A typical haemostatic response produces
a fibrin clot within minutes of the infliction of a wound, preventing further
blood loss. The response commences with the constriction of blood vessels,
restricting blood flow to the wound, and is followed by the adhesion of
activated platelets to the site of injury and the conversion of fibrinogen to



24 Chapter 1

insoluble fibrin, forming a blood clot."** In contrast to this normal response
to injury, bleeding from a wound induced by vampire bats may be prolonged
from minutes to hours, ensuring a constant flow of blood for the bat to feed
upon.™* The submaxillary gland of vampire bats has been shown to secrete
venom that has strong anticoagulant and proteolytic activities.'** The venom
delays the onset of blood clotting by interfering with fibrin formation or
acting upon fibrin as it is converted from fibrinogen. In addition it has
a strong proteolytic action that breaks up any blood clots that may form. This
proteolytic action is accomplished through activation of the host’s fibrino-
lytic system, which converts plasminogen to plasmin, solubilising and
removing fibrin clots to prevent excessive fibrin build-up at the site of the
wound.

We recently elucidated the evolution of some of the common vampire bat
venom encoding genes.'” By utilising a combined proteomic, tran-
scriptomic, bioinformatics, and phylogenetic approach, we not only discov-
ered a much richer suite of secreted proteins than had been previously
recognised, but also unravelled interesting aspects of venom evolution in
these majestic flying mammals. For example, it was previously unclear
whether the anterior and posterior lobes of the Desmodus rotundus
submaxillary glands were evolving on different evolutionary trajectories, or if
they remained under shared genetic control. Recovery of identical transcripts
from the cDNA libraries in this study provides the first evidence that they
remain a single expression system. Multiple transcripts of the majority of
each protein type were recovered from the cDNA libraries, a pattern
consistent with accelerated diversification in toxin multigene families as
observed in other venoms." "7

1.3.3 Evolution of the Venom Apparatus and Peptide Toxin
Characterisation in Terebrid and Turrid Marine Snails

While the progress made in characterising cone snail venom is significant, it
is only the tip of the iceberg when considering the extensive biodiversity of
venomous marine molluscs. The 700 known species of cone snail are a rela-
tively small component of the biodiversity of venomous molluscs in the
superfamily Conoidea, which includes sister groups of the family Terebridae,
~400 species, and Turridae, >10 000 species."'®'"® However, unlike cone
snails and their venom, the Terebridae and Turridae have not been as
extensively characterised. Recent investigations to characterise tere-
brid"*"*>'” and turrid'*"** venom as well as their phylogeny'**'*° suggest
that the peptide toxins found in terebrids and turrids, termed teretoxins and
turritoxins, respectively, are similar to conopeptides in molecular structure.
Namely, teretoxins and turritoxins are expressed as a gene product
comprising a signal sequence and an intervening pro-region followed by
the mature disulfide-rich peptide toxin. Despite their gene organisation
similarity there are several notable differences in size and PTMs between
conopeptides, teretoxins, and turritoxins. Teretoxins and turritoxins are
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generally larger in size compared with conopeptides. Conopeptides are
typically 10-40 amino acid residues long, whereas terebrids and turrids can
range up to 70-80 amino acid residues in size. In this respect, teretoxins and
turritoxins are similar to peptides toxins from snakes and scorpions. Analysis
of terebrid and turrid venom and cDNA transcriptome data further enhance
the diversity from conopeptides (Table 1.2). With regard to PTMs, unlike
conopeptides and turritoxins, teretoxins do not appear to be extensively post-
translationally modified apart from the formation of disulfide bonds. The
recent biochemical characterisation of turritoxin cce9a from the turrid
species Crassispira cerithina revealed a distinctive age-dependent behavioural
phenotype when it was injected intracranially into mice.”* Similar to con-
antokin G from Conus geographus, turritoxin cce9a caused lethargy in mice
12-14 days old and hyperactivity in mice older than 16 days, suggesting that
cce9a may target the N-methyl-p-aspartate (NMDA) subtype of glutamate
receptors. However, bioassays of cce9a on NMDA receptors were negative,
indicating that while the phenotypic behaviour induced by cce9a is similar to
that of conantokin G, the molecular mechanism of action is different. This
result is indicative of what has been observed generally in the character-
isation of terebrid and turrid venom. While cysteine patterns similar to
conopeptides are present in teretoxins and turritoxins, it is not a general
indicator for comparative function. Even the disulfide connectivity can vary
between homologous toxins from these different Conoidea families. For
example, Tvl from the venom of Terebra variegata has an M-like conopeptide
arrangement of CC-C-C-CC, but it has a disulfide connectivity unlike any M
conopeptide previously described."*’

Although there are striking similarities to conopeptides, teretoxins and
turritoxins have a divergent story to tell in terms of venom composition and
functional targets in the nervous system, as is evidenced by the fact that
unlike cone snails, not all species of terebrids and turrids hunt prey using
a venom apparatus.'*"*® Molecular analyses based on cytochrome c oxidase
subunit I (COI) and ribosomal 12S, 16S and 28S genes, combined with
anatomical morphometric data, revealed a correlation between the appear-
ance of a venom apparatus and clade delineation in the Terebridae. The
Terebridae appear to have lost the venom gland at least eight times during
their evolution. The foregut anatomy in the family Terebridae is as varied as
the range of variability within the entire superfamily Conoidea. Assuming the
diversity of foregut structures in the Terebridae is linked to the diversity of
feeding types and prey, it follows that the species diversity of the Terebridae
could be linked to the prey diversity, suggesting that terebrids have adapted
to dietary changes that may have resulted from predator-prey relationships.
As terebrids are largely worm hunters, while cone snails hunt fish, worms,
and other molluscs, variations in predator-prey relationships may account
for the differences in conopeptides and teretoxins.

The complexity of terebrid and turrid venom is a compelling tale to
enhance what has been discovered from cone snails. The possibilities for
discovering novel bioactive compounds with unique molecular targets from
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terebrid and turrid snails is a promising scientific exploration that requires
an integrated approach. A strategy combining genomic, proteomic, and
transcriptomic data is not only a promising way to identify the factors that
led to diversification of the Terebridae and Turridae, but it also advances the
characterisation of terebrid and turrid peptide toxins with novel function and
potentially new therapeutic applications.

1.4 Significance of the Combined Approach
1.4.1 Mutation of the Surface Chemistry

Bioinformatics and evolutionary analyses have shown that most of the muta-
tions that accumulate within venom components affect changes on the
molecular surface (Figure 1.5)."***** Mutation of the surface chemistry ensures
that the enzymatic activity, when present, is conserved while variation is still
generated in residues responsible of interaction with different target cells and
receptors in the prey. This results in the generation of exquisite variation,

#PS: 41 #P5: 14

Exposed: 31 (75.6%) Exposed: 9 (64.29%) i

Buried: 4 (9.75%) Buried: 2 (14.29%) |
C D.

s~

180°

" - — =
:;8P$: 26
| Exposed: 18 (69.23%) |
ilnurled: 3 (11.53%)

Figure 1.5 Surface accessibility of venom components. A depiction of locations of
positively selected sites in different toxins and their surface
accessibility: (A) Caenophidian snake CRiSPs; (B) Crotalus oreganus
helleri L-amino-acid oxidase; (C) Vampire Bat (Desmodus rotundus)
kunitz protease inhibitor domain I and (D) Coleoid serine protease.
Total number of positively selected sites (#PS) detected by PAML
(Model 8, Bayes Empirical Bayes approach, Posterior probability =
0.95), total number of exposed and buried positively selected sites are
also indicated.
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utilising the existing venom arsenal. Identification of such phenomena asso-
ciated with toxin evolution is extremely important in drug design and anti-
venom production. Antivenom can be targeted at the conserved structural
residues, thus efficiently neutralising the severe effects of envenomation.

1.4.2 Alternative (Differential) Splicing

Alternative splicing is a post-transcriptional process that involves the
modification and rearrangement of exons, resulting in multiple protein
products (isoforms) encoded by the same genetic sequence. It is the most
common phenomenon through which eukaryotes generate proteomic
complexity and diversity. Alternative splicing can reduce the maintenance
cost associated with multiple-gene families and at the same time increase the
genetic potential for encoding complex proteomes. For instance, the
Drosophila melanogaster DSCAM gene alone can code for a hypothetical
maximum of approximately 38 106 peptides utilising the same stretch of
nucleotides."** Molecular evolution research has shown that several venom-
encoding genes adopt alternative splicing to generate an array of toxin types,
without increasing the number of copies of the gene itself.*>'*® These iso-
forms can target a wide range of cells and receptors™” and could potentially
acquire completely different biochemical functions from one another.

1.4.3 Post-Translational Modification

To further increase the variation of the venom arsenal, many venom
components undergo PTMs such as glycosylation, phosphorylation, disulfide
bridge formation, proteolysis, etc. PTMs are also important for achieving
a functional state, stabilisation, proper folding of the mature protein,
protection from lytic enzymes of the target animal that may disrupt the venom
component’s function, and exposure of hidden residues that could enable the
recognition of new biological targets. PTMs are essential for the modulation
of biochemical activities. For instance, glycosylation of the Nagja kouthia 3FTx
decreases its cytotoxicity and expression by two-fold, relative to the unglyco-
sylated form."*®* PTMs can only be detected through proteomic analyses.

1.5 Concluding Remarks

The last two decades has seen a surge in projects exploiting the extraordinary
biological potency of venom components to develop novel drugs and diag-
nostics for human diseases, or as probes to study cells and their recep-
tors.>'** Encouraged by the substantial medicinal and fiscal success of the
Bristol-Myers Squibb angiotensin-converting enzyme inhibitor, captopril,**
many pharmaceutical companies have invested in venom-based drug
discovery programs.® The majority of the currently approved products were
developed from snake venom proteins with distinct cardiovascular specific-
ities, particularly those that target thrombin, fibrinogen, and integrin
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receptors.>'*" Rapid advances in proteomics, genomics, and transcriptomics
have since resulted in affordable technology platforms'*®'#*7*** that enable
mining of venom proteins/peptides for drug discovery from species which,
unlike snakes, produce venom in very small quantities. For example, the
toxin repertoires of spiders are estimated to contain more than 10 million
compounds available for bioprospecting.'** These reports illustrate that
venom peptides, particularly those enriched with the molecular stability
imparted by extensive disulfide bonds, are driving the development of,
amongst other things, new analgesics, anti-tumour agents and even insec-
ticides. Drug bioprospecting activity is likely to continue to rise as largely
unstudied venomous animal lineages are exploited for discovery of novel
lead compounds. Venoms are now beginning to receive a great deal of
attention as natural sources of novel diagnostic and therapeutic
compounds.™® The venom pool studied to date, often with particular focus
on certain toxin types through selective assaying, represents an infinitesi-
mally small representation of the true diversity available. An understanding
of the evolutionary and ecological biology of different venomous animal
lineages is therefore fundamental to the optimal selection of biological
targets for future drug discovery programs.
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2.1 Introduction
2.1.1 Venom Peptides

Animal venoms are heterogenous composite secretions designed for preda-
tory and defensive purposes. Their function is to disrupt homeostasis in
target organisms following traumatic injection of the venom via a specialized
envenomation apparatus. Venoms usually contain inorganic salts, small
organic molecules, as well as a broad range of high molecular weight proteins
including enzymes. However, cysteine-rich bioactive peptides (<50 amino
acid residues) and polypeptides (50-150 residues) are the most abundant
class of molecules found in these secretions.

In recent decades, peptide toxins have taken centre stage because of their
modest size and compact structure, which is often stabilized by conserved
disulfide-rich scaffolds that provide physicochemical resistance against
enzymatic degradation and tissue clearance. Moreover, their remarkable
structural and functional diversity make them an abundant source of
templates that can be used as pharmacological probes or for the design of
therapeutic agents."” Indeed, most venom peptides have the ability to
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selectively modulate heterologous receptors or ion channels with high
potency or inhibit enzymes that mediate key biochemical processes.

Small, disulfide-rich secreted proteins are found across the phylogenetic
spectrum. Recently, we described the range of disulfide-rich peptide frame-
works found in humans.® Here we describe the diversity of disulfide scaffolds
present in venom peptides isolated from well-studied venomous taxa such as
snakes, scorpions, spiders, and cone snails, as well as more exotic venomous
creatures such as the duck-billed platypus.*”

2.1.2 Disulfide Frameworks: Structural Skeletons Sustaining
Bioactivity

Venom peptides can dramatically vary in size, ranging from the 7-9 residue
contryphans isolated from marine cone snails® to the 14-18 kDa phospho-
lipase A, (PLA;,) enzymes found in a variety of snake venoms.” The most
conserved structural feature of these peptides is the presence of intra-chain
disulfide bonds that stabilize their tertiary structure; even the small
contryphans contain a single disulfide bond.*®

We will show in this chapter that only a limited number of disulfide frame-
works and three-dimensional (3D) folds are found among more than 2000
mature venom mini-proteins reported to date. The structural stability imparted
by the disulfide bridges, which allows venom peptides to reach their site of
action when delivered into prey or predators, is not the only reason for their
remarkable efficiency. The disulfide framework directs the 3D fold of these
peptides to such an extent that it allows extreme hypervariability of the non-
cysteine residues within the inter-cystine loops, thereby allowing the most
selective and potent venom peptides to be selected throughout the course of
evolution. The combined structural and functional properties of venom
peptides directed toward heterologous receptors such as G-protein coupled
receptors (GPCRs),""** voltage- and ligand-gated sodium, potassium, calcium,
and chloride channels,"® transporters,'”*° or specific subtypes of enzymes**>*
makes them a source of molecular ligands of unparalleled richness.**?***

2.2 Diversity of Disulfide Scaffolds and Tertiary
Structures

In this chapter we define a disulfide-rich mini-protein as a peptide or poly-
peptide up to 150 residues in length displaying a cysteine-rich framework in
which all the cysteine residues are involved in intra-chain disulfide bonds
and where all Cys—Cys connectivities are known. Thus, for the purposes of
this analysis, we discarded amino acid sequences containing an odd number
of cysteine residues (where often one cysteine residue is involved in an inter-
chain disulfide bond) as well as polymeric disulfide-rich mini-proteins. We
describe each class of disulfide-rich venom peptides, with an emphasis on
their secondary structure, 3D fold, and function.
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2.2.1 Overview of Framework Richness

To present the mosaic of the diverse frameworks of disulfide-rich venom
peptides we surveyed the UniProtKB/Swiss-Prot and TrEMBL databases and
retained only proteins that were isolated at the protein level and located
exclusively in extracellular compartments (Figure 2.1).> We then used a high-
throughput algorithm developed in-house to select only the mature region of
proteins and their associated meta-data (i.e. amino acid sequence, cysteine
connectivity, domain(s), subcellular location, and 3D structure references). We
then used PLA, from Pseudonaja textilis, one of the longest venom poly-
peptides, as a reference (with a 5% tolerance threshold) to retain venom
peptide sequences that were less than 162 residues long and contained an even
number of cysteine residues ranging from 2 to 16. By selecting proteins with at
least 9% cysteine content in order to highlight the role of the cysteine frame-
work and to avoid molecules with long inter-cysteine sequences, we obtained
a set of 2022 secreted mature proteins. A final sorting of these peptides and
polypeptides according to their taxonomic affiliation gave rise to 31 different
groups. The great majority of these 31 venom-peptide classes belong to
venomous eumetazoans from diverse taxa such as marine invertebrates (cone
snails, sea anemones, stingrays, octopus), arthropods (centipedes, hymenop-
terans, spiders, scorpions), reptiles (snakes, lizards), and mammals (platypus).

Interestingly, despite the broad diversity of disulfide frameworks uncov-
ered, as illustrated in Table 2.1, many belong to defined protein families
sharing similar folds or structural motifs. This observation has led us to
describe, in the first part of this chapter, protein groups from different
taxa characterized by identical domains and clusters of secondary structures.
In the second part, we focus on venom peptides with unique disulfide
frameworks that tend to be taxon-specific.

2.2.2 Consensus Architectures of Venom Peptides

In this section we review some typical disulfide frameworks found in
peptides isolated from animal venoms. We explain how the disulfide scaf-
folds are used to stabilize these molecules in a compact and well-defined
form by describing the shapes and secondary structures usually encountered.
We also briefly describe how the functionally critical residues (i.e. the peptide
pharmacophore), where known, are displayed on the 3D framework.

2.2.2.1 [Inhibitor Cystine Knot Toxins

The inhibitor cystine knot (ICK) motif,*® also known as a “knottin” fold,” is
particularly abundant in spider-venom peptides,**>® although it can also be
found in venom peptides from predatory marine cone snails and scor-
pions.'®** The ICK motif is composed of six cysteine residues distributed in
a C-C-CC-C-C pattern, in which the thiol groups of C'-C", C"-C", and ¢~
C"" form three distinct disulfide bonds (Figure 2.2A-C).** The C'-C" and C"~
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Figure 2.1 Pipeline for the selection of secreted cysteine-rich peptides. (A) The

UniProtKB/SWISS-PROT and TrEMBL databases were searched for
entries supported by proteomic evidence (based on Edman
sequencing, mass spectrometry, X-ray or NMR structure, as well as
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CV disulfide bonds and the intervening sections of the peptide backbone
form a ring that is bisected by the third disulfide bridge (Figure 2.2B),
resulting in four hypervariable inter-cystine loops (Figure 2.2A). This
“knotted” architecture confers on ICK peptides quite remarkable thermo-
dynamic stability and resistance to proteases.> The four peptides described
below illustrate the core ICK architecture and how it can be elaborated with
additional disulfide bonds.

w-Conotoxin MVIIA (Figure 2.2D) is a 25-residue peptide from the venom
of the cone snail Conus magus. A synthetic version of this peptide is mar-
keted under the trade name ziconitide as an analgesic drug for the treat-
ment of intractable chronic pain (see Chapter 9 for more details).** MVIIA
contains an ICK motif supported by a triple-stranded B-sheet involving
residues Ala6-Cys8 (B-strand 1), Cys20-Arg21 (B-strand 2), and Lys24-Cys25
(B-strand 3).**** MVIIA exerts its anti-nociceptive action by potently and
selectively inhibiting the voltage-gated calcium (Ca,) channel Ca,2.2 via an
interaction mediated largely by residues Arg10 and Arg21 in loops 2 and 4,
respectively.®>3¢

Huwentoxin IV from the venom of the Chinese tarantula Haplopelma
schmidti also contains an ICK motif (Figure 2.2E). Its 3D structure is very
similar to that of w-conotoxin MVIIA, with two antiparallel B-strands con-
nected by a loop that contains the positively charged Arg26 residue that is
essential for inhibition of the human voltage-gated sodium (Nay) channel
Nay1.7.37*° Loss-of-function mutations in the gene encoding this channel
lead to a congenital insensitivity pain,*® without any other sensory deficits
except anosmia,*”** and consequently this channel is considered an
excellent analgesic target.**~*° Thus, there is much interest in the potential
of this class of spider-venom-derived ICK toxins as potential analgesic
drugs.*®*

Psalmotoxin 1 (wt-theraphotoxin-Pc1a or PcTx1; Figure 2.2F) is a 40-residue
peptide isolated from the venom of the Trinidad chevron tarantula (Psal-
mopoeus cambridgei). It is a potent and selective inhibitor (IC5, ~ 0.5 nM) of
acid sensing ion channel (ASIC) 1a.***° The structure of PcTx1 is dominated
by a B-hairpin (Leu21 to Lys35) made of two antiparallel B-strands (Leu21-
Trp24 and Val32-Lys35), plus a single turn of 3;, helix in the second loop

detection by antibodies) and isolated from any extracellular
compartment. A step-wise algorithm was designed for retaining only
mature fragments from the parent precursor proteins, extracting their
cysteine framework and their related meta-data (sequences, domains,
3D structure references, structural homologies, phylogenetic groups).
The PLA, enzyme from Pseudonaja textilis was used as a reference to
apply length and cysteine-content thresholds in our query (for more
flexibility we added a 5% window in the selection criteria). Thus, we
selected monomeric proteins up to 162 residues in length with an
even number of 2 to 16 cysteine residues engaged in intra-chain
disulfide bonds and with an overall cysteine content of at least 9%.
(B) Histogram showing the taxonomic distribution of protein hits that
were generated using this pipeline.
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(His14-Asp16), and a B-turn in the third loop (Cys18-Leu21).*** The overall
structure of PcTx1 is stabilized by a typical ICK framework. PcTx1 is currently
in preclinical studies for treatment of chronic pain® and stroke.”

Delta-hexatoxin-Hv1a (3-HXTX-Hv1a; Figure 2.2G) from the Blue Mountains
funnel-web spider (Hadronyche versuta) is a member of the lethal d-hexatoxin
family, which is responsible for deaths from envenomation by this family of
spiders. 8-HXTX-Hvla slows down inactivation of insect and vertebrate Nay
channels and causes a hyperpolarizing shift in the voltage-dependence of
activation.” This induces spontaneous repetitive firing and prolongation of
action potentials, which results in neurotransmitter release from somatic and
autonomic nerve endings."® In humans, this leads to a severe envenomation
syndrome that includes lachrymation, salivation, skeletal muscle fascicula-
tion, sweating, nausea, vomiting, diarrhoea, pulmonary oedema, and
disturbances in respiration, blood pressure and heart rate, followed by severe
hypotension and respiratory or circulatory failure.”

0-HXTX-Hvla is a 42-residue peptide with a cysteine framework
comprising eight cysteine residues that form a C-C-CCC-C-C-C pattern with
a unique triplet of consecutive cysteine residues.> The eight cysteine resi-
dues are engaged in four disulfide bonds with ¢'-c", ¢"-¢"", ¢c"™-c"", ¢V~
CY™ connectivity.*® Although, the cysteine pattern is unique, 3-HXTX-Hv1a is
simply a variant ICK toxin in which an additional disulfide bond has been
added to stabilize an extended C-terminal region. Three of the four disulfide
bonds in 3-ACTX-Hvla (Cys1-Cys15, Cys8-Cys20 and Cys14-Cys31) form
a classical ICK motif in which the Cys14-Cys31 disulfide bond passes
through a 14-residue ring formed by the peptide backbone and the Cys1-
Cys15 and Cys8-Cys20 disulfide bonds.”® The core ICK region contains
a classical three-stranded B-sheet comprising Asn6-Trp7 (B-strand 1), Met18-
Val21 (B-strand 2), and Ser30-Ser33 (B-strand 3) (Figure 2.2E). The C-terminal
region beyond the last Cys residue of the ICK core is unusually long and
forms several turns of 3;, helix (residue Ile35-Lys41) (Figure 2.2E). The
fourth, atypical disulfide bond between the C-terminal Cys42 residue and
Cys16 in the ICK core region effectively acts as a molecular staple that limits
the flexibility of the C-terminal helical extension.*

0-HXTX-Hv1a is an example of the way in which ICK toxins are commonly
elaborated via the addition of non-core disulfide bonds. There are numerous
examples of ICK toxins in which an extended B-hairpin loop (loop 4; see
Figure 2.24) is held in place by an additional disulfide bond positioned at the
tip of the B-strands; examples include the spider-venom peptides Aps IIL,** w-
agatoxin IVA,* and d-palutoxin IT2.°® In some cases, more exotic disulfide
bonds are present, such as the vicinal disulfide bridge found in loop 2 of
k-HXTX-Hv1c,” which is essential for its high-affinity block of insect calcium-
activated potassium (K¢,) channels.”®*® Since the disulfide bonds strongly
direct the 3D fold of ICK toxins, they are very permissive to sequence varia-
tions in the inter-cystine loops. As a result, ICK toxins have evolved to target
a wide range of ion channels and receptors, including Cay, Kv, Nay, and K¢,
channels, ASICs, transient receptor potential (TRP) channels, and P2X3
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receptors. Moreover, this sequence plasticity has enabled ICK toxins to serve
as templates for the design of diagnostic agents and drugs in which residues
in the inter-cystine loops have been substituted in order to optimize
bioavailability or bioactivitiy.**-**

Two-disulfide toxins with a knottin-like fold have also been described in
spiders and scorpions.® In this fold, denoted a disulfide-directed B-hairpin
(DDH),” the N-terminal Cys'-Cys" disulfide bond found in knottins is
absent. At this stage, there is conflicting evidence about whether the ICK fold
is derived from the DDH fold by addition of a disulfide bond (making the
DDH fold the plesiotypic state) or vice versa.””**** So-called “double-knot”
toxins have also been described in which two ICK domains are joined in
a head-to-tail fashion; it appears that these toxins evolved either by dupli-
cation and fusion of a single ancestral ICK gene® or by transcription-
mediated fusion of distinct ICK-encoding genes.®

2.2.2.2 BPTI/Kunitz Inhibitor Domain

The Kunitz/Bovine pancreatic trypsin inhibitor (BPTI) family are a ubiquitous
group of cysteine-rich proteinase inhibitors.”” Members of this family
contain a conserved cysteine framework (C-C-C-C-C-C pattern with

Figure 2.2 Venom peptides containing an inhibitor cystine knot motif. (A) Structure
of the spider-venom peptide w-hexatoxin-Hvla (pdb code 1axh)'”* with
the three disulfide bonds that form the ICK motif highlighted in red
and green. The disulfide bridges result in four inter-cystine loops,
with the final loop emanating from the C-terminal B-sheet (B-strands
shown in blue). (B) The Cys-Cys"™ and Cys"-CysV disulfide bonds in
w-hexatoxin-Hvla (shown in green) and the intervening sections of
the peptide backbone (shown in grey) form a closed loop that is
bisected by the Cys™-Cys"" disulfide bond. (C) Topology of the ICK
motif, which comprises an antiparallel B-sheet stabilized by a cystine
knot. B-strands are shown in blue and the six cysteine residues that
form the cystine knot are labelled I-VI. The B-sheet comprises two
mandatory C-terminal B-strands (shown in blue) that house Cys" and
Cys"". A third N-terminal B-strand (shown in translucent blue) that
encompasses Cys" is sometimes present. The two “outer” disulfide
bonds are shown in green and the “inner” disulfide bridge that bisects
the cystine-knot loop is shown in red. (D-G) Amino acid sequence and
ribbon representations of the three-dimensional structure of the ICK
toxins w-conotoxin MVIIA (D), huwentoxin IV (E), psalmotoxin 1 (F),
and d-hexatoxin-Hvla (G). In these images and all subsequent
structures shown in this chapter, a-helices, B-strands, and disulfide
bonds are shown in blue, red, and yellow, respectively. Residues that
have been experimentally demonstrated to be critical for toxin
function are highlighted in green in the amino acid sequence and
their side chains are displayed in the 3D structures. The N- and C-
termini are labelled, PDB accession numbers are indicated in
parentheses, and the source organism and molecular target are
indicated. Cysteine connectivities are shown above the primary
structures. (nh2) indicates that the C-terminus is amidated.
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connectivity C'-C"", ¢"-C", ¢"-C") and a consensus o/f fold, called the
Kunitz domain, responsible for their protease inhibitory activity, mainly
against serine proteases such as trypsin, chymotrypsin, cathepsin, and
plasmin.®®* Kunitz domain peptides have been recruited into a number of
animal venoms. For example, the Kunitz-type proteinase inhibitor SHPI-1
isolated from the sea anemone Stoichactis helianthus (Figure 2.3A),7°72
k-theraphotoxin-Hh1a (also called huwentoxin-11; Figure 2.3B) from the
venom of the Chinese bird spider,” and calcicludin from the venom of the
Eastern green mamba snake (Figure 2.3C)’*”* all contain Kunitz domains.
They share a similar elongated structural organization with an o-helix in
their C-terminal region connected to one of the two (SHPI-1, calcicludin) or
three (huwentoxin-11) central B-strands, as well as to the N-terminal
extremity of the toxin through the C'-C¥' and C"™'-CV disulfide bonds. The
remaining disulfide bridge C"-C" stabilizes the flexible portion of the toxin
located at the opposite side of the linked N- and C-termini. In SHPI-1 and
huwentoxin-11 the key pharmacophoric Arg and Lys residues are located in
the first and second loop, respectively.””® However, although these three
peptide toxins have a similar 3D structure, they have different specificities of

;. d I‘j =C Stoichactis helianthus ( Sea anemonc)
. N
1
7 / 1 I | K T 1 |
- X SICSEPKKVGRCKGYFPRFYFDSETGKCTPFIYGGCGGNGNNFETLHQCRAICRA

’E‘ Q Serine, cysteine, aspartic proteinase inhibitor

SHPI-1

(Juou)

Haplopelma schmidn (Spider)
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Figure 2.3 Venom peptides containing a BPTI/Kunitz inhibitor motif. Shown on the
left are the 3D structures of (A) SHPI-1, (B) huwentoxin-11, and (C)
calcicludin. The N- and C-termini are labelled and PDB accession
numbers are indicated in parentheses. The primary structure of these
peptides along with their disulfide framework, source organism, and
molecular function are shown in the right panels of the figure.
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action. While SHPI-1 appears to be primarily a protease inhibitor (acting on
vertebrate trypsin and chymotrypsin),”® huwentoxin-11 also strongly inhibits
the Kv1.1 channel,””” and calcicludin inhibits Cay1 (L-type) calcium chan-
nels with an ICs, in the nanomolar range.” This observation highlights the
importance of hypervariablity in the protein primary structure and the
difficulty of predicting the function of venom peptides based solely on
structural homology.

2.2.2.3 Kazal-Like Domain

According to the MEROPS database,”® members of this family of protease
inhibitors contain one or multiple consensus Kazal domains in reference to
the pancreatic secretory trypsin inhibitor SPINK1 originally discovered by
Kazal et al. in 1948.7° This domain contains a conserved cysteine framework
(C-C-C-C-C-C pattern) with disulfide connectivity C'-C¥, ¢"-c", ¢'"-c""
compared to the C'-C¥', C"-C", C"-C" connectivity in the Kunitz domain
protease inhibitors and C'-C", ¢"-CY, C"™-C"" connectivity in ICK toxins.
The consensus core of the Kazal domain usually consists of an a-helix and
a small B-hairpin cross-linked by two disulfide bonds.*® As Kazal domain-
containing mini-proteins can be found in many divergent species, this
characteristic structure is also present in venom peptides like rhodniin, an
extremely potent inhibitor of thrombin (Figure 2.4). This 103-residue (11
kDa) polypeptide was isolated from the assassin bug Rhodnius prolixus and is
presumed to be expressed in the saliva of this blood-feeding insect in order to
prevent blood clotting and thus allow prolonged feeding.** Homologues are
present in many other triatomine bugs. Rhodniin contains N- and C-terminal
Kazal domains separated by an acidic linker. The 2.6 A resolution crystal

Rhodniin
(Ithr)

Rhodnius prelixus (Triatomid bug)

I 1 1 1 1 I 1 1
EGGEPCACPHALHRVOCGSDGETYSNPCTLNCAKFNGKPELVKVHDGPCEPDEDEDVCQECDGDEY KPVCGSDDITY DNNCRLECASISSSPGVELKHEGPCRT

Thrombin inhibitor

Figure 2.4 The Kazal domains of rhodniin from the assassin bug Rhodnius prolixus.
3D structure of rhodniin. The N- and C-termini are labelled and the PDB
accession number is indicated in parentheses. The primary structure of
the peptide along with the source organism and molecular target and
shown below the 3D structure.



58 Chapter 2

structure of a rhodniin/bovine a-thrombin complex revealed the dominant
role of the disc-shaped N-terminal rhodniin domain in the interaction with
thrombin.?> The N-terminal domain residues Pro9, His10, Alal1, Leul2,
His13 and Arg14 interact with the active-site cleft of thrombin, whereas the
C-terminal domain interacts with the fibrinogen recognition exosite mainly
through electrostatic interactions.

2.2.2.4 WAP Domain

The four-disulfide whey acidic protein (WAP)-type core domain (also called
WAP-4-DSC or WFDC)*® is particularly conserved in the subclass of small-
secreted cysteine-rich mini-proteins like elafin or the secretory leukocyte
protease inhibitor SLPI, for instance, that play important roles in host
defence as antimicrobials and immunomodulators.®**> Two snake venom
peptides belonging to the waprin family, nawaprin from the black-necked
spitting cobra Naja nigricollis (Figure 2.5A) and omwaprin-a from the inland
taipan Oxyuranus microlepidotus (Figure 2.5B), contain a single WAP domain
and have similar functions.**®” These two peptides are of similar length (51
and 50 residues, respectively, which is characteristic of WAP domains), and
they have the same eight-cysteine scaffold (C-C-C-C-CC-C-C pattern with
disulfide connectivity C'-C"", ¢"-c"", ¢c"-cY, ¢"V-c"™), as well as identical
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Figure 2.5 WAP domains of two members of the waprin family. Left panels show the
3D structures of (A) nawaprin determined using NMR spectroscopy, and
(B) omwaprin-a determined using X-ray crystallography. The N- and C-
termini are labelled and PDB accession numbers are indicated in
parentheses. Right panels show the primary structure and disulfide
framework of these peptides and list the source organism and
molecular function.
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secondary structures and tertiary folds. Nawaprin and omwaprin-a possess
an overall flat shape with a spiral backbone organized in one outer and one
inner segment stabilized by the four disulfide bridges.*® The outer part
contains only a small 3;, helix connected to the inner segment that
comprises an antiparallel B-sheet. Interestingly, whereas only hypothetical
specificities of action have been formulated for nawaprin, it has been
demonstrated that in contrast to elafin and SLPI, omwaprin-a selectively
targets its bactericidal activity against certain species of Gram-positive
bacteria (Bacillus megaterium and Staphylococcus warneri) by causing
membrane disruption in a dose-dependent manner; in contrast, it is non-
toxic to mice.*” Moreover, the same study revealed that the structure and
disulfide scaffold of omwaprin-a are essential for sustaining the function of
the toxin, as witnessed by the complete loss of activity upon reduction
and alkylation of the cysteine residues, even with its six N-terminal
pharmacophoric residues still present.

2.2.2.5 SXC Motif

The six-cysteine SXC or ShKT motif is found in diverse organisms such as
mammals,®*** the nematode Caenorhabditis elegans,”® and cnidarians (sea
anemones and jellyfish). The Kv channel blocker ShK from the Caribbean sea
anemone Stichodactyla helianthus (Figure 2.6A) and aurelin from the moon
jellyfish Aurelia aurita (Figure 2.6B) illustrate this diversity. Both peptide
toxins contain a unique SXC motif comprising six cysteines arranged in
a C-C-C-C-C-C pattern with disulfide connectivity ¢'-C"", c"-c", ¢™-
CY.21* The disulfide-rich SXC domain is an all-o. motif with two short o-
helices linked to portions of the peptide backbone via two disulfide
bonds.”® The third disulfide bond (C'-C"") links the N- and C-terminal
regions of the toxin. The 40-residue aurelin peptide has moderate antibac-
terial activity against Gram-positive Listeria monocytogenes and Gram-
negative Escherichia coli.”® In contrast, ShK (35 residues, 4.05 kDa) potently
inhibits human Kv1.3 (ICs5, = 10-100 pM). This channel is a therapeutic
target for autoimmune disease because of its upregulation in effector
memory T cells. ShK-186, a derivative of ShK with improved stability and
selectivity for Kv1.3, recently passed Phase Ia clinical trials for treatment of
multiple sclerosis (see Chapter 10 for further details).

2.2.2.6 PIA,

PLA, enzymes are found in almost all living entities, from bacteria to
mammals. They are essential hydrolytic enzymes involved in various physi-
ological processes, such as lipid metabolism,* signal transduction,”” and
host defence.®® In the world of venomous animals, secreted Ca**-dependent
PLA,s are particularly abundant in snake, bee and wasp venoms. PLA,s are at
the edge between polypeptides and proteins, being larger than most venom
peptides, and functionally viable as monomers or homo- or heterodimers.
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Stichodactyla helianthus (Sea anemone)

1
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K, channel inhibitor
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J Aurelia aurita (Jellyfish)
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Figure 2.6 The SXC folds of ShK and aurelin. Left panels show the 3D structures of
(A) ShK and (B) aurelin. The N- and C-termini are labelled and PDB
accession numbers are indicated in parentheses. Right panels show
the primary structure and disulfide framework of these peptides and
list the source organism and molecular function.

We have chosen to illustrate a subtype of secretory PLA,s using three
different snake venom mini-proteins: the acidic PLA, 5 isolated from the
venom of the cobra Naja sagittifera (Figure 2.7A), the basic PLA, notexin from
the common tiger snake (Notechis scutatus scutatus) (Figure 2.7B), and
ammodytoxin A from the Western sand viper (Vipera ammodytes ammodytes)
(Figure 2.7C). These toxins are 118-122 residues in length, and they have
different cysteine frameworks. PLA, 5 from N. sagittifera contains 16 cysteine
residues disposed in a C-C-C-C-CC-C-C-C-C-C-C-C-C-C-C pattern with
disulfide connectivity ¢'-Cc¥, c"-¢*V!, ¢"™-c¢v', ¢"V-¢'", ¢v-¢*V, cV""-c*,
c*-cX", ¢~ Notexin has 14 cysteine residues (C-C-C-CC-C-C-C-C-
C-C-C-C-C) that form seven disulfide bridges (C'-c*™, c"-c*V, ¢"-¢V,
cV-cX cV-c*) cVI-cX, ¢™-C™).1° Ammodytoxin A also has 14 cysteine
residues, although their disposition (C-C-CC-CC-C-C-C-C-C-C-C-C) and
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Figure 2.7 Structure of PLA, enzymes from snake venoms. The 3D structures of (A)
acidic PLA, 5, (B) notexin, and (C) ammodytoxin A are shown at the top
of the figure. The N- and C-termini are labelled and PDB accession
numbers are indicated in parentheses. (D) Primary structure and
disulfide framework of these PLA, enzymes. The source organism and
molecular function are indicated.

disulfide connectivity (C'-c*™, ¢"-c", c"'-¢*", ¢V-¢*V, cV'-c™, ¢V"'-c™,
CY™-C¥) are not the same as notexin.®® Despite their different primary
structure (~28% identity) and cysteine frameworks, these three members of
the PLA, family share identical secondary elements and very similar overall
3D architectures (see Figure 2.7A). They all display a central core comprised
of three long a-helices flanked by a small B-hairpin on the side, as well as two
short helical turns in the C-terminal region, with the numerous disulfide
bridges stabilizing the compact structure.”>***'*> Apart from exerting clas-
sical PLA, hydrolytic activities on the 2-acyl groups in 3-sn-phosphogly-
cerides, notexin and ammodytoxin A are also able to increase the release of
acetylcholine (ACh) at neuromusclar junctions via a mechanism that remains
to be precisely elucidated.'*>*”

2.2.3 Taxon-Specific Disulfide Frameworks

In the second part of this chapter, we focus on unique disulfide frameworks
that are only found in specific animal taxa, and describe the 3D architecture
of these venom peptides.
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2.2.3.1 Neurotoxin III Fold in Sea Anemones (Order Actinaria)

The first taxon-specific disulfide framework we will discuss is found in
neurotoxin III (ATX III), a 27-residue peptide isolated from the Mediterranean
snakelocks sea anemone (Anemonia sulcata). ATX 1II contains six cysteine
residues that form a CC-C-C-C-C pattern and are organized into three
disulfide bonds (C'-CY, ¢"-C", c"-CY"; Figure 2.8).1°611° ATX III is devoid of
any regular secondary structure; rather, the 3D structure determined using
nuclear magnetic resonance (NMR) spectroscopy** reveals a compact archi-
tecture containing two distorted type I B-turns (Cys6-Gly9 and Trp8-Cys11),
two inverse y-turns (Pro12-Gly14 and GIln15-Cys17), and two other chain
reversals that enable ATXIII to adopt an overall globular and twisted fold. ATX
11T slows inactivation of Nay channels in crayfish giant axons."'*> However, there
have been no investigations into structure-activity relationships of the toxin.

2.2.3.2 Snakes (Order Squamates)

2.2.3.2.1 Snake Three-Finger Toxins

The three-finger toxins (3FTxs) are a snake-specific disulfide-rich peptide
family characterized by a conserved three-dimensional fold and disulfide
framework.'** All 3FTxs contain four conserved disulfide bridges in their core
region, but extra disulfide bonds are sometimes present."™* The typical fold of
3FTxs is comprised of three B-stranded loops, symbolized as fingers, which
stretch and diverge from a single globular and hydrophobic cysteine-rich
core region comprising the four conserved disulfide bonds."'>''® Despite
their common three-dimensional topology, 3FTxs have diverse pharmacology
with toxins from this family capable of targeting nicotinic acetylcholine
receptors (nAChRs), muscarinic acetylcholine receptors (mAChRs), acetyl-
cholinesterase, Cay channels, adrenergic receptors, and ASICs."'>"7"'8 3FTxs

Anemonia sulcata (Sea anemone)

RSCCPCYWGGCPWGONCYPEGCSGPKY

Nay channel inhibitor

Neurotoxin 111
(lans)

Figure 2.8 Structure of the sea anemone peptide neurotoxin III. Left panel shows the
3D structure of neurotoxin III determined using NMR spectroscopy. The
N- and C-termini are labelled and the PDB accession number is indicated
in parentheses. Right panel shows the primary structure and disulfide
framework of neurotoxin III and lists the source organism and
molecular function. Note the lack of regular secondary structure.
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have been used extensively as molecular probes for studying the pharma-
cology and tissue/cellular distribution of nAChRs."*****

a-Elapitoxin-Nk2a (Figure 2.9A) is a typical 3FTx isolated from the venom
of the monocled cobra (Nagja kaouthia). This 71-residue peptide contains 10
cysteine residues (C-C-C-C-C-C-C-CC-C pattern) that form five disulfide
bonds with connectivity (C'-Cc™, c"-c¥', ¢V-cV, c""-c"™", ¢™-CX). 122124

Naja kaonthia (Snake)
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Figure 2.9 3FTs and disintegrins from snake venom. Left panels show the 3D
structures of (A) o-elapitoxin-Nk2a (X-ray; PDB 1ctx), (B) jarastatin
(model; PDB 2inh), (C) triflavin (X-ray; PDB 1j21), and (D) obtustatin
(NMR; PDB 1mpz). The N- and C-termini are labelled and PDB
accession numbers are indicated in parentheses. Right panels show
the primary structure and disulfide framework of these peptides and
indicate the source organism and molecular function.
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a-Elapitoxin-Nk2a contains the three loops typically found in 3FTxs plus two
distorted right-handed helical turns at the tip of loop II, stabilized by the fifth
disulfide bond C"™-C".1?* The monomeric form of the toxin binds selectively
and with high affinity to the a7 nAChR, thereby triggering paralysis in
envenomated prey.'”>™*” Loop II of a-elapitoxin-Nk2a, which is stabilized by
the extra disulfide bond and contains the helical turns, is crucial for high
affinity interaction of the toxin with the a7 nAChR."*%"3°

2.2.3.2.2 Snake Disintegrins

The 3FTs display diverse pharmacology on a conserved structural scaffold.
In contrast, members of the viper-specific disintegrin protein family share
a similar function, namely inhibition of platelet aggregation and integrin-
dependent cell adhesion, but they encompass a wider range of folds than
the 3FTs.""**? To illustrate this structural diversity we discuss three dis-
integrins that exhibit different disulfide scaffolds and 3D folds: jarastatin
from the South American pit viper Bothrops jararaca (Figure 2.9B), triflavin
from the venom of Protobothrops flavoviridis (Figure 2.9C), a viper endemic
to the Ryukyu islands of Japan, and obstutatin from the Asian blunt-nosed
viper (Macrovipera lebetina obtusa) (Figure 2.9D). Jarastatin and triflavin are
medium-sized disintegrins, with 73 and 70 residues, respectively, and they
contain six disulfide bonds.™**™** Obstustatin is smaller (41 residues) and it
contains only four disulfide bridges.”**"” Jarastatin and triflavin have
identical cysteine patterns (C-C-CC-C-C-CC-C-C-C-C) but different
cysteine connectivities (C'-c", c"-c"V, ¢¥-c"™", c¢V'-c¥, c""'-c™, c*-c*"
and CI_CV, CII_CIV, CIII_CIX’ CVI_CVIH, CVII_CXI’ CX_CXII, respectively).
Obtustatin has only eight cysteine residues (C-CC-C-C-C-C-C pattern)
with connectivity C'-C", ¢"-c¥', c"™-c"", c¥-C""". The 3D structures of
these toxins (note that the jarastatin structure is a theoretical model
produced in silico) reveal different overall shapes and a lack of major
secondary structure elements. Triflavin adopts an elongated and rigid
structure characterized by a series of turns and two short regions
composed of antiparallel B-strands.™® This anti-aggregant agent inhibits
the interaction between fibrinogen and platelets by binding to the glyco-
protein IIb-IIIa receptor on the platelet surface.”® Obtustatin has a compact
globular shape comprised almost exclusively of turns without any regular
secondary structure.”®” Obtustatin potently and selectively inhibits the a1/
B1 integrin via a triad of loop residues (Lys21-Thr22-Ser23) that differs
from the usual disintegrin Arg-Gly-Asp pharmacophore motif.**

2.2.3.3 Marine Cone Snails (Genus Conus)

Several toxins found in the venom of marine cone snails from the genus
Conus display unique cysteine scaffolds. We exemplify such peptides
with descriptions of -conotoxin RXIA, a-conotoxin PIVA, and &-conotoxin
TxVA.
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2.2.3.3.1 -Conotoxins

-Conotoxin RXIA was first discovered in the venom of the piscivorous (fish-
hunting) rayed cone snail Conus radiatus**® (Figure 2.10A). --Conotoxin RXIA
contains 46 residues with eight cysteines arranged in an atypical framework
(C-C-CC-CC-C-C pattern with disulfide connectivity C'-C", c"-cv,

Conus radiatus (Cone snail)

GOSFCKADEKOCEYHADCCNCCLSGICAOSTNWILPGCSTSSFKI

Nay, channel agonist

1-conotoxin RXIA
(2jrv)

Conus purpurascens (Cone snail)

GCCGSYONAACHOCSCKDROSY CGOQ(nh2)

nACHR inhibitor

a-conotoxin PIVA
(Iplp)

Conus textile (Cone snail)

(Gla)CCiGla)DGBTOCC (g Tr)AAD
N . Cay, channel blocker/ GPCR antagonist (putative)
g-conotoxin TxVA

{1wet)

Figure 2.10 Taxon-specific disulfide frameworks from cone snail venom. Left
panels show the 3D structures of (A) t-conotoxin RXIA, (B) o-
conotoxin PIVA, and (C) e-conotoxin TxVA. The N- and C-termini are
labelled and PDB accession numbers are indicated in parentheses.
Right panels show the primary structure and disulfide framework of
these peptides and indicate the source organism and molecular
function. PTMs are indicated as follows O = hydroxyproline; f = D-
Phe; (Gla) = y-carboxyglutamate; (BTr) = bromotryptophan; (gTr) =
glycosylated threonine; (nh2) = amidated C-terminus.
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c"-c¥", cY-c¥™M).11 | conotoxin RXIA has numerous post-translational
modifications (PTMs) in addition to the four disulfide bonds, including
hydroxyproline at positions 2, 11 and 29 and an unusual D-Phe as the third
last residue.**'** The 3D structure of -conotoxin RXIA comprises a series of
turns and two antiparallel B-strands in a compact globular region stabilized
by the four disulfide bonds, as well as a long flexible C-terminal tail.**
Electrophysiology experiments revealed that -conotoxin RXIA is an excitatory
peptide that acts as an agonist of frog and mouse Nay1.2, Nay1.6 and Nay1.7
channels (Nay1.6 > Nayl.2 > Nayl.7) by shifting the voltage-dependence
of activation to more hyperpolarized potentials."*"'** Mutation of the
D-Phe residue to L-Phe caused a two-fold reduction in affinity towards Nay1.6
and a two-fold faster off-rate, as well as a complete inactivity on Nay1.2,
indicating that this PTM contributes significantly to toxin reversibility and
selectivity. '

2.2.3.3.2 oa-Conotoxins

a-Conotoxin PIVA from the piscivorous purple cone Conus purpurascens is
a typical a-conotoxin that displays a taxon-specific cysteine framework
(Figure 2.10B). This short, 25-residue conopeptide contains six cysteine
residues (CC-C-C-C~C) that form three disulfide bonds (C'-CY, ¢c"-c™, ¢V~
CY").*** Like 1-conotoxin RXIA, it is also rich in PTMs, with hydroxyproline
residues at positions 7, 13, and 20 as well as an amidated C-terminus. Han
et al. described the overall shape of a-conotoxin PIVA as an “iron” in which
the external and highly charged hydrophilic Ser15-Arg19 segment is the
“handle”, while the rest of the toxin forms the “bottom plate”."** a-Conotoxin
PIVA does not contain significant secondary structure, with the exception of
a single turn of 3, helix formed by residues Ser21-Gly24. Like most «-con-
otoxins, a-conotoxin PIVA inhibits postsynaptic nAChRs, particularly the
a1/B1/y/d subtype.**

2.2.3.3.3 e-Conotoxins

e-Conotoxin TxVA from the venom of the molluscivorus cone snail Conus
textile (Figure 2.10C) is a very short 13-residue peptide with a unique
cysteine pattern composed of two sets of tandem cysteines (CC-CC) with
disulfide connectivity C'-C"™, C"-C". TxVA is replete with PTMs, including
y-carboxyglutamate at positions 1 and 4, bromotryptophan at position 7,
a glycosylated threonine at position 10, and hydroxyproline at the C-
terminus."™° It is the prototypic member of the T-superfamily of con-
otoxins that is defined by the presence of two sets of tandem cysteines
separated by four to seven residues."® The side chains of the two y-car-
boxyglutamate residues create an electronegative patch extending outward
from a deep cleft."® On the C-terminal face of the peptide, the glycosylated
Thr10 and Hyp13 confine a cluster of hydrophobic residues around the
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brominated Trp7 in the constrained inter-cysteine region.™® It has been
suggested that TxVA might target presynaptic Cay channels or GPCRs
based on the fact that it causes a reduction of calcium influx and neuro-
transmitter release in Aplysia cholinergic synapses.'*®* However, no
unequivocal target has been defined for any member of the T-superfamily
with the exception of 1-CnVA, from the piscivorous cone snail Conus con-
sors, which was recently shown to be a micromolar antagonist of the
somatostatin sst3 receptor.'*’

2.2.3.4 CSa/B Toxins in Scorpions (Order Scorpiones)

Scorpions and centipedes are the oldest terrestrial venomous taxa, with the
oldest scorpion fossils dating back 430 million years to the Silurian period.>
Although they inhabit a diverse range of habitats, scorpions (~1750 extant
species) are far less speciose than their closest venomous relatives, the
spiders (~45 000 extant species).” Scorpion venoms are dominated by so-
called cysteine stabilized o/ (CSa/B) toxins that are evolutionarily derived
from CSa/p defensins, innate-immunity-related antimicrobial peptides that
are found in plants, fungi, nematodes, and arthropods.""“**> It was recently
demonstrated that only a modest number of mutations are required to
convert a CSa/B defensin into a neurotoxin.' Most CSa/B scorpion toxins
target Kv or Nay channels."* The core cysteine framework of CSa/B scorpion
toxins is the C-C-C-C-C-C pattern found in CSa/B defensins, but many
toxins are elaborated with additional disulfide bonds, as outlined in the
examples below.

2.2.3.4.1 Butantoxin (o-KTx12.1)

The potassium channel toxin a-KTx12.1, also called butantoxin or TSTX-IV,
was first isolated from the venom of the Brazilian yellow scorpion (Tityus
serrulatus) (Figure 2.11A)."** This 40-residue peptide contains a cysteine
framework composed of eight cysteine residues (C-C-C-C-C-C-C-C) with
disulfide connectivity (C'-C", c"-c"!, ¢"V-c"", ¢¥-cV").15156 The c™-CY,
cV-cY and cY-C"™ disulfide bonds constitute the core disulfide frame-
work found in CSa/B defensins, with the N-terminal C'-C" disulfide being an
elaboration of the core fold. Butantoxin is a typical CSa/p toxin in which an a-
helix is nestled on the face of a B-hairpin, with this core fold stabilized by the
c"-cv, ¢cV-c"" and cY-C'™ disulfide bonds.'*>**”'® The remaining N-
terminal C'-C" disulfide bridge is unique to this toxin and does not appear to
confer additional stability."*® Butantoxin blocks high-conductance Kc,
channels and inhibits Shaker Kv channels with low affinity."** Preliminary
SAR studies revealed that His28 is important for interaction with its molec-
ular targets.'
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Tityus serrulatus (Scorpion)

1
1 1
\vﬂrsl'E'I,DLAéca\SRE&YDP&FKAFGRAHGK(‘MNNKJ‘.RJ?YT

Kca channel inhibitor

Scorpio maurus palmatus (Scorpion)

L
| I | l —
VSCTGSKDCYAPCRKQTGCPNAKCINKSCKCYGC

Kv channel blocker

Leiurus quinquestriatus quinquestriatus (Scorpion)

l
1
Ll 1

f |
MCM I’E.‘FI“I'I)HQM.*\R KCDDCCGGKGRGKCYGPQCLCR

CI” channel blocker

Chlorotoxin (/chl)

Figure 2.11 The scorpion-specific CSa/B framework. Left panels show the 3D
structures of (A) butantoxin, (B) maurotoxin, and (C) chlorotoxin.
The N- and C-termini are labelled and PDB accession numbers are
indicated in parentheses. Right panels show the primary structure
and disulfide framework of these peptides and indicate the source
organism and molecular function. Note that all three peptides
exhibit a core CSa/B defensin fold consisting of an o-helix on one
face of a two- or three-stranded antiparallel B-sheet.
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2.2.3.4.2 Maurotoxin (a-KTx6.2)

a-KTx6.2, also known as maurotoxin (Figure 2.11B), from the venom of the
chactoid scorpion Scorpio maurus palmatus is a 34-residue peptide
comprising an eight-cysteine scaffold (C-C-C-C-C-C-C-C) with disulfide
connectivity C'-C", ¢c"-c"!, ¢c"'-c", ¢V"'-cV" 159-163 The C'-CY, C"-C", and
c™-c" disulfide bonds constitute the core disulfide framework found in
CSa/B defensins, with the C-terminal CY"'-C"™ disulfide being an elabo-
ration of the core fold. The core CSa/f fold is comprised of a single a-helix
(Ser6-Gln16) abutting a two-stranded antiparallel B-sheet (B-strands Lys23-
Asn26 and Ser28-Cys31).'** Maurotoxin can block the Shaker B channel as
well as Kv1.1 (ICs, = 45 nM), Kv1.2 (IC5, = 0.8 nM), and Kv1.3 (IC5, = 180
nM) channels with high affinity.**%*%1¢

2.2.3.4.3 Chlorotoxin

Chlorotoxin is a 36-residue CSa/B toxin isolated from the venom of the
Egyptian scorpion Leiurus quinquestriatus quinquestriatus. It contains eight
cysteine residues distributed in a C-C-C-CC-C-C-C pattern with disulfide
connectivity ¢'-c", c"-c¥', ¢"™-c"", cV-cV". 1616 [ this case, the C"-
cY, c™-cY™ and CY-CY™ disulfide bonds constitute the core disulfide
framework found in CSa/p defensins, with the N-terminal C'-C" disulfide
being an elaboration of the core fold. Relative to the classic CSa/p defen-
sin fold, chlorotoxin contains an additional N-terminal B-strand, which
leads to the formation of a three-stranded antiparallel B-sheet; the extra
disulfide bond links this additional p-strand to the a-helix
(Figure 2.11C).*** Chlorotoxin induces paralysis in crayfish and cock-
roaches and inhibits small conductance chloride channels isolated from
rat epithelia and brain.'®>'®” Chlorotoxin selectively binds to gliomas (a
type of malignant brain cancer) and inhibits glioma cell invasion by virtue
of interactions with annexin A2 and matrix metalloproteinase-2 on the cell
surface.'®®'*® Moreover, it was recently reported that chlorotoxin is capable
of permeating the human blood-brain barrier."”® A chlorotoxin conjugate
is currently in clinical trials as an imaging agent for intraoperative visu-
alization of cancer foci.'”*'"

2.3 Discussion

In this chapter we have provided an overview of the broad diversity of
structures encountered in secreted venom peptides. In the majority of
these small proteins, the 3D architecture is maintained by precise and
often elaborate disulfide-rich scaffolds. As well as providing stability and
in many cases resistance to proteases, these rigid disulfide frameworks
allow pharmacophoric amino acid side chains to be displayed in precise
spatial orientations, thereby optimizing the interaction between these
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venom peptides and their molecular targets. Moreover, the disulfide bonds
often direct the 3D architecture of these peptides to such an extent that
the inter-cystine loops are highly permissive to mutations, thereby facili-
tating the evolution of new toxic functions on the same 3D scaffold. The
consequence of this is that a single scaffold, such as the ICK motif, can
support a wide range of pharmacological activities that aid the process of
envenomation.

In summary, the disulfide-rich scaffolds found in venom peptides
provide stability and resistance to proteases, and they facilitate the
evolution of high affinity binding and diverse pharmacology, traits that
make these peptides ideal candidates for drug discovery programmes. We
found that 86 disulfide frameworks account for the 2022 secreted cysteine-
rich peptides and polypeptides reported to date. Although some of these
disulfide scaffolds are found in taxonomically diverse venomous animals
(e.g. the ICK, Kunitz, Kazal, WAP, SXC and PLA, folds), other scaffolds
such as snake 3FTxs, scorpion CSa/p toxins, and a-conotoxins are found
only in specific taxa. The diversity of cysteine-rich venom peptides is
certain to exceed what is currently known, as only a very small percentage
of venomous taxa (<1%) has been examined to date. Advances in tran-
scriptomic and proteomic analyses of venoms, which are discussed in
Chapter 3, are rapidly transforming the field and are likely to lead to the
discovery of many new disulfide-rich scaffolds in hitherto unstudied
venomous animals.
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3.1 Introduction

A number of traditional medications have been derived from the venom of
snakes, spiders and frogs."* In recent times, venom peptides have been
subjected to intense scientific investigation, in part due to the recent re-
orientation of biopharmaceutical companies towards “biologics”. Peptides
often show greater specificity, higher potency, and lower toxicity than
traditional small-molecule drugs, and they have emerged as a commercially
important class of therapeutics.® For example, peptides have become recog-
nised treatments for numerous human diseases, including diabetes, HIV,
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hepatitis, chronic pain, and cancer.>® Furthermore, peptides remain
invaluable research tools for dissecting the physiological functions of many
human receptors and for unravelling the biological mechanisms underlying
disease.

The traditional venom bioprospecting strategy is based on bioassay-
guided fractionation (see Chapter 4 for further details). While this proce-
dure has been, and still continues to be, successful (e.g., see ref. 4), it is
time-consuming and typically requires large amounts of venom. As a result,
this strategy has introduced a bias towards the largest and the most
abundant venomous species, which have been intensively studied. Smaller
and rarer species are likely to be just as interesting from a drug develop-
ment perspective, but to efficiently exploit these limited/restricted
resources, improvements in the sensitivity of analytical techniques are
required. The collection of large quantities of small/rare animals is often
not only impractical and unsustainable, but also ethically questionable.
Therefore, state-of-the-art discovery strategies are expected to deliver
a maximum of information from limited samples. An integrated approach,
whereby transcriptomic and proteomic data are combined together with
dedicated bioinfomatic tools, has the potential to achieve this goal
(Figure 3.1).

The recent development of second-generation sequencing technologies,
initially fuelled by the Human Genome Project, allows rapid access to all
sequences expressed in a venom gland. While several different platforms
are available, the 454-pyrosequencing technology (Roche) provides the
longest reads (>350 bp on average), which in the absence of a reference
genome, remains a major advantage for de novo transcriptome assembly.
Critically, post-translational modifications (PTMs) can be essential to the
biological activity of a venom peptide, thus requiring integration of pro-
teomic data. For more than a decade, mass spectrometry (MS) has been the
method of choice for studying the complexity of venoms.” In particular, soft
ionisation technologies such as matrix-assisted laser desorption-ionisation
(MALDI) and electrospray ionisation (ESI) are now heavily utilised to
unravel the composition of these proteinaceous mixtures.®® While venoms
can be studied as a whole sample (mass fingerprinting, profiling), they are
usually pre-fractionated in order to achieve better resolution and higher
coverage, and to minimise ion suppression effects. A liquid chromatog-
raphy step can be carried out off-line (MALDI) or online (ESI), each method
providing high quality, yet complementary data sets.” In addition, recent
improvements in the sensitivity (dynamic range) and accuracy of mass
spectrometers are allowing high-throughput analysis from minute
samples.'® For instance, using a combined Orbitrap-ETD with a targeted
chemical derivatisation strategy, the full sequences of 31 peptide toxins
were obtained from just 7% of the crude venom of a single marine cone
snail." In this chapter, we review current venoms-based drug discovery
strategies, with an emphasis on the integration of proteomic and
transcriptomic data.
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VENOMICS

GENOMIC TRANSCRIPTOMIC PROTEOMIC
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Figure 3.1 Integrated venomics-based biodiscovery strategy. Combined state-of-
the-art technologies maximise scientific outcomes from limited
material, even single specimens. Venomics is generally considered to
involve a holistic study of venom composition using a combination of
genomic, transcriptomic, and proteomic approaches.

3.2 Venom-Gland Transcriptomics

Throughout the course of evolution, venom proteins from both vertebrates
and invertebrates have been optimised to target specific receptors with high
affinity and often exquisite selectivity, making them excellent pharmaco-
logical tools and drug leads.>*? The number of venom-derived peptides
that are in pre-clinical or clinical trials has increased significantly in the last
15 years.”
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Figure 3.2 Key elements of a venoms-based drug discovery pipeline. A robust high-
throughput screen is essential for rapid identification of “hit” venoms
and subsequent isolation of bioactive peptides. An efficient peptide
production system is required to produce sufficient material for
functional and structural characterisation and to examine structure—
activity relationships. Adapted from ref. 12.

Until recently, the study of toxic peptides from venomous animals was
mostly limited to the isolation and biochemical characterisation of toxins of
medical importance. Little or no attention was paid to the genes, cellular
machinery, and other important processes involved in assembly of the final
product expressed in the venom. The main approach utilised for isolation of
venom peptides has been bioassay-guided fractionation (Figure 3.2). Animal
venoms were generally screened in medium- to high-throughput assays
against targets of therapeutic interest, then “hit venoms” were chromato-
graphically fractionated and individual fractions re-screened in order to
isolate peptides responsible for bioactivity. These peptides were then
sequenced via a combination of Edman degradation, tandem mass spec-
trometry (MS/MS) techniques, and venom-gland transcriptomics. In some
cases, incomplete sequence information acquired via MS/MS and/or Edman
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degradation has been used to design primers to amplify transcripts encoding
the toxin of interest from a venom-gland cDNA library. This has the advan-
tage of providing useful information about the signal and propeptide regions
of the toxin precursor as well as the sequence of transcripts encoding
paralogues (and orthologues in related species).”®

Although these methods have proved useful for acquiring information
about single families of toxins (i.e., families of paralogues/orthologues) they
are inefficient, time-consuming, and low throughput and therefore not
suitable for providing an overview of the full complexity of a venom. Thus,
after more than a decade of trying to isolate venom peptides using a targeted
approach, there was a move away from sequencing specific toxin transcripts
to random amplification of venom-gland transcripts; this became possible as
the amount of RNA required to generate cDNA libraries decreased from
several micrograms to nanograms due to the introduction of new enzymes,
adaptors, vectors and, most importantly, improvements in sequencing
technology. These technical advances resulted in a considerable increase in
the number of toxin-encoding expressed sequence tags (ESTs) being
sequenced using Sanger sequencing, which significantly increased the rate at
which new toxin superfamilies were discovered. This approach also led to the
first overview of the entire toxin repertoire of several species of venomous
animals.

3.2.1 Sanger versus Next-Generation Sequencing

Since it was first reported in 1977, the rapid determination of DNA sequences
using the method described by Frederick Sanger and Alan Coulson trans-
formed the field of biology, as it provided a tool for acquiring entire gene
sequences and subsequently entire genomes.”””* For more than 30 years,
this approach was regarded as the gold standard in sequencing. Sanger
sequencing remained the method of choice for some time following the
introduction of second-generation sequencing methods such as pyrose-
quencing technology in 1985, despite the fact that new technologies prom-
ised enormous potential and higher throughput. Even today, the majority of
toxin precursor sequences described in the literature (>95%) were obtained
using Sanger sequencing.

Over the past decade, the advent of second-generation or next-generation
sequencing has transformed the way DNA sequencing is performed. The
majority of second-generation sequencing platforms rely in principle on
a multi-step process that requires the conversion of the template, so that it
can be attached to the surface of a bead, for the amplification of that
particular template to occur prior to the sequencing reaction—a process that
differs quite markedly from the traditional capillary electrophoresis principle
applied in Sanger sequencing.””*° Second-generation techniques resulted in
an exponential increase in the number of reads that could be acquired in
a single sequencing run (i.e., from thousands to millions) due to massive
parallelisation and miniaturisation of the reactions.
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Second-generation sequencers can be divided into two main types, based
on the read length and throughput. The longest read lengths can be achieved
using 454 pyrosequencing, with an average length of 450-800 bp. In contrast,
platforms such as Hi Seq200, miSeq, 5500x]l SOLID system and HeliScope
provide shorter read lengths, ranging from 25 to 150 bp, but yield much
higher throughput.®® Read length is a critical factor when sequencing venom-
gland cDNA libraries for two reasons. First, for most venomous animals,
there are no reference genomes that can be used as templates for assembly.
Second, many venoms tend to be dominated by large multigene families
containing numerous members with extensive sequence overlap, making
bioinformatic reconstruction difficult for short read-length platforms. Thus,
due to the longer reads it provides, 454 pyrosequencing has to date been the
platform of choice to investigate venom-gland preparations from a wide array
of venomous species, including bats,*' centipedes,** cone snails,**"*” cuttle-
fish, squid and octopus,®® scorpions,* snakes,**** and spiders.**** In
contrast, only a few venom-gland transcriptomes have been analysed using
HiSeq or Illumina.***

In some cases, the raw read lengths available using the 454 platform
(typically >350 bp) are sufficiently long to cover the full length of venom-
peptide precursors, thus obviating the need for bioinformatic reconstruc-
tion. We recently took advantage of this fact to unravel the mechanisms by
which marine cone snails produce highly complex venoms.*” The applica-
bility of this approach, however, is obviously dictated by the length of the
toxin precursors expressed in the venom gland. At present, marine cone
snails are unique in that the majority of toxin diversity is encoded by tran-
scripts that are shorter than the average read length of commonly available
high-throughput sequencing platforms. In general, until third-generation
sequencing technologies become commonly available, successful bio-
informatic reconstruction of venom-gland transcriptomes sequenced using
second-generation platforms will be vital for meaningful data analyses.

3.2.2 Bioinformatic Analysis of cDNA Libraries without
a Reference Genome

De novo assembly of reads generated via Sanger or next-generation
sequencing using non-model organisms has always been regarded as
a challenge. Currently available bioinformatic tools provide better support
when assemblies are generated using a reference genome, especially when
short- to medium-sized reads have been acquired. This is reflected in the fact
that the majority of transcriptomic studies that have been published since
the introduction of the 454, Illumina, ABI/SOLiD and or HeliScope platforms
are mainly from organisms for which extensive genomic or Sanger EST
sequences are available. To overcome this hurdle, several bioinformatic tools
have been developed and tested for a range of assembly projects with reads
obtained by a single technology or hybrids (e.g., a combination of Sanger and
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second-generation sequencing). Overwhelmingly, the high throughput of
second-generation sequencing projects creates a bioinformatic bottleneck
that is hard to solve in the absence of adequate tools for non-model organ-
isms. Currently there are only a few online tools and programs that can be
used for de novo assembly, all with their own inherent advantages and
disadvantages. Therefore, custom-made programs often need to be specifi-
cally designed to access information related to venom toxins, including toxin-
gene superfamilies, relative levels of expression (reads per sequence), likely
post-translational modifications, and protease cleavage sites in the toxin
precursors (see Section 3.5).

3.3 Venom Proteomics

The traditional proteomic approach to obtain the amino acid sequence of
peptide drug leads has largely relied on the use of automated Edman
degradation and amino acid composition analysis followed by confirmation
of molecular weight via MS (e.g., the discovery and characterisation of
exendin-4** and ShK*’). While this approach enables confident assignment of
peptide sequences, it suffers from both low throughput and high sample
requirement. Furthermore, sequencing by Edman degradation can be
prohibitively expensive for large numbers of peptides. However, in recent
years, the development of highly sensitive, high-resolution MS instruments
that provide novel fragmentation techniques has provided a way around
these issues. As a result, in the field of venomics, “proteomics” has become
near synonymous with MS analyses.

3.3.1 The Mass Spectrometer

A simplified version of a modern mass spectrometer contains three parts: the
ionisation source produces multiple different gas-phase ions, the mass filter/
analyser separates the ions, and the ion detector amplifies and transfers the
signals. Of the large number of ionisation modes historically available, only
two are commonly used today for the analysis of proteins and peptides,
namely ESI and MALDI. Both techniques can be used to analyse large
proteins and protein complexes,®®*" but they have gained popularity in
venoms-based drug discovery laboratories primarily because they are ideally
suited to the ionisation of small proteins and peptides.

In ESI, ions are formed directly from solution, which means it is amenable
to online high-throughput systems. In addition, multiply charged ions are
dominant, and this allows both a wide range of molecular weights to be
accurately measured within a narrow m/z range and the optimal utilisation of
some fragmentation techniques. Although the details of the ion formation
mechanisms in MALDI is still a matter of debate, the overarching principle is
fairly simple: a sample co-crystallised with a matrix is irradiated with an
ultraviolet (UV) or infra-red (IR) laser; this causes desorption of charged
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analytes into the gas phase, and these are then accelerated through a force
field and into the mass analyser. While the co-crystallisation step renders
MALDI unsuitable for high-throughput sample analysis, the importance of
the matrix in the ionisation of analytes also means MALDI is a very versatile
source of ionisation. An MS application illustrating this is the use of MALDI
in MS imaging, or the ionisation of analytes directly from tissue sections,>
which has recently been applied to venom glands.*

Along with the type of ionisation source, the mass analyser and detector
dictate the utility of a mass spectrometer. To achieve the best performance in
speed, sensitivity, resolution and accuracy, most modern MS instruments
have hybrid mass analysers that combine different performance character-
istics offered by various types of analysers (e.g:, Time Of Flight [TOF],
Quadropole [Q], Trap, Fourier Transform types [FT]).** These combinations
also greatly affect the type of fragmentation, and hence sequence informa-
tion, that can be obtained from a sample (see below). Ultimately, the range of
combinations of sources and mass analysers available means MS is ideally
suited to the wide spectrum of analytical challenges encountered in
toxinology and venoms-based drug discovery.

3.3.2 Liquid Chromatography-Mass Spectrometry

Due to the relatively high complexity of most venoms, an efficient separation
by liquid chromatography (LC) is important before sample introduction to
the ionisation source and it therefore forms an integral part of most MS-
based analyses of venoms. For MALDI-MS this can be conveniently per-
formed using an online autospotter, although the throughput is limited by
the additional analysis time of the spotted samples. In contrast, for ESI-MS,
online LC separation enables high-throughput venom analysis that can be
reproducibly achieved in a very short time frame. LC separation of intact
venom components is usually performed using reverse-phase (RP) high-
performance liquid chromatography (HPLC) with large pore (300 A) Cyg
columns. Nano-LC-ESI-MS has been favoured, as it provides high sensitivity
for many peptides and proteins and the extremely low flow rates (~200 nL
min~ ') provide enormous improvement to the efficiency of ionisation. It is,
however, limited by the separation efficiency of current capillary column
technology and the very limited amount of sample loading (maximum 2 pg of
a linear dynamic sample) capacity. Therefore, Nano-LC-ESI-MS is not ideal
when components are unevenly distributed in complex venoms, unless
another dimension of separation is applied first. Conventional columns
provide maximum sample loading capacity, which can enhance discovery of
peptides/proteins expressed at low levels in venom. In addition, the newly
developed uHPLC system provides comparable sensitivity and efficiency, but
with a much faster gradient, thereby yielding shorter run times. Figure 3.3
compares the venom profile of the predatory marine cone snail Conus
marmoreus obtained using conventional and uHPLC columns.
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Figure 3.3 HPLC chromatograms showing fractionation of venom from the cone
snail C. marmoreus. (A) Venom chromatogram obtained using
a Thermo Cyg column (4.6 x 150 mm, 5 pm, 300 A) with elution using
a linear gradient of 1% solvent B (90% acetonitrile/0.1% formic acid)
per minute at a flow rate of 0.25 ml min~" over 80 min, which
revealed 6254 peptides. (B) Venom chromatogram obtained using an
Agilent uHPLC column (2.1 x 100 mm, 1.8 pm, 300 A) with elution
using a linear gradient of 10% solvent B (90% acetonitrile/0.1%
formic acid) per minute at a flow rate of 0.25 ml min~" over 8 min,
which revealed 930 peptides. Mass detection was by ESI-MS using an
AB Sciex TripleTOF 5600 System, a hybrid quadruple TOF MS
equipped with a DuoSpray ionisation source.

3.3.3 MS Sequencing

Sequencing by mass spectrometry can be roughly divided into two general
types: true de novo sequencing and search-based sequencing. Traditional de
novo sequencing efforts have focused on sequencing either one or a few
functionally characterised proteins and peptides, and they have often been
combined with Edman degradation. Incomplete peptide sequence informa-
tion, especially due to ambiguous de novo fragmentation interpretations or
incomplete C-terminal sequences from Edman degradation, make the two
techniques complementary. Although these approaches have made invalu-
able contributions to venom peptide/protein discovery, they are generally low
throughput and time-consuming. However, technological and bioinformatic
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advancements means de novo shotgun sequencing of whole venoms is now
possible.”® Similarly, full-length peptide toxins can now routinely be
sequenced de novo on certain mass spectrometers.™

While technological developments have enabled rapid, true de novo
sequencing of whole venoms and peptides, this still remains a daunting task
on most mass spectrometers. Search-based MS sequencing is therefore
a much more commonly applied approach. Using this technique, observed
fragment spectra are searched against theoretical fragment spectra based on
a sequence template using bioinformatic tools such as Mascot (Matrix
Science), Spectrum Mill (Agilent), or Protein Pilot (ABSciex). Although the
nature of the approach means that it is not by itself sufficient for full
sequence characterisation of novel toxins, in combination with a venom
gland transcriptome it enables both accurate and high-throughput
characterisation of novel venoms.?*"?74%56

Central to both de novo and search-based MS sequencing is the generation
of fragments of a precursor peptide or protein to obtain sequence informa-
tion. The most common peptide fragmentation techniques can be grouped
into two types based on the underlying mechanism of cleavage of the peptide
backbone, namely thermal- and radical-driven fragmentation. Due to the
popularity of Q/TOF, triple-Q, and TOF/TOF mass analysers, thermally
mediated fragmentation techniques are the most frequently employed and
include post-source decay (PSD), collision-induced dissociation (CID), and
higher collision energy dissociation (HCD).”” During these tandem MS
experiments (MS/MS, or MS" for higher order MS experiments), cleavage,
primarily of the amide bond of the peptide backbone, is caused either by
dissociation during flight in a unimolecular process (PSD), or by collision
into molecules of an inert gas (e.g., N, or Ar) at high energies (CID and HCD).
Although both fast and sensitive, these techniques tend also to “knock off”
labile PTMs, leaving them undetected. They are also largely restricted to
relatively small peptides (<3 kDa) for the generation of informative spectra,
and use of proteolytic enzymes is therefore usually necessary. This approach
is often termed “bottom-up” proteomics, where fragments rather than entire
proteins are analysed by MS, and it represents the most common approach
for proteomic characterisation of venoms by MS, particularly using CID-
based MS/MS.>”

The other main form of peptide fragmentation that is increasingly being
used to acquire sequence information from peptides and proteins is radical-
driven fragmentation. In this approach, an electron capture (electron capture
dissociation (ECD)), loss (electron detachment dissociation (EDD)), or
transfer (electron transfer dissociation (ETD) and negative electron transfer
dissociation (NETD)) results in the formation of a radical, which then
induces dissociation at the N-Ca (ECD, ETD) or Co-CO (EDD, NETD)
bond.*®** In contrast to thermally mediated fragmentation, radical-driven
fragmentation such as ETD is not necessarily restricted in terms of precursor
size and is therefore used in both bottom-up and top-down (intact proteins)
proteomics.'"**** Furthermore, even labile PTMs are usually retained,
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allowing for their identification. While the aforementioned fragmentation
events are induced in the mass analyser, fragmentation methods analogous
to both ETD and NETD can also be employed in-source in MALDI-MS
by using certain matrices such as 1,5-diaminonapthalene (ETD-like) or
5-nitro-salicylic acid (NETD-like, but in positive ion mode).*>** Although in-
source decay (ISD) normally requires pure sample for interpretation of
spectra and does not represent a high-throughput strategy, the ability to
induce multiple, complementary types of fragmentation using the same
source and mass analyser illustrates the versatility of MALDI-MS.

3.3.4 Optimising Coverage

While each mode of fragmentation represents a powerful tool for the char-
acterisation of venoms and toxins of interest, their complementary nature
can be used to maximise coverage and number of high confidence protein
identifications.® Additionally, results obtained using MALDI-MS and ESI-MS
have been shown to contain a substantial proportion of non-overlap and can
be further used to maximise sequencing depth.*” Furthermore, orthogonal
separation of enzymatic fragments, venom components, or enriching for
components of interest (e.g., in antivenomics®®) can greatly enhance the
sequencing depth. These methods can be used to compensate for the lack of
orthogonal fragmentation methods available to many venoms-based drug
discovery laboratories, particularly when complemented with transcriptomic
data.

3.4 Bioinformatic Processing of Large-Scale
Sequencing Data

Recent advances in next-generation sequencing technologies used at the
three levels of the omics cascade (genomics, transcriptomics, proteomics)
provide large amounts of data that need to be efficiently analysed using high-
throughput and purpose-built bioinformatics tools. In the case of the
complementary transcriptomic and proteomic approaches employed in
venoms-based drug discovery, the treatment of these data usually follows the
following step-wise process: (i) extraction of the precursor protein of interest
from in silico translated ¢cDNA sequences obtained from transcriptome
sequencing platforms; (ii) isolation of the mature peptide fragment from the
parent precursor sequence supported by MS experiments. Once the toxin
sequence has been deciphered, the peptide can be produced by synthetic or
recombinant methods and its activity analysed.

Mature venom peptides vary in size depending on the source organism.
For instance, venom peptides from cone snails are typically less than 40
residues in length (see Chapter 6 for more details), whereas snake venoms
contain larger peptides and small enzymes such as phospholipase A, that can
comprise up to 160 amino acid residues (see Chapter 5 for more details). As a
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consequence, the size of the transcript encoding the precursor form of these
toxins will also vary greatly, which begs the question of how best to perform
an assembly of the reads into longer contigs. Assembly is much easier when
a reference genome is available, which is not the case for the vast majority of
venomous animals. Thus, de novo transcriptome assembly has to be
considered. Although this step can be relatively laborious and time-
consuming, several de novo assemblers are available, such as Trinity,*
SOAPdenovo-Trans,®® and Oases.* Today, most next-generation sequence
assemblers use de Bruijn graphs but still lack efficiency when given highly
repetitive sequences. The graph resolution is often aborted after a number of
cycles, and no sequences (or chimeras) are generated. This issue is currently
a main focus of the scientific community.

After the cDNA sequences have been assembled (or if it has been decided to
use raw reads), they can be translated in silico in order to obtain the corre-
sponding mature toxin sequences. However, since the cDNA library results
from upstream amplification of mRNA, it is often of interest to study the
sequence of the entire toxin precursor (delimited by start and stop codons)
instead of the mature peptide sequence. The precursor of secreted proteins
such as those found in venoms contain an N-terminal signal sequence
responsible for trafficking the protein to the endoplasmic reticulum.”®”
Although the signal peptide and propeptide are enzymatically trimmed from
the precursor protein to produce the active mature toxin, they can be useful
for understanding the biology of the source organism and for toxin classifi-
cation. For example, the signal peptide sequences in conotoxin precursors
have been conserved much better than that the mature toxin sequences
during the course of evolution, and consequently the signal peptide
sequences are used to classify conopeptides into gene superfamilies and
provide hints about the structure and pharmacological activity of the mature
toxins” (see Chapter 6 for more details). Nevertheless, the recognition of
these signature motifs among the thousands to millions of sequences
generated by transcriptome sequencing platforms cannot be achieved
manually with high accuracy.

In addition to the time and effort that needs to be invested, this approach
raises the question of the phylogenetic specificities of venomous animal taxa,
and the ability of global bioinformatics programs to accurately recognise and
classify toxins from diverse organisms. Depending on the objective of the
study, the size of the query data set, and the nature of the endogenous
precursor toxin (e.g., presence of propeptide regions, length of mature
peptide), various processing pipelines can be adopted. Despite being
particularly unsuited to large-scale proteomic analyses (time-consuming,
computationally intense, limited specificity), multiple sequence alignment
programs, such as ClustalW” or MUSCLE™ for instance, have been widely
used and are probably the simplest approach to set up. For greater accuracy,
model-based programs made from precise training sets should be used
instead. Moreover, because different venomous animals produce a variety of
peptide toxins with unique sequence features, “tailor-made” models must be
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designed for specific taxa in order to efficiently detect toxin from non-toxin
sequences. An example is ConoSorter, a high-throughput program for large-
scale analysis of cone snail transcriptomes and proteomes.” The ConoSorter
algorithm uses two complementary searching approaches based on regular
expressions (a “rigid” Boolean search) and profile Hidden Markov Models™
(a more flexible stochastic searching strategy for distantly related sequences)
to specifically detect, with a specificity =99%, conopeptide sequences and to
classify them into gene superfamilies by automatically detecting their signal,
propeptide and mature toxin signatures. ConoSorter also enables the user to
identify new conopeptide families by calculating a set of sequence charac-
teristics, and by automatically searching the ConoServer database” for
known annotated toxins.

The second challenge of using transcriptomic data for toxin screening is to
deconvolute the mature peptide sequence from the precursor protein
sequence. While the signal peptide can be reliably inferred with programs
based on the recognition of consensus eukaryotic cleavage sites, such as
SignalP for instance,’” the presence of other potential regions trimmed from
the parent protein, such as the propeptide, provides additional challenges in
identifying the mature peptide region. In some cases, specific bioinformatic
tools have been developed for this purpose, such as SpiderP, which is
specifically designed to detect propeptide regions in spider-toxin precur-
sors.® Thus, it is often necessary to perform complementary MS experiments
to obtain sequence information on mature toxins isolated directly from
venom. Matching of the peptide fragments to their parent precursor proteins
can then be achieved with proprietary MS software such as ABSCIEX
ProteinPilot™ (Paragon algorithm), which also predicts post-translational
modifications of the peptide fragments.

3.5 Summary

Our ancestral fear of snakes, scorpions and spiders is directly linked to their
venomous hature and ability to cause human fatalities. Nevertheless, despite
their lethal potential, the therapeutic value of venoms has also been recog-
nised since ancient times. For example, snake venom has been used in
Ayurvedic medicine since the 7th century BCE to prolong life and treat
arthritis and gastrointestinal ailments, while Chinese traditional medicine
has a long history of using venomous decoctions to treat anything from
opium addiction or arthritis to heart diseases and cancer.>”

The modern era of venoms-based drug discovery began in the 1970s with
the development of the blockbuster antihypertensive drug captopril from an
inhibitor of angiotensin-converting enzyme discovered in the venom of the
Brazilian viper Bothrops jaracaca’ (see Chapter 6 for more details). Subse-
quently, five more venom-derived drugs have been approved by the United
States Food and Drug Administration (FDA), the most recent of which is
Byetta®, a glucagon-like peptide-1 agonist isolated from the saliva of the Gila
monster, which is used for the treatment of type 2 diabetes mellitus.? Despite
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these successes, the traditional approach of venoms-based drug discovery via
activity-guided fractionation has proved highly inefficient. Since there are
likely to be more than 200 000 venomous animals on Earth, each with
a unique venom comprising a minimum of 50-200 peptide toxins, it can be
estimated that more than 10 million venom peptides await evaluation. In this
chapter, we have shown how integration of second-generation sequencing
technologies with state-of-the-art proteomics can greatly accelerate the
discovery of bioactive venom peptides, a strategy known as venomics. We
predict greatly increased use of this integrated discovery strategy over the
next 2-5 years, and especially exciting will be its application to novel and
previously difficult-to-study small venomous species. With the emergence of
third-generation sequencing platforms, which promise improvements in
fidelity and ease of analysis, venomics will become more affordable and
applicable to an even wider range of venomous animals, thus providing an
even greater opportunity to discover therapeutic leads from animal venoms.

References

1. A. L. Harvey, Trends Pharmacol. Sci., 2002, 23, 201-203.
2. G. F. King, Expert Opin. Biol. Ther., 2011, 11, 1469-1484.
3. V. M. Ahrens, K. Bellmann-Sickert and A. G. Beck-Sickinger, Future Med.
Chem., 2012, 4, 1567-1586.
4. S. Yang, Y. Xiao, D. Kang, J. Liu, Y. Li, E. A. Undheim, J. K. Klint, M. Rong,
R. Lai and G. F. King, Proc. Natl. Acad. Sci. U.S.A., 2013, 110, 17534-17539.
5. P. Escoubas, Toxicon, 2006, 47, 609-613.
6. P. Escoubas, B. L. Sollod and G. F. King, Toxicon, 2006, 47, 650-663.
7. P. Escoubas, L. Quinton and G. M. Nicholson, J. Mass Spectrom., 2008, 43,
279-295.
8. J. Davis, A. Jones and R. J. Lewis, Peptides, 2009, 30, 1222-1227.
. D. Biass, S. Dutertre, A. Gerbault, J. L. Menou, R. Offord, P. Favreau and
R. Stocklin, J. Proteomics, 2009, 72, 210-218.
10. T. Nilsson, M. Mann, R. Aebersold, J. R. Yates, 3rd, A. Bairoch and
J. J. Bergeron, Nat. Methods, 2010, 7, 681-685.
11. B. M. Ueberheide, D. Fenyo, P. F. Alewood and B. T. Chait, Proc. Natl.
Acad. Sci. U.S.A., 2009, 106, 6910-6915.
12. B. M. Olivera, G. P. Miljanich, J. Ramachandran and M. E. Adams, Annuw.
Rev. Biochem., 1994, 63, 823-867.
13. J. M. McIntosh, A. D. Santos and B. M. Olivera, Annu. Rev. Biochem., 1999,
68, 59-88.
14. J. M. McIntosh, B. M. Olivera and L. J. Cruz, Methods Enzymol., 1999, 294,
605-624.
15. L. D. Possani, B. Becerril, M. Delepierre and J. Tytgat, Eur. J. Biochem.,
1999, 264, 287-300.
16. R. J. Lewis and M. L. Garcia, Nat. Rev. Drug Discovery, 2003, 2, 790-802.
17. C. J. Armishaw and P. F. Alewood, Curr. Protein Pept. Sci, 2005, 6,
221-240.

Nel



94

18
19
20

21.
22.
23.
24.

25.
26.

27.
28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chapter 3

. A. M. Pimenta and M. E. De Lima, J. Pept. Sci., 2005, 11, 670-676.

. G. Estrada, E. Villegas and G. Corzo, Nat. Prod. Rep., 2007, 24, 145-161.
. P. Escoubas and F. Bosmans, Expert Opin. Drug Discovery, 2007, 2,
823-835.

J. W. Fox and S. M. T. Serrano, Curr. Pharm. Des., 2007, 13, 2927-2934.
P. Escoubas and G. F. King, Expert Rev. Proteomics, 2009, 6, 221-224.

S. Dutertre and R. J. Lewis, J. Biol. Chem., 2010, 285, 13315-13320.

N. J. Saez, S. Senff, J. E. Jensen, S. Y. Er, V. Herzig, L. D. Rash and
G. F. King, Toxins, 2010, 2, 2851-2871.

C. Y. Koh and R. M. Kini, Toxicon, 2012, 59, 497-506.

B. L. Sollod, D. Wilson, O. Zhaxybayeva, J. P. Gogarten, R. Drinkwater and
G. F. King, Peptides, 2005, 26, 131-139.

Y.-H. Rogers and J. C. Venter, Nature, 2005, 437, 326-327.

S. C. Schuster, Nat. Methods, 2008, 5, 16-18.

A. J. Wilhelm, New Biotechnol., 2009, 25, 195-203.

T. P. Niedringhaus, D. Milanova, M. B. Kerby, M. P. Snyder and
A. E. Barron, Anal. Chem., 2011, 83, 4327-4341.

D. H. W. Low, K. Sunagar, E. A. B. Undheim, S. A. Ali, A. C. Alagon,

T. Ruder, T. N. W. Jackson, S. P. Gonzalez, G. F. King, A. Jones,
A. Antunes and B. G. Fry, J. Proteomics, 2013, 89, 95-111.

E. A. B. Undheim, A. Jones, J. W. Holland, K. Clauser, S. S. Pineda, G. F.
King and B. G. Fry, Mol. Biol. Evol., 2014, 31, 2124-2148.

H. Hu, P. Bandyopadhyay, B. Olivera and M. Yandell, BMC Genomics,
2011, 12, 60.

A. Violette, D. Biass, S. Dutertre, D. Koua, D. Piquemal, F. Pierrat,
R. Stocklin and P. Favreau, J. Proteomics, 2012, 75, 5215-5225.

Y. Terrat, D. Biass, S. Dutertre, P. Favreau, M. Remm, R. Stocklin,
D. Piquemal and F. Ducancel, Toxicon, 2012, 59, 34-46.

H. Hu, P. Bandyopadhyay, B. Olivera and M. Yandell, BMC Genomics,
2012, 13, 284.

S. Dutertre, A.-h. Jin, Q. Kaas, A. Jones, P. F. Alewood and R. J. Lewis, Mol
Cell. Proteomics, 2013, 12, 312-329.

T. Ruder, K. Sunagar, E. A. B. Undheim, S. A. Alj, T.-C. Wai, D. H. W. Low,
T. N. W. Jackson, G. F. King, A. Antunes and B. G. Fry, J. Mol. Evol., 2013,
76, 192-204.

M. Rendon-Anaya, L. Delaye, L. D. Possani and A. Herrera-Estrella, PLoS
ONE, 2012, 7, e43331.

D. R. Rokyta, K. P. Wray, A. R. Lemmon, E. M. Lemmon and S. B. Caudle,
Toxicon, 2011, 57, 657-671.

J. Durban, P. Juarez, Y. Angulo, B. Lomonte, M. Flores-Diaz, A. Alape-
Giron, M. Sasa, L. Sanz, ]. Gutierrez, ]J. Dopazo, A. Conesa and
J. Calvete, BMC Genomics, 2011, 12, 259.

J. Durban, A. Perez, L. Sanz, A. Gomez, F. Bonilla, S. Rodriguez,
D. Chacon, M. Sasa, Y. Angulo, J. Gutierrez and ]J. Calvete, BMC
Genomics, 2013, 14, 234.



Venoms-Based Drug Discovery: Proteomic and Transcriptomic Approaches 95

43

44.

45.

46.
47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.
60.

61.

62
63

. E. S. Wong, M. C. Hardy, D. Wood, T. Bailey and G. F. King, PLoS Orne,
2013, 8, €66279.

E. A. Undheim, K. Sunagar, V. Herzig, L. Kely, D. H. Low, T. N. Jackson,
A. Jones, N. Kurniawan, G. F. King, S. A. Ali, A. Antunes, T. Ruder and
B. G. Fry, Toxins, 2013, 5, 2488-2503.

E. S. W. Wong, D. Morgenstern, E. Mofiz, S. Gombert, K. M. Morris,
P. Temple-Smith, M. B. Renfree, C. M. Whittington, G. F. King,
W. C. Warren, A. T. Papenfuss and K. Belov, Mol. Cell. Proteomics, 2012,
11, 1354-1364.

D. Rokyta, K. Wray and M. Margres, BMC Genomics, 2013, 14, 394.

I. M. Francischetti, T. C. Assumpcao, D. Ma, Y. Li, E. C. Vicente, W. Uieda
and J. M. Ribeiro, J. Proteomics, 2013, 82, 288-319.

J. Eng, W. A. Kleinman, L. Singh, G. Singh and J. P. Raufman, J. Biol
Chem., 1992, 267, 7402-7405.

O. Castaneda, V. Sotolongo, A. M. Amor, R. Stocklin, A. J. Anderson,
A. L. Harvey, A. Engstrom, C. Wernstedt and E. Karlsson, Toxicon, 1995,
33, 603-613.

R. H. van den Heuvel, E. van Duijn, H. Mazon, S. A. Synowsky,
K. Lorenzen, C. Versluis, S. J. Brouns, D. Langridge, J. van der Oost,
J. Hoyes and A. ]J. Heck, Anal. Chem., 2006, 78, 7473-7483.

I. A. Kaltashov, C. E. Bobst and R. R. Abzalimov, Protein Sci., 2013, 22,
530-544.

R. M. Caprioli, T. B. Farmer and J. Gile, Anal. Chem., 1997, 69, 4751-4760.
E. A. Undheim, K. Sunagar, B. R. Hamilton, A. Jones, D. J. Venter, B. G. Fry
and G. F. King, J. Proteomics, 2014, 102, 1-10.

G. L. Glish and D. J. Burinsky, J. Am. Soc. Mass Spectrom., 2008, 19,
161-172.

N. Bandeira, K. R. Clauser and P. A. Pevzner, Mol. Cell. Proteomics, 2007,
6, 1123-1134.

B. G. Fry, E. A. Undheim, S. A. Ali, T. N. Jackson, J. Debono, H. Scheib,
T. Ruder, D. Morgenstern, L. Cadwallader, D. Whitehead, R. Nabuurs,
L. van der Weerd, N. Vidal, K. Roelants, I. Hendrikx, S. P. Gonzalez,
I. Koludarov, A. Jones, G. F. King, A. Antunes and K. Sunagar, Mol. Cell.
Proteomics, 2013, 12, 1881-1899.

J. V. Olsen, B. Macek, O. Lange, A. Makarov, S. Horning and M. Mann,
Nat. Methods, 2007, 4, 709-712.

I. Anusiewicz, M. Jasionowski, P. Skurski and J. Simons, J. Phys. Chem. A,
2005, 109, 11332-11337.

M. S. Kim and A. Pandey, Proteomics, 2012, 12, 530-542.

A. Guthals, K. R. Clauser, A. M. Frank and N. Bandeira, J. Proteome Res.,
2013, 12, 2846-2857.

L. Fornelli, J. Parra, R. Hartmer, C. Stoermer, M. Lubeck and Y. O. Tsybin,
Anal. Bioanal. Chem., 2013, 405, 8505-8514.

. M. Takayama, J. Am. Soc. Mass Spectrom., 2001, 12, 1044-1049.

. R. S. Brown and ]. J. Lennon, Anal. Chem., 1995, 67, 3990-3999.



96

64.

65.

66.

67.

68.

69.
70.
71.
72.

73.

74.
75.

76.
77.

78
79

Chapter 3

D. Asakawa, N. Smargiasso, L. Quinton and E. De Pauw, J. Mass Spectrom.,
2013, 48, 352-360.

D. Asakawa and M. Takayama, J. Am. Soc. Mass Spectrom., 2011, 22,
1224-1233.

J. J. Calvete, L. Sanz, Y. Angulo, B. Lomonte and J. M. Gutierrez, FEBS
Lett., 2009, 583, 1736-1743.

M. G. Grabherr, B. J. Haas, M. Yassour, J. Z. Levin, D. A. Thompson,
I. Amit, X. Adiconis, L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen,
E. Mauceli, N. Hacohen, A. Gnirke, N. Rhind, F. di Palma, B. W. Birren,
C. Nusbaum, K. Lindblad-Toh, N. Friedman and A. Regev, Nat.
Biotechnol., 2011, 29, 644-652.

Y. Xie, G. Wu, J. Tang, R. Luo, J. Patterson, S. Liu, W. Huang, G. He, S. Gu,
S. Li, X. Zhou, T. W. Lam, Y. Li, X. Xu, G. K. Wong and ]J. Wang,
Bioinformatics, 2014, 30, 1660-1666.

M. H. Schulz, D. R. Zerbino, M. Vingron and E. Birney, Bioinformatics,
2012, 28, 1086-1092.

S. L. Rusch and D. A. Kendall, Mol. Membr. Biol., 1995, 12, 295-307.

G. Schatz and B. Dobberstein, Science, 1996, 271, 1519-1526.

Q. Kaas, R. Yu, A. H. Jin, S. Dutertre and D. J. Craik, Nucleic Acids Res.,
2012, 40, D325-D330.

M. A. Larkin, G. Blackshields, N. P. Brown, R. Chenna, P. A. McGettigan,
H. McWilliam, F. Valentin, I. M. Wallace, A. Wilm, R. Lopez,
J. D. Thompson, T. J. Gibson and D. G. Higgins, Bioinformatics, 2007,
23, 2947-2948.

R. C. Edgar, Nucleic Acids Res., 2004, 32, 1792-1797.

V. Lavergne, S. Dutertre, A. H. Jin, R. J. Lewis, R. J. Taft and P. F. Alewood,
BMC Genomics, 2013, 14, 708.

S. R. Eddy, Bioinformatics, 1998, 14, 755-763.

J. D. Bendtsen, H. Nielsen, G. von Heijne and S. Brunak, J. Mol. Biol.,
2004, 340, 783-795.

. G. F. King, Aust. Biochem., 2013, 44, 13-15.

. D. W. Cushman and M. A. Ondetti, Hypertension, 1991, 17, 589-592.



CHAPTER 4

Venoms-Based Drug Discovery:
Bioassays, Electrophysiology,
High-Throughput Screens

and Target Identification

IRINA VETTERa’b, WAYNE C. HODGSON¢, DAVID ]J. ADAMSd,
AND PETER MCcINTYRE*¢

aSchool of Pharmacy, The University of Queensland, St Lucia 4072, Australia;
PInstitute for Molecular Bioscience, The University of Queensland, St Lucia
4072, Australia; “Department of Pharmacology, Monash University,

Clayton 3168, Australia; dHealth Innovations Research Institute and

School of Medical Sciences, RMIT University, Bundoora 3083, Australia
*E-mail: peter.mcintyre@rmit.edu.au

4.1 Introduction

Venoms are complex mixtures of active components, ranging from simple
organic molecules to polymeric molecules such as acylpolyamines and protein
toxins. The effects of envenomation can be manifold, and understanding the
role of specific components may be obscured by this complexity. Therefore,
venom components must be fractionated, and possibly concentrated, before
their activities can be properly characterised. Physical fractionation of venom
components is a labour-intensive activity. Alternatively, protein components
can be isolated by molecular cloning from the mRNA of the venom gland,
which offers a sensitive method to isolate pure protein components, if suitable
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methods of expression that faithfully recapitulate native synthesis can be
identified. Neither approach is high-throughput, so identifying venom
components takes considerable time and effort. Despite this restriction,
convenient and useful screening technologies and assays are available to
identify and characterise molecules with novel biological activities, once iso-
lated. Such methods are used in modern drug discovery and involve automated
procedures and information-rich readouts from cellular assay systems.

In general, the likely biological effects and molecular targets of venom
components will be deduced from the effects of envenomation on whole
animals or experimental exposure in tissue-based assay systems. In some
cases, the molecular mechanism will remain a mystery. Initial methods for
fractionating and characterising venoms often used in vivo assays on exper-
imental animals or tissues isolated from them. Nowadays, fractionation
procedures are more likely to be monitored by functional assays in cellular
and cell-free systems, and are a fast and efficient way to identify the protein
targets of venom toxins. Alternatively, physical methods can be used,
including mass spectrometry, protein sequencing, nuclear magnetic reso-
nance (NMR) and other biophysical approaches. The approach taken to
screen venom components using cellular assays depends on the functional
role of the venom components.

In this chapter, we will describe in vivo methods of assaying venoms and
venom components, and then describe approaches that use more defined
assay systems. Many venom components activate or inhibit ion channels or
cellular signalling components. These components range from agonists or
antagonists of ion channels (e.g. voltage-gated calcium, sodium and potas-
sium channels) or signalling receptors (e.g. acetylcholine, histamine,
5-hydroxytryptamine and kinin receptors), to protein toxins and hydrolytic
enzymes. As such, they are a rich source of potential drugs.

A range of assay technologies is in place to isolate and characterise venom
components. The first step is to isolate a single component, either physically
by purification or genetically by molecular cloning. The second step is to
develop an assay with which to measure the activity of the component of
interest. This assay step can be broadly divided into binding assays and
functional assays, although molecular homology can provide clues to an
unknown function of an uncharacterised molecule. Binding assays identify
distinct molecular interactions, but do not tell us about the ability of the
interaction to activate or inhibit the target protein’s biological function,
whereas functional assays tell us about agonism and antagonism. Conse-
quently, functional assays are of more value in early stages of drug discovery,
so we will concentrate on them in this review.

4.2 Isolation of Venom Components

Venom characterisation traditionally used electrophoresis or liquid
chromatography of crude venom to separate and isolate individual
venom components." Components of interest are identified by functional
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or immunological assay and isolated by column chromatography and
other techniques of classical biochemical purification. These methods
are best suited to identifying proteinaceous components larger than
10 kDa.

Peptides and non-protein venom constituents are more difficult to isolate
and identify, and are usually purified using liquid chromatography. A well-
known example of this is the bradykinin potentiating peptides (BPP), which
are isolated from snake venom and were precursors of the blockbuster
antihypertensive drug captopril, an angiotensin-converting enzyme (ACE)
inhibitor.?

Non-proteinaceous substances, such as lipid metabolites, are not well
detected by the usual ultraviolet (UV) absorbance methods used to
monitor chromatographic columns, so they are less well studied and
characterised.

Another means of isolating and purifying venom proteins is by molecular
cloning. The mRNA that encodes venom proteins and their precursors can
be isolated from venom glands and efficiently made into representative
cDNA libraries of all of the venom components. These components can
be isolated as single clones encoding full-length proteins and used to
synthesise the venom precursor proteins in bacterial or eukaryotic
expression systems. Applying these proteomic, mass spectrometric and
transcriptomic methods to help identify toxins from scorpion venom has
been reviewed® (also see Chapter 3).

What is not so straightforward is recapitulating the wide range of post-
translational modifications (PTMs) that can modify the original precursor
peptide to produce functional toxins. PTMs can include disulfide bond
formation (often in complex patterns), lipid and/or carbohydrate conjuga-
tion, proteolytic cleavage, C-terminal amidation, and hydroxylation of
prolines. Toxins can also contain more exotic PTMs, such as L-to-D epi-
merisation of an amino acid, carboxylation of glutamate, hydroxylation of
valine and lysine, bromination of tryptophan, cyclisation of an N-terminal
glutamine to pyroglutamate, and sulfation of tyrosine.* The functional
integrity of the mature proteins can depend entirely on making sure these
modifications are made correctly.

Despite these caveats, many toxin proteins have been identified by
molecular cloning, expressed and purified from such expression
systems, and then shown to be active in functional assay (see below). In
some cases, it is not possible to make toxins by recombinant DNA
approaches and peptide synthesis is the method of choice for produc-
tion. In particular, conotoxins are more amenable to peptide synthesis. A
good example of this is w-conotoxin MVIIA, a venom peptide from the
marine cone snail Conus magus, which has been successfully synthesised
at sufficient scale to enable its registration as the drug Prialt®,
a treatment for refractory chronic pain (see ref. 5 and Chapter 12 for
excellent reviews of the issues surrounding chemical synthesis of venom
peptides).
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4.3 Assay of Venom Components

There is no single assay with which to characterise all venom components,
because there are many different functions and targets they may affect.
Rather, there are several general approaches that may be adapted to
screening for particular functional effects. A number of cellular expression
systems are suitable for expressing isolated, cloned receptors, ion channels
or enzyme targets so the effects of venom components can be closely
examined. These include Xenopus laevis oocytes, yeast, baculovirus-infected
insect cells and mammalian cell lines that either do not have differentiated
characteristics (e.g. HEK293 cells) or do have differentiated characteristics of
specialised cells, like the neuronal receptors in SH-SY5Y neuroblastoma
cells. Many venom proteins are rich in disulfide bonds and other PTMs,
making it difficult to accurately synthesise the mature protein so that it is
identical to the native protein. The expression system or chemical synthetic
scheme used to make the protein must be highly optimised to obtain
structural fidelity. As an example, many conotoxins from marine snails have
up to three disulfide bonds that must form in a complex pattern that is
essential for correct biological function. Apart from the pattern of these
bonds, these conotoxins share few distinct features.®

4.4 Biological Systems: Tissues, Primary and
Immortalised Cells

Cell surface receptors and ion channels are important drug targets, since
they are the means by which cells sense their environments and are ‘sensory
gateways to signalling’ for cells. Therefore, developing assays suitable for
characterising these targets is a major activity in the discovery of new phar-
maceutical agents. Intracellular targets, such as enzymes, may also be targets
and must be analysed with specific assays to measure their activity.

In addition to native tissues, venoms that target receptors and ion chan-
nels can be assayed in cell types that endogenously express the target of
interest. For example, painful or analgesic venom components with an
unknown mechanism of action can be screened in cellular assays using
cultured primary sensory neurons from the dorsal root ganglion or trigem-
inal ganglion of rats or mice.” These cells are a heterogeneous population
containing a subset of pain-sensing neurons. Alternatively, immortalised
neuronal cell lines are a more homogeneous cell system that may express
targets of interest. For example, the human neuroblastoma cell line SH-SY5Y
expresses a range of human receptors and ion channels, such as voltage-
gated sodium channels, and so have been used for screening compounds
that act at these targets.® The problem with this approach is that the cells
used may not express the target of interest or have the intracellular signalling
mechanisms necessary for a response that resembles that seen in vivo.
Another potential caveat is that such cells may express more than one
potential target, which could confound the interpretation of results.
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Figure 4.1 Approaches to venom component identification.

Assays that use cultured native cells from heterogeneous populations must
be performed using a method that enables identification and analysis of cells
with appropriate responses. Therefore, methods that sample single cells,
such as microscopy or electrophysiology, must be used.

Another common approach is to develop assays using cloned ion channels
expressed in mammalian cells, such as HEK293 or Chinese hamster ovary
(CHO) cells, Xenopus oocytes, or other heterologous expression systems.
These cells are then assayed using either electrophysiological techniques or
fluorometric assays based on ion-selective or membrane potential-sensitive
dyes (discussed further below). Figure 4.1 outlines a simple schema of
approaches to isolating and identifying venom components.

4.5 Bioassay

A bioassay of venoms and venom components on animals or tissues is
a powerful way to detect complex, integrated biological responses—some-
thing that is considered in detail later in this chapter—and analyse frac-
tionated venom components. A bioassay is a rather specialised technique
that is difficult to perform in parallel, so it is limited to examining relatively
small sample numbers. Early in vivo studies of venom actions focused on
determining the pharmacological and physiological effects of venoms and
venom components after they were administered to animals. However, due to
the difference in expression, function and structure of pharmacological
targets between the natural prey of venomous animals and mammals,
delineating pharmacological activity using in vivo bioassays has some
pitfalls. For example, intraperitoneal injection of several peptides from Conus
geographus elicited no overt behavioural or physiological changes in mice.
However, when administered by intracerebroventricular injection, a shaking
phenotype was observed, which led to the discovery that conotoxin GVIA is
a highly selective Ca,2.2 antagonist.”** Despite the significant insight in vivo
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or ex vivo bioassays can provide, these approaches also suffer from ethical
limitations and are poorly suited to high-throughput identification of
venom components with specific action at selected therapeutic targets.
Therefore, to accelerate drug discovery efforts, high-throughput approaches
are increasingly being applied to isolate bioactive components from venoms.

Historically, in vitro and in vivo pharmacological techniques have played
a vital role in the delineation of the mechanism of action of a wide range of
animal venoms and toxins. However, technological advances have meant
that more rapid and sensitive approaches to ‘screen’ toxins with potential to
be drug leads are now available. Consequently, traditional techniques in
drug discovery have become less popular. Nevertheless, the amount of
information that can be gained from a well-designed organ bath or whole-
animal experiment should not be underestimated. Indeed, in many cases,
‘proof of function’ cannot be determined or confirmed without such exper-
iments. Using electrically stimulated preparations enables the examination
of venoms/toxins with processes crucial for transmitter release, as well as
binding of the transmitter at the effector tissue. Non-electrically stimulated
preparations give valuable insight into the ability of venoms/toxins to
contract or relax a variety of tissues that are key targets of important toxin
classes. These include skeletal muscle, vascular smooth muscle, cardiac
muscle and gastrointestinal smooth muscle.

Interpretation of data from in vitro and in vivo experiments is facilitated by:

« well-defined receptor populations and knowledge of the associated
second messenger pathways

o availability and use of appropriate selective receptor antagonists/
inhibitors

« inclusion of ‘positive’ and ‘negative’ controls to confirm the efficacy and
selectivity of receptor antagonists/inhibitors.

4.5.1 Skeletal Muscle Preparations

Many animal venoms contain potent neurotoxins that have evolved to inhibit
nerve-muscle transmission at the skeletal neuromuscular junction. This aids
in the capture of prey by paralysing skeletal muscles involved in respiration
and movement. Isolated skeletal muscle preparations have been instru-
mental in providing insight into the mode of action of these important
venom components and examining the efficacy of antivenoms against these
toxins. In particular, rat (or mouse) phrenic-nerve diaphragm,* toad rectus
abdominis and chick biventer cervicis nerve-muscle'* preparations have
been highly valuable tools used in the pharmacological characterisation of
snake venom neurotoxins.

The main difference between these preparations is the nature of the
innervation of the skeletal muscle fibres. The avian preparation contains
focally and multiply-innervated muscle fibres, while the mammalian and
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amphibian preparations contain only focally-innervated and multiply-
innervated muscle fibres, respectively. Electrical stimulation of focally-
innervated muscle fibres induces a transient twitch response due to the
coordinated release of acetylcholine from the nerve terminal. Multiply-
innervated fibres mediate a more prolonged contracture in response to
exogenous nicotinic acetylcholine receptor (nAChR) agonists, such as
carbachol, acetylcholine or suxamethonium.*® In both mammalian and avian
preparations, the competitive nAChR antagonist tubocurarine abolishes the
effects of indirect twitches, confirming motor nerve stimulation. Impor-
tantly, the presence of both types of muscle fibres in the avian preparation
enables identification of the site of action of neurotoxins as either post- or
pre-synaptic. However, when testing crude venoms, the presence of presyn-
aptically acting toxins is difficult to confirm because the more rapidly acting
post-synaptic neurotoxins mask their activity.

The potency of venom neurotoxins can be compared using either
mammalian or avian preparations by determining the time taken to inhibit
indirect twitches by a defined amount. Historically, 50% and 90% inhibition
have been regularly used as convenient ‘end points’ to determine ts, or toq
values, respectively. The magnitude of these values depend on the kinetics of
toxin-receptor binding and, as such, often result in a rank order of ‘potency’
for venoms/toxins that differs from that obtained by murine LDs, studies. In
contrast, murine LD;, studies indicate a concentration of venom/toxin lethal
to 50% of the treated animals, but do not give any information on the time
course of action of the venom/toxin apart from the fact that the animal is
dead within the defined period of the study. LDs, studies are normally used
for studying whole venoms. As the ‘lethality’ of venoms is likely to be due to
the presence of multiple toxin types, this test provides little or no informa-
tion on the level of toxicity associated with each toxin type in the venom.

Schild plot analysis can be used to determine the pA, value of an antago-
nist. This method depends on the competitive nature of the interaction
between receptor and ligand. However, a depression of the maximum tissue
response often occurs as a result of the pseudo-irreversible antagonism
displayed by most of these neurotoxins. Hence, the pA, value of these toxins
cannot be calculated using Schild plot analysis. The modified Lew-Angus
method offers an alternative method for obtaining a reasonable estimate of
the pA, value.'®” The pseudo-irreversible nature of many of these toxins
highlights the necessity to exercise caution when referring to them as ‘curare-
mimetic toxins’."®

The inhibitory effects of post-synaptic toxins (e.g. a-neurotoxins) on the
electrically evoked twitches of a skeletal muscle preparation are normally
characterised by a gradual decline in twitch height that starts shortly after the
toxin/venom is added. In contrast, a lag period is often observed in in vitro
skeletal muscle experiments after a presynaptic neurotoxin (e.g
B-neurotoxin) is added, before a characteristic triphasic effect on twitch
height. In vitro, the rate of neurotoxicity onset depends on the bathing
medium temperature and nerve stimulation frequency. Lowering both
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parameters delays neurotoxicity onset.'® The triphasic effect is characterised
by an initial decrease in twitch height followed by a transient increase in
twitch height, then complete twitch inhibition. However, this effect is often
only unmasked in a low Ca®" or high Mg>" bathing solution.?® It has been
reported that different species have different nerve-muscle preparation
sensitivity to presynaptic neurotoxins.*»** The mouse phrenic-nerve dia-
phragm is more sensitive to paradoxin, taipoxin, textilotoxin and notexin
than the chick biventer cervicis nerve-muscle preparation.”® However, the
chick biventer cervicis is more sensitive to crotoxin and B-bungarotoxin than
the mouse phrenic nerve preparation.*

Skeletal muscle preparations were also instrumental in the discovery of
dendrotoxins, which are widely used to examine K' channel function.*
Unlike the neurotoxins described above, dendrotoxins potentiate indirect
twitches in these preparations, an activity that was discovered when studying
the effects of venom from the Eastern green mamba snake (Dendroaspis
angusticeps).>>>*

4.5.2 Smooth Muscle Preparations

4.5.2.1 Guinea Pig Ileum/Rabbit Jejunum

Guinea pig ileum and rabbit jejunum are gastrointestinal smooth muscle
preparations with a broad range of receptors that aid the study of venoms/
toxins. These include histaminergic, serotonergic and cholinergic receptors.
The guinea pig preparation is quiescent, unless electrically stimulated. In
contrast, the rabbit jejunum displays regular rhythmic spontaneous
contractions. Both preparations contract to a range of autacoids/neuro-
transmitters, or compounds that activate these receptors. Identification of
BPPs and development of therapeutically useful ACE inhibitors® owes
much to the observation that contractile responses to bradykinin were
potentiated in the presence of venom from the South American pit viper
Bothrops jararaca.>*® BPPs have been identified in a range of snake
venoms>**® and scorpion venoms,****> using gastrointestinal smooth muscle
as a bioassay.

4.5.2.2 Vas Deferens and Prostate

The vas deferens is an excellent preparation for in vitro examination of the
interaction between venoms/toxins and the sympathetic nervous system.
Contractions induced by electrical stimulation of the sympathetic nerve
fibres are mediated by noradrenaline and ATP release. ATP is responsible for
the rapid phase of the contraction, while noradrenaline produces a slower
contractile effect.’**

Cone snail (Conus spp.) venom peptides have been shown to act at a diverse
range of molecular targets, and they have been investigated for their thera-
peutic potential for a variety of diseases and chronic conditions.*®
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Experiments using the rat vas deferens were instrumental in identifying the
activities of p-TIA from C. tulipa venom and y-Mr1A from C. marmoreus
venom. Interestingly, these peptides had opposing effects on the second
phase (i.e. the noradrenaline-mediated component) of the contractile
response to electrical stimulation of the prostatic segment of the vas defer-
ens. p-TIA caused a concentration-dependent inhibition of the contractile
response, whereas y-MrlA caused a concentration-dependent increase of
the same phase.’” This led to the discovery of cone snail peptides that
are selective, non-competitive inhibitors of the noradrenaline transporter
(i.e. x-Mr1A) and a4-adrenoceptor (i.e. p-TIA).

Recently, venom from the Eastern green mamba was shown to contain two
novel peptides (p-Dala and p-Da1b) that have similar sequences to musca-
rinic toxins and act against adrenoceptors.>® p-Dala concentration-depen-
dently reduced phenylephrine-induced rabbit isolated prostatic tissue tone
and was identified as a non-competitive antagonist of the a,,-adrenoceptors.
The authors proposed that p-Dala could be used to treat benign prostatic
hyperplasia given its selectivity (i.e. uroselective), lack of side effects
compared with currently available drugs and mode of action.*® The cardio-
vascular effects of the novel compound were examined in the anaesthetised
rat preparation (see below).

4.5.3 Isolated Blood Vessels

Isolated blood vessels (e.g. rat aorta and mesenteric artery) are excellent
preparations for examining venoms/toxins that contract or relax vascular
smooth muscle, and the interaction of venoms/toxins with adrenoceptors.
These vascular effects can be caused by a direct action on the underlying
smooth muscle, involving the release of contracting or relaxing factors from
the endothelial cells that line the lumen of these vessels or a combination of
both actions. When required, the endothelium can be denuded and
the presence or absence of endothelial cells confirmed by the ability of
acetylcholine, or another endothelium-dependent vasodilator, to induce
relaxation of pre-contracted tissues.

This technique has been used to identify natriuretic peptides in the
venoms of a number of animals, including the Eastern green mamba,*® the
inland taipan (Oxyuranus microlepidotus®), the platypus (Ornithorhynchus
anatinus*') and, interestingly, the lace monitor (Varanus varius), a venomous
lizard.*” The potential for these peptides to be used as drug leads continues
to be explored.””*

The effects of cone snail toxins have also been widely examined in
a variety of blood vessel preparations. Wang et al. examined the ability of
synthetic w-conotoxin analogues to prevent electrically evoked noradrena-
line release of superfused segments of rat tail artery to determine their
selectivity for Cay2.2 voltage-gated calcium channels.** The pharmacology of
w-conotoxins, and many other cone snail peptides, is now well
established.”
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4.5.4 Anaesthetised Whole Animals

The use of whole animals enables the effects of venoms/toxins on a number
of parameters to be simultaneously determined under more physiological
conditions than using in vitro techniques. The rat is the most common
species used for these experiments, although historically other species,
including dogs, rabbits, cats and pigs, have been used. Depending on the
recording apparatus used and cannulae placement (e.g. carotid artery,
femoral artery, jugular vein or trachea), the researcher can monitor systemic
blood pressure, heart rate and respiratory rate, and obtain an electrocar-
diogram recording. Blood and urine samples can also be collected for further
biochemical analysis. However, identifying baroreceptor ‘reflex’ effects or
their contribution to venom/toxin activity is difficult to assess, because these
may be blunted by anaesthesia.

The activity of the natriuretic peptide PNP isolated from the venom of
the Iranian viper (Pseudocerastes persicus) was confirmed in the anaes-
thetised rat preparation by measuring the peptide’s effects on blood
pressure, diuresis and sodium excretion.*® To help identify drugs with the
potential to lower high blood pressure, spontaneously hypertensive rats
(SHR) can be used instead of normotensive animals. This approach has
been used successfully to examine the hypotensive effects of BPPs.*”*®
Venomous marine animals (e.g. stonefish, lionfish, soldierfish and jelly-
fish), which often have profound effects on the blood pressure of enve-
nomed humans, have also been extensively examined in the anaesthetised
rat preparation.**->

4.6 Isolated Cell Studies of Venom Components

Observations using whole animal or organ studies highlighted that toxins
and venom components can profoundly affect cell excitability, including
resting membrane potential, membrane receptors and ionic channels, and
second messenger signalling. Consequently, studies began to assess venom
and venom component effects at the single cell level. The electrophysio-
logical techniques developed by Cole** and Marmont,* and refined by
Hodgkin and Huxley,*® rapidly found application in the study of the effects
of venom on the giant squid axon®*®* and neurons from other animal
species soon after.**** These electrophysiological recording techniques
provide real-time information on neuronal transmission rather than
measuring static end points. Therefore, they are a true continuous bioassay
of signalling events.

Accordingly, electrophysiological studies have given significant insight
into the pharmacological mechanisms of venoms and venom components,
and enabled detailed characterisation of the effects of venoms on cell
membrane potential, action potential threshold, ionic conductance and ion
channel gating.
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4.6.1 Electrophysiological Recording Techniques

The electrical activity of cells can be monitored through either an extracel-
lular recording electrode placed outside the cell membrane (extracellular
recording) or a sharp glass microelectrode that penetrates the cell membrane
(intracellular recoding).

Extracellular recordings provide information on the electrical activity of
cells and changes in rates of activity. Single-unit recording through extra-
cellular glass electrodes measures the potentials generated by extracellular
current and can be used to monitor the discharge activity, but not
subthreshold events, of a single neuron.

Intracellular recordings enable measurement of, and control over, the
transmembrane voltage or membrane potential. Membrane potentials
can be measured either under current-clamp conditions, where changes
in membrane potential and input resistance are measured, or voltage-
clamp conditions, where the current flowing through the intracellular
electrode is measured when the membrane potential is held at a fixed
value. Accordingly, intracellular recording techniques have become the
methods of choice for assessing the effects of toxins and venom
components on membrane potential and conductances. In particular,
data from intracellular recordings can give valuable information about
the mechanism of action of toxins on excitable cells. For example,
recordings under current-clamp conditions showed that Pacific cigua-
toxin-1 (P-CTX-1) depolarised the membrane of rat sensory neurons and
induced spontaneous action potential firing (Figure 4.2). Figure 4.3 shows
representative data for the effect of P-CTX-1 on the voltage-dependence of
activation of tetrodotoxin (TTX)-sensitive (Figure 4.3A) and TTX-resistant
voltage-gated sodium channels recorded under voltage-clamp conditions
(Figure 4.3B).*

4.6.1.1 Intracellular Microelectrode Recordings

Early studies using intracellular recordings were performed with small wire
electrodes that impaled the relatively large squid axon.>*®® The advent of
pulled-glass microelectrodes® enabled the voltage-clamp technique to be
applied to smaller cells. These sharp intracellular electrodes are typically thin
glass pipettes, filled with an electrolyte solution such as KCIl, which can
penetrate cell membranes. The fine tip of these intracellular recording
microelectrodes leads to relatively higher resistance and generally a higher
level of noise and non-linearities.”* In addition, the seal between sharp
intracellular electrodes and the membrane is generally poor, giving rise to
leak currents and recording artefacts.®® However, sharp intracellular micro-
electrodes allow recording with minimal effects on the ionic concentrations
of the cytoplasm and allow signalling to be assessed while the cell remains in
its normal relationship with neighbouring cells, without the need for
enzymatic dissociation.
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Figure 4.2 Effect of P-CTX-1 on resting membrane potential and action potential
firing in DRG neurons. (A) Application of 1 nM P-CTX-1 (black arrow)
caused depolarisation of the membrane potential recorded in current-
clamp mode by ~10 mV on average. (B) P-CTX-1 causes spontaneous
action potential firing in cultured DRG neurons. Upper panel:
membrane depolarisation induced by P-CTX-1 (1 nM) rapidly leads to
a series of action potentials. Detail expanded in lower panel: P-CTX-1
(1 nM) induced membrane oscillations, which were frequently
followed by action potentials. Figure adapted from Vetter et al.®>
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Voltage (mV)

Effect of P-CTX-1 on the voltage-conduction relationship of TTX-
sensitive and TTX-resistant Nay currents. (A) TTX-sensitive:
representative current traces for TTX-sensitive Nay currents recorded
from large-diameter (42.9 + 1.4 pm) mouse DRG neurons. Upper
panel: voltage protocol. Lower panels: current traces before (pre) and
after (post) perfusion with 1 nM P-CTX-1. P-CTX-1 shifted the voltage-
dependence of activation of TTX-sensitive Nay channels to more
negative potentials and induced significant channel activation at —60
mV. (B) TTX-resistant: representative recording of current traces
recorded from ND7/23 cells heterologously expressing Na,1.8. Upper
panel: voltage protocol. Lower panels: current traces before (pre) and
after (post) perfusion with 1 nM P-CTX-1. P-CTX-1 also elicited a 10
mV hyperpolarising shift of the voltage dependence of activation of
Na,1.8. Scale bars represent 1 ms and 1 nA. Figure adapted from
Vetter et al.*
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Two-electrode voltage clamping remains essential for recording from large
cells, such as Xenopus oocytes. This technique has been used for studying the
effects of toxins and venom peptides on a range of targets, including nAChRs;
voltage-gated sodium (Nay), calcium (Cay) and potassium (K,) channel
subtypes; acid-sensing ion channels (ASIC); and transient receptor potential
(TRP) channels.®*"*

4.6.1.2 Microelectrode Current-Clamp Technique

The single-microelectrode bridge technique has been used for the electro-
physiological investigation of many neuronal preparations, primarily
because most mammalian neurons are too small and inaccessible to allow
penetration by two independent, membrane potential recording and current
injection microelectrodes. Engel et al.” presented a theoretical treatment
analysing the possible errors in resistance measurements introduced by the
use of single microelectrode bridge technique. A major problem is the spatial
inhomogeneity of the injected current and membrane potential in the
neighbourhood of the impalement. Although Jack et al” found only
approximately 0.2% of the membrane area is subject to this error, even this
small fraction led to an incorrect adjustment of the bridge circuit and
consequential errors in measurements of membrane resistance and
threshold levels for action potential generation.

Recordings from small cells require high-resistance glass microelectrodes.
These electrodes are prone to large changes in resistance when passing large
currents, and the bridge circuit needs to be carefully and frequently
balanced. The discontinuous current clamp rapidly switches between
membrane potential sampling and current passing modes to alleviate this
problem.” Accurate measurement of membrane properties is possible with
the discontinuous current clamp, provided that the membrane time constant
is longer than the microelectrode time constant.

Intracellular microelectrode recording allows selective labelling of indi-
vidual neurons from which electrical recordings have been made. The
injection of intracellular dye (e.g. Lucifer Yellow, Cascade Blue) or enzyme
(e.g- horseradish peroxidase) is particularly useful to probe structure-func-
tion relationships, such as neuronal morphology or cell-cell coupling of
functionally characterised neurons. For example, this combined approach
has been used to examine the correlation between the electrophysiological
properties and neuropeptide content of mammalian autonomic neurons.””®

4.6.1.3 Microelectrode Voltage-Clamp Technique

The voltage-clamp technique, introduced to determine the ionic conduc-
tances underlying the action potential in squid axon,” is a powerful tool for
the investigation of electric current flow across cell membranes. It directly
measures membrane current, which in turn allows membrane ionic
conductances and permeabilities to be determined. Voltage clamping of
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neurons via intracellular microelectrodes has to overcome the problem of
spatial inhomogeneity inherent in a non-spherical shape.” Neurons with an
extensive dendritic arborisation are unlikely to be ‘space’ clamped, which
may lead to quantitative errors and even propagated action potentials.
Responses evoked adjacent to the location of the microelectrodes can, in
principle, be adequately space clamped. Few studies, however, have directly
tested this supposition.

Until the 1980s, voltage clamping was achieved using two microelectrodes:
a membrane-potential-sensing electrode and a current-passing microelec-
trode. This limited the technique’s application in small (<20 pm) mamma-
lian central and peripheral neurons. The problems of access and cell size
were reduced with the design of the single-electrode voltage clamp.” The
principles of operation and application of this variant of the voltage-clamp
technique have been described in detail.®

4.6.1.4 Patch-Clamp Technique

Developed in 1976 by Neher and Sakman®' and further refined in 1980 by
Sigworth and Neher,® the patch-clamp technique was designed to use
a single electrode rather than two intracellular electrodes to voltage clamp
mammalian cells. In this technique, the tip of a fire-polished glass micro-
pipette (tip diameter <3 pm) is pressed against a ‘naked’ cell membrane.
Suction applied to the pipette helps form a high resistance seal (typically
>1 GQ) between the pipette rim and membrane, which electrically isolates a cell-
attached patch and permits currents flowing through single ionic channels to
be recorded.®® The high resistance ‘gigaseal’ permits voltage clamping with the
same electrode and low noise recordings.®® Single-channel currents as small as
0.5 pA can be resolved in the membrane under the electrode.

There are several procedures that permit recording from whole-cell or cell-
free membrane patches after a gigaseal seal is formed.** The whole-cell
recording configuration, in which the cell membrane is ruptured to allow
access to the intracellular compartment, enables intracellular recordings in
a similar manner to conventional sharp microelectrodes, except with the
advantage of lower access resistance. This approach can be used to investi-
gate the macroscopic response of the functional complement of ion channels
in a cell. Most of the high-throughput electrophysiology platforms described
later in this chapter use a version of this approach, the planar patch
configuration, so recordings can be made in high throughput by automating
whole-cell configuration on chips with a micro-structured aperture or
opening. In these instruments, the cell is positioned over the opening using
suction and the whole-cell configuration is achieved by applying further
suction/voltage protocols.

The whole-cell recording configuration is of particular value in investi-
gating the properties of very small cells (<20 pm diameter), which are not
readily accessible to conventional microelectrode techniques. It allows rapid
temporal and improved spatial voltage-clamp control of the cell and is better
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suited to the study of fast voltage-gated Na* and K' conductances in excitable
cells than microelectrode techniques. The whole-cell configuration has been
applied to electrophysiological studies of mammalian neurons; however, the
need for a ‘clean’ membrane has restricted studies to acutely dissociated or
cultured neurons. Sources of errors in patch-clamp measurements can arise
from uncompensated liquid junction potentials and, in small cells whose
input resistance (R;,) is in the order of the seal resistance, a significant
fraction of the recorded current can actually flow through the seal resistance.
Procedures for estimating junction potentials and analysing the effects of
series and seal resistances on membrane current and reversal potential
measurements have been described.®>¢

A disadvantage of patch clamping is its technically challenging nature and
the high level of expertise required to use it. The relatively wide tip opening
can also lead to the pipette electrolyte solution diffusing into the cell, causing
cell dialysis. Consequently, cellular mechanisms that require a diffusible
intracellular second messenger or endogenous Ca>" buffering mechanisms
are impaired.*”

To preserve intracellular regulatory systems and reduce ‘rundown’ or loss
of membrane currents through cell dialysis, the perforated patch whole-cell
recording configuration is an alternative to obtain electrical access to the
cell.®® Here, the membrane is perforated chemically to give electrical access,
but restrict dialysis. Patch pipette tips are briefly dipped into the normal
pipette solution and then back filled with a solution that also contains either
a polyene antibiotic, nystatin or amphotericin-B. After the gigaseal forms
between the recording pipette and cell membrane, a low-resistance pathway
develops as the antibiotic diffuses into the cell membrane and forms pores
that are selective for small monovalent ions. This typically takes 5-10 min
and is indicated by the appearance of a slow capacitative transient and
decrease in series resistance (Rs). However, Ry is usually three times more
than that achieved by rupturing the membrane, which limits the method to
currents that are neither too large in size nor too fast in kinetics. Due to
incomplete access to the intracellular compartment, the perforated patch
technique suffers from increased access resistance and recording noise.
Perforated patch recordings of voltage-dependent Ca*" currents and Ca*'-
dependent currents are routinely stable for >1 h, and the method can be
combined with simultaneous measurements of intracellular [Ca*>'] through
membrane-permeant, fluorescent indicator dyes.

4.6.1.5 Single Cell Electrophysiological Recordings to Assess the
Effect of Toxins on Excitable Cells

Many venoms have evolved to target membrane receptors (e.g. nAChRs and
G-protein-coupled receptors [GPCRs]), ion channels (e.g. voltage-gated ion
channels such as Nay, Cay and K,), transporters (e.g. noradrenaline trans-
porter) and enzymes (e.g. neuronal nitric oxide synthase) involved in cellular
signalling and neuronal excitability.?>*”#°! Electrophysiological recordings
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have been instrumental in determining the varied pharmacological effects of
toxins and venom components on cellular function, and have provided
fundamental insight into ion channel structure and function. For example,
nAChRs were isolated by virtue of high affinity binding of «-bungarotoxin
from snake venom,*>* whereas the pore region of the K" channel was first
defined through electrophysiological characterisation of mutants with
altered binding of charybdotoxin from scorpion venom.’*°* Similarly,
binding of Tityus gamma toxin and TTX to Nay channels revealed a TTX-
binding site associated with the selectivity filter, and a toxin-binding site
associated with the gating component of the Nay channel.®*

In recent years, electrophysiological studies of toxin-mediated effects have
provided insight into the pharmacology of other membrane receptors and
ion channels, such as the ryanodine receptor and TRP vanilloid 1 channel
(TRPV1).7%97%8 Vanillotoxins VaTx1, 2 and 3, and the double knot toxin DkTx
from the venom of the Trinidad chevron tarantula (Psalmopoeus cambridgei)
and Chinese bird spider (Haplopelma schmidti) have been reported to interact
with TRPV1 channels.”®” Interestingly, DkTx caused persistent TRPV1 acti-
vation by trapping the ion channel in the open state via association with the
pore-region of the channel. This suggests the pore-forming domain has
a critical role in TRP channel gating.”"*’

In combination with molecular biology approaches that allow specific ion
channel isoform expression, electrophysiological recording techniques have
also provided unique insight into the mechanism of action of toxins and the
at times exquisite subtype selectivity of venom-derived ion channel modu-
lators. For example, the ribbon form (Cys'-Cys®, Cys®>-Cys® disulfide frame-
work) of a-conotoxin AulB showed stoichiometry-dependent preference for
234 nAChR inhibition, with inhibition abolished when the «3 and (4
subunits were expressed in a ratio of 1 : 10.%°

Electrophysiological recordings from cells heterologously expressing Nay,
Cay and Kv channel isoforms have also confirmed the high selectivity of
venom peptides and toxins for specific ion channel subtypes. For example,
ProTx-II from the venom of the green velvet tarantula (Thrixopelma pruriens)
has attracted attention due to its potency at Na,1.7, a subtype of the Nay
channel that is expressed preferentially in pain-sensing primary sensory
neurons and has become an attractive analgesic target because of its loss-of-
function mutations that confer congenital insensitivity to pain.'*>'** Simi-
larly, the scorpion venom peptide margatoxin was recognised early as
a selective K,1.3 channel inhibitor, and w-conotoxins, such as CVID, are
highly selective for Ca,2.2 channels over other Cay channel subtypes.'*>'*

4.6.2 High-Throughput Electrophysiology Assays

Ion channels permeable to calcium, sodium and potassium ions are
important targets for many venom-derived compounds due to their prom-
inent role in essential physiological processes such as neuronal signalling
and muscle contractility. Given the crucial functional roles of ion channels, it
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is not surprising that many venomous animals have evolved peptides that
target ion channels with remarkable selectivity and potency. Such venom
peptides have contributed significantly to our understanding of the
structure, function and pharmacology of a range of ion channels.

Electrophysiological measurement of potential difference or current flow
across biological membranes is the benchmark method for studying ion
channel characteristics. However, these methods need an operator with
a high level of technical expertise, who studies one cell at a time. They do not
permit substantial throughput because it is not possible to test many
samples simultaneously.

The two approaches that are most commonly used for heterologous
expression of cloned ion channels involve either gene transfection into small
cells grown in tissue culture or injection of genetic material (cDNA or cRNA)
into larger cells. The standard large cells used for cloned ¢cDNA or RNA
expression are the oocytes of the African frog Xenopus laevis.

The problem of manual operation and only recording from one cell at
a time has been somewhat lessened by parallel screening approaches using
RNA expression in X. laevis oocytes or by using mammalian cells that stably
or transiently express the ion channel of interest. These developments have
also greatly enhanced the usefulness of these methods. In addition,
commercially available automated electrophysiology platforms, such as the
OpusXpress (Axon Instruments) and Robocyte/HiClamp (MultiChannel
Systems GmbH) for oocyte recording, and PatchXpress (Axon Instruments),
Patchliner (Nanion Technologies GmbH), IonWorks Barracuda and Quattro
(Molecular Devices), QPatch (Sophion) and Flyscreen 8500 (Flyion GmbH) for
isolated cell recording, have increased throughput.'®'®” However, most
systems still cannot rival plate-based, high-throughput screening assays. The
advantages of these automated electrophysiology platforms, which can assay
eight, 16 or more cells in parallel, have often come at the expense of assay
flexibility and significant cost. In addition, the need for robust, high-quality
cells with stable expression of the ion channel of interest and ideal patch-
clamping characteristics (such as membrane seal and stability) remains.**

4.6.2.1 Automated Electrophysiology Platforms

The OpusXpress (Axon Instruments) was the first system developed to make
high-throughput electrophysiology recordings to aid study of membrane
receptors and ion channels expressed in Xenopus oocytes. The OpusXpress
workstation is a two-electrode voltage-clamp system in which voltage control,
data acquisition, fluid delivery and real-time analysis are automated. These
functions are performed in parallel, enabling a single operator to simulta-
neously record from up to eight oocytes. Use of the OpusXpress for high-
throughput screening of toxins and drugs has been described in detail.®
The TonWorks Barracuda and IonWorks Quattro (Molecular Devices) are
automated planar-array electrophysiology systems based on 384-well Patch-
Plates.'®'* Both of these platforms are capable of population patch clamp,
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which can help mitigate data consistency problems that arise as a result of
between-cell variability in the ion channel expression level, seal formation
and cell viability."'*'** However, as a result of their high-throughput capa-
bilities, these systems suffer from decreased assay flexibility with respect to
the addition protocols of test compounds and their ability to accurately
control voltage and compensate for technical artefacts.'*>**

Compared with the IonWorks Barracuda and Quattro, the PatchXpress
7000A and Patchliner have only moderate throughput, using a SealChip;, and
NPC-16 planar electrode, respectively, to establish gigaohm seals. These plat-
forms feature rapid, automated fluid exchange, enabling parallel recordings
from ligand-gated and voltage-gated ion channels with sophisticated control
over voltage and pulse protocols.’®'* ' Therefore, the PatchXpress and
Patchliner are well suited for detailed pharmacological and biophysical
characterisation of venom components that are active at ion channels."°

The QPatch series (Sophion) is based on multi-channel planar electrodes
that enable recordings from 8-48 cells in parallel."*>****** The latest member
of the family, the Qube, significantly increases throughput, with 384 parallel
measurement sites. Like the lonWorks Barracuda and Quattro, both single-
and multi-hole (population) recordings are possible with the Qube. It also
features gigaohm seals and sophisticated integrated fluidics that enable
rapid fluid exchange, and produces high-quality recordings from voltage-
gated and ligand-gated ion channels.'® In addition, a glass-coated micro-
fluidics channel has been incorporated into the Qube, reducing the inad-
vertent loss of compounds, and ICs, values obtained using this technology
are generally in good agreement with literature values obtained using
conventional electrophysiology.'*!'?>-12”

The Flyscreen 8500 (Flylon) uses ‘flip-the-tip’ technology, an adaption of
traditional electrophysiology in which suction pulses applied to a cell inside
a glass pipette result in true whole-cell configuration, gigaohm seals and
resultant high-quality electrophysiology data.'®>'*® This platform is fully
automated and requires comparatively low volumes of compound. However,
with only six electrodes, throughput is low,'*® making the FlyScreen partic-
ularly suited to pharmacological characterisation of venom components in
limited supply.

4.6.2.2 Challenges with Electrophysiology Assays

Electrophysiological assays of venoms and venom components remain
crucial for detailed characterisation of the pharmacology and mechanism of
action of venom peptides, as they undoubtedly provide the highest quality
data and highest information content relating to ion channel function.
Together with high temporal resolution, these assays can provide informa-
tion on the state-dependency of ion channel modulation, which is increas-
ingly recognised as important.'*>'**''> However, these assays are not usually
well suited for the high-throughput primary identification and isolation of
novel ion channel modulators from venoms.
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The introduction of automated electrophysiology platforms has provided
significant advances, enabling detailed electrophysiological characterisation
in moderate or high-throughput format. However, major challenges relating
to ion channel expression levels and cell quality remain. Notably, cell
confluence, passage number, cell background, harvesting techniques and
general cell handling can influence the seal formation, patch success and
data quality.'*>'* Overall, relatively modest improvements in throughput
have often been achieved at the expense of assay flexibility, data quality and
information content. Therefore, the aim of developing high-throughput
electrophysiology assays suitable for large-scale venom and venom compo-
nent screening has not yet been realised. Nonetheless, electrophysiological
techniques remain indispensable for detailed pharmacological character-
isation, including mode of action and subtype selectivity studies, as well as
secondary or safety screening of bioactive compounds isolated from venoms.

4.6.3 Biochemical Signalling

Venom components can be assayed effectively in a variety of biochemical
assays that measure cell signalling molecules, such as intracellular calcium,
inositol trisphosphate and cyclic AMP.

These assays systematically isolate and/or characterise bioactive molecules
from the complex mixture of peptides, proteins and small molecules in
venoms, and require at least high assay sensitivity, accuracy, robustness and
reproducibility, reflected by a high Z' score.'® These types of assays can be
performed in multiwell plates with high throughput if necessary. The ability
to easily adapt them to 96-, 384- or even 1536-well format enables minia-
turisation, which is a significant advantage if crude venom material is in
limited supply. Thus, biochemical signalling assays performed in high-
throughput format may permit more detailed characterisation of venoms
from small cone snails, spiders, centipedes, ticks and scorpions, which often
only provide microgram amounts of venom from a single milking or
dissection, and have not been extensively studied using more traditional ex
vivo or in vivo approaches.

Multiwell-plate-based assays have the advantage of enabling multiple assay
points per condition, allowing pharmacological characteristics, such as
concentrations, which enable half-maximal inhibition or activation of
a receptor to be determined with more confidence.

Plate-based screening assays are of great use in this type of analysis,
particularly if the primary target of the venom component is known. In
parallel with the ever-increasing number of receptors, ligand- and voltage-
gated ion channels, enzymes and transporters targeted by venoms and
venom components, the repertoire of plate-based assays used to define
pharmacological activity now expands on more traditional approaches, such
as electrophysiological recordings and radioligand binding studies. In recent
years, in addition to absorbance/fluorescence-based assays and enzyme-
linked immunosorbent assays (ELISA), label-free technologies and assays
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based on the detection of bioluminescence, fluorescence polarisation, fluo-
rescence-resonance energy transfer (FRET), bioluminescence resonance
energy transfer (BRET) and scintillation proximity have become available and
are increasingly used for pharmacological characterisation and assay-guided
isolation of bioactive venom components.

In the following sections, we discuss the advantages and disadvantages of
some of these techniques in the context of venoms-based drug discovery
programs.

4.6.3.1 Binding Assays

Binding assays are designed to detect the interaction of a compound with
receptors, enzymes, transporters and biological targets of interest by dis-
placing a ligand incorporating a fluorescent or radioactive label. Importantly,
binding assays can be performed on tissues, whole cells or recombinantly
expressed protein, so they are very versatile. These assays are generally per-
formed in moderate- to high-throughput plate-based formats and are rela-
tively low cost. However, additional safety precautions and specialised
training are needed to handle radioligands.

The major disadvantage with binding assays is that a labelled ligand will
only be displaced if the test compound either binds to the same or an
allosterically linked site."">***'3' Given the large number of binding sites
that have been described for a range of receptors and ion channels targeted
by toxins and venom components (e.g. six defined toxin binding sites on
Nay channels), this predisposes binding assays to a particularly high rate of
false negatives. For example, the spider venom peptide ProTx-I, a Nayl1.7
inhibitor, couldn’t displace radiolabelled batrachotoxin at Nay1.7 heterol-
ogously expressed in HEK293 cells.*®” In addition, while labelled ligands are
generally assumed to be structurally identical to their unlabelled analogues,
this may not necessarily be the case, especially in the case of large fluo-
rescent tags, and any structural differences could introduce additional
erTors.

Since binding studies only detect the physical interaction of ligands with
the target, they cannot provide information on the pharmacological nature of
such interactions, or distinguish between agonists and antagonists."*>%3!
Similarly, high-affinity binding does not always translate to high-functional
affinity. Therefore, while binding assays can be used in ‘pull-down’ assays
to isolate an unknown pharmacological target of toxins and venom
peptides,™® functional assays have been increasingly used for pharmaco-
logical characterisation in recent years.

4.6.3.2 Fluorescence-Based Assays

Many ion channels are permeable to ions that can be visualised with specific
fluorescent dyes, such as Fura2 and Fluo3 for calcium, or sodium green and
SBFI for sodium. Fluorescent dyes are also available to measure chloride and
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potassium. Alternatively, membrane depolarisation can be measured with
oxonol- or carbocyanin-based membrane potential-sensitive dyes. Membrane
potential dyes are suitable to detect the activity of any receptor or ion channel
that leads to a change in membrane voltage. However, these dyes tend to be
prone to fluorescence artefacts and generally have a poorer signal-to-noise-
ratio than fluorescence assays assessing accumulation of Ca*' ions
(Figure 4.4).

All of these dyes are available from Molecular Probes Ltd., along with
detailed technical literature on their use. Assays based on these dyes may be
performed using a suitable fluorescence microscope or in multiwell-plate-
based systems, which rely on detecting fluorescence with photomultipliers,
cameras or flow cytometers.

Based on their capability to measure fluorescence from 96 or more wells
simultaneously, platforms such as the FLIPR™™* (Molecular Devices), Cell
Lux (Perkin Elmer) and FDSS 6000 (Hamamatsu) enable true high-
throughput analysis of venoms and venom components. They have also been
used in recent years for the discovery, isolation and characterisation of
bioactive peptides from snakes, spiders and cone snails.'?* 3¢

Due to the ubiquitous nature of the Ca®" signal, the large Ca*" gradient
across cell membranes and superior spectrophotometric properties of Ca*"
dyes,*” high-throughput Ca®assays are particularly attractive for isolating,
identifying and characterising venom components with activity at a range of
voltage- and ligand-gated ion channels (e.g. TRP channels and nAChRs) and
GPCRs. Ca®" flux assays provide kinetic rather than simple end-point infor-
mation and often permit detection of agonists and antagonists in the same
assay. Such functional information can also provide important insight into
the molecular identity of the primary pharmacological target of the venom
component, if it is unknown.

However, lack of activity in these assays does not necessarily imply lack of
biological activity per se. Interesting pharmacological effects that might have
been detected using ex vivo or in vivo assays can easily be missed using
bioassays assessing specific signalling pathways. In addition, non-specific or
off-target effects may be erroneously interpreted as activity at the pharma-
cological target of interest. For example, venom components that per-
meabilise cell membranes, affect membrane integrity or lead to pore
formation can lead to Ca®>* signals that may be misinterpreted as Ca*>" influx
through specific ion channels (Figure 4.5).

Similarly, while it is possible to screen whole crude venom, non-specific
effects from salts, small molecules or neurotransmitters found in crude
venom may elicit false positive responses or obscure activity at the target of
interest. Therefore, separating these venom components, for example using
reversed-phase high-performance liquid chromatography (HPLC), is often
needed before screening, as discussed above. While some fluorescence
assays can tolerate small amounts of organic solvents, such as methanol and
acetonitrile, from these purification steps, most of the time these need to be
removed before bioactivity testing.



119

Venoms-Based Drug Discovery

‘(¥¢d-61 s[[om ‘onjq) sasuodsal [01U0D 0)
paredwod (€D ‘8d ‘cTd ‘69 ‘TTV ‘TV S[[om 89 ‘uaa1d) spunodwod [e1aads 3m juaredde o1om sasuodsal pajerpawi-¢ TAeN
Jo uoniqmyul ‘(6Td ‘9TH ‘cd ‘TTD ‘07D ‘6TV ‘8IV ‘OV S[[om 59 {MO[[aA) s1oejalle UonIppe pajdid spunoduwiod Jo raqunu
931e] v ‘sopndad wousa pue swouda snotrea Jo sayedrdar of3uls Juasardal §I-TV S[[OM ‘dulplnieraa 3ursn sasuodsar ¢ 14eN
Jo uonenwns Aq pamo[[oj ‘syuauodiiod WOUA pUEB SWOUA JO UORIPPE [eNIUL Jo 3UnSISU0d ‘pasn sem [000joid UOnIppe
-oM} V g TAeN duissardxa A[snodo[o193oy S[[90 OHD UI Passasse alom sadueyd [enuslod sUBIqUISW PIdNPUI-SUIPIIIEISA

uo sepndad wousa pue sWOUA JO 399JJ2 YL ‘Aesse [enuajod sueiqudw paseq-yYdrid IndySnory-ySig e jo sidurexqy F'F InJLy

< | 0| O0O| 0| W|Ww o| X

S




Chapter 4

120

Ky1anoe
ondjouerquiawr yim apndad oTuoned Ieaul] B ‘BTSD-UTXOITUII-IN M Pa3o)ap sem (ggd [[om ‘pa1) asuodsar aanisod astej
V *(vzd-61 s[[om ‘anjq) sasuodsal [o13uod 03 paredwiod paaasqo sem sasuodsal SINAUL JO Uoniqyul ou 3ng ‘osuodsal uonippe
Uue PajIdI spunodwiod Jo Jaquunu e 3ey3 230N ‘sopndod wouaa pue swouaa snotrea Jo sayedsrjdar apdurs Juasaidar 1-TV S[[oM
‘SINdY.L Jo uonenuns Aq pamofoj 9siy pappe spunoduwiod 1591 a1m {020301d uUonNIppe-om] B UISN Passasse sem sasuodsal
28D PIIRIPOW-CNGUL U0 s9pndad Wousa pue SWOUsA JO 30959 YL ‘Aesse , BD paseq-ddITd mndysnoiyi-ysry e jo spdurexy

[l 4 OH—.-.Mmr.“—

355015
nnh5554 58
IR
SRCIAnE

< @ 0 o w uw o T

50330404 G
A

SEEEIALERN

dEIEIEICICIEIR

-
™~
[=]
™~
[=2]
-
w0
-
I~
-
w0
-
w
-
bt

-
[

-

™~
-

LEAEEALALE

2




Venoms-Based Drug Discovery 121

The additional handling steps arising from lyophilisation and subsequent
reconstitution of venom fractions in suitable assay buffers eliminate some of
the inherent advantages of plate-based assays, in particular the ability to
screen very large numbers of venom components. Nonetheless, fluorescence-
based assays provide some of the highest throughput approaches to venoms-
based drug discovery, and they can be adapted to a wide range of pharma-
cological targets. In combination with transcriptomic approaches, which
eliminate the need for time-consuming and resource-intensive sequencing
analysis, high-throughput screening could vastly accelerate the discovery of
venom components with activity at defined pharmacological targets.

4.6.3.3 Immunoassays

ELISAs are end-point assays based on antibody-mediated detection of
biochemical signalling molecules, including peptides, proteins, neuro-
transmitters and hormones, in multiwell plate format. In contrast to fluo-
rescence-based assays, which provide real-time kinetic information and
typically assess changes in fluorescence that occur over seconds or minutes,
immunoassays quantify a single concentration, require many washing steps
and typically take many hours to complete.

Immunoassays have, for example, been used to: quantify the antiviral
activity of scorpion venom peptides against the replication-competent HIV-1
virus;"*® assess o2P1 integrin inhibition by the snake venom protein
EMS16;"* and assess the effect of honey bee venom on interferon produc-
tion.'*® Where venom components provoke an immune reaction in people or
experimental animals, serum may be used in immunoassays to detect the
immunogenic molecule in fractionated venoms, particularly snake
venoms.'"' However, such approaches may not be suitable to smaller,
peptidic venom components, such as conopeptides or conotoxins, which are
often not immunogenic. Nonetheless, antibody-based assays have also been
developed to quantify specific conotoxins, for example MVIIA,*** as an
alternative to HPLC-mediated quantification.

In summary, robust, accurate, sensitive and specific assays that can readily
and reliably identify bioactives are essential for successful screening of
venoms. Ideally, such assays should be high throughput, amenable to min-
iaturisation, and able to detect biological activity in crude or fractionated
venoms. While no single assay can capture all of these characteristics,
a range of assay systems has been adapted to isolate and characterise venom-
derived peptides and proteins to aid development of novel drugs from the
arsenal of exquisitely selective and potent bioactive molecules in animal
venoms.
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5.1 Introduction

Snakes elicit both fascination and disgust in humans, which is mainly due to
their unusual serpentine movement, spine-tingling hissing or rattling, and
deadly venoms. Since early Greek civilization, the rod of Asclepius and the
caduceus—variations of a snake wrapped around a staff—have been used as
symbols of medicine or medical professions. Although their origins are
unrelated to the pharmaceuticals that have been—and will be—produced
from reptile venoms, these symbols are apropos in that they highlight
a growing connection between reptiles and human medicine.

Reptile venoms are sources for many different families of toxic proteins
and peptides, some of which have been developed into research tools,
diagnostics and/or pharmaceutical therapies. The venom from one snake
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may contain a large variety of differently acting protein toxins, which, at
times, exert synergistic effects on target prey. The high specificity of indi-
vidual toxins makes them ideally suited for examination as, or development
into, human therapeutics. However, only a small number of snake venom
toxins have been thoroughly characterized and evaluated for their thera-
peutic potential. Thus, we have hardly scratched the surface and are a long
way from realizing the tremendous potential inherent to these toxins.
Furthermore, the venoms of many snake (>65%) and most lizard (>95%)
species have not been even rudimentarily characterized.

In the past, most research focused on venoms from reptile species that had
significant impacts on human health. Anti-venom research, for example, has
understandably focused on those species that cause the largest numbers of
human deaths. Further in-depth research has isolated and characterized
specific toxins and/or enzymes from such potentially harmful reptiles
(mainly elapid and viperid snakes, as well as helodermatid lizards). Thus,
a large number of “harmless” snakes (including species from the decidedly
polyphyletic taxa Colubridae) and most non-helodermatid lizards have been
largely ignored because their venom components are less harmful, or
because these species do not readily come into conflict with humans due to
their behavior or remote location.

Due to advances in technology and our ability to characterize small
amounts of protein toxins, there has been a recent barrage of newly
described reptile toxins. A number of concurrent discoveries have helped
to clarify the vastness of the potential pool of reptile toxins. First, some
recently described toxins belong to entirely new toxin families," indicating
a wider diversity of types of toxins than previously known. Second, anal-
yses of venoms and venom gland transcriptomes of “non-venomous”
snakes belonging to the polyphyletic Colubridae family (currently split into
four families®) have shown the presence of unusual toxins.“** Third,
venomous secretions from non-colubroid snakes® and lizards®” have been
discovered, indicating an even wider array of species with potentially
interesting toxins. Overall, the incredible number of toxins and toxin
families (Table 5.1) within species in conjunction with the large number of
toxin-secreting taxa evolving independently over millions of years equates
to a vast library of chemically and pharmacologically diverse toxins. This
cornucopia of toxins, in turn, provides a diverse array of potential
pharmaceutical leads.

The majority of pharmaceuticals developed from reptile venoms have been
used to treat diseases or conditions relating to blood circulation (Table 5.2),
particularly conditions such as high blood pressure and blood coagulo-
pathies. However, many of the toxins currently being studied may offer
treatment for a variety of other physiological systems and conditions,
including anti-virals and analgesics.

Other venomous taxa, such as marine cone snails, spiders and scorpions,
also have vast and diverse arrays of interesting toxins and toxin families that
are useful for prey capture (see Chapters 6-8). However, these venoms have
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Table 5.1 A listing of some of the major toxin families
currently known from reptile venoms.

Toxin Family Abbreviation
Acetylcholinesterases AChE
AVIT proteins AVIT
Bradykinin potentiating peptides BPP
Celestoxin -
Cholecystoxins -
Cobra venom factors CVF
Crotamine (B-defensin) -
Cystatins -
Cysteine-rich secretory proteins (helveprins) CRISP
Epididymal secretory proteins -
Exendins -
Factor V-like proteins FV
Goannatyrotoxins -
Helofensins -
Hyaluronidases -
Inflamins -
L-amino acid oxidases LAAO
Natriuretic peptides NP
Nerve growth factors NGF
Phosphodiesterases PDE
Phospholipases A, PLA,
Phospholipases B PLB
Renin aspartate proteases -
Ribonucleases -
Sarafotoxins SFTx
Serine proteases SP
Factor Xa-like FXa
Kallikrein-related -
Serine protease inhibitors (kunitz) -
Snake C-type lectin-like proteins Snaclec
Snake venom metalloproteinases SVMP
Three-finger toxins 3FTx
Vascular endothelial growth factors VEGF

Veficolins
Vespryns
Waglerin
Waprins

evolved, in most cases, to target invertebrates and lower vertebrates. In
contrast, the majority of snake species have evolved as predators of verte-
brates, including mammals. Thus, snake venoms may contain a myriad of
toxins that have evolved to specifically affect the physiological systems of
vertebrates. In turn, this makes snake and other reptile venoms ideal for
development as platforms for pharmaceuticals directed toward one mammal
in particular: Homo sapiens.
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5.2 Anti-Hypertensive Agents

One of the most common reactions to snake bites is the immediate fear of
envenomation and death. While such fear may be associated with a variety of
psychological consequences such as nausea, vomiting and syncope® it is
interesting to note that venomous snakes have evolved to possess specific
venom proteins that dramatically lower the blood pressure of their victims.**
These proteins include the bradykinin-potentiating peptides (BPP), natriuretic
peptides (NP), and blockers of L-type (Cay1) voltage-gated calcium channels.

5.2.1 Bradykinin-Potentiating Peptides

Bradykinin is a proteolytic product of plasma kininogen with potent vaso-
dilatory effects. This important molecule was identified through the study of
envenomation by the South American pit viper Bothrops jararaca. It was
shown that bradykinin exhibits strong hypotensive effects, and the “brady-
kinin-potentiating factors” from B. jararaca venom were found to enhance
such effects." This initial discovery led to the realization of the complex
kallikrein-kinin system, as well as the development of captopril, one of the
most successful examples of a venom-derived therapeutic.*

The development of captopril dates back to 1965, when the “bradykinin-
potentiating factors” were first identified in the venom of B. jararaca.” These
factors were subsequently identified to be peptides capable of potentiating
the hypotensive activity of endogenous bradykinin molecules as well as
inhibiting a zinc metalloproteinase known as angiotensin-converting
enzyme (ACE). ACE converts the endogenous angiotensin I peptide into
angiotensin II, thereby achieving a reduction in systemic blood pressure.'*'*
The history on the chemistry and development of the initial bradykinin-
potentiating peptides into one of the earliest venom-derived therapeutics has
been extensively reviewed.'>'*?° Essentially, a pentapeptide from B. jararaca
venom was identified as the lead molecule for developing an anti-hyperten-
sive drug.* The minimal stable pharmacophoric element of the lead peptide
was subsequently determined to be the Phe-Ala-Pro tripeptide motif
(Figure 5.1F), which led to the D-2-methyl succinyl-i-proline analogue of the
Ala-Pro dipeptide (Figure 5.1A).”* This designed synthetic analogue was
termed captopril, and it is capable of potently reducing blood pressure in
humans. Captopril and several subsequent analogues such as enalapril
(Figure 5.1B), lisinopril (Figure 5.1C), perindopril (Figure 5.1D), and ramipril
(Figure 5.1E) were sequentially introduced into the market, playing distinct
treatment roles in hypertension®>** (Figure 5.1). The discovery and develop-
ment of captopril from snake venom provided the impetus to search for novel
toxins for developing a broad range of novel therapeutics.**

The identification of bradykinin, and subsequently BPP, demonstrated
that valuable pharmacologically active leads can be isolated from the
plethora of peptides and proteins present in the venom of a single snake
species. Although the first BPP was isolated half a century ago, novel analogs



Chapter 5

136
A) B) Q
OH CH, OH 0 OH
H,C j*c' 0 I\ H,C

H H
D) E) ! F)
OH OH OH
Hic\l/ko 0

H,c\(ko 0

H,C NH NH O NH
\/IO j NH,
J e

H,C

Figure 5.1 ACE inhibiting drugs developed based on the structure of a toxin
isolated from snake venom. (A) captopril; (B) enalapril; (C) lisinopril;
(D) perindopril; (E) ramipril; (F) Phe-Ala-Pro (FAP), the minimal
stable pharmacophore of the bradykinin-potentiating pentapeptide
isolated from the venom of Bothrops jararaca.”*

are being identified from the same venom. For example, a recently identified
decameric BPP analog was shown to interact with a novel functional target in
the kidney, argininosuccinate synthetase, which is important for regulating
blood pressure on a novel pathway.>

5.2.2 Natriuretic Peptides

NPs are cardio-protective hormones that are released from myocardial cells
in response to stretching of the myocardium.>® They play an important role in
modulating blood pressure.”” Since identification of the first NP isolated
from rat atrial tissue,”” NPs have been isolated from various tissues. The
mammalian NPs include atrial natriuretic peptide (ANP),*® B-type natriuretic
peptide (BNP) isolated from porcine brain homogenate,* C-type natriuretic
peptide (CNP) from porcine brain,*® and urodilatin isolated from human
urine.* Since NPs exhibit diverse effects on the cardiovascular system by not
just enhancing the sodium and fluid excretion (natriuresis and diuresis) but
also via vasorelaxation and inhibition of the renin-angiotensin system, this
group of peptides has stimulated much research.
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Structurally, all known NPs have a highly conserved 17-residue ring-like
structure formed by a critical disulfide bridge between two intrachain
cysteine residues.* Among the 17 residues found in this loop, over half are
highly conserved across the various classes of NPs identified from various
species. ANPs and BNPs have N- and C-terminal extensions beyond the
conserved loop, while CNPs have only an N-terminal extension. These
extensions are well conserved between members of each class.** The
C-terminal extensions, in particular, influence receptor selectivity and hence
the biological activity of the NPs, as sequential deletion of C-terminal
residues reduces biological activity.**

Two variants of human ANP, anaritide and carperitide, as well as the
recombinant form of human BNP, nesiritide, have been examined exten-
sively in clinical trials.**** While all three products have been registered in
a limited number of countries for the treatment of acute decompensated
heart failure,*® there have been concerns about the efficacy and the potential
adverse effects of these therapeutics on renal function and increased
mortality associated with the use of NPs.**"** It was therefore recommended
that further clinical studies be performed to examine the implications of NP
usage on patient survival.*

In addition to the mammalian NPs; NPs from reptile venoms are also of
immense research interest, particularly because not only do they have greater
stability compared to mammalian homologs, but some of them also have
greater potency.* The first reptilian NP was isolated from the venom of the
Eastern green mamba (Dendroaspis angusticeps), and was termed Dendroaspis
natriuretic peptide (DNP).** Subsequently, reptilian NPs were purified from
the venoms of Pseudocerastes persicus,* Oxyuranus microlepidotus,*® Crotalus
durissus cascavella (=C. d. terrificus),"” Micrurus corallinus,*® Bungarus flavi-
ceps,*® and Agkistrodon halys blomhoffii (=Gloydius blomhoffii blomhoffii).>
Recently, NPs have also been identified in the venom glands of the Mexican
beaded lizard (Heloderma horridum).”>*

Venom-derived NPs were found to exhibit in vivo functions that are
similar to mammalian NPs. In view of their hypotensive potency and
resistance to renal endopeptidase degradation,®* venom NPs such as DNP
are interesting leads for the development of novel therapeutic agents. As
such, chimeric peptides aimed at optimizing the functional and physical
attributes of venom NPs have been designed. These include vasonatrin,
which comprises a CNP molecule with an attached C-terminal tail of
ANP,* as well as CD-NP, a fusion of CNP with the 15-residue C-terminal
tail of DNP.>* CD-NP, in particular, is currently being investigated exten-
sively for treatment of acute decompensated heart failure as well as acute
myocardial infarction. Unlike the parent NP molecules, CD-NP affects
natriuresis and diuresis, while having a renal protective effect by
preserving renal blood flow and filtration rate.*>** Through careful protein
engineering, the venom-derived DNP has contributed to the design of
a chimeric peptide that bypasses the adverse effects of both its progenitor
molecules.
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5.2.3 L-Type Ca>* Channel Blocker

In addition to BPPs and NPs, another class of venom-derived protein that can
influence blood pressure is peptides that specifically target L-type voltage-
gated calcium (Cay1) channels without affecting other Cay channel subtypes.
Cay channels are critical for mediating a multitude of physiological processes
such as muscle contraction and neurotransmitter release.

Cayl channel blockers that were isolated and identified from snake
venoms include calciseptine and FS2 toxin isolated from the venom of the
black mamba (Dendroaspis polylepis polylepis),**>” C1,S,C, isolated from the
venom of the eastern green mamba (Dendroaspis angusticeps),”® and S4C8
isolated from the venom of the eastern Jameson’s mamba (Dendroaspis
Jjamesoni kaimosae).” Similar to classical Cayl channel blockers such as
dihydropyridine and nifedipine, calciseptine exhibits tissue-specific inhibi-
tion of Cayl channels, with specific and complete inhibition of calcium
channels in the cardiovascular system, partial inhibition of neuronal calcium
channels, and no activity against skeletal muscle tissue.*® In fact, calciseptine
and FS2 toxin were suggested to be even more potent in inducing sustained
hypotension than nifedipine.*®

These Cayl channel blockers belong to the family of three-finger toxins
(3FTxs).** This family of non-enzymatic proteins is characterized by the three
finger-like B-stranded loops held together by a central core interlaced by four
conserved intramolecular disulfide bridges. While 3FTxs as a whole may
present with diverse functions, ranging from neurotoxicity to ion channel
blocking activity or even cytolysis, it is well established that the finger-like
loops serve as conformational scaffolds for presenting bioactive motifs for
interaction with their target receptors.® Using “proline bracket theory” (which
theorizes that proline residues are frequently observed on the flanks of
bioactive motifs involved in protein-protein recognition and interaction®?),
Kini et al. predicted that the Cay1 channel-binding motif of calciseptine would
be located between Pro42 and Pro47.** A synthetic 8-mer peptide, r-calchin,
was designed based on this prediction, and the peptide exhibited a similar
dose-dependent and voltage-independent inhibition of Cayl channels.*
Although venom-derived Cay1 channel blockers were eventually not pursued
as therapeutic leads due to similarity in mechanisms of action to established
chemical drugs, the route of discovery and design of 1-calchin demonstrated
that it is feasible to develop venom toxins into potential therapeutic agents, as
further illustrated by the many other examples in this chapter.

5.3 Antiplatelet Agents

Thrombocytes, or platelets, are found circulating in the bloodstream.
Although these small discoid bodies are not true cells and lack a cell nucleus,
they contain many receptors and molecules that are important in executing
their principal task of initiating platelet aggregation, which complements
blood coagulation and prevents excessive blood loss from vascular injuries.
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The response of platelets to vascular damage is divided into three phases.
The first phase involves the adhesion of the resting platelet to multiple
ligands and factors of the subendothelial layer—including collagen, von
Willebrand factor (vWF) and fibronectin—through multiple receptors such
as glycoprotein Ib-IX and integrin asB; present on platelet surfaces. This
initial interaction between the exposed subendothelial matrices and the
platelet receptors triggers the platelet to release a panel of soluble agonists,
including collagen, thrombin, thromboxane A,, and ADP, which together
initiate the active recruitment of more platelets to begin the platelet aggre-
gation process. Platelet aggregation then occurs via the interaction between
the platelet integrin receptor aygPs; and fibrinogen to form the platelet
thrombus needed to plug the gaping vessel wall. This initial platelet plug also
triggers the subsequent activation of the blood coagulation cascade.®® As
platelets are involved in the critical role of hemostasis, it is understandable
that any deviation from this well-regulated pathway can result in either
excessive bleeding or thrombogenic vascular diseases.

Both inducers and inhibitors of platelet aggregation have been identified
from the venoms of reptiles. In particular, snake venoms have been shown
to possess a wide array of toxin molecules that can affect platelet aggre-
gation. Some of these have been extensively reviewed.®® Venom-derived
platelet aggregation inducers include toxins with enzymatic activities such
as serine proteinases and PLA,s as well as non-enzymatic toxins such as
lectins and other factors that interact with plasma factors to initiate
platelet activation. There is an even more impressive array of venom-
derived platelet aggregation inhibitors comprising numerous toxins puri-
fied from multiple species. These inhibitors can be categorized into the
following six classes: (1) non-enzymatic toxin Class I—antagonists of
glycoprotein IIb/Illa complex (aysPs integrin); (2) non-enzymatic toxin
Class II—antagonists of vWF receptor glycoprotein Ib; (3) non-enzymatic
toxin Class III—antagonists of the collagen-platelet interaction; (4) non-
enzymatic toxin Class IV—antagonists of thrombin-thrombin receptor; (5)
non-enzymatic toxin Class V; and (6) enzymatic toxin inhibitors.®® The most
well-studied group is the non-enzymatic toxin Class I, named disintegrins,
which antagonize the interaction between fibrinogen and its platelet
integrin receptor aypfs;. These low molecular weight proteins were first
discovered from the venoms of vipers in the late 1980s and were shown to
be potent inhibitors of platelet aggregation.®” Since then, over 50 different
disintegrins have been purified from snake venoms,*® and they are classi-
fied into three functional groups according to their integrin selectivity and
their bioactive tripeptide motifs.®® They have an Arg-Gly-Asp (RGD) tri-
peptide motif on a loop structure and interfere in the final common step of
platelet aggregation in which the integrin aypp; receptor binds to the RGD
motif present on target proteins such as fibrinogen, fibronectin, vitronectin
and vWF.” It was subsequently shown that the neighboring residues and
the consequent “microenvironment” around the RGD motif do influence
the binding affinity.”%”> Disintegrins isolated from snake venoms were
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Figure 5.2 Schematic of the integrin family and corresponding tripeptide motif
inhibitors. Snake venom disintegrins are potent antagonists of
integrins, which are heterodimers with an - and a B-subunit. The RGD
tripeptide represents the most common bioactive motif on the integrin-
binding loop of the disintegrin molecule, and it is specific towards
ampPs, owBs, and asB; integrins. Substitution of the crucial tripeptide
motif within the disintegrin molecule’s binding loop results in
a change of binding specificity to the remaining integrin heterodimeric
receptors. The permutation of the 18 a-subunits and 8 B-subunits
known to date readily generates at least 24 possible heterodimeric
combinations. Adapted from Calvete et al.”” and Riiegg et al.”

among the first described RGD-containing exogenous inhibitors of platelet
aggregation.

In some disintegrins, although not so common, the RGD tripeptide is
replaced by several distinct tripeptide motifs, including KGD, MLD, WGD,
VGD, ECD, MGD, RTS, or KTS.”>7° Depending on the active tripeptide motif, the
various disintegrins can interact with specific subtypes of integrin receptors,
thereby inhibiting the corresponding biological activity (Figure 5.2). Although
most disintegrins in snake venoms are monomers, some are found as homo- or
heterodimers.”””® Except for two disintegrin molecules that bear the KGD tri-
peptide motif, all disintegrin molecules that target the oyP; integrin bear the
RGD tripeptide motif.*® Inspired by the potency of disintegrins, a series of
inhibitors of platelet aggregation were designed, eventually giving rise to two
ayePs3 inhibitors approved for use as antiplatelet drugs in humans.®

Although the RGD motif is critical for binding and inhibiting the activity
of the integrin aygP; receptor, the generic RGD motif can potentially
interact with other integrin receptors (Figure 5.2), leading to undesirable
side effects.®* Therefore, various disintegrins were screened for specificity in
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integrin binding. The first antiplatelet drug derived from a snake venom
disintegrin was Tirofiban (Aggrastat®). Tirofiban is a non-peptidic molecule
that was designed based on the structure of the RGD tripeptide motif present
in the parent disintegrin molecule, echistatin, purified from the venom of
Echis carinatus.®* Through the synthesis and optimization of the RGD-bearing
lead peptide, a peptidomimetic was developed and optimized, and this
ultimately led to the development of this selective inhibitor of platelet
aggregation.®?*

The second disintegrin-inspired antiplatelet drug was eptifibatide, which
was designed based on the structure of barbourin from the venom of the
southeastern pigmy rattlesnake, Sistrurus miliarius barbouri.*>* Unlike the
vast majority of disintegrins that interact with the o3 receptors, barbourin
possesses a KGD tripeptide motif that exhibits better specificity towards the
ayePs receptor, albeit at slightly lower activity compared to the RGD motif.*®
Through extensive modification and optimization, the KGD lead peptide
from barbourin was eventually designed into a cyclic heptapeptide analog,
eptifibatide (Integrillin®), which not only demonstrated high specificity and
potency towards the oypf; receptor, but also showed resistance to proteolytic
degradation.®®®”

5.4 Disintegrins and Cancer Metastasis

Noting the broad range of possible permutations in the formation of integrin
heterodimers (Figure 5.2) as well as the wide distribution of integrin recep-
tors in various tissues in the body, it is not surprising that integrin receptors
are involved in a wide variety of signaling pathways as well as cell-cell or cell-
matrix interactions. These integrin-mediated physiological pathways
include, but are not limited to, antiplatelet effects,®” cytoskeletal organization
of cells,® neutrophil migration and apoptosis,***® angiogenesis,®* and tumor
cell metastasis.”™*

One of the most important, and consequently most extensively studied,
activities of snake venom disintegrins is their potent inhibitory effect on
angiogenesis. The first snake-venom disintegrin shown to have potent anti-
angiogenic properties was triflavin, derived from the venom of Trimeresurus
flavoviridis (currently Protobothrops flavoviridis). The RGD-bearing triflavin
was shown to be highly potent in inhibiting endothelial cell migration, as
well as in inhibiting TNF-a induced angiogenesis in chicken chorioallantoic
membrane assays.” Subsequently, several other RGD- or non-RGD bearing
heterodimeric or homodimeric disintegrins were similarly found to have
anti-angiogenic, anti-metastatic, and/or anti-tumor effects in both in vitro
and in vivo models.”® A particularly well-studied toxin from the family of
snake-venom disintegrins is contortrostatin, isolated from the venom of the
North American copperhead (Agkistrodon contortrix contortrix), which
provides an exemplary model of disintegrin-mediated inhibition of angio-
genesis. Contortrostatin was first characterized by Zhou et al., who demon-
strated inhibition of angiogenesis and tumor metastasis in several mouse
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models of human cancers as well as inhibition of adhesion and migration of
human umbilical vein endothelial cells.”***** Subsequently, a chimeric
recombinant version of contortrostatin was generated by creating a fusion
protein of the C-terminal tail of another viperid disintegrin, echistatin, to the
original contortrostatin sequence.’* Not only was this chimeric disintegrin
easily produced by recombinant expression, it also was shown to be capable
of inhibiting multiple integrin targets, thus achieving potent anti-angiogenic
and pro-apoptotic effects.

As illustrated in Figure 5.2, disintegrins with differing bioactive tripeptide
motifs have significantly different affinity towards the various subtypes of
integrin receptors. In selected cases, promiscuity of the disintegrin to various
integrin subtypes was also observed. It would be interesting to determine if
this group of molecules could generate a novel class of anti-tumor agents via
the integrin or integrin-related pathways.

Over the past two decades, a substantial number of disintegrin mole-
cules with various structural attributes that exhibit potent anti-angiogenic
effects have been identified and characterized. The reader is referred to
the list of disintegrin molecules that has been concisely reviewed by
Selistre-de-Araujo et al.*®

5.5 Pro- and Anti-Coagulant Factors
from Snake Venom

Proper hemostasis is essential for vertebrates, and several snake venom
toxins have evolved to disrupt hemostasis in their prey. Cessation of blood
flow to essential organs (especially the brain, heart, and lungs) can rapidly
impair the prey’s ability to function, thereby reducing its capacity to flee from
the predatory reptile. The blood coagulation cascade is a highly complex
biological system that allows for repair of compromised circulation through
a number of factors. When working properly, the coagulation cascade causes
blood to clot at the site of injury, thereby reducing overall loss of blood. Later,
after repair of the injury, it also dissolves the clot in order to restore proper
blood flow.

The coagulation cascade culminates in the activation of prothrombin to
thrombin, which plays a key role in blood coagulation and platelet aggre-
gation. Thrombin is a serine protease that is responsible for cleaving
fibrinogen into fibrin and activating factor XIII to factor XIIla. The fibrin
polymerizes to form a mesh that is cross-linked by the action of factor XIIIa,
thereby creating a blood clot. These fibrin clots are essential for wound
closure and eventual healing.

Fibrin clots are naturally degraded by plasmin, which breaks fibrin
molecules into smaller pieces that can then be metabolized by circulating
proteases or cleared through the liver and kidneys. However, clots that do not
degrade in a normal and timely fashion can become dislodged from one site
to travel through the circulatory system. If this occurs, it is possible for clots
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to lodge in blood vessels and cause their obstruction (ischemia), thereby
leading to serious complications, including pulmonary embolism, myocar-
dial infarction and stroke. In some cases, blood clots can form without
a causative injury due to some form of hypercoagulopathy, such as in deep
vein thrombosis.

5.5.1 Snake Venom Thrombin-Like Enzymes (TLESs)

Thrombin-like enzymes (TLEs) are single-chain serine proteases (for
example, see ref. 97) that are widely distributed within several pit viper
genera (e.g. Agkistrodon, Bothrops, Lachesis and Trimeresurus) as well as some
true viper genera (Bitis and Cerastes) and one colubrid species, Dispholidus
typus (for an inventory and reviews, see ref. 98-100). The isoform from
Cerastes cerastes is a rare exception that is reported to consist of two identical
disulfide-linked chains.'** TLEs preferentially release either fibrinopeptide A
or B but rarely both with equal efficiency, unlike thrombin.?>**> They act on
blood plasma, usually forming friable and translucent clots presumably due
to lack of cross-linking of fibrin by factor XIIla. TLEs are not inhibited by
classical serine protease inhibitors, either endogenous thrombin inhibitor
antithrombin III or exogenous thrombin inhibitor hirudin.**'**'** TLEs have
been used to develop defibrinogenating therapeutic drugs to reduce clot
formation under various circumstances. One of these drugs, ancrod, is iso-
lated and purified from the venom of the Malayan pitviper Calloselasma
rhodostoma, and it has been marketed under the names Viprinex, Arwin, and
Arvin. Ancrod has the potential to cause defibrinogenation, and it has been
examined for use in various blood-clot-related conditions. An examination of
ancrod administration to healthy individuals indicated that it degrades
fibrinogen, thereby releasing fibrinopeptide A. This leads to the formation of
the desAA-fibrin monomer but also significant amounts of desA-profibrin (at
low concentrations of ancrod), which is converted to desAA-fibrin at high
concentrations of ancrod.'® It has been considered for treatment of deep
vein thrombosis'® as well as retinal vein thrombosis,'* although clinical
studies did not show a significant improvement in treated patients. Positive
results were noted in a study examining ancrod’s effects on circulatory
insufficiency, with patients exhibiting improvements in measurements of
blood flow.'”” This same study noted that the intravenous route for ancrod
therapy makes it undesirable to use in the long term, but states that it could
be useful for periods of time when increased blood flow is necessary, such as
during skin healing after limb amputation.'”’

For the most part, ancrod has been examined as a treatment for ischemic
stroke, with equivocal results over the course of multiple clinical trials.
Initially, there were indications that ancrod treatment in stroke sufferers
led to greater mobility after 3 months,'**'* the positive results of which
led to further, larger-scale studies. In the first follow-up study, those
patients receiving ancrod had reduced levels of plasminogen, but there was
no difference between them and those receiving placebo in terms of
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neurological stroke scale score."° For patients with fibrinogen levels below
the median of the treatment group (130 mg dl '), the stroke scale score was
significantly better than placebo. Overall, major bleeding complications were
not seen in this study. Although results were encouraging, they were not
conclusive, and the study size was relatively small (n = 64 treatment; n = 68
placebo). Other clinical studies have indicated that ancrod use within 3 h of
stroke has a slight benefit over placebo," but not with a larger sample size
and with initiation time extended to 6 h."*>'** A review of all clinical studies
of ancrod use indicated that stroke recurrence, dependency, and death were
all reduced with use, but that more data are needed regarding these trends."*
A major problem in determining overall trends with ancrod use is that many
of the studies conducted thus far have confounding factors that preclude
definitive conclusions (different study end points, dosage, regimens, etc.). It
is possible that ancrod may find use for only certain indications, rather than
as a blanket treatment for all stroke sufferers," and it has been hypothesized
that secondary blockage of microvasculature of the brain may account for
some of the negative effects of ancrod."™

The amino acid sequence of the mature ancrod protein consists of 234
residues with five confirmed glycosylation sites."*® The full sequence derived
from cDNA includes a total of 258 amino acid residues with an 18-residue
signal peptide and a six-residue propeptide.”” This arrangement is similar to
that of another snake-venom TLE, batroxobin (described below), with 58%
identity in the mature proteins, six disulfide bridges, and conserved putative
functional catalytic residues (His43, Asp88, and Ser182). An interesting
difference between the two is the presence of an extra (13th) cysteine residue
(Cys180) in ancrod near Ser182, which indicates the potential for
dimerization.

Batroxobin was isolated from the venoms of South American pit vipers of
the genus Bothrops. There are currently two forms of batroxobin utilized as
therapeutic agents, one from B. atrox (termed batroxobin, Hemocoagulase®)
and one from B. moojeni (termed batroxobin moojeni or Defibrase®), and
a third from B. marajoensis has also been isolated."” All have similar modes
of action, although they are of different size, with the atrox form at approx-
imately 43 kDa in size, the moojeni form at around 36 kDa, and the mar-
ajoensis at about 41.5 kDa. The two major forms (atrox and moojeni) both
release fibrinopeptide A through cleavage of the Aa-chain of fibrinogen
between the Arg16 and Gly17 bond. These snake-venom TLEs belong to class
A1E120 Although it initially causes creation of thrombi, batroxobin ulti-
mately leads to dissolution of these clots and prevention of further clots by
both degrading available fibrinogen and causing tissue plasminogen acti-
vator (t-PA) release from blood vessel endothelial cells. Freshly released t-PA
is responsible for converting plasminogen into plasmin, which degrades the
fibrin clots.

Batroxobin is currently used for treatment of many thrombotic disorders,
and is being examined for many others. It is not approved by the United
States Food and Drug Administration (FDA), so it is currently only available
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outside the USA."' Batroxobin from both B. atrox (Hemocoagulase®) and B.
moojeni (Defibrase®) are utilized for various diagnostic purposes (Penta-
pharm, Switzerland; www.pentapharm.com), and the atrox form is also
combined with factor Xa and produced as Baquting (Nuokang Biopharma,
China).”" Among the diverse uses for which batroxobin has been examined
are acute ischemic stroke,"* pulmonary hemorrhage in premature
infants,'>'** sudden sensorineural hearing loss,"””*'** deep vein throm-
bosis,"?*® autoimmune encephalomyelitis,'*” and peri-operative bleeding,**"**®
among others.”*”'*® Unlike some other pharmaceutical leads arising from
reptile venoms, batroxobin is purified from the crude venom of the snake and
not in an optimized or synthetic form. The important catalytic residues of
batroxobin are His41, Asp86, and Ser178,"*' all of which originate from
different exons,"* and it has 12 cysteine residues leading to six disulfide
bonds."*!

A third snake-venom TLE, hemocoagulase agkistrodon, was isolated from
the Chinese moccasin snake Deinagkistrodon acutus (formerly Agkistrodon
acutus). It was also called acutin and is currently being examined for its coag-
ulant function for use in decreasing clotting times for surgical incisions.*** The
snake-venom TLE crotalase (from Crotalus adamanteus) has been examined for
its coagulant function, and its amino acid sequence has been reported.'**
However, it has not yet been examined for human therapeutic effects. Other
snake-venom TLEs have been discovered but have not yet undergone thera-
peutic-type testing (e.g., shedaonase,"* agacutase,'** Cdc SI and Cdc SII'**).

Defibrinogenating enzymes thus far developed from snake venom have
shown some positive results, but it is generally difficult to provide conclusive
interpretations of their medical use. Batroxobin has not undergone the
rigorous trials mandated by the FDA, so its potential has not benefited from
stringent scientific testing. Ancrod, on the other hand, has undergone such
tests, but with equivocal results—it may be that it has therapeutic value for
patients within strict criteria. However, these are only a few of over 100 iso-
lated proteins from this family,'*®'* so the potential for toxins of therapeutic
value remains high.

5.5.2 Factor Xa-Like Proteins

Physiologically, for conversion of prothrombin to thrombin to occur, factor
Xa and factor Va must combine as the prothrombinase complex in the
presence of Ca®" ions and phospholipids. Thrombin can then be utilized in
the remainder of the coagulation pathway and lead to a clot. Some snake
venoms have factor Xa-like proteins that mimic the effects of factor Xa,
thereby leading to clot formation.'*®*'** The venom of the Australian brown
snake, Pseudonaja textilis, was shown to have a substance with factor Xa-like
activity, which was later found to be composed of both factor Xa-like and
factor Va-like subunits.'**'** The factor Xa-like substance was later purified
from the complex, and it is currently being developed as a treatment to stop
bleeding at surgical sites under the name Haempatch (or Q8009).**
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Q8009 has been sequenced by cloning of the cDNA transcript as well as by
N-terminal amino acid sequencing of its two different heavy and light chain
components.'*® It is reported to have 48% sequence similarity to human
factor Xa and cleave prothrombin at the same site as human factor Xa, but it
is active in clotting citrated blood without the need for Ca**, phospholipid, or
factor Va. Its use has been shown to reduce blood loss in many different
physiological models,**”*** and its overall clotting effect is 50 to 70 times
greater than that of thrombin."** A recombinant form of Q8009, expressed in
mammalian cells, has shown similar activity, but it has not yet been
produced in amounts large enough for commercial use."*

5.5.3 Factor Va-Like Proteins

The factor Va-like component of the venom of P. textilis is also being devel-
oped as a potential pharmaceutical under the name V0801 or CoVase."* In
the mammalian system, factor Va is an essential part of the prothrombinase
complex, and its level of availability may limit the formation of the complex
and thus later blood clotting. Unlike human factor V, V0801 is in the active
form, and it appears to be resistant to activated Protein C cleavage.'*>'*° This
molecule may, therefore, have blood clotting ability, and it is being examined
in cases where systemic clotting factors are more useful than site-specific
ones, such as in non-compressible haemorrhage.**®

5.5.4 Fibrin(Ogen)Olytic Metalloproteinases (FMPs)

Besides snake-venom TLEs, snake venom metalloproteinases (SVMPs) have
been examined for their potential therapeutic use in reducing blood clot
formation. The main example of this is the FMP fibrolase, which was iso-
lated from the venom of the North American copperhead snake, Agkis-
trodon contortrix contortrix. A synthetic construct of fibrolase, alfimeprase,
has been examined for its human therapeutic value. It contains 201 amino
acid residues with the first two N-terminal residues of fibrolase removed
and a subsequent substitution of arginine to serine. This modification
gives it greater stability and a prolonged shelf life. Alfimeprase targets the
Ao-chain of fibrinogen with much greater affinity than the BB-chain, and it
has no affinity at all for the y-chain. It is inhibited by a,-macroglobulin,
similar to other serum proteases. Thus, outside the area of therapuetic
interest (where a thrombus may be), alfimeprase is rapidly trapped/
inhibited by the body’s normal defenses, and so does not cause secondary
side effects.'*

Alfimeprase was examined as a treatment for blockage of both peripheral
arteries and central venous access devices (catheters).”* It gave promising
results for both conditions in Phase I and II clinical trials,****** but failed to
reach the targets for Phase II trials.'>'*® However, some still think that it may
be useful as a treatment, and that further study selecting different end points
is still warranted.'>'>®
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5.5.5 Anti-Fibrinolytics

Besides their ability to dissolve clots, many snake venom toxins have the
capacity to maintain the presence of clots by acting on plasmin, the main
factor responsible for dissolution of blood clots. One specific plasmin
inhibitor from the Australian brown snake, P. textilis, is currently under
development for its potential to reduce blood loss.* Textilinin-1 is a serine
protease inhibitor that was initially found to have specific inhibitory activi-
ties towards plasmin and trypsin, but with minimal effects towards other
serine proteases.'” It is a Kunitz-type serine protease that is 6688 Da in mass,
and it is one of two isoforms of textilinin found in the venom. Both of these
forms were found to reduce blood loss using a mouse tail model, and four
additional forms of textilinin were isolated from a cDNA library of the venom
gland.'*® However, of these isoforms, only textilinin-1 and -2 were found to
inhibit plasmin and result in reduction of blood loss."*®

Textilinin-1 is being developed under the moniker Q8008 by Venomics Pty
Ltd (a subsidiary of QRxPharma) as an alternative to aprotinin, a bovine
plasmin inhibitor that was once a leading anti-fibrinolytic drug.*** The non-
specific effects of aprotinin, and its tendency to accumulate in the kidneys,
are thought to be the reasons for increased risk of heart attack, stroke, and
kidney failure with its use. Because of these safety concerns, the marketing of
aprotinin (under the name of Trasylol and produced by Bayer) as a pharma-
ceutical was suspended.” Although recent recommendations have been
made to lift the suspension of aprotinin,’® the more specific actions of
textilinin-1 make it attractive for drug development.'®"'®> Recombinant
Q8008 is expressed in Escherichia coli, and its structure, determined by X-ray
crystallography, shows a similar overall fold to aprotinin*®**'** (Figure 5.3).

5.5.6 Direct Thrombin Inhibitors

The drug Exanta, produced by AstraZeneca, has been previously reported to
be a direct thrombin inhibitor based on the structure of a toxin from cobra
venom.*>'*! Exanta works directly on thrombin by binding to its active site,'*
inactivating both the bound and free forms'® (thereby reducing blood
coagulation). It appears, however, that the idea that Exanta was derived from
a snake venom protein is an error reported in a non-peer-reviewed article,'®”
because the pro-drug (ximelegatran) and active forms (melagatran) were
based on structures related to human fibrinopeptide A (D. Gustafsson, pers.
comm.). Recently, a PLA, toxin isolated from the venom of the cobra Ngja
haje has been shown as the first known direct thrombin inhibitor from snake
venom, which indicates further potential for therapeutic development.**®

5.6 Anti-Diabetic Agents

Diabetes mellitus type 2 is an important disease affecting an increasing
number of people in developed and developing countries as high-fat and
high-sugar foods become more prevalent in the diet. It accounts for about
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90% of diabetes occurrences, and it is more common in obese individuals
with a genetic disposition towards it. The disease arises due to frequent and
sustained hyperglycemia, which causes insulin resistance and reduced
insulin production. With insulin resistance, there is a reduction of the
capability for cells to utilize glucose for normal functions, and such
impairment results in long-term problems such as blindness, kidney failure,
and other conditions that can eventually lead to death.

Incretins are gastrointestinal hormones that function to keep insulin at
appropriate levels through various mechanisms. They can increase the
activities of insulin-secreting beta cells in the kidneys, reduce gastric
emptying (which limits the entrance of glucose into the bloodstream),
and inhibit release of glucagon from renal alpha cells. In general, incre-
tins help to maintain proper levels of insulin, thereby reducing hyper-
glycemic conditions. Two hormones, glucagon-like peptide-1 (GLP-1) and
gastric inhibitory peptide (GIP), appear to function as incretins, but
their efficacy is limited due to degradation by the enzyme dipeptidyl
peptidase.

The Gila monster (Heloderma suspectum) is a venomous lizard found in the
southwestern United States and northern Mexico. Within its venom is a toxin
known as exendin-4 that has structural similarity with GLP-1, but it is
degraded much more slowly than GLP-1 in the presence of dipeptidyl
peptidase.'® A similar toxin, exendin-3, is found in the venom of the Mexican
beaded lizard (Heloderma horridum), a closely related species, and it has
similar stability.'®® A truncated, synthetic form of exendin-4, known as exe-
natide and marketed as Byetta or Bydureon, is currently used to treat Type 2
diabetes mellitus in patients that do not respond to exercise and diet changes
in combination with other drugs.”® It has been on the market since 2005,
and very few serious side effects have been reported thus far. Although there
have been a few reported cases of pancreatitis in exenatide users, no defin-
itive causation has been proven; rather, the major side effect appears to be
gastric issues such as nausea.'*

Exenatide comprises 39 amino acid residues (with exendin-3 and -4
differing only in the second and third N-terminal residues), and it has
a C-terminal serine amide residue.'”” Exendin-4, which exenatide was based
upon, shares 53% sequence identity with GLP-1 and 45% with glucagon
(Figure 5.4)""* and it has a mass of 4186.6 Da. There are five ways in which
exenatide is thought to help regulate glucose, including increasing blood
insulin concentration (especially effective when taken before a meal),
reducing gastric emptying, reducing release of glucagon from the pancreas,
decreasing hunger, and reducing the fat content of the liver.'”® Although
originally exenatide use required twice daily injections of the drug, an
extended release formulation (Bydureon) has been approved that requires
only once-weekly injections. It was released in the USA in January 2012, and
it initially appears to be more efficacious with fewer side effects than
Byetta.'”
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Exenatide —------sooommmmemmeaeee HGEGTFTSDLSKQMEEEAVRLF 1EWLKNGGPS SGAPPPS-NH,

Exendin-4 MPVESGLSSEDSASSESFASKIKRHGEGTFTSDLSKOMEEEAVRLF1EWLENGGPS SGAPPPSG

Exendin-3 MPVESGLSSEDSASSESFASKIKRHSDGTFTSDLSKQMEEEAVRLF IEWLENGGPSSGAPPPSG 93.3% (96.9%)
GLP-1 = mmmmmmmmmemmmm e e HAEGTFTSDVSSYLEGQAAKEF IAWLVEGR--~=-=====~ 53.3%
Glucagon  —-—===m-—=mme—m— e HSQGTFTSDYSKYLDSRRAQDFVOWLMNT - -~~~ -~~~ 44.8%

Figure 5.4 Alignment of the amino acid sequence of exendin-4 with similar proteins.
Exenatide (top line) is the reduced, synthetic, pharmaceutical form of
exendin-4, which contains an N-terminal serine amide residue.
Percentages indicate similarity with exendin-4 over the shaded 30 or 29
(in the case of glucagon) functional amino acid residue segment. The
percentage in parentheses indicates similarity with the full-length
sequence of exendin-4. GLP-1 = glucagon-like peptide-1.

5.7 G-protein Coupled Receptor (GPCR)
Antagonists/Agonists

It has been estimated that up to 2% of the human genome codes for upwards
of 800 G-protein coupled receptors (GPCRs), and that between 30%""®> and
50%"'7° of current drugs on the market act in some way through GPCRs.
Because of this high prevalence, agonists and antagonists of GPCRs are
exciting potential lead molecules for pharmaceutical development, although
their targets and effects are highly variable. Structurally, GPCRs have seven
transmembrane helices with six loops (three internal, three external)."”® They
have wide-ranging physiological functions, although many are still consid-
ered orphan receptors with no currently known role."”” Snake venoms have
been shown to contain a few different types of protein that affect GPCRs:
(a) sarafotoxins of Atractaspis spp., which act on endothelin receptors;'’®
(b) muscarinic toxins of Dendroaspis spp., which act on muscarinic acetyl-
choline receptors;*”® (c) B-cardiotoxin of Ophiophagus hannah, which acts on
B-adrenergic receptors (ARs);"*® (d) MTa from Dendroaspis polylepis, which
acts specifically on the a,p AR;"*" and (e) two novel toxins from Dendroaspis
angusticeps that act on the o,, or o, ARs,">'* termed p-Dala and p-Daib,
respectively. MTo was shown to target the o, AR with high affinity, and did
not affect the a4, 05, 04, OF dxc ARS, indicating a high level of specificity."®

The a4, AR antagonist p-Dala is currently being examined as a potential
treatment for prostrate hypertrophy, as blocking the o, AR allows for
relaxation of the urethra, thereby allowing urine flow."® The currently
available drug treatment, tamsulosin, also affects the a5 AR, but has the side
effect of hypotension, so an agent that more specifically targets the a;4 AR
may result in a better pharmaceutical treatment.'”” Along similar lines of
research, p-Dalb affects @2 ARs and therefore is being examined for use in
reducing hypotension and increasing gastrointestinal tract motility following
surgery.'”” These two recent examples, and the prevalence of GPCRs with as
yet unknown function, makes potential GPCR agonists and antagonists
intriguing pharmaceutical leads.
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5.8 Analgesics

Although the potential antinociceptic effects of snake venom were noted
some time ago with the description of the 3FTx hannalgesin from the venom
of the king cobra (0. hannah),*® interest in developing analgesics from snake
venom has greatly expanded recently. Prohanin, a peptide designed based on
a 3FTx from O. hannah venom™® (P.T.H. Wong and R.M. Kini, unpublished
observations) and licensed to Theralpha (THA903) is being pursued as
a potential analgesic drug. Another 3FTx, cobratoxin (CTX), is also being
examined for its analgesic effects,'®”'®® although the current analgesic forms
of these, Cobroxin and Nyloxin, are marketed and developed as homeopathic
remedies so are not subject to the rigorous standards required for FDA
approval.

A recently discovered group of 3FTxs from the black mamba (Dendroaspis
polylepis polylepis) and the green mamba (Dendroaspis angusticeps), termed
mambalgins,'® are being developed for their extremely strong, non-addic-
tive analgesic effects. These toxins, as well as a toxin from the Texas coral
snake (Micrurus tener tener) known as MitTx, are of interest because they
belong to a family of toxins that specifically affect acid-sensing ion channels
(ASICs), which are key mediators of inflammatory pain.”® MitTx, however,
induces hyperalgesia in animals.”" Because these toxins affect ASICs, they
hold the potential for development as analgesics targeting many different
localized types of pain.’> Although king cobras, mambas, and coral snakes
all belong to the family Elapidae, and although the drug leads have anal-
gesic effects, THA903 and the mambalgins work through entirely different
mechanisms.

Besides elapid 3FTxs, work is also currently being done on the analgesic
effects of toxins from snakes of the viperid genus Crotalus. Specifically, it was
noted that venom from the neotropical rattlesnake Crotalus durissus terrificus
had an analgesic effect in mice, and that the responsible component was of
low molecular weight (approximately 3 kDa).'* Later it was determined that
this component is an agonist of peripheral k- and 3-opioid receptors and that
the nitric oxide-cyclic GMP pathway is at least partially responsible for its
effects,”*'* as is peripheral ATP-sensitive K' channel activation.’*® The
peptide responsible for this activity has been determined to be a peptide 14
amino acid residues in length, and it has been termed crotalphine.”®” Among
the factors that make this an interesting drug lead are the lack of tolerance
over long treatments periods and the lack of abstinence symptoms after
cessation of treatment in mice.

5.9 Other Uses—Limitless Potential

The potential therapeutic uses for toxins from reptile venoms have been
realized in a few very successful instances, but can perhaps be exhibited even
better through the amount and types of research now underway. Currently,
snake toxins are being examined as prophylactics or treatments against



152 Chapter 5

a myriad of viruses (including dengue and yellow fever,"® herpes,'® and

HIV?®), bacteria (Staphylococcus aureus, Leishmania amazonensis, and L.
chagasi) and flagellated parasites (Trypanosoma cruzi).**

CTX (mentioned above) is an example of the potential versatility of using
reptile toxins as pharmaceuticals, as modified forms of it are currently being
developed not only for analgesic purposes, but also for use in preventing
viruses from entering cells. This is meant to prevent neurological damage
such as that associated with encephalitis or AIDS, and the toxin is being
pursued as a treatment for HIV infection (as RPI-MN, www.nutrapharma.com).
Further, another form of CTX is being examined as a treatment for other
neurodegenerative diseases such as myasthenia gravis, multiple sclerosis,
muscular dystrophy, adrenomyeloneuropathy, and amyotrophic lateral scle-
rosis (as RPI-78M, www.nutrapharma.com). These products are currently
undergoing clinical testing, so only the future will tell if they deliver on their
potential.

Within a different toxin family, the PLA,s, there is a toxin from the
Australian coastal taipan (Oxyuranus scutullatus). The PLA, of this species,
termed taipoxin, is composed of three subunits (o, B, ), with the o unit being
the major toxic portion that can have its action increased by the vy unit. The
B subunit of taipoxin, however, is not lethal, and two different isoforms, -1
and B-2, have been isolated and combined to create Oxynor. B-Taipoxin is
mitogenically active and basically acts as an epidermal growth factor,*** so
Oxynor is being developed as a therapeutic for enhancing wound healing.**

5.10 Conclusions

Many snakes and some lizards are predators specifically adapted to inca-
pacitate vertebrate prey through the use of venom from their oral cavities.
The complex synergistic action of venom secreted by the venom gland and
injected into prey by fangs or teeth has enabled such reptiles to kill and
capture prey that would otherwise be unattainable. Although most venoms
are complex cocktails of toxic components, many of these toxins are specific
in their targeting and activities. The evolution of venom through various
taxonomic lineages with different prey species has resulted overall in
a plethora of components with different physiological effects. While some of
these have been co-opted for use in human medicine, it is only the tip of the
proverbial iceberg. Discoveries of major impact and the development of
toxins into marketable products have the potential to save millions of lives,
alleviate suffering, and produce huge economic benefits.

Recent advances in techniques for screening venoms for specific bioac-
tivities (see Chapter 4) have greatly increased the prospects for targeted
discovery of pharmaceutical leads.”®® With collaborations between field
researchers undertaking ecological studies,®™ evolutionary biologists
understanding phylogenetic relationships® and protein structure-function
relationships,?*>?°® and clinical scientists identifying needs and examining
drug leads, the potential for discovering and developing new drugs from
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reptile venoms is very promising. The fairly recent discovery of toxic secre-
tions from lizard species other than Heloderma species,” the discovery of new
toxin families in snake venoms,"*”” and the presence of toxins in snakes
typically considered harmless all indicate that the evolutionary library of
toxins is much greater than previously thought.
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6.1 Introduction

Venomous marine snails (superfamily Conoidea) have evolved a sophisti-
cated chemical strategy to interact with other animals in their environment.
Insofar as evidence is available, all venomous marine snails appear to be
predatory. Because they move slowly and, unlike many other venomous
predators, are devoid of mechanical weaponry for prey capture, they are
particularly dependent upon the efficacy of their venom for capturing prey.
This requirement for extremely effective venom provides a rationale for why
the venom components have been able to achieve remarkable molecular
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specificity over the course of evolution.™” The ability of conoidean venom
components to differentiate among closely related molecular targets makes
them both important research tools and attractive lead compounds for
therapeutic drugs. This chapter presents an overview of the venom compo-
nents of cone snails and other venomous marine molluscs, with an emphasis
on those features particularly germane to drug development.

The potential for developing individual conoidean venom components as
therapeutic drugs and drug leads is already well validated. One such venom
component, w-conotoxin MVIIA has become an approved commercial drug
for the treatment of neuropathic pain (see Chapter 7 for more details). The
commercial product, known as Prialt® (ziconotide), is chemically identical to
the native peptide extracted from the venom of Conus magus. Several cone
snail venom peptides have advanced from preclinical development to human
clinical trials (see Table 6.1), while many others are being evaluated pre-
clinically. In addition to their direct use as therapeutics, components of cone
snail venoms may be used for target validation. Many of the peptides from
Conus venoms are highly selective for a single molecular target. Conse-
quently, they can be used to assess whether a particular molecular target is
appropriate for initiating a drug-development program. As illustrated in
Table 6.1, several Conus peptides have been used to identify and validate
novel molecular targets for analgesia in animal pain models. w-Conotoxin
MVIIA again provides a powerful example. Although useful as an intrathecal
drug for morphine-resistant patients, Prialt is a peptide and therefore not
orally available, which limits its potential as a therapeutic. An incredibly
valuable insight provided by w-conotoxin MVIIA is identification of the
molecular target responsible for analgesia. w-Conotoxin MVIIA specifically
inhibits the N-type voltage-gated calcium (Cay) channel (Cay2.2) with high
selectivity, and for this reason, this particular Cay channel is now a major
target for drug development programs to obtain orally available small
molecule inhibitors (see Chapter 7 for more details). These examples
demonstrate that basic scientific research into the mechanisms of con-
otoxins (and their unprecedented ability to discriminate among closely
related targets) can lead to drugs and also to identification of drug targets.

6.1.1 Biodiversity and Phylogeny of Venomous Molluscs

A consideration of conoidean biodiversity is needed to appreciate the vast
wealth of potential drugs yet to be discovered within the natural resource
represented by conoidean venom components. Evolution of new species is
driven by biotic interactions that also drive the differentiation of toxins.
These pressures result in a huge and complex set of evolved conoidean
venom toxins, making it highly probable that many other drugs will be
discovered by continued study of venomous molluscs.

There are probably well over 10 000 species of venomous marine snail.
All venomous snails are traditionally assigned to the superfamily Conoidea
(in the older literature, the suborder Toxoglossa). The most familiar of
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Table 6.1 Pipeline of Conus peptides that have reached preclinical and clinical
development status

Conopeptide Preclinical | Phase | | Phase Il | Phase lll | Comments
(indication)

[Molecular Target]

w-MVIIA (Prialt)'01$ Elan, approved in
(neuropathic pain) the U.S. and the
[Cav2.2] E.U.
w-CVID(AM336)'?? Amrad, Inc.
(cancer pain) ]

[Cav2.2]

x-MrlA (XEN2174)'%? Xenome, Inc.

(neuropathic pain) l
[Norepinephrine Transporter]

a-Vel.1 (ACv1)'0%* Metabolic, Inc.
(neuropathic pain) J
[a9a10 Nicotinic Receptor]
Contulakin-G (CGX1160) 104 Cognetix, Inc.
(neuropathic pain) l

[Neurotensin Receptor]
Conantokin-G (CGX1007)'% Cognetix, Inc.
(epilepsy) l

[NMDA Receptor]

x-PVIIA (CGX1051)'% Cognetix, Inc.

(cardioprotection)
[Kv1 Subfamily]

a-RglA 107* Kineta, Inc.

(nerve injury pain)
[29a10 Nicotinic Receptor]

§Details on the molecular targets and results from preclinical and clinical studies are reviewed in
the references provided (superscripted numbers).

*An alternative target for these peptides has been suggested to be the GABAg receptor. For
a discussion of these alternative targets see the review by Vetter and Lewis.'®

venomous molluscs are the cone snails (genus Conus, family Conidae), and
these have been the subject of recent molecular phylogenetic analyses.>*
Although all cone snails belong to the family Conidae, they apparently do
not, as was previously thought, belong to the same genus within that
family. The majority of cone snail species (~600) were assigned to the
established genus Conus, while a substantial minority of cone snail species
(~100) were assigned to one of three other genera: Conasprella, Cal-
iforniconus or Profundiconus. Practically all of the biomedically relevant
work has been done with venoms from cone snail species. While they
currently dominate the biomedical literature, new exploration of other
families belonging to Conoidea makes it clear that cone snails comprise
only a minor fraction (less than 5%) of the biodiversity of venomous
molluscs.
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It is widely accepted that a large number of conoidean species have not
yet been named, and indeed, it is anticipated that many small, deep-
water forms are yet to be discovered.” Traditionally, the superfamily
Conoidea was divided into three groups, each assigned family rank, as
follows: the cone snails (family Conidae), the auger snails (family Tere-
bridae) and the turrid snails (the traditional family Turridae). It has
become clear that the greatest species diversity is in the last group, the
turrids. Professor Gisela Concepcion and co-workers at the University of
the Philippines have pioneered the exploration of the turrids. Species
richness and diversity in the turrids may, in fact, reflect the existence of
multiple distinct families. Recently obtained molecular phylogenetic (see
Figure 6.1) and anatomical data have revealed that the traditional family
Turridae is a polyphyletic assemblage.®® Thus, the traditional family
Turridae has become progressively more narrowly defined, and additional
family groups have been proposed, such as Raphitomidae, Mangelidae,
Clathurellidae, Borsonidae, Drillidae, Crassispiridae and Clavatulidae.>*®
Each of the major new “turrid” family lineages has hundreds, if not
thousands, of species.

Although the “turrids” (broadly defined) are the most biodiverse con-
oideans, they are the least well understood. Their remarkable adaptive
radiation has produced mostly small or very small species, many in deep-
water habitats. Most turrid species were previously inaccessible for
investigation. While cone snails and auger snails are prominent features
of the shallow-water tropical marine biota, at greater depths (>200 m),
only the turrids have a significant biodiversity among the venomous
molluscs. In addition, several turrid lineages have adapted better to cooler
marine environments; cone snails and auger snails are not found in
significant numbers outside the tropics. Because many Conus species are
abundant in the tropical marine environments where they occur, it was far
easier to access significant amounts of cone snail venoms than the
venom of any turrid. However, recent advances in transcriptomics
and proteomics make it increasingly facile to access peptide toxin
sequences even from the tiniest venomous molluscs. The recent charac-
terization of a venom peptide from a small turrid species, Crassispira
cerithina,’ is only the first of what will undoubtedly be a continuing series
of such studies.

All conoidean venoms previously analyzed have proven to be extremely
complex mixtures of peptidic toxins and small proteins. A recent insight
from transcriptome analyses is that there is no correlation between the size
of a venomous mollusc and the complexity of its venom. It appears that
even a turrid species less than 3 mm in length may have a venom that is
just as complex as venom from a cone snail over 15 cm in length. It should
be noted, however, that in some conoidean lineages, notably the Tere-
bridae (auger snails) and the turrid family Raphitomidae, a significant
number of species have secondarily lost their venom ducts and do not
produce any venom at all.
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6.1.2 Overview

Conoidean venoms are highly effective because of two properties: (1) venom
components work together; and (2) venom components are highly specific.
Early work on Conus venom showed that toxins work together in a synergistic
way to overthrow the neurological system of prey, predators and competitors.
Section 6.2 of this chapter reviews the concept of a cabal - a set of toxins
working together to achieve a physiological end-point such as paralysis.
Equally important for venom efficacy, toxins have evolved to achieve ultra-
precise specificity and can in many cases differentiate one target among several
closely related subtypes found within a family of signaling molecules. Section
6.3 reviews this concept of molecular target specificity, drawing upon partic-
ular examples such as Conus toxins that inhibit the nicotinic acetylcholine
receptor (nAChR) and others that interfere with normal function of the voltage-
gated sodium (Nay) channel. The chapter continues with a review of the
diversity of conoidean venom components in Section 6.4. The inescapable
conclusions from these sections is that conoidean venoms, in total, probably
contain innumerable molecules that act on the nervous system and are evolved
to be highly selective, and that many of these would be helpful for the study of
behavior and treatment of neurological disease. The final Section 6.5, looks to
the future and attempts to explain how we are constructing a new highly par-
allelized platform to find more quickly the most valuable neuroactive ligands
from the vast natural resource represented by conoidean peptides.

6.2 Physiology of Envenomation
6.2.1 Cabals and Constellations

After more than three decades of research into cone snail venoms, a rationale
for why these venoms are such complex mixtures of peptides has gradually
emerged. Cone snail venoms contain groups of peptides that are functionally
coupled; all of the peptides in such a group work in concert to produce
a specific physiological end-point. A group of venom peptides that act on a set
of functionally coupled molecular targets are known as “cabals”,'®'" and the
corresponding set of molecular targets of a given cabal is known as a “target
constellation”.* The word cabal refers to a secret group of plotters collabo-
rating to overthrow current authority. The metaphor is apt in that toxins
within a cabal work together to derail nervous system control, for instance
control over muscle contraction. The biological activity of any given con-
oidean venom can be deconvoluted through identification of the cabals
present. Furthermore, the mapping of cabals to their target constellations
provides powerful inferential tools for deducing the likely mechanism of
action for a given venom component.

For illustrative purposes, we describe some specific aspects of cabals and
target constellations using fish-hunting cone snails as our biological focus.
The nAChR at the neuromuscular junction provides an example of a specific
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A Biodiversity of Venomous Snails

700 cones =
400 augers a
12,000 turrids

Figure 6.1 Biodiversity and pharmaceutical potential of venomous snails. (A)
Phylogenetic tree of the superfamily Conoidea. A phylogenetic tree
based on 12S ribosomal RNA sequences illustrates how the three
classical groups of venomous marine snails assort using molecular
markers. The cone snails (family Conidae, green square) comprising
~700 species, and the auger snails (family Terebridae, yellow
triangle) comprising ~400 species, are monophyletic branches. This
phylogenetic tree demonstrates that the classical family Turridae
(“turrids”, red asterisk) is not monophyletic. In general, each
distinctive lineage of venomous snails has its own set of gene
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molecular target in a constellation of ion channels and receptors inhibited by
toxin cabals of fish-hunting cone snails. The venom of such snails contains
what is known as the “motor cabal” that causes neuromuscular block in the
fish prey, resulting in paralysis of the fish after venom has been injected.
Typically, the motor cabal of a fish-hunting cone snail contains a peptide that
blocks Nay channels on the muscle membrane, as well as a peptide that
blocks presynaptic Cay channels in the motor axon, thereby preventing
release of acetylcholine into the synaptic cleft. Finally, there are invariably
one or more conopeptide antagonists of the nAChR at the neuromuscular
junction. Nicotinic antagonists that compete with the neurotransmitter
acetylcholine are always present, and in certain venoms, additional peptides
that are non-competitive inhibitors of the same receptor are also found. Each
of the peptides of the motor cabal targets a different ligand-binding site with
high affinity and selectivity. Collectively, the venom peptides act upon

superfamilies that are expressed in venom. Thus, identification of
where in the phylogenetic tree a species belongs immediately
suggests which gene superfamilies will be found in its venom. Of the
relatively small proportion of turrid species analyzed and shown in
this phylogenetic tree, five discrete branches can be defined (as
illustrated by the asterisks). A new nomenclature has been suggested
for the major turrid branches shown, which from the top center
going clockwise are now designated as the following families:
Raphitomidae, Borsonidae, Drillidae, Crassispiridae (or alternatively,
Psuedomelatomidae), and Turridae (sensu stricto). When this
phylogenetic tree was assembled, relatively few turrids were available
for molecular analysis. Consequently, the number of species shown
in each branch are not at all proportional to their true biodiversity,
and several other major families formerly regarded as turrids are
absent from the phylogenetic tree altogether. (B) Conus species that
are the source of peptides with therapeutic potential. Top row, from
left to right: Conus purpurascens, West Coast of Mexico. Peptide:
k-conotoxin PVIIA, in preclinical development for cardioprotection.
Conus marmoreus, Philippines. Peptide: x-conotoxin MrIA, in Phase II
clinical trials for neuropathic pain. Conus geographus, Marinduque
Island, Philippines. Peptides: Contulakin G, Phase I human clinical
trials for neuropathic pain. Conantokin G, Phase I clinical trials for
intractable epilepsy. Lower row, left to right: Conus magus, Bantayan
Island, Philippines. Peptide: w-conotoxin MVIIA, approved drug for
intractable pain (Prialt; ziconotide). Conus regius, Florida, USA.
Peptide: a-conopeptide RgIA, Preclinical development for neuropathic
pain from nerve injury. Conus victoriae, Northern Australia. Peptide:
Vc1.1, Phase I clinical trials for neuropathic pain from nerve injury.
(C) Other conoideans with characterized venom components. The
four species shown are among the few conoideans that are not cone
snails and for which a systematic characterization of venom
components has been initiated. Clockwise from far left: Terebra
subalata, Marinduque Island, Philippines; Hastula hectica, Panglao
Island, Philippines; Gemmula speciosa, Samar Island, Philippines;
Crassispira cerithina, Olango Island, Philippines. Outside Conus,
peptides have yet to be developed for therapeutic purposes.
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a constellation of functionally linked receptors and ion channels to
efficiently block neuromuscular transmission.

The importance of the cabal strategy — use of multiple toxins all dedicated
to overthrow the same neuronal circuit - becomes clear if we consider a more
individualistic approach. For instance, if a competitive antagonist of the
neuromuscular nAChR were acting as a “lone ranger” instead of as part of
a cabal, it would need to block nearly all of the nAChRs at many of the
neuromuscular junctions in the fin musculature so as to prevent prey from
escaping. Because there is a high safety margin of nAChRs in the muscle
membrane, effective block of these neuromuscular synapses would require
delivery of a high concentration of toxin throughout the entire fish—
something that is simply not biochemically feasible for a comparatively small
snail that must balance investment into toxin production with available
resources.

The actual situation found in nature uses the nAChR inhibitor as part of
a toxin cabal working together with other toxins that target a more extensive
constellation of different signaling molecules driving coordinated muscle
contraction. In contrast to the lone ranger nAChR inhibitor described above,
a much lower concentration of the cabal inhibitor, which produces a partial
block of the nAChRs, is highly effective when combined with blockers of pre-
synaptic Cay channels and post-synaptic Nay channels. Each of these
peptides may individually produce only a partial block of the collection of
targets present, but cumulatively the cabal effectively prevents muscle
contraction. The cabal strategy thus allows the cone snail to achieve paralysis
of prey more quickly and efficiently.

6.2.2 Diversity of Cabals

The motor cabal effectively prevents muscle contraction, necessary for capture
of prey; however, even the multiple components of this cabal appear to be
insufficient. The need for an additional cabal is apparent if one considers the
physiology of toxin delivery. Components of the motor cabal must circulate
through blood vessels to reach the targeted neuromuscular junctions. This takes
some time, and acting by itself the motor cabal would probably make a fish-
hunting cone snail—a relatively slow moving animal—vulnerable to attack by
the snail’s own predators as it searches for paralyzed prey. Furthermore, snails
lack mechanical weaponry for prey capture, such as fangs and distensible jaws
found in other venomous animals, relying instead on a tenuous tether (the
radular tooth) to maintain a connection to envenomated prey. For these
reasons, efficiency of venom action is absolutely critical, leading to unusually
strong selective pressure for evolution of venoms with multiple toxin cabals.
The venoms of many fish-hunting cone snails contain a cabal that
immobilizes the fish nearly instantly, prior to the onset of the effects of the
motor cabal. This cabal, which has been called the “lightning strike cabal”,
includes peptides that block voltage-gated potassium (Ky) channels, others
that activate Nay channels, and additional peptides that delay inactivation
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of Nay channels. The cumulative physiological effect is the equivalent of an
electric shock.™ All axons adjacent to the point of injection are massively
depolarized and fire retrograde action potentials that rapidly immobilize
the fish in a tetanic state. The quick acting lightning strike cabal provides
crucial time for the components of the motor cabal to arrive at neuro-
muscular junctions, where they produce a longer lasting, irreversible
paralysis.

Cabals comprising multiple toxins working together and the concerted
action of two or more cabals provides part of the rationale for why there are
so many components in conoidean venoms. Further consideration of the
potential for off-target binding sites and mixed signals between cabals
explains why venom components have evolved such a high degree of
molecular specificity. A toxin evolved to block nAChRs at the neuromus-
cular junction of a particular prey would be ill suited if it also interacted
with homologous acetylcholine receptors in the neurons of that prey since
these off-target binding sites could then deplete the toxin as it circulates.
Likewise, homologous Nay channels are found in muscle cells and
neurons. Components of the motor cabal and the lightning strike cabal
would be maladapted if they acted on muscle and neuronal isoforms
indiscriminately, since one cabal depends on inhibiting these channels in
muscles and the other acts to keep these channels open in peripheral
axons. The next section reviews our current understanding of molecular
specificity for conoidean peptides.

6.3 Molecular Targets of Venom Peptide Families
of Conoidea

6.3.1 A Conopeptide Family Targets a Corresponding Ion-
Channel or Receptor Family

The Conus venom peptide literature routinely refers to conopeptide or
conotoxin families designated by a Greek letter in front of the specific
name of the peptide (e.g w-conotoxin MVIIA, a-conotoxin Gl,
kM-conotoxin RIIIJ, where w-, a- and kM- are different family groups). A
summary of known Conus peptide toxin families and their respective
molecular targets is shown in Table 6.2. Peptides that belong to the same
family have two common features—one related to structure and the other
related to mechanism of action. The shared structural feature is
a conserved disulfide framework necessary for maintaining stability, or in
the case of the conantokin family, a conserved pattern of post-
translationally modified glutamate residues important for helical structure,
with marked variability in non-cysteine (or non-glutamate) residues.
Peptides within a toxin family also share a common function defined by
the molecular target and mechanism of action. For example, all
w-conotoxins are Cay channel antagonists that block the channel pore, and
all a-conotoxins are competitive nAChR antagonists.
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Table 6.2 Conus peptide toxin families grouped by molecular target

Chapter 6

Conopeptide Family Example Conotoxin References
Nicotinic acetylcholine receptors

a a-GI 108
aA aA-PIVA 109
aC aC-PrXA 110
asS a.S-RVIIIA 110
aD aD-VxXITA 111
by W-PIIIE 112
Voltage-gated sodium channels

n p-GITIA 113
noO nO-MrVIA 80
d S-TVIA 114
L 1—RXIA 14
Voltage-gated potassium channels

K K-PVIIA 11
KA KA(S)-PIVE 115
KM KM-RIIIJ 116
K] kJ-PIXIVA 117
— Conkunitzin-S 75
Voltage-gated calcium channels

W w-GVIA 118
wX wX-RsXXIVA 119
G-protein coupled receptors

o o-GVIIIA 120
p p-TIA 121
- Contulakin-G 55
- Conopressin-G 122
Voltage-gated pacemaker channels

Y y-PnVIIIA 123
Glutamate receptors

— Conantokin-G 124
- Con-ikot-ikot 78
Monoamine transporters

X MrIA 121

By convention, the first family of peptides that was discovered to interact
with a particular type of molecular target at a specific site (e.g. Ky channel pore
blocker) was named with a single Greek letter to designate the peptide-family
name (e.g. k-conotoxins). Subsequently, when a structurally unrelated but
functionally analogous peptide family is discovered, this is indicated by adding
a gene superfamily designation to the Greek letter family designation. For
example, the k-conotoxins were the first conopeptides discovered to block Ky
channels; the kKM-conotoxins that were subsequently discovered to block Ky
channels have a different structural scaffold from k-conotoxins and are
members of a different conopeptide superfamily, the M-superfamily of venom
peptides (see also the section on molecular genetic framework in Section 6.4.1).
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Strictly speaking, a peptide should not be assigned to a family until its
physiological activity has been elucidated, since two peptides may have quite
similar structures and belong to the same venom peptide gene superfamily
but have different mechanisms of action. For example, the w-conotoxins
and k-conotoxins both have three disulfide bonds, with similar disulfide
cross-linking patterns, namely the inhibitor cystine knot (ICK) motif (see
Chapter 2).** Nevertheless, these peptides are assigned to two separate
families, based on their targeting selectivity for Cay channels (w-conotoxins)
versus Ky channels (k-conotoxins).

Why are there so many diverse toxin families within Conoidea? After all, in
other venomous groups, including snakes, spiders, or scorpions, a smaller
number of structural scaffolds are used. For example, in the venoms of elapid
snakes, the characteristic “three-finger” scaffold is dominant. Part of the
answer relates to the lack of mechanical structures for prey capture and the
cabal strategy, already described above, which relies on targeting multiple
molecular targets simultaneously. Each additional molecular target included
in this cabal-based strategy encourages innovation of a new structural scaf-
fold. Also, for the more physiologically important molecular targets, multiple
structural scaffolds emerged so as to be able to act at diverse binding sites on
an ion channel or receptor target. For example, there are four structurally
divergent families of conotoxins identified so far that each act on Nay
channels but at different binding sites and with different molecular conse-
quences: p-conotoxins are pore blockers, pO-conotoxins prevent activation
upon binding the voltage sensor, and d-conotoxins inhibit inactivation,
whereas -conotoxins promote activation.™

The availability of diverse biological niches probably provided additional
selective pressure driving the emergence of diverse toxin families and also
the diversification of conotoxins within any particular conopeptide family.
For each new niche, success required optimization of existing scaffolds, or
the creation of new structural scaffolds to target the particular signaling
molecules present in the prey, competitors and predators particular to that
niche. In the case of the a-conotoxin family, this structural scaffold was
well suited to allow adaptation in targeting nAChRs from diverse vertebrates
and invertebrates, resulting in widespread distribution of o-conotoxins
throughout the genus Conus. While the family is conserved, and all
a-conotoxins compete with acetylcholine for binding to nAChRs, each Conus
species evolved its own distinct set of a-conotoxins to act on the particular
molecular isoforms of nAChRs present in niche-defined prey, predators and
competitors. The result is a large family with numerous individual members
that differ in their amino-acid sequences and binding selectivities.

Other cone snail venom peptide families differ from a-conotoxins
considerably in their breadth of distribution. For example, the k-conotoxin
family, which targets Ky channels, may be restricted to a single clade of fish-
hunting cone snails. Narrow distribution for this particular k-conotoxin
family reflects a different evolutionary outcome compared with that seen for
the a-conotoxin family. Whereas most nAChR antagonists in cone snail
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venoms belong to the o-conotoxin family, making this family broadly
distributed, antagonists of Ky channels belong to several different and
structurally distinct families, each of which is more narrowly distributed.
Which particular Ky, channel-targeting conopeptide family is present varies
from one cone snail clade to another, although all species within a particular
subgeneric clade appear to use the same scaffold for homologous purposes.

As described above, the evolutionary success of Conoidea likely depended
both on rapid adaptive changes within a preserved structural scaffold (within
one conopeptide family) and creation of new structural scaffolds. The rich
biodiversity of conoideans therefore reflects the rich diversity of the arsenal
of neuroactive compounds. Molecular diversity is driving and being driven by
the emergence of new species in new biological niches. The implication
important for drug discovery is that a broad survey of the biodiversity of
venomous animals makes it possible to identify diverse venom peptides in
families that have evolved to interact with families of molecular targets,
described previously.” The diversity of venom peptides distributed across
the thousands of species of marine snails evolved to match the diversity of
the receptor subtypes and ion channel subtypes present in the thousands of
species of marine-snail prey, predators and competitors. Consequently, the
more broadly the biodiversity of conoideans is sampled (especially the
incredibly large biodiversity of turrids), the more likely will be the discovery
of new ligands with novel subtype-selectivity.

6.3.2 Individual Peptides of Conopeptide Families Can
Be Used to Distinguish Between Closely Related
Ion-Channel or Receptor Subtypes

Because Conus peptides selectively target a specific subtype of an ion channel
or receptor family, they have been used to identify the particular receptor and
ion channel subtypes expressed in individual native neurons. Historically,
conotoxins were important for differentiating between Cay, channel subtypes.
The N-type Cay channel (Cay2.2) was biochemically purified as the w-conotoxin
GVIA receptor.'®"” Currently, many additional conopeptides are used by the
neuroscience community to identify specific Nay channel subtypes and nAChR
subtypes expressed in neurons and other cells (Table 6.3).

In mammals, there are nine genes that encode a-subunits of Nay channels.
Different neuronal cell types express various combinations of these. The
classical pharmacological tool for differentiating between Nay channel
subtypes is tetrodotoxin (or its pharmacological equivalent, saxitoxin).
However, six Nay channel subtypes are tetrodotoxin sensitive (Nay1.1-1.4,
1.6, and 1.7), and three are tetrodotoxin insensitive (Nay1.5, 1.8, 1.9),
meaning that tetrodotoxin serves as a relatively low-resolution tool for
discrimination among Nay channel isoforms. For high-resolution discrimi-
nation, a set of ligands with enhanced molecular selectivity would be highly
desirable. At present, p-conotoxins are arguably the most promising phar-
macological tools for differentiating between the tetrodotoxin-sensitive Nay,
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Table 6.3 Examples of subtype-selective conopeptides

Conopeptid Molecular Target(s) Conopeptid Molecular Target(s)
Nicotinic Receptors Sodium Channels
a-RglA a%a10 nAChR p-THIA Nay1.1
a-BulA nACHR containing p4 p-PIlA Nay1.1, Nay1.6
a-ArlB [V11L; V16D] a7 nAChR p-KIIA, p-SmillA Nay1.1, Nay1.6, Na,1.7
a-Mil [HEA; L15A] aBB2 nAChR HO-MrVIB Nay1.8
a-BulA [T5A; PEO] abB4 nACHhR
a-AulB a3p4 nAChR Potassium Channels
a-Mi ald kM-RIIl K12
ah-0IVA aly Ccefa Kv1.6
Pli4a K16
Calcium Channels Conkunitsin-S1 K17
w-GVIA N-type calcium channel (Ca,2.2)
w-MVIIC P/Q-type calcium channel (Ca,2.1) Glutamate Receptors (NMDA)
Conantokin-RI-B NRZB
Neurotensin Receptors Conantokin-R NRZB, NR2A
Contulakin-G NTS1 Conantokin-Ri-8, NR2A, NR2B, NR2D

channel subtypes expressed in neurons.”®?' (But see also work describing
spider toxins with Nay subtype specificity.?>**) Table 6.3 provides examples of
a few p-conotoxins that have been used to identify the complement of Nay,
channel subtypes expressed in sensory and sympathetic neurons. Increas-
ingly, analogs of native p-conotoxins have been synthesized for structure
activity studies and to understand subtype selectivity.***” The p-conotoxins
also have potential for dissecting specific combinations of Nay channel
a- and B-subunits that are co-expressed in neurons.'®' Thus, the p-con-
otoxins comprise a key component of the pharmacological toolkit necessary
for differentiating neuronal subclasses on the basis of the different Nay
channel expression in individual neurons.

The pharmacological diversity of the peptides targeted to nAChRs from
Conus venoms (Table 6.3) is even more impressive than that discovered for
Nay channels. Enriched pharmacological diversity probably relates to the
potential molecular complexity of nAChR subtypes, which is even greater
than the complexity of Nay channel subtypes. A functional nAChR comprises
five subunits, and the pentamers may be homomeric or heteromeric
combinations of subunits encoded by 16 different genes (Figure 6.2). At the
neuromuscular synapse, the post-synaptic nAChR has two al-subunits, and
one subunit each of 1 (y or €) and d-subunits in a defined arrangement that
is known.”® However, in other tissues the precise subunit composition of
nAChR subtypes is largely unknown. Although certain heteromeric-nAChR
subtypes that contain specific a- and B-subunits are known to be expressed in
vivo, presumably many other nAChR pentameric isoforms are expressed in
vivo, and the subunit composition and stoichiometry of many of these het-
eromeric nAChRs is presently unclear. It is evident that that there is a vast
molecular complexity of nAChR subtypes to explore. The a-conotoxins are
increasingly used to identify specific nAChR subtypes expressed in vivo and
for exploring the functional roles of each.
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Figure 6.2
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Nicotinic Acetylcholine Receptors
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Neuronal Subtypes, Some Examples

Molecular complexity of nAChRs. Shown diagrammatically are the
subunits of nAChRs expressed in mammals. The functional receptor is
a pentamer. At the mammalian neuromuscular junction, the subunits
are assembled as illustrated with two copies of al1-, B1-, 3-, and -
subunits (the y-subunit is only found in fetal muscle and is replaced
with an e-subunit in mature muscle). The nAChR found in muscle was
the first ion channel to have been biochemically characterized. Many
other nAChR subtypes are expressed in vivo. For most subtypes, the
stoichiometry of subunits has not been determined. Four potential
subtypes believed to be present in the mammalian nervous system are
shown. It is generally believed that the a7-, a9- and «10-subunits
(green) can only assemble with each other to form functional
receptors. Different from these all-o neuronal receptors, many other
neuronal subtypes comprise a combination of two a-subunits (yellow)
and three non-a-subunits (blue or white), as illustrated in the figure.
Even with these restrictions, an enormous number of potential nAChR
subtypes can be expressed. Conus peptides have played a leading role
in defining these molecular isoforms. Notably, each of the four
neuronal subtypes shown in the figure is blocked by different a-
conotoxins.

The standard method used for analyzing function at the molecular level is
genetic perturbations (i.e. gene knockouts) in model organisms, but this has
serious shortcomings when dealing with heteromeric complexes such as
nAChRs. Knocking out a specific nAChR subunit (for example, the gene
encoding the a6-subunit) would be expected to produce an animal with
a phenotype, but interpreting the phenotype is problematic because most
nAChRs are heteromeric complexes. Therefore, the observed phenotype
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could be due to the elimination of any or all of the various nAChR subtypes
expressed in vivo that contain an a6-subunit (e.g. a6B2, a6p4, a6a4p2,
a60dp4, aba5B2, etc.). Thus, to interpret gene knockout experiments,
a complementary pharmacological approach is required. In turn, ligands
that can distinguish selectively between various heteromeric subtypes are
urgently needed. As shown in Table 6.3, several a-conopeptides can differ-
entiate between closely related nAChR subtypes. Some specific examples are
discussed below.

6.3.3 Linking Biodiversity to Discovery: a-Conotoxins and
nAChR Subtypes

The peptide toxin cabals found in the venoms of conoidean species should
provide a rich harvest of subtype-selective ligands. The best indicator of this
is provided by the peptide toxins already characterized that target the nAChR
family. The most rapid progress has been made with this group of venom
components because the relevant family of peptides, the a-conotoxins, are
structurally simpler than most other venom peptides with only two disulfide
cross-links, which makes them relatively straightforward to synthesize. Thus,
structure/function studies are significantly less difficult than for longer
peptides with three or more disulfide cross-links.

The preceding sections described many a-conotoxins that selectively target
various nAChR subtypes. These discoveries were enabled, in part, through the
analysis of a broad biodiversity of cone snails. In Figure 6.3, three different
nAChR subtypes are illustrated, and for each of these, a-conotoxins targeting
particular subunit interfaces have been identified. The a-conotoxins are
homologs that share a conserved structure and mechanism of action but
diverge in amino-acid sequences to target different isoforms of a particular
family of signaling molecules. Other families of conotoxins reinforce this
pattern, first described for the a-conotoxins, of structure/mechanism conser-
vation with sequence variation to achieve isoform specificity (Table 6.3).

The rationale for the evolution of a-conotoxins that inhibit the nAChR at
the vertebrate neuromuscular junction is clear: fish-hunting cone snails need
to paralyze their prey. However, the evolutionary rationale for a-conotoxins
that target neuronal nAChR subtypes that are not widely distributed is less
obvious because a priori we would not expect such peptides to facilitate prey
capture. Why do cone snail venoms contain a peptide that targets the 29210
nAChR, which occurs only in restricted loci of the mammalian nervous
system (e.g. the auditory circuitry) and a few non-excitable tissues? How can
a peptide that selectively targets this receptor subtype be generated through
natural selection?

A rationale is suggested by the observation that a-conotoxins that selec-
tively inhibit the 9210 nAChR were all found in the venoms of worm-
hunting cone snail species, and these are particularly enriched in those
species that prey on fireworms (also known as amphinomid polychaetes),
such as Conus regius (Figure 6.1) and C. imperialis. Unlike mammals, many



178 Chapter 6

Muscle Subtype Neuronal Subtypes

@ o-MI GRCCHPACGKNYSC*
% o-MII GCCSNPVCHLEHSNLC*
. a-RglA GCCSDPRCRYRCR

Figure 6.3 Three nAChR subtypes with selective o-conotoxins. The three
pentameric nAChRs are the muscle subtype, found at neuromuscular
junctions of mammals, a ganglionic subtype (23B2) and a subtype
found in auditory circuitry («92.10). The primary structures of three
different o conotoxins are shown that target these nAChR isoforms:
a-conotoxin MI for the muscle subtype, a-conotoxin MII for the o332
neuronal subtype and a-conotoxin RgIA for the a9010 subtype. Both
MI and MII were originally identified from the venom of Conus
magus. RgIA comes from the worm-hunting species Conus regius.

invertebrates express a homolog of the mammalian 29210 nAChR at their
neuromuscular junctions.? Thus, the a-conotoxins that inhibit this nAChR
homolog would presumably provide a selective advantage because they
produce neuromuscular paralysis in fireworms (though not in mammals).
The a9210 nAChR belongs to a special class of nAChR subtypes that only
contain a-subunits and no B-subunits (these are illustrated in Figures 6.2 and
6.3 with green-colored a-subunits). In mammals, such nAChR subtypes
contain a7-, «9- or a10-subunits (a1-a6-subunits always form heteromeric
receptors in combination with B-subunits). However, invertebrates, such as
Caenorhabditis, express numerous nAChR homologs of mammalian a7, a9
and @10, both at the neuromuscular junction and other loci in their nervous
systems.?® A key lesson from this example is that the structure of homologous
ion channels and receptors may be conserved across species, even when
patterns of expression and physiological roles are not conserved. Thus,
a peptide toxin that selectively targets a particular receptor subtype to enable
prey capture may also function as a therapeutic drug in humans, where the
homologous receptor subtype might be expressed in a different tissue, with
a different physiological role.
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6.3.4 Translational Applications of a-Conotoxins

The following example demonstrates the type of translational application
made possible through identification of novel venom peptides that target
specific receptor subtypes and ion channel subtypes. It has been established
that smokers are protected against Parkinson’s disease, and the degree of
protection appears to be a function of how much an individual smokes.
Furthermore, if smokers quit, this protection is abolished.***' Clearly,
understanding the mechanistic basis of the protective effect of smoking has
biomedical relevance. Evidence that the protective effects of smoking are due
to the effects of nAChRs has been obtained.** The question is, Which are the
relevant subtypes of nicotinic receptor?

This question has been explored with conopeptides. There are several
different subtypes of nicotinic receptor that, when activated, result in
dopamine release from the relevant circuitry in the striatum.* In order to
identify these specific nAChR isoforms, it was necessary to use highly
selective conopeptides that belong to the a-conotoxin family. Thus, the
availability of native conopeptides and their derivatives that can discriminate
between molecular isoforms of the large and complex nAChR family has been
essential for exploring the functional role of specific isoforms under normal
physiological conditions and in the etiology of Parkinson’s disease.** The
experimental application of subtype-selective a-conotoxins suggested that
two closely related nAChR subtypes, a6B3p32 and a6a4B3p2, play critical and
functionally different roles in the relevant dopaminergic circuitry.***”

6.3.5 Molecular Determinants of Specificity

The a-conotoxins and their nAChR targets offer a unique view of the
molecular interactions leading to subtype specificity and serve as a model for
the evolutionary mechanisms by which other families of conoidean peptide
toxins have achieved molecular specificity. Additionally, structural models of
a-conotoxins in complex with the acetylcholine-binding protein (AChBP),
a homolog of the nAChR, have yielded mechanistic insights.*®** Here,
structures of AChBP complexed with a-conotoxins will be discussed in order
to illustrate subtype-selectivity mechanisms (Figure 6.4 and Table 6.4).

The structures show the AChBP subunits arranged with five-fold symmetry.
Peptide toxin is bound at the interface between subunits and occludes the
agonist-binding (acetylcholine-binding) site (Figure 6.4A). At each subunit
interface, one subunit contributes the principal (+) binding surface, and the
other subunit contributes the complementary (—) binding surface
(Figure 6.4B). Loop C, which is part of the principle (+) surface, is found in
different dispositions depending on the occupancy of the agonist-binding
pocket. For the purpose of this discussion, loop C refers to the beta-turn-beta
element that includes two segments of extended beta-strand structure
flanking a connecting loop, with the vicinal cysteine residues at the very tip of
this loop being a conserved feature of a-subunits and AChBPs. Compared
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Figure 6.4 X-ray crystal structures of the AChBP in complex with a-conotoxins.

Subunits of the AChBP (shades of grey) and a-conotoxin (gold) are
depicted as water-accessible surfaces. (A) Pentameric assembly in
different structural states. The AChBP assembly is viewed slightly
askance from the five-fold axis so as to highlight movement of loop C
that is coupled to binding agonist and a-conotoxin. In the context of
a nAChR, the membrane would be below the ligand-binding units
shown here. Loop C in each of the five subunits closes upon
interaction with agonist. Occupancy by a-conotoxin PnIA[A10L, D14K]
requires opening of loop C. Movement of loop C is accompanied by



The Molecular Diversity of Conoidean Venom Peptides and their Targets 181

with the apo state, loop C closes to make interactions with agonist in the
epibatidine complex (Figure 6.4A). This same element is forced into a more
open position to accommodate an a-conotoxin antagonist. Movement of loop
C is necessary for agonist dissociation and for a-conotoxin binding, as there
is otherwise no unobstructed route out of and into the binding pocket for
these ligands. Movement of loop C (coupled to movement of other structural
elements) has been inferred from comparison of several AChBP structures
and likely explains channel gating in nAChRs.** As will be described below,
movement of loop C also probably contributes to an allosteric mechanism for
establishing subtype specificity characterizing several a-conotoxins.

global adjustments within the assembly that communicate agonist/
antagonist binding events to the ion channel. (B) Two subunits in
complex with agonist (epibatidine, green spheres) viewed
approximately perpendicular to the five-fold axis. The (+) subunit
contributes the principal agonist-binding surface located on the
inside of loop C, and the (—) subunit contributes the complementary
binding surface. The right-hand panel shows an exploded view to
highlight surface residues of the (—) subunit within van der Waals
contact of agonist (yellow). (C) Same view as in panel (B), but showing
the complex with a-conotoxin Iml. In the exploded view, N-terminal
and C-terminal residues of the o-conotoxin are labeled. Residues
colored yellow on the (—) subunit correspond with a7 residues that
are known to contribute to molecular specificity. The residues at
homologous positions within AChBP make direct contact with ImlI.
Direct contact with surfaces on the complementary face is one mode
of molecular recognition leading to subtype-specific block by a-
conotoxin. (D) Complex with a-conotoxin PnIA[A10L, D14K]. Residues
colored blue on the (+) subunit and yellow on the (—) subunit
correspond with a3 residues that contribute to enhanced sensitivity to
PnIA. Neither set of residues makes direct contact with toxin. In this
case, specificity-determinants most likely influence hinge-like motions
of loop C to encourage or prevent association with PnIA, dependent
on receptor subtype. This type of effect on loop C motion is a second,
allosteric mode of molecular recognition that serves to establish
subtype-specificity for a-conotoxins. (E) Complex with a-conotoxin
BulA. Both direct-contact and allosteric mechanisms are apparently at
work to establish molecular specificity for this a-conotoxin. Residues
colored blue on the (+) subunit and yellow on the (—) subunit
correspond with a6 residues that enhance sensitivity 60 000 fold
compared with a4” receptors (" indicates receptors include other
types of subunits). As is the case for the complex with PnIA[A10L,
D14K], neither set of residues makes direct contact with toxin, and
the blue set impinges on hinge-positions of loop C, supporting the
idea that o6 versus o4 discrimination is established through an
allosteric mechanism. Residues colored red on the (—) subunit
correspond with B4 residues that strongly influence toxin dissociation
kinetics. The residues at homologous positions of AChBP make van
der Waals contact with BulA, supporting the idea that B4 identity is
established by a direct-contact mechanism. Structural representations
were built using coordinates from the following pdb entries: 2byn apo
structure and 2byq agonist-bound structure;** 2br8 aPnIA[A10L, D14K]
structure;*® 2¢9t oIml structure;** 4ez1 oBulA structure.”®
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Table 6.4 Crystal structures of a-conotoxin in complex with AChBP from Aplasia

californica
Specificity Determinants
Subtype Degree of (corresponding sites

a-conotoxin pdb id Specificity  Specificity in AChBP)
o-ImI 2byp, 2¢9t o7 x50 a.7/al a7: 55,59, 77 (53, 57, 75)
a-PnIA 2br8 o3 (native  x1000 a3/a2 a3: 182, 188, 198

[A10L, toxin); @7  (native); x10 (178, 184, 194)

D14K] (fa10L]) a7/a3 ([A10L))
o-BulA dezl 6; P4 x60,000 a6/a4;  a6: 185, 187, 188, 198, 205

X60 k-off B4/B2 (181, 183, 184, 194, 201);
B4: 59, 111, 119 (54,
106, 114)

Specificity determinants that distinguish nAChR subunits have been
mapped by mutational analysis. In this approach, two receptor subunits that
differ in sensitivity to a particular a-conotoxin are employed to construct
subunit chimeras that are then assembled into functional receptors. Residues
that contribute to subtype identity (from the toxin’s point of view) are found
by monitoring changes in toxin sensitivity as residues from one subunit are
swapped for the corresponding residues in the other subunit. In the case of
a-conotoxin ImlI from C. imperialis,** acetylcholine-responsive receptors were
constructed by linking the acetylcholine-binding domain of a7 and a1 onto
the transmembrane channel-forming domain of the 5-HT; receptor.*® The a7-
and a1-subunits assemble into homomeric assemblies so no other subunits
were required. ImI inhibited the a7-5-HT; and «1-5-HT; channels but with
different ICs, values, indicating that ImlI preferentially inhibits o7 over a1
subtypes by a factor of 50-fold.** The identity of the amino acid residue at
positions 55, 59, and 77 within the a sequence was found to be deterministic
with respect to ImI sensitivity.*® In an a7 background, changing these three
positions to the residue found in the a1 sequence made the chimera relatively
resistant to ImI. Conversely, importing the a7 residues at any of these three
positions increased sensitivity to ImlI in an otherwise o1 background.

Structural models allow interpretation of these mutational analyses
to arrive at a mechanistic understanding of molecular specificity.*>*
Figure 6.4C shows ImlI as found in co-crystals of Aplysia AChBP. The structure
explains competitive inhibition since the site occupied by ImI completely
overlaps with the site of agonist binding. The structure also suggests how the
toxin can differentiate between homologous a-subunits. The peptide makes
close contact with residues at positions corresponding with those implicated
as specificity determinants by the residue swapping experiments. The toxin-
contacting surface for these specificity determinants is on the complemen-
tary (—) face. The ImlI peptide apparently distinguishes 7 and o1 subtypes by
direct contact with residues on the complementary (—) surface. Direct
contact with variable regions of the receptor is one modality for establishing
molecular recognition that fits into the lock-and-key paradigm for specificity.
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As will be described for a-conotoxin PnlIA and a-conotoxin BulA, a second
modality that involves moving parts and allosteric interactions also
effectively establishes subtype specificity.

The a-conotoxins, PnIA and PnIB, discovered in C. penneceus,*® demon-
strated differential inhibition of «3B2 and a7 receptors expressed in Xenopus
oocytes, with PnIA preferring o382 and PnIB preferring «7.* Leucine at
position 10 in the peptide sequence was found to be important for potency
towards the a7 receptor, since the single amino-acid substitution variant,
PnIA[A10L], switched receptor preference from a3p2 to a.7.*” Neuronal o332
receptors are at least 1000-fold more sensitive to PnIA compared with «2p2
receptors.*® To map specificity determinants on the «3-subunit, Everhart and
co-workers compared PnlIA sensitivity for a series of receptors comprising a3/
a2 chimeric subunits and B2-subunits.*® Positions 182, 188, and 198 were
identified as subtype-specificity determinants used by PnlIA to distinguish a3
from a2 since replacement with the a2 residue in an 3 background signif-
icantly diminished potency.*® These subtype determinants map to loop C of
the principal (+) subunit. Loop C contains several residues that construct the
(+) portion of the agonist and a-conotoxin binding pocket. However, the
particular residues implicated in a3 versus a2 discrimination map to corre-
sponding residues in the AChBP that do not make direct contact with peptide
in a PnIA[A10L, D14K]J-AChBP crystal structure (Figure 6.4D). Homology
models of a3p2 (which were constructed before the toxin-AChBP structure
became available) also highlighted the disposition of subtype-specificity
determinants as distant from the agonist-binding pocket and suggested that
structural changes in loop C or changes in the dynamic properties of loop C
communicate residue identity at these distant sites.*®

The distant location of specificity determinants poses an enigma with
respect to the mechanism of achieving subtype specificity. Of course, a trivial
explanation is that structural inferences based on the AChBP are flawed and
that specificity-determining residues in authentic a3B2 receptors are in fact
making close contact with inhibitor. However, many other structural infer-
ences derived from AChBP crystal structures are supported by biochemical
and mutagenesis data, lending a high degree of credibility to the use of
AChBP structure as an accurate surrogate for the ligand-binding domain of
acetylcholine receptors.** The prevalent explanation for understanding
subtype specificity is consistent with currently available structures and
attributes the influence of distant specificity determinants to changes in the
structural and dynamic properties of loop C.

Conceptually, this idea is related to the fundamental principles that apply
to any allosteric system. Toxin and agonist binding are coupled to structural
changes focused on loop C.* The acetylcholine-binding domain is therefore
an allosteric system with different structural states, and the distribution of
these states clearly depends on ligand occupancy. For allosteric systems, the
converse is also true. Namely, a change in the structural state distribution
(e.g. as affected by residue substitutions) will influence ligand-binding
affinity. The specificity determinants uncovered for PnIA, although not close
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to the toxin binding pocket, impinge on positions that seem well placed with
respect to any type of hinge-like motion for loop C. It is reasonable to think
that the physiochemical nature of residues at hinge positions will increase
flexibility in some cases and prevent certain conformations in other cases
and that the outcome of these effects will be to increase or decrease the
likelihood of toxin association (i.e. increase or decrease toxin potency). We
will refer to this molecular explanation, illustrated by PnIA, as the allosteric
mechanism for establishing subtype selectivity, which is to be distinguished
from the direct-contact mechanism illustrated by Iml.

The two mechanisms for subtype selectivity are not mutually exclusive, and
they may be synergistic. The a-conotoxin BulA, isolated from Conus bullatus,*
appears to utilize both direct-contact and allosteric mechanisms for subtype
specificity. BulA differentiates between a4 and a6 extracellular acetylcholine-
binding domains, preferring the latter by a factor of ~60 000.*>*° BulA also
discriminates among B-subunits on the basis of dissociation kinetics with
release from o334 receptors about 60-fold slower than from o332 receptors.>
The determinants used by BulA to discern a- and B-subunit identity have been
mapped by the chimera receptor approach to five residue positions within
loop C for a6 recognition® and to two residues residing close to the agonist
(—) binding surface for slow B4 dissociation.”* Figure 6.4E shows a crystal
structure of BulA bound with AChBP with these specificity determinants
color-coded. Similar to the situation found for PnlIA, the residues corre-
sponding to those that confer high sensitivity to «4/a6* chimeras are far away
from the (+) agonist binding site®® (* indicates assembled receptors contain
additional subunits besides the chimeric a4/a6-subunit). The distant location
of these specificity determinants speaks for an allosteric mechanism for
subtype specificity in discriminating «6™ and a4 ™ receptors. For B4 specificity
determinants, the corresponding positions in AChBP are making van der
Waals contact with BulA, meaning the direct-contact mechanism is the
simplest explanation for differential dissociation kinetics.

The two modalities for subtype selectivity are expected to apply generally
for other a-conotoxins and for other families of conotoxins that target
voltage-gated and ligand-gated ion channels. The direct-contact mechanism
is akin to lock-and-key descriptions of substrate specificity, which seems an
engraved dogma of biochemical lore and intuition. The hypothesis that the
allosteric modality will be a general mechanism needs to be tested with
experiments, including structure determination of toxin-receptor complexes
for other systems. In lieu of these, some logical arguments may be suggested.
All of the neuromuscular signaling molecules involve moving parts and
allostery. The necessity of moving parts stems from the requirement to
couple some extra-cellular event (neurotransmitter binding or membrane
depolarization) to channel opening in the transmembrane region. Examples
of bioactive peptides can be found within conoidean venoms that target
several possible structural states of the signaling molecules (e.g. closed,
open, and desensitized). Given these commonly observed traits, it seems
unavoidable that the transitions between structural states will provide



The Molecular Diversity of Conoidean Venom Peptides and their Targets 185

opportunities for inhibition that can drive the evolution of toxins with some
selective advantage for a given conoidean species.

6.4 Diversity of Conoidean Venom Components

6.4.1 Molecular Genetic Framework: Venom Peptide
Superfamilies

Most biologically active components in conoidean venoms are disulfide-rich
peptides (or small proteins). Typically, 50-200 different venom peptides
make up the repertoire of each species. The molecular genetics of cone snail
venoms has been reviewed.*> Although other conoidean lineages have not
been studied as extensively, the basic molecular genetic principles are
consistent with the genetic framework elucidated for venoms of cone snails.

Each venom peptide is encoded by a different gene (see Figure 6.5). In most
cases, the initial translation product is a prepropeptide precursor with an N-
terminal signal sequence, an intervening propeptide region and a mature
toxin region at the C-terminal end, which is released by proteolytic cleavage.
A conventional proteolytic signal (—KR or —R in most cases) is found between
the propeptide and mature toxin regions. The disulfide-rich peptides in cone
snail venoms are encoded by only a few gene superfamilies. Hypermutation
of these superfamilies has been largely responsible for the impressive
chemical diversity that has been evolved in cone snail venoms.'>*® Each
species has its own distinct complement of disulfide-rich venom peptides. A
notable feature of all peptides in the same gene superfamily is the extreme
conservation of the signal sequence, and the characteristic arrangement of
cysteine residues within the mature toxin region. Examples of two gene
superfamilies of Conus venom peptides are illustrated in Figure 6.5. Each
gene superfamily is indicated by a capital letter (e.g. A-, M-, O-, P-, S-, T-
superfamilies).

In any particular cone snail venom, the majority of the individual peptides
are encoded by only three to five gene superfamilies. Some gene superfam-
ilies are conserved across the entire Conus genus (such as the O-superfamily),
while other superfamilies are more lineage-specific. A single cone snail
species may express dozens of different peptides that belong to the same
gene superfamily, and these may diverge substantially in sequence (except
that the cysteine residues are conserved). Within a venom peptide gene
superfamily, the propeptide regions are generally more conserved than the
mature toxin regions, but less conserved than the signal sequence regions.
The size of the propeptide region varies considerably. In a small minority of
gene superfamilies, the propeptide region is absent altogether (the fraction
of superfamilies that encode precursors without a pro-region may be greater
in some of the other conoidean lineages). Thus, a typical cone snail peptide
precursor has a mature-toxin region that ranges in size from 10 to 35 resi-
dues, with signal sequences 20-25 residues in length. The propeptide regions
vary between 15 and 50 residues, depending on the superfamily. The A and
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Precursors of conopeptides
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Figure 6.5 Sequences of conopeptide precursors. The sequences shown are
conopeptide precursors from five different species of Conus; the
entire predicted open reading frame is shown before post-
translational modification. Three of the sequences belong to the
A-gene superfamily, and two belong to the S-gene superfamily. The
signal sequences are shown in red, and the propeptide region in
green. The mature peptides are always encoded at the C-terminal end
in single copy. The three peptides that belong to the A-superfamily
have a predicted length of 15-17 residues after post-translational
processing, and contain two disulfide linkages formed from the four
cysteine residues. The two S-superfamily sequences encode mature
peptides that have ten cysteine residues, predicted to form five
disulfide bonds. A comparison (boxed sequences) is made between
the two S-superfamily sequences with regard to the signal sequences
(which are identical) and a segment of the mature peptide toxin
region. Note that in the latter, while the cysteine residues align
perfectly, no other amino-acid residues are conserved. The two S-
superfamily sequences diverge in their molecular targeting
specificity: GVIIIA is a specific antagonist of the 5-HT; receptor, while
RVIIIA is a broad spectrum nAChR antagonist.

S-superfamilies shown in Figure 6.5 illustrate a stark contrast with respect to
the size of the mature peptides. The three examples shown for the A super-
family are 15-17 residues in length for the mature peptides with two disulfide
bonds after post-translational processing, while the two peptides shown for
the S-superfamily are much larger, over 40 residues in length for the mature
peptides, with five disulfide cross-links.

Conus venom peptides are much more highly modified post-translationally
compared with peptides from other animal venoms,**** and in this respect
they resemble peptidic natural products secreted by bacteria. In some gene
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families that encode Conus venom peptides, a specific type of post-
translational modification might be particularly common. Such post-
translational modifications include the vy-carboxylation of glutamate,
bromination of tryptophan, and hydroxylation of proline residues. For
example, y-carboxyglutamate is found at a high frequency and in a charac-
teristic arrangement in peptides belonging to the conantokin family. The
enzymes and mechanisms responsible for post-translational modification
are discussed below.

6.4.2 Generation of Peptide Diversity

The evolution of the gene superfamilies that encode Conus venom peptides
occurs at an unprecedented rate. The striking juxtaposition of conserved and
hypervariable regions within these rapidly evolving genes (see Figure 6.5) and
the extreme degree of conservation of signal sequences within the super-
families of venom peptides are fairly unique in biological systems. In cone
snails, there may be special genetic mechanisms in place to conserve signal
sequences, since even silent mutations typically are not observed. In contrast,
in the mature toxin region, hypermutation occurs at non-cysteine positions
(see the example of S-superfamily peptides in Figure 6.5). The biological
consequence is that each Conus species has its own distinct complement of
venom peptides, and even closely related Conus species have venom peptides
with divergent amino-acid sequences. The highly divergent members of
a gene superfamily can be confidently identified in different Conus species on
the basis of signal sequences, which are extremely well conserved even at the
nucleotide level. Additionally, there are conserved nucleotide sequences in
un-translated regions that are also characteristic of each gene superfamily.
Conus venom peptides evolved and diversified concurrently with the
successive adaptive radiations that have made Conus one of the most species-
rich genera of marine animals. The unique juxtaposition of almost totally
conserved signal sequences and hypervariable mature-toxin sequences is
reminiscent of the constant and hypervariable regions observed in anti-
bodies, where the conservation of a structural framework is coupled to the
rapid generation of new binding functions. Different from antibodies,
however, the mechanism that has produced hyper-diversification in the
mature-toxin region of conopeptides is unknown. Conticello, Fainzilber and
co-workers have suggested a detailed hypothetical mechanism based on their
analysis of the patterns of mutation observed.*® A rationale for the unprec-
edented signal-sequence conservation observed in Conus venom peptide
precursors has been discussed, with alternative explanations considered.’”
The number of venom peptide toxins produced by a single cone snail
varies. Estimates of 50-200 toxins per snail venom were traditionally based
on reverse-phase high-performance liquid chromatography (HPLC) frac-
tionation. However, highly sensitive mass spectrometric methods have led to
the detection of a far larger number of peptides in some cone snail venoms.
Estimates range from several hundreds to thousands.*®**' Intra-species
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variation in venom composition has been reported for Conus consors,** C.
erminius,®® and C. vexillum collected from two locations in the Red Sea.®*
Combined transcriptomic and mass spectrometric analysis of the milked
venom from C. marmoreus revealed over 2000 unique peptides. However, all
of these estimates include the multiple isoforms of peptides generated by
heterogenous modification and processing of precursors encoded by the
same gene.®* Naturally occurring folding isoforms of conotoxins may also
occur.® The diverse peptide isoforms produced from the same gene through
variations in post-translational processing (and possibly through alternative
protein folding) may have physiological significance in some cases, but this
possibility has not been directly evaluated. An examination of the N-terminal
sequences of the mature-toxin region often reveals multiple sites where
proteolytic cleavage may occur, suggesting that a series of peptides with
different N-terminal sequences may be produced, which may differ in their
physiological activity in vivo. A similar heterogeneity can be generated at the
C-terminal end. A precursor that has the X-GRRR sequence (where X is the
conopeptide) at its C-terminus is generally considered to mature, via pro-
cessing by a known amidating enzyme,® to yield X-NH,, a peptide with the
terminal carboxyl group protected by amidation. However, X-G, X-GR and X-
GRR are all possible post-translationally produced intermediates that may
accumulate in the venom and which differ in biological activity.

The structural diversity of conotoxins has been a subject of multiple
reviews, and there is a dedicated database, ConoServer, that summarizes the
known Conus venom peptide structures.®”®® The structural diversity has been
generated in part through a diversification of disulfide scaffolds (see Chapter
2 for more details). While most conotoxins contain multiple disulfide
bridges, there are conopeptide families that lack Cys residues altogether.
These include the conantokins, contulakin-G, and the conolysins.> A
striking feature of conantokins, antagonists of N-methyl-p-aspartate recep-
tors, is the presence of multiple y-carboxyglutamate residues that stabilize
the helical conformation of the peptide through chelated divalent metal
ions.* In a glycopeptide known as contulakin-G from C. geographus (an
agonist of neurotensin receptors), interactions between sugar and peptide
backbone were reported,”® suggesting that post-translational modifications
(other than disulfide bridges) can be recruited to stabilize the conformation
of these disulfide-poor conopeptides. Various post-translational modifica-
tions, including 1- to p-isomerization, bromination of Trp or sulfation of Tyr,
were summarized by Buczek and co-workers.”

Most conotoxins comprise less than 40 amino-acid residues, with multiple
disulfide bridges. More than two dozen distinct disulfide-rich scaffolds have
been described.” One mechanism by which snails diversify scaffolds is rapid
gene duplication.””* Although disulfide bridges stabilize bioactive confor-
mations of conotoxins, a recent study showed that even noncritical bridges
play an important role in ensuring their proper folding.” It is noteworthy
that cone snails “experiment” with engineering disulfide bridges even within
well-known gene families encoding highly conserved disulfide scaffolds,
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such as Kunitz domains (a protein family in which the disulfide scaffold is
highly conserved across biological systems). Conotoxins constructed with
a Kunitz domain are called conkunitzins, and several members of the con-
kunitzin family either lack one of the canonical disulfide bridges or contain
an extra disulfide bridge. Structure determination by nuclear magnetic
resonance (NMR) and X-ray crystallography revealed how one disulfide
bridge could be replaced with close van der Waals contacts made possible by
a Cys—Gly substitution encountered in conkunitzin-S1.”>”® Dimers and
trimers of the Kunitz domains were also identified in this family.”” Indeed,
diversification of Kunitz-domain scaffolds discovered in cone snail venoms
is, so far as we know, much greater than has been reported for all other
biological systems combined.

Most conotoxins are relatively small (under 5 kDa), but there are venom
components larger than 9 kDa, for example con-ikot-ikot from Conus striatus
that targets a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors’® or p21a from C. purpurascens.”® Enzyme components of cone snail
venoms include phospholipase A2-like conodipine-M®*® and glycosyl hydro-
lases (hyaluronidases).*"** It is noteworthy that neuroactive metabolites have
recently been demonstrated to be produced by bacteria living in symbiosis
with cone snails.*® Overall estimates of unique conotoxins and additional
venom components produced by all cone snail species currently exceed
100 000. In all venomous marine snails, there are literally millions of unique
pharmacologically active compounds.

Although earlier studies on the biosynthesis of conotoxins were sparse
(reviewed in ref. 84), recent proteomic studies have provided more detail
about Conus enzymes involved in venom peptide biosynthesis and folding.
The discovery of a multitude of protein disulfide isomerase isoforms*
suggests that these may play a role in the oxidative folding of conotoxin
precursors containing a propeptide sequence.® Additional enzymes involved
in the biosynthesis and folding of conotoxins include the Conus y-glutamyl
carboxylase,*® peptidyl-prolyl cis-trans isomerase (PPI),*” and a multi-enzyme
complex of ER-based chaperones hsp70, hsp40 and protein disulfide isom-
erase (PDI) recently detected in the venom glands of C. victoria.®® Our
understanding of the putative mechanisms of enzyme-catalyzed oxidative
folding of disulfide-rich peptides will undoubtedly improve as these enzymes
and enzyme complexes are further explored.

6.5 Conoidean Venom Peptides: Some Future
Directions

6.5.1 Ky-Channel Pharmacology: The Next Great Challenge

In the preceding sections, we summarized the targeting selectivity of
different a-conotoxins that have evolved to match the diversity of homomeric
and heteromeric nAChR subtypes in various prey, predators and competitors
of cone snails. The resulting molecular diversity of a-conotoxins has been
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studied and developed systematically, providing selective ligands for various
nAChR subtypes over three decades. The development of subtype-selective
pharmacology for nAChRs has been and continues to be a formidable chal-
lenge, because many different nAChR pentameric isoforms can be formed
from 16 different nAChR subunits encoded in mammalian genomes. By
comparison, the on-going development of subtype-selective pharmacology
for potassium channels is even more challenging because, in mammals,
there are approximately 70 genes that encode K channel subunits, including
40 genes that encode subunits of voltage-gated Ky channels.?®

The potential complexity of Ky channels is illustrated with just one
example in Figure 6.6A, which shows the possible Ky channel subtypes that
can be formed by only two subunits, Ky1.1 and Ky1.2 (from the “Shaker” or
Ky1 subfamily), and in Figure 6.6C, which shows the striking increase in
complexity generated if triheteromeric complexes are considered. The
importance of considering the complexity is highlighted by recent results
from the Terlau group obtained by testing precisely defined Ky channel
architectures with the kM-conotoxin RIIJ (RII]), shown in Figure 6.6B.
Although it was known that among homomeric Kv1 channels, RIIIJ blocked
channels with four Ky1.2 subunits most potently, these new results show that
there are striking differences in sensitivity among the possible isoforms of
heteromeric Ky channels with both Ky1.1 and Ky1.2 subunits. Evolution of
a toxin that strongly prefers channels constructed with one Ky1.1 subunit
and three Ky1.2 subunits strongly suggests that this particular isoform plays
a critical role in neuron function. The number of different heteromeric Ky
channel subtypes that may theoretically be assembled is staggeringly large,
but it is not presently clear which of these homomeric or heteromeric Ky
channels actually exist in vivo. Venom peptides have the potential to become
invaluable resources for identifying the specific Ky channel subtypes that are
actually expressed in native cells and for elucidating the physiological roles
of each.

There are multiple families of conopeptides that inhibit Ky channels.
These have not yet been investigated in the systematic way that the o-con-
otoxins have been analyzed. However, there is compelling initial data that
these block specific Ky channel subtypes with a high degree of selectivity. kM-
conotoxin RIIIJ (RIIIJ) again provides a poignant example. RIII] selectively
inhibits homomeric Ky1.2 channels over other Ky1 homomers, i.e. Ky1.1 and
Ky1.3-1.8.*° However, when tested against native Ky channels expressed in
neurons, RIIIJ elicited a diversity of effects,”® suggesting that RIIIJ may
inhibit multiple Ky1.2/1.X heteromers that are differentially expressed in
different neuronal cell types. In Figure 6.7, we show examples of a neuron
that was resistant to RIIIJ and others that were sensitive to RIIIJ, with
a diversity of response phenotypes. Notably, when a different conopeptide
(known as Pl14a) that is selective for Ky1.6 was applied to the same neuronal
population, a subset of RIIIJ-resistant neurons responded, suggesting that Ky
channels that contain Ky1.2 and Ky1.6 subunits are expressed in different
subsets of sensory neurons.”® RIIJ and Pl14a, in conjunction with other
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Figure 6.6 The potential complexity of heteromeric Ky channel subtypes. (A)
Heteromeric Ky channel subtypes comprising two different Kyl
subfamily subunits, Ky1.1 and Ky1.2. (B) Affinity of kM-conotoxin
RIIJ, a peptide from Conus radiatus venom for Ky channels
containing Ky1.1 and Ky1.2 subunits. The highest affinity was found
when a single Ky1.1 and three Ky1.2 subunits were combined. The
heteromeric channels were made by covalently linking the appropriate
Ky1.1 and Ky1.2 subunits. Asterisks identify the presumed channel
shown in panel (A) that corresponds to the ICs, value in panel (B). (C)
Potential tri-heteromeric subunits derived from the highest affinity
target for kM-conotoxin in RIIIJ shown in panels (A) and (B). One of
the other Ky1 subunits is substituted for one of the Ky1.2 subunits, to
yield a tri-heteromeric Ky channel. The possibility that these are also
high affinity targets for kM-RIIIJ cannot be eliminated.

subtype-selective Ky, channel venom peptides, are the type of pharmacolog-
ical tools that can be used to identify the specific Ky channel subtypes
expressed in each neuronal cell type and elucidate the physiological roles of
each. The challenge is to differentiate between the types of Ky channel iso-
forms shown in Figure 6.6. Clearly a much larger array of subtype-selective
peptides with highly specific targeting selectivity will be required to
adequately address this challenge.
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Figure 6.7 Calcium-imaging traces from a culture of heterogeneous DRG neurons,

demonstrating different response phenotypes to kM-conotoxin RIII]J.
Each trace represents the response of a single neuron. In this
experiment, more than 100 neuronal responses were monitored
simultaneously, and seven of these are highlighted here. The X-axis is
the same for all traces (time in minutes). The Y-axis is a measure of
cytoplasmic calcium concentration as measured by the ratio of
excitation with 340 nm and 380 nm light, while monitoring
fluorescence emission at 510 nm (cells loaded with Fura-2-AM dye).
The arrows indicate when the cells were depolarized with 30 mM
extracellular K'. An upward deflection of the trace indicates that the
cytoplasmic calcium concentration increased transiently when the
neuron was depolarized. The black horizontal bar indicates when 1
puM (RIIIJ) was present in the bath. Some neurons were apparently
unaffected by the application of RIIIJ (top trace). In some neurons, the
calcium baseline increased during the application of RIIIJ (trace
second from top). In other neurons, the calcium baseline exhibited
repetitive calcium spikes (third and fourth traces from top). In some
neurons, the calcium transient was amplified substantially by the
application of RIIIJ in either peak height, width or both (all traces but
top trace). The black circle indicates when capsaicin was added at the
end of the experiments. Notably, cells affected by RIIIJ included both
capsaicin-sensitive and resistant neurons.
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The therapeutic potential of selective Ky channel ligands cannot be over-
stated. Even non-selective Ky channel antagonists, such as 4-aminopyridine,
are used clinically for multiple sclerosis and several other neurological
diseases® > (reviewed in ref. 93). The subtype-selective Ky channel antago-
nists found in venoms are expected to provide greater therapeutic benefits
with fewer side effects. Indeed, a derivative of the sea anemone toxin ShK,
which selectively targets the Ky1.3 isoform, is currently in human clinical
trials for treatment of multiple sclerosis.®*®® Preclinical studies for k-
conopeptide PVIIA, which selectively targets Shaker Ky channels, demon-
strated that this conopeptide is cardioprotective in animal models. Terlau
and co-workers showed that this peptide is state selective, and that channels
inhibited with k-PVIIA were also inhibited in the progression to a slow
inactivated state.”” These few examples of preclinical therapeutic develop-
ment illustrate the vast and largely untapped potential of subtype-selective
Ky channel-targeting peptides from venoms.

6.5.2 Lessons Learned and Translating these to
Biomedical Science

By current estimates we have surveyed and characterized only a small portion
of the structural and functional diversity of venom peptides from marine
snails. Nevertheless, there are several important lessons to be learned from
the pharmacological strategies that evolved in marine snails—lessons that
can be fruitfully applied to the biomedical sciences.

The first lesson is that Nature has already provided subtype-selective
ligands for therapeutically relevant receptor and ion channel targets.
Consideration of the vast number of unstudied or understudied conoidean
species indicates that the majority of these subtype-selective ligands are as
yet undiscovered or uncharacterized. A second major insight is that a specific
physiological end-point can be effectively achieved by combining structurally
distinct ligands that bind different molecular targets and/or bind different
sites on a common molecular target. Such flexibility is underappreciated in
pharmacology, where drug-discovery programs typically focus on a single
molecular target and mechanism of action.

These points deserve special attention when considering how to translate
advances in conoidean peptide research to biomedical science. The cabal
strategies employed by fish-hunting cone snails has revealed that a partial
block of a few functionally coupled signaling proteins achieves a physiolog-
ical end-point more effectively compared with complete block of one
signaling protein in a physiological circuit. Drug-discovery programs would
do well to follow this lesson, taken from the cone snail playbook, for two
reasons, both of which relate to specificity. First, molecular targeting speci-
ficity is always concentration dependent. At high doses, spillover effects will
be greater, and even a highly selective drug will uncover off-target binding,
leading to unwanted side effects when taken in excess. Second, a cell type or
circuit may be targeted more selectively with a therapeutic cabal. Any one
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signaling molecule (e.g. a particular subunit of the Ky channel) is generally
expressed in several circuits, in different tissues, and in many cell types. But
a particular combination of signaling molecules is likely to be uniquely
expressed in a single target circuit, tissue and cell type. Thus, if two func-
tionally linked proteins are inhibited only partially in the targeted circuit, the
effects may be synergistic to achieve a desired therapeutic benefit, but the
side effects potentially will be less severe in other circuits or cells where only
one of the signaling proteins is expressed and functionally coupled to
a different set of signaling proteins.

The potential for cell-specific outcomes triggered by perturbation of
signaling molecules is corroborated by the study of a mutation in one Nay
channel subtype, Nay1.7, that results in opposite phenotypes in different cell
types. The gain-of-function mutation causes a depolarizing shift in the
resting membrane potential leading to hyper-excitability in dorsal root
ganglion (DRG) neurons, where Nayl.7 is coupled functionally to Nay1.8.
However, in sympathetic neurons, the same mutation results in hypo-
excitability due to channel inactivation because Nay1.8 is not expressed in
these neurons.”® Thus, the same gain-of-function mutation has different
phenotypes dependent on the co-expression of other Nay channels. Cell type,
as defined by the repertoire of signaling molecules functionally co-expressed,
is clearly important in determining how the cell will respond to some event,
in this case to a mutation, or by analogy, to a pharmacological perturbation.
The same principle forms the foundation for a new paradigm, described in
the final section, which aims to define cell types by monitoring the way cells
respond to a judiciously designed set of diverse pharmacological challenge
events.

6.5.3 A New Paradigm for Discovery of Novel
Pharmacological Agents

A set of daunting challenges faces the field of conoidean venom peptide
research. The lessons learned from past research indicate the existence of
highly specific pharmacologies that could precisely target different cell types
defined, for example, by the exact isoforms of functionally expressed Ky
channels. Finding the necessary ligands with current methodologies that rely
on intuition and exhaustive tests on a one-signaling-molecule-per-trial basis
seems woefully inadequate, given the enormity of the task. We desire to
efficiently uncover the most valuable of these pharmacologies within
a reasonable time span, and therefore have been motivated to find a faster
and “wider-net” approach inspired, appropriately, from the strategies that
naturally evolved in marine snails. This section attempts to sketch how this
approach works, provide some examples of recent results obtained, and
define realistic goals for future work.

The approach for discovery of novel pharmacologies we are currently
developing tackles two difficult and related challenges at the same time.
The first challenge is to define cell types of the nervous system more
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precisely. For example, we want to replace the low-resolution demarcation
of cells on the basis of tetrodotoxin-sensitivity with high-resolution char-
acters based on the precise isoforms of Nay channels present on each cell.
The p-conotoxins and other conopeptide families targeting different iso-
forms of Nay channels should make a higher resolution demarcation of cell
types feasible, especially if additional subtype-selective agents that target
another signal molecule family are included. The expectation is that with
a sufficiently expanded arsenal of subtype-selective ligands we should be
able to precisely distinguish all of the cell types found within a particular
anatomical locus.

The second challenge is to obtain and analyze results looking for new
pharmacologies in a massively parallel manner. To meet this challenge, we
employ heterogeneous mixtures of cells and simultaneously monitor the
response of each cell during application of a series of stimulatory and
inhibitory agents. Since all neuronal signaling events ultimately transduce to
changes in intra-cellular calcium ion concentration, cell responses are
recorded via calcium imaging (see Figure 6.7). Part of the protocol is
designed to identify the multiple cell types present (and the constellation of
signaling molecules present in each of those cell types). In this phase, the
response (or lack of response) to multiple events provides a functional
fingerprint that can differentiate between the different cell types present. The
cells are then challenged with novel ligands or mixtures of ligands (e.g
venom fractions) and the resulting responses are obtained for all cells in the
population (100-200 cells can be simultaneously analyzed). This is expected
to quickly identify sources (e.g. venoms or venom fractions) with new
potentially valuable pharmacologies. For want of a better name, we are
calling the platform described here “constellation pharmacology”. The key to
making the constellation pharmacology platform work is that the solutions
to each of the two challenges reinforce each other. Definition of cell types will
increasingly attain better resolution as new ligands with improved specificity
are discovered, which will better enable discovery of novel ligands with
unique targeting selectivity.

As proof-of-principle, we have characterized two types of cold-sensitive
neurons from rodent DRG: cold thermosensors and cold nociceptors.”” The
constellations of receptors and ion channels in the two DRG subclasses differ
substantially, as determined by the presently available toolkit of pharmaco-
logical agents, including several subtype-selective venom peptides. These
differences were exploited to pharmacologically manipulate the cold
threshold required to activate cold nociceptors. Ordinarily the cold noci-
ceptors only responded to noxious-cold temperatures (i.e. <15°C). However,
by blocking the Ky channels present in those neurons, they began to respond
to innocuous cool temperatures.*?

The changes in response thresholds elicited by pharmacology are rele-
vant to pathological conditions. The same Ky channel subtype that we
blocked using pharmacology was also downregulated in a mouse model of
cold allodynia (produced by a chemotherapy drug).”® Thus, the cold
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threshold can be lowered either by gene expression changes or through
pharmacology. Conversely, knowledge of the constellation of ion channels
and receptors expressed in the cold nociceptors raises the possibility of
novel pharmacological strategies for specifically suppressing cold allody-
nia, which would alleviate a major source of suffering experienced by
cancer patients undergoing chemotherapy treatment. Our ability to
discriminate between different neuronal cell types through their cell-
specific constellations as reflected by functional fingerprinting, should
increase significantly as more subtype-selective ligands are characterized.
In turn, this creates an opportunity to design more sophisticated and tar-
geted therapeutic interventions.

The continuing development of constellation pharmacology should
provide a scientific bridge between molecular and systems neuroscience.
There currently exists a formidable barrier separating these two fields:
molecular neuroscience focuses on the properties of individual signaling
molecules, and systems neuroscience aims to understand the behavior of
neuronal circuits. Essentially, this barrier results from a “zone of ignorance”
at the cellular level. At present, except for morphologically distinct neurons
(e.g. rods and cones, and cerebellar Purkinje cells), the exact subclass of
a neuron being studied is generally difficult to define. An additional layer of
confusion is contributed by the vast number of possible subtypes of signaling
molecules, such as Ky channels or nicotinic receptors. It is currently difficult
to answer the seemingly simple question of which Ky channel subtypes are
expressed in which particular neuronal subclasses. In order to follow the
emergence of new neuronal subclasses during brain development or to
compare neurons within or among species, a better definition of cell types is
required. Constellation pharmacology should breach the significant gap that
exists between molecular and systems neuroscience by uncovering the
functionally integrated molecular components within each neuronal
subclass.

The great promise of conoidean venom peptides for future biomedical
applications is that they will provide major tools for linking together
molecular and systems neuroscience into a seamlessly integrated, cohe-
sive discipline. Such integration is essential for accelerating progress in
understanding and treating pathologies of the nervous system. To take
specific examples, there is an urgent need for early biomarkers in many
of the intractable neurodegenerative diseases. Constellation pharma-
cology can be used to investigate which cell-specific constellations
change with the disease progression, potentially detecting early cell-
specific changes that occur long before any clinical symptoms appear.
Subtype-selective conopeptides have the potential to monitor such
changes, thereby becoming diagnostic biomarkers. Understanding what
cell-specific changes occur may be the best hope we have of under-
standing the presently intractable progression of neurodegenerative
diseases, and of blocking this progression through a targeted pharma-
cological intervention.
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7.1 Introduction

Frightening, mesmerizing or whatever else it might be, the sight of a scor-
pion is something humans do not often dismiss. We know a scorpion sting
can be dangerous, even life-threatening, due to the presence of neurotoxic
components in the complex mixture that makes up venom. In many tropical
and sub-tropical countries scorpionism (the clinical manifestation of scor-
pion envenoming) remains a public health problem," and thus it is not
surprising that scorpion venom research has been largely driven by interest
in the understanding of human envenomation caused by the sting of these
arachnids. Notwithstanding, some cultures have used scorpion venom to
treat human pathologies, most of them mirroring the “like cures like” Par-
acelsian principle (similia similibus curantur) to treat scorpion envenoma-
tion,>* but also other conditions such as pain, convulsions and diabetic
neuropathy.*® Whereas there is no, or only poor, scientific support for most
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of the claimed beneficial effects of scorpion venom, the study of isolated
venom components and their mechanism of action has provided some
interesting drug candidates. This chapter reviews the potential use of scor-
pion-venom components to treat several human pathophysiological condi-
tions, with special emphasis given to the frontrunners in the search for novel
drug leads from scorpion-venom-derived peptides.

7.2 Overview of Bioactive Peptides in Scorpion
Venoms

Scorpion venoms are complex mixtures consisting of dozens of different
components, among which low molecular weight proteins contribute to the
largest diversity.”" Hundreds of amino acid sequences are available in
public databases™ and many more are being described, thanks to high-
throughput sequencing; nonetheless, these sequences still make up a rather
low proportion of the molecular diversity revealed by mass spectrometry
(MS)-assisted proteomic analysis of the venoms (see, for example, ref. 7 and
11) and they account for only a tiny portion of the estimated biodiversity of
scorpion-venom peptides.” A rough comparison of the molecular weight
frequency distribution illustrates the large mismatch between published
sequences and available venom proteomes (Figure 7.1). While almost 40% of
all sequenced scorpion-venom peptides are sodium channel modulators or
related peptides, only 8% of the determined masses in proteomic studies fall
within the typical mass range for these toxins (6-7.5 kDa). On the other side
of the spectrum, most proteomic studies have revealed a large contribution
to the scorpion-venom proteome, around 20% on average, from very small
peptides (1.5 kDa or less), but only 2% of the peptides in sequence databases
are within this mass range.

Low molecular weight (less than 10 kDa) proteinaceous components from
scorpion venoms can be roughly divided into reticulated (disulfide-bridged)
and linear (non-disulfide-bridged) peptides.®** Larger proteins are also found
in scorpion venoms and in some cases constitute the main active compo-
nents;'* however, their contribution to the molecular diversity of scorpion
venoms is limited. The largest group of described scorpion-venom peptides
is constituted by disulfide-bridged peptides, 21-77 residues long, with the
sequence signature of the cystine stabilized a/p (CSe./B) motif," even if not all
of them fold into the most common aff three-dimensional topology.*® To
a large extent the size of CSa/f} scorpion venom peptides serves as indication
of their mechanism of action: short-chain peptides (smaller than 45 residues)
are generally potassium channel blockers and long-chain peptides (55 resi-
dues or larger) mostly modulate the activity of sodium channels.” Some
scorpion CSo/B peptides display a remarkable specificity for certain subtypes
of ion channels, and thus great efforts have been made to identify specific
modulators of ion channels involved in several channelopathies. Some of the
most promising prospects are described in the sections to follow.
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Figure 7.1 Violin plots of molecular weight distributions in scorpion venom based
on UniProt entries (mature peptides of 780 non-redundant peptides as
August 2012; see ref. 12 and 40) and MS-assisted venom profiling data
(5552 values pooled from 21 venom profiles, see ref. 7-11). The graph
was obtained using the R “violins” package, with the smoothening
parameter 7 = 444. Overlaid dots are individual molecular weight
values for 780 non-redundant peptides in UniProt and 1671 randomly
picked frequency-weighted values from the MS data. Dots are colored
according to their functional annotation and plotted with the R
“beeswarm” package (method = “swarm”, corral = “wrap”). Sodium
channel toxins = red; potassium channel toxins = green; AMPs =
blue; calcium channel toxins = light blue; Cltx-like toxins = pink;
enzymatic activity = black; no functional data = gray.

Peptides folding into the inhibitor cystine knot (ICK) scaffold"” constitute
another widely distributed, though much less diversified, group of scorpion-
venom components.’®?® These peptides are high-affinity agonists of ryano-
dine receptors (RyRs, the calcium channels residing in the sarcoplasmic
reticulum), and thus they are often called calcines. Although the activation of
RyRs does not have clear relevance in the ecological context of venom use, the
confirmation that calcines can reach intracellular RyRs even if applied to the
extracellular milieu of intact cells®*** prompted the discovery of their cell-
penetrating properties. Thus, as detailed below, these peptides are now being
studied for intracellular targeting of attached drugs.
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Whereas the ion channel modulating activities of scorpion-venom
peptides with the sequence signature of the CSa/B or ICK motifs are relatively
well understood, the heterogeneous collection of non-disulfide bridged
peptides (NDPs) also found in scorpion venoms has received much less
attention," despite making the largest contribution to the molecular diver-
sity of most scorpion venoms characterized so far using proteomic tech-
niques.”**** Scorpion-venom linear peptides have no common biochemical
or structural features, although they are typically enriched in charged and
hydrophobic residues, and thus prone to behave as amphipathic molecules.
A variety of different functions have been assigned to these NDPs, from
cytolytic or antimicrobial activity to bradykinin potentiating and immuno-
modulatory activities.® The precise mechanism of action of most bioactive
scorpion-venom linear peptides is only beginning to be elucidated; none-
theless, as detailed below, some of them are interesting candidates for
therapeutic applications.

The spectrum of human pathophysiological conditions for which
scorpion-venom peptides may offer a therapeutic alternative spans from
controlling parasitic infections to treatment of autoimmune diseases and
specific labeling of tumors (see Table 7.1). Here, special attention is given to
the physiological basis of their potential therapeutic use in the context of
selected pathophysiological conditions and to the use of toxin scaffolds for
rational drug design; the reader is encouraged to consult the extensive
literature regarding bioprospecting for bioactive peptides in animal venoms,
including scorpions, and the molecular basis of their mechanism of action
(see, for example, ref. 24-26).

7.3 Drug Candidates
7.3.1 Antimicrobial Peptides

The available therapeutic tool-kit to combat infections is becoming obsolete
as rapid generation times, high mutation rates, and strong selection pres-
sure combine to assure microbial pathogens a good lead in the arms-race
against antibiotics.>” This explains in part why the discovery of new small-
molecule antimicrobials has slowed down dramatically in the last 50 years.?®
In the meantime, some researchers have begun to look for new antibiotic
leads among naturally occurring peptides that participate in the innate
immune response of multicellular organisms, the so-called (cationic) anti-
microbial or host-defense peptides. These structurally diverse and multi-
functional antimicrobial peptides (AMPs) are amongst the first lines of
humoral defense in diverse organisms.”” Some peptides from scorpion
venoms resemble AMPs, both structurally and functionally. Although their
precise role in the ecology of venom use is not well understood, it is assumed
that they serve as spreading factors that help other venom components
reach their targets.*®
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Regardless of their role in the ecology of venom use, most functionally
characterized scorpion-venom NDPs display antibiotic activities, often
concomitant with significant cytolytic action that limits their potential
therapeutic application.™?%*" More recently, a number of synthetic variants
of some of these peptides have been designed in which the cytolytic action
against mammalian cells (mainly tested in hemolytic assays) has been
reduced, while the antimicrobial effect of the native peptide has been
preserved (see, for example, ref. 32 and 33). More promising candidates for
therapeutic applications are NDPs with very low or non-recorded cytolytic
activity against mammalian cells, such as Meucin-24 and Meucin-25, two
peptides from Mesobuthus eupeus venom with plasmodicidal activity,**
BmKbpp, a multi-functional AMP from Mesobuthus martensii,*> and the
antibacterial VmCT2 from Vaejovis mexicanus.>®* Moreover, some scorpion-
venom AMPs can also act synergistically with conventional antibiotics.?” An
intriguing feature of some scorpion-venom AMPs is their ability to affect
mammalian cells at non-lytic concentrations, as exemplified by the NDP
Parbutoporin from Parabuthus schlechteri, which promotes neutrophil
chemotaxis and degranulation while delaying spontaneous neutrophil
apoptosis.>* In this sense, scorpion-venom AMPs are not different from
mammalian host defense peptides, now recognized as not “merely antimi-
crobials”, but important signaling molecules of the innate immune defense
system.>® Such features broaden the scope of potential applications of scor-
pion-venom AMPs; however, much research is still needed to clarify their
precise molecular targets and mechanism of action.

The potential application of scorpion-venom NDPs as antimicrobials is
still an open question, and further research is required to obtain more
specific AMPs and to explore their immunomodulatory effects. However,
another class of scorpion-venom AMP is gaining significant attention with
the aim of combating malaria. In 2000, a peptide found in Pandinus imperator
venom was reported to inhibit several stages of the murine malaria parasite
Plasmodium berghei.®® The peptide, called scorpine, contains an extended
N-terminal region of some 30 residues followed by a typical CSa/B C-terminal
region; this molecular architecture resembles the previously described
potassium channel blockers grouped within the B-KTx subfamily of scorpion-
venom peptides.*® Scorpine/B-KTx homologs have been found in several
scorpion species (an updated list is available from UniProt’s toxin annotation
program).*® Although scorpine-like peptides are cytolytic,*>** a potassium
channel blocking activity can be unmasked by removing the N-terminal
region.** While the cytolytic action of scorpine-like peptides limits their
potential therapeutic application, their plasmocidal activity could still
contribute towards the fight against malaria. Target expression of plasmo-
dicidal peptides in vector insects has been long foreseen as a promising
strategy to combat malaria,** but it faces important ecological and social
concerns related to the release of transgenic mosquitoes into the field (see
ref. 44). Partially overcoming this limitation, two groups recently engineered
scorpine-producing transgenic entomopathogenic fungi** and bacteria*® that
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can grow within mosquitoes, thus deploying the AMP directly into the vector
organism where parasites spend half of their life cycle.*”

7.3.2 Autoimmune Diseases

Years of research have firmly established that modulation of excitable cells is
the main mechanism by which scorpion venoms exert their toxic function,
impairing cellular communication by the concerted depolarizing action of
potassium channel blockers and sodium channel activators. However,
virtually all cells possess ion channels similar to the ones affected in excitable
cells, if not one and the same. Thus, non-excitable cells can be affected by
scorpion toxins inasmuch as the targeted channels are important for their
function, as is the case for T lymphocytes, the white blood cells in charge of
the cellular immune response in mammals.*® Activation of cytotoxic T cells
depends on a constant influx of calcium that needs to be counterbalanced by
potassium efflux in order to maintain the membrane potential; different
subsets of T cells achieve this by up-regulating the expression of voltage-
gated or calcium-activated potassium channels (Kv1.3 and KCa3.1, respec-
tively).*> Notably, chronically activated effector memory T cells (Tgy) are
responsible for the tissue damage characteristic of several autoimmune
diseases such as multiple sclerosis, rheumatoid arthritis and type-I diabetes
mellitus.*® Tgy, cells overexpress Kv1.3 channels and thus their activation can
be inhibited by specific blockers of this channel,®* while other subsets of T
cells remain unaffected as their membrane potential is mainly maintained by
KCa3.1 channels.*® As several CSa/p toxins from scorpion venoms are high
affinity blockers of these channels, they were readily recognized as potential
drug leads for treating autoimmune diseases.>?

The story of scorpion venoms and autoimmune diseases can be traced back
to a clinical report in 1983, where a scorpion sting was suspected to be the
cause of a temporal relapsing of the symptoms of a multiple sclerosis
patient.>® Later kalitoxin, a short-chain potassium channel blocking toxin
from Androctonus mauretanicus mauretanicus venom, was shown to block T
cell Kv1.3 channels in animals with experimental autoimmune encephalitis,
a model for T cell mediated autoimmune disease, and improve their condi-
tion.>* Since then, a number of very high affinity blockers of Kv1.3 channels
have been isolated from scorpion venoms (summarized in ref. 51); however,
most of these naturally occurring scorpion-venom peptides also block other
potassium channels, including KCa3.1, with potencies that preclude their use
as therapeutic agents (see ref. 55). Considerable effort has been dedicated to
engineering molecules based on naturally occurring Kv1.3 peptide blockers;
the biggest success so far has been achieved with derivatives of the sea
anemone peptide ShK, which has just successfully completed Phase I clinical
trials for treatment of multiple sclerosis.> Although scorpion-venom peptides
lag behind in this respect, the panorama could change due to recent success
in obtaining highly specific engineered peptides®”®® and the discovery of
highly selective and potent Kv1.3 blockers found in previously uncharted
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scorpion venoms.*** Moreover, the pivotal role of Kv1.3 and KCa3.1 channels
in other pathophysiological conditions, including a number of inflammatory
diseases® and graft rejection,®* is another open, though much less traveled,
road for the use of the ever increasing number of highly selective and potent
scorpion-venom-derived peptides. The use of specific scorpion-venom
peptides as immunosupressors is protected by several patents.®>*

7.4 Pharmaceutical Tools
7.4.1 Tumor Labeling and Targeting

Uncontrolled cell growth is the landmark of various etiologically diverse
pathologies commonly known as cancer. The therapeutic alternatives for
cancer patients often involve invasive surgical procedures to remove the
malignant neoplasm. In such cases, it is critical to identify with high preci-
sion the boundaries of the tumor in order to avoid further compromise of the
affected organ and to improve the prognosis of the patient.®® Thus, the search
for tumor-marker specific molecular probes is not surprisingly an active field
of research.®® In the mid-1990s, glial cell tumors (gliomas) were shown to
express a specific chloride current that can be blocked with a four disulfide-
bridged CSa/p scorpion-venom-derived peptide called chlorotoxin (Cltx),*”
originally isolated from the venom of Leiurus quinquiestratus quinquiestra-
tus.®® Later it was shown that a radiolabeled derivative of Cltx specifically
binds to glioma cells, thus revealing its potential as a tumor marker.*
Interestingly, the high affinity receptor on glioma cells proved not to be the
chloride channel itself, but either an associated metalloprotease (MMP-2),
previously shown to be involved in the tumor invasiveness,” or annexin A2.”*
Although direct inhibition of MMP-2 or chloride channels seems not to be
sufficient for arresting the growth of cancer cells, the conjugation of Cltx and
the dye Cyc5.5 generates a fluorescent derivative that is being tested as
a tumor marker for intra-operative visualization.”” Moreover, the selective
Cltx binding to tumor cells prompted the development of other conjugates
with attached cancer cell-killing moieties (such as radioactive iodine” and
methotrexate’) and even as carriers for gene delivery,”” with the aim of
directly and specifically delivering anti-cancer drugs and genes to the
neoplastic cells. Iodine-labeled synthetic Cltx was approved for Phase I/II
clinical trials by the United States Food and Drug Administration (FDA) in
2002 under an Orphan Drug and Fast Track Development Program status,
and an initial report was published not much later.”® However, no updates
have been released since 2010. Several patents cover Cltx conjugates and
their use as tumor-labeling agents and drug carriers.””””°

At least 20 other scorpion-venom peptides are close homologs of Cltx
(>60% sequence identity); some of them bind glioma cells,***" another
specifically inhibits the cystic fibrosis transmembrane conductance regu-
lator, an important therapeutic target itself,** and yet others are reported to
be insecticidal via an unknown mechanism.* Several other scorpion venoms
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and venom components have been reported to inhibit proliferation of
a number of cancer cell lines (reviewed in ref. 84), thus expanding the
number of potential drug leads. In both cases, however, much research is still
needed to establish their therapeutic potential, if any. It is important to note
that there is little scientific evidence supporting the recent outcry about the
use of scorpion venom preparations as complementary cancer treatment. In
particular, the venom of the Cuban scorpion Rhopalurus junceus has been
repeatedly reported in the lay media as a “cancer cure” due to its analgesic,
anti-inflammatory and antiproliferative effects.” The few reports available
dealing with the venom of this species point to the usual composition of
Buthidae venoms, with a single sodium channel toxin-like peptide
accounting for 25% of the total protein content of the soluble venom.*
Although an international patent dealing with the anti-tumor use of
a combination of seven low molecular weight peptides isolated from R.
Junceus venom was granted in 2012,%® no information about the putative
mechanism of cancer inhibition by R. junceus venom or venom components
is available in the scientific literature.

7.4.2 Drug Carriers

A common drawback of peptide- and protein-based drug leads is their poor
bioavailability, as these (relatively) large and (at least partially) hydrophilic
molecules are unlikely to traverse the many biological barriers of the body.
Important efforts have thus been made to develop drug carriers that can take
therapeutic compounds as cargoes to their molecular targets, a particularly
important issue when the targets are localized inside the cell. One class of
such potential drug carriers is constituted by cell-penetrating peptides
(CPPs), a molecularly diverse group of peptides that can translocate across
membranes without damaging the cell.*” By the beginning of 2000 the
puzzling observation that maurocalcine, a scorpion-venom ICK peptide from
Scorpio maurus, induces intracellular calcium release from intact cells®®
fueled further investigations in order to clarify how could maurocalcine
reach its intracellular target. Over subsequent years it became clear that
maurocalcine is a bona fide CPP** that can carry large cargoes to the interior
of the cell.* Interestingly, cell penetration can be decoupled from pharma-
cological activity on RyR by replacement of the toxin’s cysteine residues with
isosteric 2-aminobutyrate residues;” this disulfide-less variant served as
basis for development of shorter carrier-competent CPP, only nine residues
long, based on maurocalcine.”* As a proof of concept, disulfide-less maur-
ocalcine was shown to efficiently deliver a conjugated anti-cancer drug
(doxorubicin) into cancer cell lines.?> Scorpion venoms from at least 10 other
species contain ICK peptides, and two of them have been confirmed as CPPs
(imperatoxin A from P.imperator® and hadrurocalcine from Hadrurus gert-
schi*®). The confirmed diversity of scorpion venom CPPs could provide leads
for much needed cell-specific CPPs.°*** Maurocalcine and its CPP analogs are
covered by patents.’*%
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7.5 “Toxin” Scaffolds as Platform for Drug Design

The therapeutic potential of scorpion-venom peptides is not exhausted by
their pharmacological targets or their capabilities as drug carriers. Rational
engineering of scorpion-venom-derived peptides has provided variants with
improved potency and selectivity against Kv1.3>*?*~?® or KCa2.2 channels.”
Likewise, a 10-fold improvement in the selectivity of Css4 (from Centrur-
oides suffusus suffusus) for muscle Navl.4 channels was achieved by
mutating three residues in the functional site.'® More recently, the cyto-
lytic activity of scorpion NDPs was successfully modulated by site-directed
mutagenesis in order to diminish their cytotoxic effect against mammalian
cells,>*'°1%> to improve their antibiotic function,* and to develop antiviral
activities.'*1%

Moreover, the large sequence diversity and high stability of many struc-
turally constrained small disulfide-rich proteins make them attractive scaf-
folds for molecular engineering of novel biological functions.'®*'%” Often
a therapeutically interesting function is found in pharmacologically intrac-
table proteins (whether due to their complexity, poor in vivo stability, or
off-target effects). Pioneering work on the scorpion-venom peptides char-
ybdotoxin and scyllatoxin (from Leiurus quinquestriatus hebraeus venom)
demonstrated that functional sites of larger proteins could be grafted onto
the highly stable CSa/B scaffold.'®® In an impressive tour de force, an engi-
neered peptide mimicking the HIV gp120 receptor, CD4, was obtained after
a combination of functional site grafting, site-directed mutagenesis and
molecular design using a scyllatoxin template (thoroughly recounted in ref.
109). The most modified CD4 mimic (named CD4M33) retained 18 residues
out of the 31 in the template; it effectively inhibits cell-free infection by
several HIV strains and binds to the CD4 binding site of gp120 while
retaining the CSa/p scaffold of the parental scyllatoxin.'® The CD4 mimics
based on scyllatoxin are covered by an international patent.® Further
demonstrating the permissiveness of the CSa/f to incorporate grafted
functional sites, an effective inhibitor of the interaction between the tumor
suppressor p53 and the oncoproteins MDM2 and MDMX was obtained by
grafting the MDM2/MDMX binding site of p53 onto BmBKTx1, a potassium
channel blocker from the venom of M. martensii."** Finally, the uncommon
helix-hairpin fold of some scorpion-venom peptides has been also been used
to graft the androgen receptor binding motif of several coactivators such as
p160.'12

7.6 Future Prospects and Concluding Remarks

In the previous sections we singled out no more than a dozen scorpion-
venom-derived peptides from the three broad structural classes that consti-
tute the vast majority of known scorpion-venom peptide sequences (CSo/f,
ICK and NDP; see Figure 7.2). Although only five pharmaceutical principles
were covered, the potential applications of these few peptides span a wide
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Malaria

Scorpine GWINEEKIQKKIDERMGNTVLGGMAKATVHKMAKNE FO@MANMDMLGNEEKHEQTSGEKGYEHG TKEKEGTPLS Y
[~mmmmmmmmm- NDP---=--------- ] CSa/f-=---=m=mmmmmmmmmmmm e ]

Autoimmune diseases

Mokatoxin .. INVKESLPQQMIKP@KDAGMRF GKEMNK 2kir  CSw/p
ADWX-1 VGINVKEKHSROMLKPEKDAGHRF GKETNGK] TPK 2kdu  CSa/f
Vm24 AAATSMVGSPEMPPKMRAQGCKNGK®MMNR YYC 2k%0  CSw/p
Cancer

Chlorotoxin McvPEFTTOHQMARKEDDCEGGKGRGKEYGPQELER lchl  CSwp
HIV

CD4M33 tpaNLHFEQLREKSLGLLGKEAGSb f@AM lyyl S CSwp
Drug carrier

Maurocalcine  GDELPHLKL@KENKDEESKKEKRRGTNIEKRER lebw  ICK

Figure 7.2 Amino acid sequences of selected scorpion-venom-derived candidates
for therapeutic applications. The two domains of scorpine are
indicated below the sequence. Kv1.3 blockers are aligned in order to
highlight their structural similarity. In the scyllatoxin-based sequence
CD4M33, “tpa” and “bf” are the unnatural amino acids tiopropionic
acid and bis-fenilalanine, respectively. Protein Data Bank codes,
where available, are indicated at the right of the sequences. Cysteine
residues involved CSa/f and ICK motifs are highlighted in white on
a black background.

diversity of pathophysiological conditions. The complete absence of neuro-
active peptides in the above summary may be puzzling, inasmuch as excit-
able cells are quite obviously the primary targets of scorpion venom. Reports
of analgesic or anticonvulsant effects of scorpion toxins that act on neuronal
sodium channels are not rare in the scientific literature (for reviews, see ref.
113 and 114); however, the complex etiology of pain and epileptogenic
conditions, the lack of unambiguously identified receptors, and the often
promiscuous action of sodium channel scorpion toxins have hampered
development of these peptides as therapeutic leads.

Recent advances in the systematic survey of the molecular diversity of
scorpion venoms have revealed a large contribution from non-canonical
venom components. Although their functional characterization has just
begun, novel functions have been already described (e.g., the protease
inhibitory effect of recently described Kunitz-type scorpion-venom
peptides'*®). Thus, it is expected that the large diversity of novel peptides
revealed by proteomic and transcriptomic analyses (e.g., see ref. 116 and 117),
together with the use of high-throughput functional assays,"**"*° should lead
to the discovery of other interesting activities in the near future. Scorpion
venoms remain a largely uncharted source of bioactive compounds with
potential therapeutic applications.
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8.1 Introduction

As a result of competition between species, a multitude of physical adapta-
tions have emerged that confer an evolutionary benefit to the animals that
possess them. One advantageous strategy that has arisen independently in
numerous phyla is the development of venom, which serves to subdue prey,
defend against predation and deter competitors."” Spiders are the most
successful venomous taxa in terms of diversity, with an estimated 100 000
extant species occupying a multitude of ecological niches, including marine
and desert environments.® As such, spiders encounter a wide variety of
predators and prey, and their venoms have evolved to affect a broad range of
species, including vertebrates. Spider venoms are a heterogeneous mixture
of salts, low molecular weight organic molecules, nucleotides, peptides and
proteins.*® The principal mode of action of spider venoms is incapacitation
of prey via paralysis. In most species this is effected through the activity of
venom peptides on receptors or ion channels within the central or peripheral
nervous system.®
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Peptides are the major components of most spider venoms, with some
species containing over 1000 unique peptides with masses ranging from 2 to
8 kDa.®® Currently, only ~1000 spider venom peptides have been described
from 86 species, which represents ~0.01% of the estimated 10 million novel
venom peptides present in the total number of spider species.® Less than half
of the reported spider-venom peptides have been functionally characterised.
Nevertheless the range of molecular targets known to be affected by spider
toxins is considerable (Figure 8.1). Most of the characterised peptides have
high affinity for particular molecular targets and they are often selective for
specific receptor subtypes. It is this selectivity, functional diversity and bio-
logical stability (discussed below) that makes spider-venom peptides attrac-
tive drug leads.®? In addition to peptides, the comparatively understudied
small molecules and proteins of spider venoms may provide a source of novel
drug leads.

0.4% transmitter-gated 2.3% mechanosensitive

1.4% TRP
3.6% Kca

0.4% ASIC

-
———

56.0%
unknown
target

2.8% enzyme inhibitors
0.5% lectin
10.4% membrane perturbants

0.9% receptors

0.1% transporters

Figure 8.1 Pharmacology of spider-venom peptides and proteins. Summary of the
known targets/mechanism of action of spider-venom peptides and
proteins. The majority of spider-venom peptides target ion channels
(60% of peptides with a known target), and of these 75% target Nay or
Cay channels. Targeting of receptors and transporters remains
a relatively unexplored area for spider-venom peptides, with only 1%
of described toxins known to target these membrane proteins.
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8.2 Non-ICK Spider-Venom Components

Spider venoms are incredibly complex, containing components ranging from
small molecules and salts to moderately sized proteins comprised of several
hundred amino acid residues. The most studied components of spider
venoms are the disulfide-rich neurotoxic peptides. These peptides are typi-
cally <40 residues in length and they adopt a three-dimensional fold known
as the inhibitor cystine knot (ICK) motif (see Chapter 2), which provides
these toxins with high levels of chemical, thermal, and biological stability.
Additionally, some spider venoms contain small peptides with no disulfide
bonds that have cytolytic activity due to their ability to interact with, and form
pores in, lipid membranes.’*™* These peptides often have antimicrobial
activity due to this generalised cytolytic action. Some of the larger spider-
venom proteins such as sphingomyelinase also have cytotoxic activity; in
combination with the linear cytolytic peptides, this can lead to localised
tissue damage at the site of envenomation, which may lead to enhanced
diffusion of the disulfide-rich neurotoxic venom peptides.*®

Spider venoms also contain non-peptidic compounds, of which the acyl-
polyamines are of pharmacological interest. Spider-venom acylpolyamines
are low molecular weight compounds that primarily inhibit a class of ligand-
gated cation channels known as ionotropic glutamate receptors. The iono-
tropic glutamate family of receptors is comprised of N-methyl-p-aspartate
(NMDA), a-amino-3-hydroxy-5-methylisoxasole-4-propionic acid (AMPA), and
kainate receptors. Glutamate is the primary excitatory neurotransmitter in
the central nervous system (CNS). Abnormal glutamate signalling plays a role
in neurological and psychiatric diseases, and therefore glutamate receptors
are considered valid drug targets.'® At least 100 spider acylpolyamines have
been isolated and many have been chemically synthesised. Most of these
compounds are non-selective,” but several recent studies have endeavoured
to modify acylpolyamines to chemically tune their subtype preferences, with
varying degrees of success.'®?® Further study of spider-venom acylpoly-
amines may be fruitful in providing novel lead compounds that target ion-
otropic glutamate receptors.

8.3 Spider-Venom ICK Peptides as Drug Leads

Spider-venom peptides display a diverse array of pharmacological activities
directed towards modulating the activity of ion channels and receptors in the
nervous system of prey and predators (Figure 8.1). As such, spider-venom ICK
peptides have received considerable attention as pharmacological tools and
as leads for the development of drugs to treat pathophysiological conditions
involving the central and/or peripheral nervous systems, such as chronic
pain and neurodegenerative diseases.>®*' In the following sections we
examine some of the most promising potential therapeutic applications of
ICK spider-venom peptides.
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8.3.1 Spider-Venom Peptides for Treatment of Chronic Pain

Chronic pain is a global health problem that affects 15-20% of the world’s
population.”” The annual economic cost of chronic pain in the USA was
recently estimated to be ~$600 billion, which is more than the combined
economic burden of cancer, heart disease, and diabetes.?® Thus, there is
considerable worldwide interest in the development of new analgesic drugs
as the therapeutic utility of current-generation analgesics is restricted by
problems such as dose-limiting side-effects, tolerance, and the potential for
addiction.*

Noxious stimuli that induce pain are sensed by specialised afferent nerve
fibres known as primary sensory neurons or nociceptors. The peripheral
terminals of these neurons are enriched in specialised channels and recep-
tors that transduce chemical, mechanical, and thermal stimuli into a depo-
larisation of the cell membrane.** Many of these sensory ion channels and
receptors, such as acid-sensing ion channels (ASICs) and transient receptor
potential (TRP) channels, are potential analgesic targets. The small cell
depolarisations generated by these sensory transducers can be transformed
into an action potential by nearby voltage-gated ion channels. Arrival of this
action potential at the central projection of the sensory neuron leads to
activation of second order sensory neurons that carry the encoded signal to
the brain, where it is perceived as pain.** Voltage-gated sodium (Nay) chan-
nels and voltage-gated calcium (Cay) channels play key roles in action
potential generation in nociceptors and neurotransmitter release at the
central terminals of these neurons, respectively, and consequently these
channels have become important analgesic targets.

8.3.1.1 Spider-Venom Peptides Targeting Voltage-Gated
Calcium Channels

Humans contain 10 subtypes of Cay channel denoted Cay1.1-1.4 (L-type),
Cay2.1 (P/Q-type), Cay2.2 (N-type), Cay2.3 (R-type) and Cay3.1-3.3 (T-type)
based on their electrophysiological and pharmacological properties.”® Of
these, Cay2.1, Cay2.2, and Cay3 are the best validated analgesic targets®® (see
Chapter 9). For example, the FDA-approved analgesic Prialt®, an ICK peptide
from the venom of the aquatic cone snail Conus magus, targets Cay2.2
channels (see Chapters 6 and 9 for more details).

The dominant pharmacology of spider-venom peptides that target ion
channels is blockade of Cay channels (see Figure 8.1), but very few of these
peptides display selectivity for particular Cay channel subtypes. Activity
against a range of Cay channel subtypes may not necessarily exclude a toxin
from development as an analgesic so long as the targeted subtypes are
involved in pain pathways and they do not play other critical physiological
roles. For example, although the peptide w-ctenitoxin-Pn2a from the venom
of Phoneutria nigriventer is a non-selective blocker of Cay1, Cay2.1, Cay2.2,
and Cay2.3 channels, it was shown to be analgesic without causing adverse
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motor effects in mice models of neuropathic pain.*”*® Similarly, w-ctenitoxin-
Pn4a from the same spider targets Cay1.2, Cay2.2, Cay2.1, and Cay2.3 but was
shown to be efficacious in rat and mice models of inflammatory and
neuropathic pain without causing alterations in gross behaviour of the
rodents at doses that induced maximal antinociceptive effects.>**"
w-Ctenitoxin-Pn4a also has the potential to be a useful adjuvant in opioid
treatment, since it potentiates the analgesic effect of morphine and reduces
the adverse effects of repeated doses of morphine, including tolerance,
constipation, hyperalgesia and withdrawal symptoms.*

Other spider-venom peptides that display selectivity for Cay channels
involved in pain signalling include the Cay2.2 blockers w-agatoxin-Aa2a,*>*
w-theraphotoxin-Hh1a,** and w-segestritoxin Sf1a,* and the Cay1 blockers w-
theraphotoxin-Cc1a*® and w-ctenitoxin-Cs1a.’” The possible analgesic effects
of these toxins await assessment in animal models of pain.

Cay2.1 is highly expressed in the CNS and it is believed to play a key role in
neurological disorders such as familiar hemiplegic migraine, epilepsy,
ataxia, and neurodegeneration in Alzheimer’s disease.®® The prototypic
blocker of this channel (IC5, ~ 2 nM) is w-agatoxin-Aada (w-agatoxin IVA),
a 48-residue peptide from the venom of the American funnel-web spider
Agelenopsis aperta.*® Indeed, w-agatoxin-Aad4a and the closely related paralo-
gues w-agatoxin-Aa4b (ICs, ~ 3 nM) and w-agatoxin-Aa4c (ICs, ~ 36 nM) are
the most selective Cay2.1 blockers described to date. Further studies of these
venom peptides are warranted due to their potency and high level of selec-
tivity. However, it should be noted that peptides generally have poor brain
permeability, and therefore chemical modifications to improve the CNS
permeability of these peptides and/or the use of non-conventional routes of
administration such as intranasal will be necessary for these peptides to
access the central population of Cay2.1. The search for selective Cay2.1
antagonists is ongoing; the global healthcare company Abbott recently
developed a high-throughput fluorescence-based screen for rapid identifi-
cation of Cay2.1 blockers.*®*" Screening of spider venoms using this assay
might provide a source of molecules to satisfy the unmet need for selective
modulators of Cay2.1.

8.3.1.2 Spider-Venom Peptides Targeting Voltage-Gated Sodium
Channels

Insect genomes encode only a single Nay channel, which is a common target
of peptide toxins from venomous predators.*” In contrast, the mammalian
Nay channel family is comprised of nine subtypes designated Nay1.1-Nay1.9,
and spider-venom peptides have been isolated that target each of these
subtypes (Figure 8.2). Nayl.7, Nay1.8, and Nay1.9 are expressed predomi-
nantly in nociceptive neurons and are thought to play important roles in pain
signalling.> Nay1.7 in particular is thought to be crucial in setting the
threshold for action potential generation in nociceptive neurons due to its
ability to generate substantial ramp currents in response to weak
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Figure 8.2 Summary of Nay channel subtypes. Each of the nine Nay channel
subtypes is expressed in different anatomical locations. Mutations of
each of these subtypes are associated with a variety of diseases
(channelopathies). The innermost ring indicates if the subtype is
tetrodotoxin sensitive (S, in red) or resistant (R, in blue). The primary
anatomical location and diseases caused by mutations in each
subtype are highlighted as unfavourable (red) and acceptable (blue).
The outermost ring shows the ICs, for inhibition of each subtype by
the listed spider toxins (bright yellow being most potent). Data taken
from ArachnoServer database (www.arachnoserver.org).>'>

depolarisations.****** Human genetic studies have shown that this channel
is a promising target for development of analgesics to treat chronic pain.*
Gain-of-function mutations in the gene SCN94 that encodes Nay1.7 can lead
to inherited erythromelalgia and paroxysmal extreme pain disorder,** which
are characterised by extreme episodic pain. In contrast, loss-of-function
mutations in SCN9A result in a congenital inability to sense pain.*® Inter-
estingly, people with non-functional Nay1.7 are completely healthy without
any sensory deficits except loss of smell (anosmia).*” Thus, drugs that inhibit
Nay1.7 function should be useful analgesics for treating a wide range of
chronic pain conditions.
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The ArachnoServer database® currently lists six spider-venom peptides that
target Nayl.7. These toxins were all isolated from theraphosid spiders,
commonly known as tarantulas. The most potent reported blocker of Nay1.7
is B-theraphotoxin-Tp2a (ProTx-II), a 30-residue ICK peptide isolated from
the venom of the Peruvian green velvet tarantula (Thrixopelma pruriens).
ProTx-1I potently inhibits Nay1.7 (IC5, = 0.3 nM) with >80-fold selectivity over
other subtypes in vitro, including Nayl1.2, Nayl.3, Nayl.5, Nayl.6, and
Nay1.8.*® However, ProTx-II failed to elicit analgesia after intravenous or
intrathecal dosing in rodent models of acute and inflammatory pain. The
lack of analgesia was attributed to its poor pharmacodynamic profile, which
includes a very slow on-rate and poor penetration into the perineurium.*®
Moreover, ProTx-II was lethal to rats following intrathecal injection at a dose
of 0.1 mg kg~ ' or intravenous injection at a dose of 1.0 mg kg *,* presum-
ably due to off-target inhibition of Nay1.5, which is critical for the rising
phase of the cardiac action potential, and Nay1.6, which is essential for
action potential generation at nodes of Ranvier in myelinated motor
neurons. Interestingly, B-theraphotoxin-Grib (GsAF 1), a peptide isolated
from the venom of the Chilean rose tarantula (Grammostola rosea), was re-
ported to be analgesic in several rat pain models without causing con-
founding side-effects, despite the fact that it shares ~90% sequence identity
with ProTx-IL.** Intrathecal pB-theraphotoxin-Grib induced non-opioid
receptor-mediated analgesia in rodent models of thermal, chemical, and
mechanical pain.*

Another potent blocker of Nay1.7 is p-theraphotoxin-Hs2a (huwentoxin-1V;
HWTX-1V), a 35-residue peptide isolated from the venom of the Chinese bird
spider Haplopelma schmidti. Native HWTX-IV inhibits hNay1.7 with an IC5, of
26 nM.*® A comprehensive scanning mutagenesis and analoguing study by
the pharmaceutical company MedImmune (a subsidiary of AstraZeneca) led
to definition of the pharmacophore that mediates interaction of HWTX-IV
with hNay1.7 and development of an analogue with much higher potency
against this channel (IC5, ~ 0.4 nM).** A contemporaneous study by the
pharmaceutical company Janssen (a subsidiary of Johnson & Johnson)
confirmed the peptide’s pharmacophore for hNay1.7 and led to a homology/
docking model of the toxin bound to the domain II voltage sensor of
hNay1.7.>* Native HWTX-IV is moderately selective for hNay1.7, with ICs,
values of ~150 nM, ~350 nM and >10 puM for hNay1.2, hNay1.3, and hNay1.4/
hNay1.5, respectively.”® However, the activity of HWTX-IV and optimised
analogues against the key off-target subtype hNayl1.6 remains to be
determined.

In summary, although spider venoms appear to be an excellent natural
source of Nay1.7 inhibitors, none of the spider-venom peptides isolated to
date have sufficient selectivity over key off-target Nay subtypes to be thera-
peutically useful analgesics. Nevertheless, the development of detailed
structure-activity relationships for these peptides, as exemplified by the
recent Janssen and MedImmune studies, should facilitate the rational
engineering of analogues with therapeutic utility.
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8.3.1.3 Spider-Venom Peptides Targeting Purinergic Receptors

P2X receptors are ATP-gated non-selective cation channels that belong to the
purinergic receptor family. Seven subunits have been described that asso-
ciate to form homo- or heteromeric trimers.”® The channel subtypes involved
in nociception are P2X;, P2X,, and P2X;, of which P2X; is the best studied.>*
Several small molecule antagonists of P2X; and P2X, have entered clinical
trials for the treatment of pain associated with osteoarthritis, cystitis, and
inflammation.>

Purotoxin-1 and -2 (PT1 and PT2), two structurally unrelated spider-venom
peptides isolated from the venom of a burrowing wolf spider (Geolycosa spp.),
act with nanomolar potency against the P2X; receptor.® They both display
a complex mode of action resulting in a concentration-dependent prolon-
gation of channel desensitisation.”® PT1 was analgesic in rat models of
inflammatory pain, exhibiting a similar analgesic effect to the P2X; antago-
nist A-317491 at doses three orders of magnitude lower.> Thus, PT1 appears
to be a promising drug lead, and it will be interesting to see if other spider
species yield additional modulators of P2X receptors with therapeutic
potential.

8.3.1.4 Spider-Venom Peptides Targeting Acid-Sensing Ion
Channels

The concentration of protons, or pH, is one of the most strictly controlled
physiological parameters. Perturbations to physiological pH are most often
associated with pathological conditions, so it is unsurprising that mammals
are equipped with a system to detect acidosis. Acid-sensing ion channels
were discovered in the late 1990s, almost 20 years after the observation that
sensory neurons depolarise in response to a sudden drop in pH.*”*® Although
they belong to the epithelial sodium channel/degenerin (ENaC/DEG) family
of channels, ASICs are distinguished by their restriction to chordates,
predominantly neuronal distribution, and activation by protons. Alternative
splicing of five ASIC-encoding genes leads to the expression of seven subunits
(ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, ASIC4, and ASIC5) that combine to
form hetero- or homotrimeric channels that differ in their pH sensitivity,
kinetics, and tissue distribution. ASICs appear to be the primary acid sensors
in human nociceptors.* ASIC3, along with ASIC1a, is the most pH sensitive
of the ASICs and is highly expressed in sensory neurons that innervate skin,
muscle and many organs.® It plays a key role in inflammatory pain,®“*
arthritis,*® post-operative pain® and has recently been implicated as a key
target in migraine.®® Recent data from rodent models of pain suggest that
ASIC1b, which is found exclusively in peripheral sensory neurons, is also
a valid analgesic target.®® ASIC1a is the most abundant ASIC subunit in the
CNS and has been implicated as a therapeutic target for a broad range of
pathophysiological conditions, including pain, ischemic stroke,®” depres-
sion, high grade glioblastomas,®® and autoimmune and neurodegenerative
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diseases such as multiple sclerosis,* Huntington’s disease, and Parkinson’s
disease.”””* Thus, ASIC inhibitors are of significant interest as potential
analgesics and as drugs for treating stroke and a variety of CNS disorders.
The most potent and selective blocker of ASIC1a is m-theraphotoxin-Pcla
(Pc1a), also known as PcTx1, a 40-residue ICK peptide isolated from the
venom of the Trinidad chevron tarantula (Psalmopoeus cambridgei). PcTx1
inhibits ASIC1a with an IC5;, of ~1 nM”>”® and heteromeric ASIC1a/2b
channels with an ICs, of 3 nM,” but it does not inhibit any other ASIC
subtypes at concentrations up to 50 nM.”> The peptide acts as a gating
modifier by stabilising the desensitised state of ASIC1a.” At higher concen-
trations, PcTx1 potentiates rat ASIC1b (ECs, ~ 100 nM),”® human ASIC1b,””
and opens chicken ASIC17®” presumably by stabilising the open state of
these subtypes. Intrathecal or intracerebroventricular (i.c.v.) administration
of PcTx1 in mice is potently analgesic, indicating that the CNS population of
ASIC1a is involved in central pain processing and is a viable analgesic
target.®” In contrast, blockade of ASIC1a with PcTx1 or genetic ablation of
ASIC1a in mice failed to reveal a role for ASIC1a in peripheral pain.*"*

8.3.2 Spider-Venom Peptides for Treatment of Stroke

Severe oxygen depletion during cerebral ischemia compels the brain to
switch from oxidative phosphorylation to anaerobic glycolysis, with the
resulting lactic acidosis causing the extracellular pH to fall from ~7.3 to
6.0-6.5 in the ischemic core. ASIC1a, which is the dominant ASIC subtype
in human and rodent brain, is robustly activated by this decrease in
extracellular pH. Homomeric ASIC1a mediates uptake of Ca*" in addition
to Na" and protons, and consequently brain ASICla contributes to the
intracellular Ca*>" overload that occurs during stroke and leads to neuronal
death. In rodent models of cerebral ischemia, infarct size and neurological
deficits are greatly reduced by knockout or pharmacological blockade of
ASIC1a,*”® indicating that this channel is a novel target for anti-stroke
therapeutics.

In a rat model of transient focal ischemia (middle cerebral artery occlu-
sion; MCAO), i.c.v. injection of ‘PcTx1 venom’ 30 min before and after
induction of ischemia reduced infarct size by 60%. Consistent with this
being an effect mediated by ASIC1a, infarct size was similarly reduced by 61%
in ASIC1 knockout mice.®” Even more exciting from a therapeutic perspective
was the observation that ‘PcTx1 venom’ reduced infarct size by ~30% when
delivered i.c.v. as late as 5 h after MCAO. PcTx1 was even neuroprotective
when administered intranasally as late as 4 h after MCAO.*' Thus, PcTx1 is
a promising lead for development of novel anti-stroke therapeutics. This is
an exciting development as the use of recombinant tissue plasminogen
activator to help restore blood flow to the ischemic region is currently the
only approved agent for treatment of acute stroke and it is rarely used due to
its narrow therapeutic window and the risk of inducing intracranial
hemorrhage.?**
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8.3.3 Spider-Venom Peptides for Treatment of Autoimmune
Diseases

The voltage-gated potassium (Ky) channel Ky1.3 is an integral part of the
network of ion channels responsible for initiation and maintenance of the
calcium signalling cascade in T lymphocytes.** In humans, Ky1.3 levels are
upregulated when quiescent effector memory T (Tgy,) cells become terminally
differentiated in autoimmune diseases such as multiple sclerosis and
rheumatoid arthritis.*® In contrast, Ky1.3 expression is virtually unchanged
during activation of naive and long-lived central memory T cells. Thus,
selective inhibition of Ky1.3 provides a therapeutic mechanism for treating T
cell-mediated autoimmune diseases without inducing generalised immu-
nosuppression.®*® ShK-186, a sea anemone venom peptide that potently and
selectively inhibits Ky1.3, is currently in clinical trials for treatment of
multiple sclerosis and psoriatic arthritis (see Chapter 10 for details).

Modulation of Ky channels is a moderately common pharmacology in
spider venoms (Figure 8.1). Spider-venom peptides have been isolated that
target a range of Ky channel subtypes, including Ky1, Ky2, and Ky4 channels.
While non-selective Ky1.x blockers have been isolated from spider venoms,
no specific blockers of Ky1.3 have been reported to date. Nevertheless,
focussed screening of spider venoms against Ky1.3 is likely to uncover novel
modulators of this therapeutic target.

8.3.4 Other Spider-Venom Peptides with Therapeutic Potential

8.3.4.1 Blockers of Large-Conductance Calcium-Activated
Potassium Channels

Epileptic pathophysiologies are characterised by irregular neuronal excit-
ability that leads to recurrent seizures. Malfunctioning large-conductance
Ca”"-activated K" (BKc,) channels have been implicated in epileptic aetiology.
Depending on the phenotype of the aberrant channels, it has been suggested
that either enhancement or suppression of BK¢, channel activity may be
remedial.** No specific blockers of vertebrate K, channels have yet been
isolated from spider venoms. k-Hexatoxin-Hvlc, an unusual spider-venom
peptide containing a functionally critical vicinal disulfide bond,**** blocks
insect K¢, channels (Slo-type) with high potency (ICso, ~ 3 nM) but is much
less potent on mammalian K¢, channels (ICs, ~ 10 pM for block of mouse
Kca1.1).” Thus, it remains to be seen whether focussed screening of spider
venoms will uncover novel modulators of human K¢, channels.

8.3.4.2 Modulators of Transient Receptor Potential Channels

The TRP family of ion channels is an emergent target for the treatment of
a myriad of diseases including neuropathic pain, inflammatory bowel
disease, and migraine.®*®” TRP channels are responsible for mediating
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sensations such as warmth, cold, and pressure, and they respond to some
pungent chemicals in foods such as capsaicin from chillies and menthol
from mint.””*® TRPV1, TRPV3 and TRPA1 are of particular interest, as
modulation of these receptors has an analgesic effect. Topical capsaicin, an
agonist of TRPV1, is already used for pain management,” and several TRPV1
modulators are in preclinical and clinical trials for treatment of various types
of pain including migraine, postoperative and neuropathic pain.®”*®* TRP
agonism is a recently reported pharmacology for spider toxins, with discovery
of the 34/35-residue vanillotoxins in 2006'* and the much larger 75-residue
double-knot toxin (DkTx) in 2010.*°* The promiscuous spider-venom peptide
protoxin-1 (B/w-theraphotoxin-Tp1a), which inhibits Nay, Cay, and Ky
channels, was also recently found to antagonise TRPA1.'®> These spider
toxins have proved to be extremely useful pharmacological tools for exploring
the structure and function of TRPV1 channels; for example, DkTx was
recently used to capture the open-state structure of TRPV1.'® Further studies
of spider venoms are likely to reveal novel TRP channel modulators that may
prove to be useful therapeutic leads.

8.4 Patents Detailing Therapeutic Applications
of Spider-Venom Peptides

Table 8.1 provides a summary of patents from the period 1989-2014 that
describe potential therapeutic applications of spider-venom peptides.
Approximately 30-35 such patents were filed over this 25-year period (note
that we excluded patents from the same inventors/assignees that detail
similar use of the same peptides as well as patents focussed on venom
components smaller than 1 kDa). Sixty per cent of these patents describe
peptides that act on Nay, or Cay channels, while another 30% detail peptides
that act on Ky channels, mechanosensitive channels, or ASIC1a (Figure 8.3).
Most of the claimed applications are for treatment of neurological diseases,
including pain, epilepsy, and neuronal damage following stroke, although
several patents describe treatments for erectile dysfunction and cardiac
arrhythmia. Notably, all six applications filed in the period 2012-2014
describe Nay or Cay channel modulators for treatment of pain, highlighting
the growing importance of these ion channel targets for analgesic drug
development.”*** A small number of patents (10%) describe non-reticulated
cytolytic toxins with application in the fields of cancer, drug delivery, and
immunotherapy.

It is notable that patents focussed on spider-venom peptides have
gradually become more specific, both with respect to the molecular target
of the peptide and the claimed therapeutic applications. This is consistent
with both our improved understanding of the pharmacology of spider-
venom peptides and our increased awareness of the role played by
their most common targets (i.e., ion channels) in a variety of important
diseases.
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Mechanosensitive Cytolytic toxins (10%)
channels (13%) I

Figure 8.3 Distribution of patents describing therapeutic uses of spider-venom
peptides based on molecular target/mechanism of action of the
peptides.

8.5 Future Challenges

The majority of therapeutic leads derived from spider venoms are peptides,
which presents significant challenges for drug development. Most peptides
are readily degraded in the gastrointestinal tract, which makes oral delivery
a challenge.'™ While disulfide-rich venom peptides are typically much more
resistant to proteases than non-reticulated peptides,'® their poor cell
permeability still makes oral delivery difficult. However, a variety of chemical
and physical modifications can be made to improve oral bioavailability,
including N- to C-terminal cyclisation, which aims to prevent exopeptidase
cleavage, attachment of lipophilic groups to improve cell permeability,
formulations such as enteric coatings, or incorporation of the peptide into
nanoparticles.***'* Moreover, oral drug delivery is not a critical requirement
for treatment of chronic diseases. Synthetic insulin has been prescribed for
subcutaneous (s.c.) injection for more than 30 years, and the anti-diabetic
drug exenatide (a 39-residue, non-reticulated venom peptide) was prescribed
as a twice-daily s.c. injection (Byetta™) for 7 years prior to approval of a once-
weekly injectable formulation (Bydureon™) by the United States Food and
Drug Administration (FDA) in 2012."*° Peptide drugs can also be delivered via
the intranasal route, which provides access to the brain via trigeminal
neurons that innervate the nose and olfactory neurons that terminate in the
nasal cavity."'"'**

Another often-raised objection to the therapeutic use of peptides is that
they are rapidly eliminated through the kidneys."™® For example, exenatide
has a plasma half-life of only 2.4 h."'* However, whole-body blood circulation
occurs in less than 1 min in humans,'® and consequently venom-peptides
with nanomolar or higher binding affinities for their cognate receptors or ion
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channels would be expected to reach and bind to their cell surface targets
well before degradation and elimination became an issue. Moreover, the in
vivo half-life of peptides can be extended via chemical modifications or via
conjugation to either large polymers (e.g:, polyethylene glycol, polysialic acid,
and hydroxyethyl starch) or plasma proteins with long plasma half-lives such
as albumin and immunoglobulin."**" In essence, the perceived disadvan-
tages of peptide drugs are often outweighed by their potency and target
selectivity. As a consequence, the success rate for peptides and proteins in
clinical trials is very similar to that of small molecules,'*® and the average
internal rate of return (IRR) for recently marketed biologics (~13%) signifi-
cantly exceeds the IRR of ~7.5% for small-molecule drugs developed over the
same period of time."**

In addition to their stability, potency, and target selectivity, low-cost mass
production of spider-venom peptides is possible via heterologous expression
in yeast or bacteria."””® For example, Vestaron Corporation have scaled up
production of an insecticidal spider-venom peptide to the point where has
been approved by the US Environmental Protection Agency for sale as a foliar
spray.*” Thus, the challenges involved in developing spider-venom peptides
as therapeutics are arguably less than for other peptide drugs due to their
high level of stability and low-cost production.

8.6 Conclusions

Ion channels and receptors are ubiquitous membrane proteins that together
represent about half of all major drug targets.'” Our ability to manipulate
these targets for therapeutic purposes relies on understanding their structure
and relating it to their biological function. In this regard, venom peptides
have proved to be critical tools for understanding the structure and function
of ion channels and receptors.*** Animal toxins have enabled the purification
of ion channels, facilitated determination of their stoichiometry, structure
and localisation, contributed to our understanding of their (patho)physio-
logical roles, and not only aided in the discovery of ion channel subtypes but
also defined many channel subtypes through their exquisite selectivity.
Spider venoms are one of the richest known sources of bioactive peptides,
and while this chapter has focussed on their therapeutic potential, we should
not ignore the value of spider-venom peptides as pharmacological tools,
including their application to the validation and characterisation of new
therapeutic targets.
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CHAPTER 9

Case Study 1: Development of
the Analgesic Drugs Prialt® and
Xen2174 from Cone Snail
Venoms
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9.1 Introduction

Cone snails comprise 500-700 recently evolved species of marine molluscs
that capture prey of fish, molluscs or worms using a uniquely evolved and
highly specialised envenomation machinery. Using a “needle and syringe”
strategy, cone snails inject a complex mixture of venom peptides through
a hollow, barbed harpoon using a muscular proboscis." Interestingly, fish-
and worm-hunting Conidae use a single injection strategy that paralyses prey
within seconds, while mollusc-hunting species often inject prey multiple
times before the prey can be easily removed from its shell. Each species of
cone snail produces its own unique cocktail of mostly small, disulfide-
bonded peptides. Individual venom peptides can be referred to as either
conotoxins or conopeptides.
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Conotoxins are genetically encoded as prepropeptides that are cleaved
from their precursor protein by endoproteases in the venom.> Most con-
otoxins are small peptides (<4000 Da) stabilised through two to three
disulfide bonds to generate rigid and well-defined globular structures that
contribute to their high pharmacological specificity and chemical and
enzymatic stability. The diverse range of membrane proteins that con-
otoxins selectively target make them valuable pharmacological probes for
dissecting the role of receptors and ion channels in normal and disease
processes. Many act at neuronal targets, especially those found in pain
pathways, allowing highly specific dissection of the functional elements
associated with normal and disease processes in the sensory system. Given
this profile, it is not surprising that a number of conopeptides can reverse
signs of pain in animal models, with several developed into potential novel
analgesics (Table 9.1).

Conus spp. have evolved >50 000 unique conotoxin precursor sequences
that generate many thousands of different venom peptides® through the
recently described mechanism of variable peptide processing.* However, this
broadly evolved class of venom peptides is mostly untapped as a source of
bioactive peptides, with <1% of conopeptides having been pharmacologically
characterised. This review will discuss two conopeptide classes
with therapeutic potential in pain management, the w-conotoxins that
directly inhibit spinal Ca,2.2 and the j-conotoxins targeting the norepi-
nephrine transporter that indirectly inhibit Ca,2.2. A comparison of w-MVIIA
(Prialt®) marketed for the treatment of severe pain and x-Xen2174 evaluated
in Phase IIb clinical trials, reveals the strengths and weaknesses of these
overlapping pharmacological approaches for targeting spinal pathways
(Figure 9.1) for the management of severe pain.

Table 9.1 Conotoxins developed for the treatment of pain. The amino acid
sequence, molecular target and current clinical status are indicated

Current
Peptide Sequence” Target status
w-MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC” Ca,2.2 block Marketed
Xen2174 ZGVCCGYKLCHOC? NET block Phase IIb
(stalled)
w-CVID CKSKGAKCSKLMYDCCSGSCSGTVGC”  Ca,2.2 block Phase IIb
(stalled)
Vel.l GCCSDPRCNYDHPEIC? nAChR-GABA; Phase Ila
(ceased)
Conantokin-G GEyyLQYNQYLIRYKSN NMDA-R block Phase I
(ceased)
Contulakin-G =~ pESEEGGSNAT,KKPYIIL Neurotensin Phase I
agonist (ceased)

“Abbreviations: y = y-carboxyglutamate; pE = pyroglutamate; T, = glycosylated tyrosine;
O = hydroxyproline.
bG-terminal amidation.



Case Study 1: Development of the Analgesic Drugs 247

Central
pain

Primary
nociceptors

Figure 9.1 Diagram of ascending pain pathways (red) comprising peripheral
nociceptors and descending analgesic pathways (green) that control
the level of pain perceived centrally in the brain. Descending
inhibition occurs mostly through released norepinephrine acting on
presynaptic nerve terminals of ascending pathways in the spinal
cord (pink). Green and red dots located at presynaptic nerve
terminals represent analgesic interneurons that either enhance
inhibitory pathways or directly inhibit excitatory pathways. The -
conotoxins act to inhibit ascending excitatory pathways by directly
inhibiting presynaptic calcium influx. In contrast, x-conopeptides
enhance the inhibitory effects of norepinephrine acting on o,-
adrenoceptors to inhibit presynaptic calcium influx. This is achieved
by increasing the levels of norepinephrine released from descending
pathways by inhibiting its reuptake via the norepinephrine
transporter.
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9.2 Calcium Channels in Pain Pathways

Nerve action potentials generate a Ca>* influx at nerve terminals by opening
voltage-gated calcium (Cay) channels. This calcium influx in turn triggers the
transient release of neurotransmitter into the synaptic cleft (or neuromus-
cular junction). The current associated with these channels can be classified
into six groups named L (Cay1), P/Q (Cay2.1), N (Cay2.2), R (Cay2.3) and T
(Cay3) types to reflect their distinct electrophysiological and pharmacological
properties. The release of a particular transmitter is not coupled to the same
combination of calcium channels in nerves with different function, allowing
pathway-specific modulation with selective inhibitors. In addition, the
auxiliary subunits and splice variants of calcium channels are known to be
differentially regulated in normal and disease states. Given this diversity,
considerable opportunity exists to develop therapeutics that inhibit Cay2.2
channels in pain pathways. Neuronal Cay channels comprise a pore-forming
o, subunit that co-assembles with different B and o,d subunits. The o,
subunit is largely responsible for ion conduction and associated electro-
physiological characteristics of the channel, while the associated B and a,3
subunits modulate the expression, pharmacology and biophysical properties
of the o, subunit. At least six a; channel types have been identified that
correspond to L- (Ca,1.1-1.4), P/Q- (Ca,2.1), N- (Ca,2.2), R- (Ca,2.3) and T-
(Cay3.1-3.3) types observed in functional studies.

Of the six pharmacologically distinct Cay channel types, Ca,2.1, Ca,2.2 and
Ca,3 channels are best validated as targets for the treatment of pain,>®
although dose-limiting side-effects may restrict their clinical application. The
R-type (resistant) Cay2.3 channels are also likely to contribute to neuro-
transmission in pain pathways but their role requires further delineation.
Spinal MVIIA is analgesic, confirming the role of Ca,2.2 channels in pain
transmission. However, w-conotoxins evaluated to date produce dose-
limiting side-effects in animals, which include serpentine tail and shakes,
that may be associated with supraspinal effects and/or spinal effects on
inhibitory pathways. It remains to be seen if it is possible to avoid such side-
effects through selective inhibition of Ca,2.2 channels in ascending pain,
perhaps by targeting Ca,2.2 splice variants co-assembled with specific
auxiliary subunit clusters. For example, a selective inhibitor of Ca,2.2 splice
variants restricted to dorsal root ganglia might allow the inhibition of pain
with fewer side-effects. However, splice variant/auxiliary subunit combina-
tions in sensory nerves are presently not easy to characterise, especially in
human tissue.

An alternative approach to inhibit calcium channels is indirectly through
the activation of G protein coupled receptors that negatively regulate calcium
channel function. For example, activation of a,-adrenoceptors located on
synaptic terminals in the spinal cord produces analgesia. Antidepressants
that target the norepinephrine (NE) transporter are also effective analgesics,
especially for difficult to treat neuropathic pain conditions.” In this instance,
the effects of the endogenous agonist NE are amplified by drugs that inhibit
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its reuptake. The -conopeptide analogue Xen2174 revealed that this effect
can be generated spinally by enhancing the effects of descending inhibitory
pathways that release NE in the proximity of synaptic a,-adrenoceptors on
ascending pain pathways (Figure 9.1).

9.3 Analgesic w-Conotoxins

Predatory gastropods of the genus Conus (cone snails) represent a diverse
family of marine molluscs that use highly specialised venom peptides
for prey capture. The venom of each species contains a unique array of
approximately 100 encoded genes to generate many thousands of different
peptides through a process of variable peptide processing.* These conotoxins
(conopeptides) have evolved to target with high specificity and potency
a diverse array of ion channels and receptors that facilitate the successful
capture of fish, molluscs and worms. Importantly, many also target related
mammalian membrane proteins, including a number that show pharma-
ceutical potential,®® such as the w-conotoxins isolated from piscivorous cone
shells that selectively inhibit mammalian Ca,2.2.%*

These relatively small and highly structured peptides appear to act at or
near the outer vestibule of Ca,2.2 to inhibit Ca?>" movement into nerves.
An emerging pharmacophore model of w-conotoxin interactions at Ca,2.2
can help guide the rational development of specific Ca,2.2 inhibitors."****
The presently characterised w-conopeptides have varying affinity and
selectivity for neuronal Ca,2.2 channel subtypes found in mammals,
making them widely used research tools for defining the distribution
and role of neuronal Ca, channel subtypes. The most commonly used -
conopeptides for such studies are GVIA, MVIIA and CVID for selective
inhibition of Ca,2.2, and MVIIC for selective inhibition of Ca,2.1.
Radioiodinated versions of these peptides have been used to establish
radioligand binding assays that have helped guide the discovery of new
w-conotoxins®® and the development of peptidomimetics.'**® In addition
to their use as research tools, animal studies have shown that w-
conopeptides that target Ca,2.2 channels have clinical potential in
ischaemic brain injury'®'” and pain.'*?*

Neurex (Elan) completed Phase III clinical trials of MVIIA (SNX-111, zico-
nitide or Prialt) and gained United States Food and Drug Administration
(FDA) approval in 2004 for its use in the treatment of chronic pain. However,
despite their impressive selectivity and potency, the w-conotoxins presently
available are not ideal therapeutics. For example, intravenous MVIIA has
been reported to cause orthostatic hypotension in humans®® as a result of an
action at peripheral neuronal Ca, channels, while intrathecal MVIIA causes
a variety of side-effects of unknown origin,”” despite Ca,2.2 channels being
predominant at synapses carrying nociceptive signals in the spinal cord.*®
CNS-related side-effects associated with the use of Prialt are psychiatric
symptoms, cognitive impairment and decreased alertness/unresponsiveness.
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The most frequently reported adverse events in clinical trials include dizzi-
ness, nausea, confusion, headache, somnolence, nystagmus, asthenia and,
somewhat surprisingly, pain.

Another highly selective w-conopeptide, GVIA, dissociates quasi-irre-
versibly from Ca,2.2 channels; accordingly it may be difficult to control
dosage, and thus it has not been evaluated clinically. A more Ca,2.2-
selective and reversible inhibitor named w-CVID*® produces efficacy with
fewer side-effects in animals compared to MVIIA.>* CVID has successfully
completed Phase I/Ila evaluation. Other w-conopeptides identified are
either poorly characterised or have inadequate selectivity for Ca,2.2
channels over other neuronal calcium channels, and thus are not presently
considered as therapeutic candidates.

Since Ca,2.2 plays a role in the ascending pain pathways, and the a-subunit
is upregulated in the spinal cord in chronic pain states along with the
auxiliary a,3-1 subunit,* it is not surprising that w-conotoxins specific for
Ca,2.2 channels are potent analgesics. Extensive structure-activity relation-
ship studies have allowed the development of a pharmacophore model for v-
conotoxins that may allow the rational development of specific Ca,2.2
channel inhibitors. However, attempts to produce potent mimics of these
exquisitely engineered proteins have not been successful, although selective
but less potent inhibitors can be developed.****

While w-CVID is highly selective for Ca,2.2 over Ca,2.1 channels, it has
been found to inhibit an otherwise resistant Ca, channel found in the
peripheral nervous system whereas other w-conotoxins had little or no effect
on this current.® Given that this current is produced by neurons of peripheral
origin, it is possible that such current may be restricted to ascending excit-
atory pathways. However, any role for this current in pain conditions remains
to be established. Interestingly, w-conotoxin affinity is markedly reduced
when the a,3-1 auxiliary subunit is co-expressed with o, and B3 subunits.*
Interestingly, the anticonvulsant gabapentin may be efficacious in neuro-
pathic pain because of a specific interaction with the a,3-1 channel subunits,
although it precise mode of action remains to be clarified. An alternative to
the exquisite target selectivity displayed by venom peptides is functional
selectivity more often seen with small molecule inhibitors (e.g., local
anaesthetics). Functional selectivity may be achieved through the develop-
ment of use-dependent blockers that preferentially target rapidly firing
(disease- or pain-affected) nerves.***

9.4 Analgesic -Conotoxins

The initial discovery of the x-conopeptides started with the isolation of two
closely eluting conopeptides MrIA and MrIB that were initially suspected
to be new a-conotoxins based on their small size (~1400 Da) and relatively
hydrophylic nature.®® While the cysteine spacing (CCX,CX,C) was remi-
niscent of 4/3-a-conotoxins, their amino acid sequence and structure were
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unique. x-Conopeptides have a unique three-dimensional “ribbon” struc-
ture dominated by a y-turn stabilised by a 1-4/2-3 cysteine connectivity in
contrast to the a-conotoxins, which have a “globular” structure dominated
by a-helices stabilised by a 1-3/2-4 cysteine connectivity. To identify the
mode of action of these peptides, synthetic MrIA was systematically tested
across a range of cell and isolated tissue preparations. These peptides
produced a profound enhancement on the second, NE-evoked phase of
electrically induced contractile responses in the rat vas deferens. This
effect was reminiscent of cocaine and tricyclic antidepressants, suggesting
that the x-conopeptides may inhibit the norepinephrine transporter, the
main regulator of synaptic NE levels at nerve terminals innervating
this tissue. This effect was confirmed by showing direct inhibition of the
uptake of *H-NE into mammalian cells heterologously expressing the
noradrenaline transporter (NET).** In contrast to cocaine and tricyclic
antidepressants, this inhibition was not surmounted with increasing
concentrations of NE and thus arose from a non-competitive or allosteric
mode of action.*?

NET is a member of the Na'-dependent monoamine transporter family of
proteins.’® Neurotransmitter transporters are important drug targets in the
CNS because they have the capacity to selectively manipulate neurotrans-
mitter concentrations at the site of transmitter release, and thereby selec-
tively modulate signalling through specific neuronal pathways. Their
regulatory roles have been implicated in the aetiology of many neurological
disease states, making NET an important target of treatment for a range of
neurological diseases including depression, anxiety, obsessive-compulsive
disorder and attention deficit hyperactivity disorder.>* Antidepressants that
target NET are also effective analgesics, especially for difficult to treat
neuropathic pain conditions.” Xen2174 reveals that this effect can be
generated spinally, presumably by enhancing the effects of descending-
inhibitory-pathway-released NE that acts on presynaptic a,-adrenoceptors to
inhibit ascending pain pathways (see Figure 9.1). The anti-allodynic effects of
Xen2174 were completely reversed by intrathecal yohimbine, confirming this
mode of action.*

Unfortunately, MrIA has an unstable N-terminal asparagine residue that
limits its aqueous stability, making it unsuitable for long-term human use in
implanted pumps. Extensive replacements and truncations/extensions at the
N-termini revealed that replacing asparagine with pyroglutamate signifi-
cantly improved chemical stability without compromising the side-effect
profile observed for MrIA.>® Xen2174 showed few side-effects even at high
doses and had an extended duration of action following a single bolus
intrathecal dose in the rat model of neuropathic pain. Remarkably, Xen2174
was also found to accelerate recovery from pain when given preemptively in
a rat paw incision model of post-surgical pain. Given the improved stability
and clean efficacy/side-effect profile in animals, Xen2174 underwent pre-
clinical development leading to a Phase I study to determine if Xen2174
was safe and well tolerated when administered intravenously to healthy
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volunteers. Successful completion of this Phase I study was followed by FDA
approval to conduct a Phase IIa trial of bolus intrathecal doses in cancer pain
patients. This open label, dose-escalating study was conducted in 37 cancer
patients suffering severe chronic pain that could not be adequately managed
using conventional therapies. Similar to the observations made in rats, after
accounting for size differences, Xen2174 was found to relieve pain quickly
and for a sustained period across a wide range of tolerated intrathecal bolus
doses from 0.1-30 mg per patient. Given these promising results, Xenome
Ltd unsuccessfully attempted to progress Xen2174 to a Phase IIb double-
blind study to determine if Xen2174 is safe and efficacious in a bunion-
ectomy setting of post-surgical pain.*”

9.5 Comparison of Direct and Indirect Inhibition
of Ca,2.2

Comparing the effects of w-MVIIA (Prialt) and Xen2174 on ascending and
descending pain pathways (Table 9.2), it is evident that many of the side-
effects caused by Prialt likely arise from on-target effects on Ca,2.2 on
inhibitory pathways. By targeting ascending pathways specifically through
the selective enhancement of descending inhibition driven by NE, Xen2174
appears to avoid significant effects on inhibitory pathways and produces
fewer side-effects. Morphine also indirectly inhibits Ca,2.2 through acti-
vation of the G protein coupled p-opioid receptor (u-OR) and produces
analgesia with few side-effects, which are eroded as tolerance develops.
Thus, both direct and indirect approaches to the inhibition of pain have
strengths and weaknesses. Based on the modes of action analysed here,
indirect inhibition of Ca,2.2 appears to have most promise once tolerance
(morphine) and the limitations of spinal delivery (Xen2174) can be
overcome.

Table 9.2 Ascending and descending pain-related pathways affected by Xen2174
and Prialt compared to morphine.? Efficacy for Prialt is strongly pain-
type dependent, while efficacy for morphine is initially high and side-
effects are low, but these reverse as tolerance develops

Xen2174 Prialt Morphine
Direct target NET Ca,2.2 HOR
Functional target Ca,2.2 Ca,2.2 Ca,2.2
Ascending pathways ++ +++ ++
Descending NE pathways +++ + ++
Descending 5HT pathways - + +
Inhibitory interneurons - + +
Efficacy in pain +++ +(+++) +H+/+
Side-effects + ++ +/+++
Tolerance development ? - +++
Therapeutic index ~100 ~1 ~3/<1

“- = no effect; + = small effect; ++ = moderate effect; +++ = strong effect, ? = tolerance
development uncertain in humans.
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10.1 Introduction

Diseases with an autoimmune component can affect virtually any organ in
the body, and they currently afflict millions of people worldwide. These
chronic disorders are often diagnosed in young adults, or even children, and
they can be debilitating and lead to premature death. Imnmunomodulators
such as methotrexate, monoclonal antibodies (natalizumab, infliximab),
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glatiramer acetate, mitoxantrone, tumour necrosis factor antagonists
(etanercept, infliximab) and steroids have considerably improved the
management of autoimmune diseases, but they can cause generalized
immunosuppression and therefore put patients at an increased risk of
tumour cell proliferation or opportunistic infections. Kv1.3 channel blockers
represent a new class of immunomodulators with a lower risk of inducing
generalized immunosuppression as they preferentially target the effector
memory T (Tgy) lymphocytes involved in autoimmune diseases, with little or
no effect on other subsets of lymphocytes.

In this chapter we describe the discovery and characterization of ShK,
a 35-residue polypeptide isolated from the Caribbean sea anemone Sticho-
dactyla helianthus, which blocks Kv1.3 channels at picomolar concentrations.
Although ShK was effective in treating rats with delayed type hypersensitivity
and a model of multiple sclerosis (MS), it lacked selectivity for Kv1.3 channels
over closely related Kvl channels. Extensive mutagenesis studies combined
with elucidation of its three-dimensional structure led to models of ShK
docked with the target channel. This knowledge aided the development of
ShK analogues with improved selectivity and enhanced stability, which have
proven efficacious in preventing and/or treating animal models of delayed
type hypersensitivity, rheumatoid arthritis, and MS without preventing the
clearance of acute infections. These analogues are currently undergoing
clinical evaluation as potential immunomodulators for the treatment of
autoimmune diseases.

10.2 The Toxin

In 1995, Castaneda and colleagues extracted a potent K" channel blocker from
the Caribbean sea anemone Stichodactyla helianthus and named it ShK, for
Stichodactyla helianthus K" channel toxin.' ShK is present in relatively small
amounts in S. helianthus whole body extracts (<0.5 mg ShK per kg of extract),
limiting the amount of material available for studies of the native peptide. It was,
however, synthesized successfully and folded into the biologically active form,>
enabling extensive studies of its structure, selectivity and biological activity, as
well as the generation of analogues with increased selectivity and stability.

The 35 amino acid residues in ShK include six cysteines, which form three
disulfide bonds with connectivity C1-C6, C2-C4, and C3-C5 (Figure 10.1).
The C-terminal Cys35 of ShK pairs with Cys3, effectively creating a macrocy-
clic ring. The two internal disulfide bonds pair Cys12 with Cys28, and
Cys17 with Cys32. This arrangement is the same as for the defensins and
a-dendrotoxin.> Molecular modelling coupled with mutational analyses*®
has shown that Lys22 in ShK (highlighted in blue in the sequence alignment
in Figure 10.1) protrudes into and occludes the K" channel pore, as
elaborated further in Section 10.3.1.°

A BLAST search identified ShK-related sequences that might also have K'-
channel-blocking activity. The criteria for the search specified that sequences
had to contain six Cys and a positively-charged residue at an equivalent
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[ | 1 I
[ I I 11
Database #
Stichodactyla helianthus ShK toxin RSCIDTIPKSRCTAFQ----CKHSME¥RLSFCRKTCGTC P29187
Stichodactyla mertensii SmK toxin RSCIDTIPKSRCTAFQ----CKHSMK¥RLSFCRKTCGTC E25083
Thalassianthus aster Tak toxin RTCIDTIPKSRCTAFQ----CKHSME¥YRLSFCRKTCGTC E2S066
Heterodactyla hemprichi HhK toxin RTCIDTIPKSRCTAFQ----CKHSME¥RLSFCRKTCGTC E25085
Stichodactyla gigantea Sgk toxin RSCIDTIPQSRCTAFQ----CKHSME¥RLSFCRKTCGTC E25061
Stichodactyla haddoni ShaK toxin RSCIDTIPQSRCTAFQ----CKHSMEYRLSFCRKTCGTC E25062
Cryptodendrum adhaesivum CakK toxin RTCIDTIPKSRCTAFQ----CKHSME¥RLSFCRKTCGTC E25064
Heteractis magnifica HmK toxin-1 RTCIDLIBVSECTDIR----CRTSME¥RLNLCRKTCGSC 016846
Anemonia erythraea AnerK toxin RACKDYLPKSECTQFR----CRTSME¥KYTNCKKTCGTC QOEAES
Bunodosoma granulifera BgK toxin VCRDWFKETACRHAKSLGNCRTSMEYRAN-CAKTCELC P29186
Actlinia equina AcegK toxin GCKDNFSANTCKHVKANNNE-GSQES®ATN-CAKTCGKC Pa1897
Anemonia sulcala AsKs toxin BCKDNFAAATEKHVKENKNE-GSOKMATN-CAKTEGKE QITWG1
MMP23-5hKD toxin YGELDRIFV--CTSWARKGFCDVROREMKRLEPRSEDFC 088272
Tpx1 COYQODLLSNEDSLENTAGE LEEK--CKATEL-C G35786

Natrin CTIYNKLTNCDSLLKQSSE Ti:{SN——CF’ASC?—C QITIKB
Stecrisp toxin ETRENKFTNENTMVQQOS F2Q6F9
Triflin toxin CTRENEFTNCDSLVOKSSCQDNY Q8Ji3a
Molgula tectiformis VEEDVLPEIQENNLKAKGH AQASQE
Thalassiosira pseudonana CENQHEL--CTFWAMHG F BSYLHS
Lepeophtheirus salmonis CODEWSYSICKKEHKCGNEC- | D3PFJT
Branchiostoma floridae CPDS555--CPGWANSGECESNPG CavIY?

Hydra magnipapillata CKDTEEKRKESE
Caenorhabditis elegans CEDLNAH--CGM
Loa loa CENLNAH--GEMWQQI

KERCPKTCGFC  XP_002168061.1
AHYCRKAGNLE Q19269
MGHYCRKACGLC — XP_003137406.1

Figure 10.1 Sequence alignment of sea anemone K'-channel blocking peptides and
ShKT domain peptides identified through database mining. Sequences
are aligned via the conserved cystine pairings. UniProt accession
numbers are indicated.

position to Lys22 in ShK. Eight sequences from sea anemones (Stichodactyla
mertensii, S. gigantea, S. haddoni, Thalassianthus aster, Heterodactyla hemprichi
Crytodendru adhaesivum, Heteractis magnifica, Anemonia erythraea) have the
same number of residues as ShK and share remarkable sequence similarity to
ShK (Figure 10.1); they represent one phylogenetic cluster. Four other sea
anemone sequences (from Bunodosoma granulifera, Actinia equina, Anemonia
sulcata now known as Anemonia viridis, and Nematostella vectensis) exempli-
fied by BgK toxin contain four extra residues between cysteines 3 and 4, and
constitute a distinct yet clearly ShK-related group (Figure 10.1). Twelve
exemplar sequences from marine organisms (sea urchin, lancelet and marine
diatom), soil nematodes (Caenorhabditis), pathogenic worms that cause
trichinosis and filariasis in humans, fish and mammals are included in the
alignment. Each of these sequences represents a toxin-like domain within
a protein. All of these domains contain a four-residue insertion between
cysteines 3 and 4 (highlighted in green and pink) like BgK, suggesting that
they are more closely related to BgK than ShK (Figure 10.1). Structural anal-
yses support this conclusion (see below). These domains are referred to as
ShKT domains (ShK-like) by the SMART database (http://smart.embl-
heidelberg.de) and NCBI. Figure 10.1 includes three snake ion channel
regulatory (ICR) domains of cysteine-rich secretory proteins (CRISP), which
share structural similarity with K'-channel-blocking sea anemone toxins.
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All the ShK-like sequences contain a positively-charged Lys or Arg at the
position corresponding to Lys22 in ShK. ShK, BgK, AETXK, AeK, MMP23-TxD,
natrin and stecrisp have been demonstrated experimentally to block K
channels or inhibit '*’I-dendrotoxin binding to synaptosomes, suggesting
that other sequences in Figure 10.1 may also block K" channels. Of particular
interest are worms that cause filariasis and trichinosis in humans, since
these worms might use ShKT domains to block human K* channels and
thereby modulate the host response. All of the sea anemone toxins and all
but two ShKTs contain an aromatic residue (Tyr, Trp and Phe) at the position
adjacent to Lys22 (Figure 10.1). Alanine substitution of Tyr23 in ShK reduced
channel-blocking potency by greater than 100-fold, highlighting the impor-
tance of this position.”® However, MMP23-TxD, natrin and stecrisp contain
Leu, Thr or Ser in place of an aromatic residue at this position and yet they
block K channels.>* Thus, an aromatic residue may optimize the toxin’s
interaction with the channel but may not be required.

Asp5 in ShK forms a salt bridge with the e-ammonium group of Lys30, and
this salt bridge is necessary for proper folding of the peptide.">** At equiva-
lent positions, all sea anemone toxins contain an Asp and either a Lys or Arg.
The Asp and Lys/Arg pair is also present in seven of the 15 ShKTs, indicating
conservation of the salt bridge. Although the eight remaining ShKTs contain
Asp at the upstream position, at the downstream position the positively-
charged residue is replaced by Ala, Val, Ser or His. In these ShKTs, Asp may
make hydrogen-bonding interactions with the side-chain hydroxyl or the
peptide backbone at the downstream position. None of the ICR domains of
CRISPs contains the Asp and Lys/Arg pair.

The solution structure of ShK'>* is strikingly different from that of scor-
pion toxins that also block K channels (see Chapter 7 for details of Kv
blockers from scorpion venom).” ShK does not contain any pB-sheet
secondary structure, but consists of two short a-helices encompassing resi-
dues 14-19 and 21-24, and an N-terminus with an extended conformation
up to residue 8, followed by a pair of interlocking turns that resembles
a 31¢-helix (Figure 10.2a and b).

10.3 The Target: Kv1.3

Potassium channels are ubiquitous membrane proteins encoded by 78 genes
in the human genome. They regulate membrane potential and calcium sig-
nalling in diverse cell types. Human T lymphocytes express two types of K"
channels, homotetramers of Kv1.3 and KCa3.1, respectively. The expression
of these channels depends on the state of activation and differentiation of
a given T lymphocyte subset."

Mature T lymphocytes can be separated into three subsets based on
surface expression of the phosphatase CD45RA and the chemokine receptor
CCR7.'® Naive T cells are CD45RA'CCR7". Long-lived central memory T (Tcy)
lymphocytes, the largest pool of memory T lymphocytes, lose expression of
CDRAA45 during differentiation and therefore are CD45RA"CCR7". The third
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K22

Figure 10.2 (a,b) Surface representations of ShK structure.'> Some of the residues
that contribute to Kv1.3 binding”® are coloured as follows: Lys22
dark blue, Tyr23 magenta, Argll and Arg24 marine, His19 salmon,
Ser20 ruby, Leu25 teal and Phe27 deep purple. The view in (b) is
related to the view in (a) by a 90° rotation around the x-axis and
a 180° rotation about the y-axis. (c) Ribbon representation of ShK
(grey) docked onto a model of Kv1.3 (light purple).*** The N- and C-
termini of ShK are labelled, and the side chains of Lys22, Tyr23,
Met21, Ser20, Phe27 on ShK are shown (although that of Met21 is
largely obscured in this view).

population of T cells is composed of effector memory T (Tgy,) lymphocytes,
representing fewer than 20% of circulating T cells, which are CD45RA"CCR7".
Quiescent human T lymphocytes from all three subsets express 200-300
Kv1.3 and 5-35 KCa3.1 channels per cell."” However, activation causes
diametrically opposite effects on expression of K channels in the different
T lymphocyte populations, leading to an altered K' channel phenotype.
CCR7' naive and T¢y cells up-regulate KCa3.1 channels to ~500/cell,
whereas CCR7™ Tgy cells increase Kv1.3 expression to 1500 channels/cell
with little change in KCa3.1 levels."” This switch in channel expression
significantly affects responsiveness to Kv1.3 and KCa3.1 blockers, as CCR7~
Tgm lymphocytes are highly sensitive to Kv1.3 channel blockers, while
CCR7" naive/T¢y lymphocytes are sensitive to KCa3.1 channel blockers.
Kv1.3 channels play a critical role in the early steps of T-cell activation."
Antigen recognition through the T-cell receptor leads to a rapid release of Ca**
from endoplasmic reticulum stores. Depletion of these stores induces the
interaction of STIM-1 with Orai-1 and the opening of Ca®" release-activated
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Ca®" (CRAC) channels in the plasma membrane. The ensuing Ca** influx
sustains elevated levels of cytoplasmic Ca®'". Coordinated activity of Ca*'-
dependent and Ca*'-independent signalling pathways culminates in T-cell
activation. The large influx of Ca®>" through the CRAC channel induces cell
depolarization, which in turn induces a reduction in Ca** influx. The driving
force for Ca®" entry is restored by a plasma membrane hyperpolarization
induced by the efflux of K through Kv1.3. and KCa3.1 channels. These K"
channels therefore play crucial roles in T lymphocyte activation.

The T lymphocytes involved in autoimmune diseases such as MS, rheu-
matoid arthritis, psoriasis, and type 1 diabetes mellitus, are mainly CCR7~
Tgm cells and express large numbers of Kv1.3 channels following activa-
tion.'>'®1° Targeting these CCR7™ Tgy cells without affecting CCR7" naive/
Tcem lymphocytes represents a promising new way of treating these and
possibly other T-cell-mediated autoimmune diseases, without inducing
generalized immunosuppression. Moreover, homotetrameric Kv1.3 channels
have a functionally restricted tissue distribution, and therefore represent
attractive therapeutic targets.”

10.3.1 How ShK Blocks K" Channels

The generation of mono-substituted synthetic analogues of ShK yielded an
initial map of the binding site of ShK with human Kv1.3 channels.”* Amino
acid substitutions at the following positions caused no significant effect on
the binding of ShK to the channel: Argl (R1S), Phel5 (F15A, F15W), Lys18
(K18A), Met21 (M21 to norleucine), Tyr23 (Y23F, Y23 to p-nitrophenylalanine
and Y23 to p-aminophenylalanine, although it should be noted that the latter
two analogues were tested against rat brain only and not Jurkat lymphocytes),
and Arg24 (R24A). Argl11 is important for the binding of ShK to Kv1.3, as
demonstrated by a 42-fold lower affinity of R11Q-ShK for Kv1.3 channels.
Lys9 plays a significant role in the block of Kv1.3 channels by ShK, as K9Q
displayed a 9.6-fold higher ICs, than wild-type ShK. Lys22 is a critical residue
for the block of Kv1.3 channels by ShK, as replacing this residue with Arg
reduced the affinity of the peptide by 225-fold. The ICs, for block of Kv1.3
channels was 23-fold higher for the mutant K22Nle but only two-fold higher
for K22A and K22Ornithine (K220rn).

As a further step towards identifying the ShK residues involved in peptide-
Kv1.3 channel interactions, complementary mutants of ShK and Kv1.3
channels were generated, tested for their affinity using patch-clamp elec-
trophysiology, and analysed using mutant cycle analysis.* Several pairs of
significant ShK-Kv1.3 interactions were identified: ShK-Arg1l with Kv1.3-
His404, ShK-Lys22 with Kv1.3-Tyr400, and ShK-Orn22 with Kv1.3-Tyr-400 and
with Kv1.3-Asp402.

These findings were subsequently confirmed and expanded by a systematic
analysis of alanine scan mutants of ShK against Kv1.3 expressed in
mammalian cells.? Replacement of Ser20, Lys22, Tyr23 or Arg24 with Ala
residues significantly disrupted the interaction of ShK with Kv1.3 channels.
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His19 was replaced by a Lys instead of an Ala because the H19A mutant did
not fold in reasonable yield. This H19K mutation significantly disrupted the
interaction of ShK with Kv1.3 channels, but the role of His19 may be at least
partly structural.” Alanine substitutions of Ile7, Arg11, Thr13, Met21, Leu25,
Ser26, Phe27 or Arg29 had smaller effects on binding.

Taken together, these data show that ShK binds to the outer vestibule of
the Kv1.3 channel pore, with Lys22 protruding into the pore and blocking the
passage for K' ions (Figure 10.2¢). Two ShK amino acid residues (Lys22 and
Arg24) play a critical role in Kv1.3 channel blockade by the peptide, three
residues (His19, Ser20, and Tyr23) have a major role in the ShK-Kv1.3
interaction, six (Argll, Thr13, Met21, Leu25, Phe27, and Arg29) have an
important role, and two (Ile7 and Ser26) play minor roles. None of the other
residues of ShK participates directly in the interaction with Kv1.3.

More recently, homology models for Kvi.1 and Kv1.3 channels have
been constructed using the crystal structure of Kv1.2. The initial poses for
the Kvl.x—ShK complexes were obtained using HADDOCK,** and then
refined via molecular dynamics simulations (in fact the Kv1.3-ShK struc-
ture from this study is the one shown in Figure 10.2c).”® The binding mode
in each complex was characterized by identifying the strongly interacting
residues, which compare well with the results of mutagenesis studies
referred to above. For each complex, the potential of mean force was
calculated from umbrella sampling simulations, and the corresponding
absolute binding free energy was determined. The computed binding free
energies were in remarkably good agreement with the experimental data.>®

We will return to this point in Section 10.6, but we note here that the power
of this approach is demonstrated by our recent results with a new ShK
analogue containing an additional C-terminal amidated Lys residue. ShK-K-
amide is a potent blocker of Kv1.3 and, in contrast to ShK and ShK-amide, it
is selective for Kv1.3.** To understand this selectivity, we created complexes
of ShK-K-amide with Kv1.3 and Kv1.1 using docking and molecular dynamics
simulations, then performed umbrella sampling simulations to construct
the potential of mean force of the ligand and calculate the corresponding
binding free energy for the most stable configuration. Again, the calculated
values agree well with experimental results.**

10.4 Transforming the Toxin into a Therapeutic

The first assays demonstrating activity of ShK on K' channels showed
displacement of '*’I-dendrotoxin I and '*°I-a-dendrotoxin from rat synap-
tosomal membranes with ICs, values of 1 nM and 20 pM, respectively,
and inhibition of '**I-charybdotoxin binding to Jurkat T lymphocytes with an
ICso of 32 pM. In addition, ShK increased the twitch response of chick
biventer cervicis preparations to indirect stimulation, without affecting
responses to acetylcholine, carbachol or KCL. It also blocked K' currents in
rat dorsal root ganglion neurons, suggesting that it blocked some neuronal
K" channels."? Further testing by patch-clamp electrophysiology on cloned K*
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channels expressed in mammalian cells showed that ShK blocked Kv1.1 and
Kv1.3 channels with ICs, values of 16 and 11 pM, respectively. It had a 10-fold
lower affinity for Kv1.6 channels and a 30-fold lower affinity for Kv1.4
channels.

ShK blocked Kv1.2, Kv1.7, and KCa3.1 channels in the low nM range, while
concentrations of up to 100 nM had no effect on Kv1.5, Kv3.1, and Kv3.4
channels. Blockade was reversible and dose-dependent with Hill coefficients
of 1, indicating that one ShK binds per Kv1.3 channel.*

86Rb* efflux studies showed that ShK blocks Kv3.2 channels with an ICs, of
0.6 nM, and electrophysiological studies performed on Kv3.2 channels
expressed in Xenopus laevis oocytes and in planar patch-clamp studies yiel-
ded ICs, values of 0.3 and 6 nM, respectively.”

10.4.1 ShK-Dap22, the First ShK Analogue with Increased
Selectivity for Kv1.3 over Kvl.1 and Other K Channels

One potential drawback of ShK as a therapeutic is its lack of selectivity for
Kv1.3 over neuronal Kv1.1 channels, as ingress of ShK into the central
nervous system (CNS) could induce neurotoxicity. In order to increase this
selectivity, Kalman and colleagues used their knowledge of the structure of
ShK and its sites of interaction with Kv1.3 to generate ShK-Dap22 by
replacing Lys22 in ShK with the non-protein amino acid diaminopropionic
acid (Dap). The overall structure of ShK-Dap22 is similar to that of wild-type
ShK, with both having the same major secondary structure elements.*
However, ShK-Dap22 has a recognizable helix near its C-terminus (residues
29-32), which was not observed in ShK.

ShK-Dap22 displayed a high affinity for Kv1.3 channels, displacing
2%I-charybdotoxin binding to human Kv1.3 channels with an ICs, of 102 pM,
and blocking mouse and human Kv1.3 channels with an ICs, of 23 pM, with
a Hill coefficient close to unity.* ShK-Dap22 had a significantly lower affinity
than wild-type ShK for Kv1.1, Kv1.2, and Kv1.4 channels, it blocked Kv1.6
channels with an ICs, in the lower nanomolar range, and it had no effect on
Kv1.5, Kv1.7, Kv3.1, Kv3.4, or KCa3.1 at concentrations up to 100 nM.* Work
conducted by Middleton et al.?® corroborated the improved selectivity of the
Dap22 analogue in whole-cell voltage-clamp electrophysiology studies, but
they also presented data showing that in equilibrium binding assays the Ky is
underestimated for wild-type ShK. There also appears to be higher affinity for
heteromultimers of Kv1.1 and Kv1.2.

10.4.2 ShK-F6CA, a Fluorophore-Conjugated ShK Analogue to
Detect Kv1.3-Expressing Cells by Flow Cytometry

As ShK has a high affinity for Kv1.3 channels, comparable to that of mono-
clonal antibodies for their target epitopes, it was chosen for labelling with
a fluorophore to detect activated CCR7™ Tgy lymphocytes that express large
numbers of Kv1.3 channels.”” Based on a detailed knowledge of the structure



Case Study 2: Transforming a Toxin into a Therapeutic 263

of ShK and the residues involved in its interaction with Kv1.3, Argl was
chosen for attaching fluorescein, since it is located on a region of the peptide
facing away from the channel pore. Fluorescein-6-carboxyl (F6CA) was
attached to the o-amino group of ShK-Argl through a 20 A hydrophilic
2-aminoethoxy-2-ethoxy acetic acid (AEEA; mini-PEG) linker.”

ShK-F6CA blocked Kv1.3 channels with an ICs, of 48 pM and a Hill
coefficient of 1. Intriguingly, ShK-F6CA was 160-fold less effective than wild-
type ShK in blocking Kv1.1 channels (ICs, of 4 nM for ShK-F6CA compared
with 25 pM for ShK) and thus displayed a 100-fold selectivity for Kv1.3 over
Kv1.1. Moreover, it did not block Kv1.2, Kv1.5, Kv1.7, or Kv3.1 channels at
concentrations up to 100 nM.” Attaching tetramethylrhodamine or biotin to
ShK-Arg1 through an AEEA linker yielded blockers with picomolar affinity
for Kv1.3 but no selectivity over Kvl.1 channels. This suggests that the
negative charge carried by F6CA plays a role in the increased selectivity of
ShK-F6CA, since tetramethylrhodamine is positively charged and biotin is
neutral.

ShK-F6CA was used to detect Kvl.3 channels on T lymphocytes by flow
cytometry.””*® Staining intensity paralleled channel numbers measured by
whole-cell patch-clamp electrophysiology. The lower limit of detection using
ShK-F6CA is approximately 600 Kv1.3 channels per cell,"*” which is suffi-
cient to measure the difference in Kv1.3 channels between activated CCR7"
naive/Tcy and CCR7™ Ty lymphocytes.*>?7%#

10.4.3 ShK-170, ShK-186, and ShK-192: ShK Analogues with
Increased Selectivity and Stability

Based on the unanticipated selectivity of ShK-F6CA for Kv1.3, a series of ShK
analogues was designed to enhance the selectivity of ShK for Kv1.3 channels
over related K channels. With the understanding that improved selectivity
was generated by incorporation of a planar aromatic moiety with an anionic
group, ShK-170 [ShK(L5)],>® ShK-186 [SL5]"® and ShK-192>° were generated by
attaching amino acid derivatives such as phospho-Tyr and p-phosphono-Phe
to the N-terminus of ShK through the AEEA linker used previously to attach
F6CA to ShK.*””

ShK-170, which was generated by attaching .-phosphotyrosine to ShKvia the
AEEA linker,*® blocked Kv1.3 channels with an ICs, of 70 pM and was 100-fold
selective over Kv1.1 channels, and =700-fold selective for Kv1.3 over other K,
Na’, and Ca*>* channels.?® Attaching p-phosphotyrosine instead of .-phospho-
tyrosine generated a blocker that was 35-fold selective for Kv1.3 over Kv1.1
channels, but attaching non-phosphorylated Tyr, Phe, or Phe derivatives yiel-
ded blockers with little or no selectivity for Kv1.3 over Kv1.1 channels.

In vitro stability studies showed no evidence of degradation of ShK-170 at
ambient temperature (22°C) and pH 4-8. At 40 °C, ShK-170 was stable at
physiological pH but exhibited minor degradation at acidic pH values,
mainly due to dephosphorylation of the L-phosphotyrosine residue attached
to Argl and oxidation of Met21. This instability at non-physiological pH
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values was more marked at 60 °C. ShK-170 contains multiple cleavage sites
for trypsin and chymotrypsin, and incubation of the peptide with either or
both enzymes led to rapid degradation of ShK-170 into disulfide-stabilized
fragments.?® This peptide is therefore not amenable to oral delivery without
appropriate protection.

ShK-186 is identical to ShK-170, except that its C-terminal Cys is ami-
dated.'® This modification does not affect the selectivity of the blocker for
Kv1.3 over Kv1.1 channels, but it should decrease the susceptibility of the
C-terminus to carboxypeptidase-mediated cleavage, which may improve
the in vivo half-life of the peptide.”® ShK-186 displayed the same in vitro
stability as ShK-170 at acidic pH and 40 °C but was less stable at alkaline
pH values.*

ShK-192 was synthesized to improve peptide stability in vitro and
in vivo.”® Like ShK-186, ShK-192 was amidated at its C-terminus, but, to
eliminate oxidation of the single Met residue of ShK, Met21 was
replaced with the non-protein amino acid norleucine. Finally, to reduce
susceptibility to acid-catalysed hydrolysis of the phosphate from the
L-phosphotyrosine residue observed with both ShK-170 and ShK-186, this
residue was replaced with the non-hydrolysable phosphate mimetic para-
phosphonophenylalanine. The in vitro stability of ShK-192 at ambient
temperature was similar to that of ShK-170. At 40 °C it was stable at
neutral and acidic pH values, but minor degradation was observed at
pH 8. ShK-192 was stable at 60 °C and at acidic pH values and would
therefore be suitable for use in slow-release formulations that require
such conditions. However, the peptide degraded rapidly at neutral and
basic pH when heated to 60 °C.>** NMR studies of ShK-192 showed that it
adopts a backbone conformation similar to that of ShK.* Differences
were noted in the N- and C-termini of ShK-192 and at Nle,>* which could
be ascribed to amidation of the C-terminus of ShK-192, addition of AEEA-
L-phosphotyrosine to its N-terminus, and replacement of Met*' in ShK by
norleucine. Docking of ShK-192 with the Kv1.3 channel also showed many
similarities with ShK docked with Kv1.3 homotetramers.>

10.4.4 p-allo-ShK, an ShK Analogue Resistant to Endogenous
Proteases

p-allo-ShK is a mirror image of native ShK that is composed entirely of
amino acids in the p-configuration at C*.*° It was generated because it
would be resistant to proteolysis as a result of the inability of endogenous
proteases to recognize p-amino acid residues. Its immunogenicity was not
tested, but it is reasonable to assume that if it could not be processed
proteolytically then it would also not be displayed by antigen-presenting
cells. p-allo-ShK folded correctly with formation of three disulfide bonds.
Its backbone conformation was a mirror image of that of native ShK,
although chiral side chains such as those of Ile and Thr retained their
native configurations.*®
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p-allo-ShK reversibly blocked Kv1.3 channels with a Hill coefficient close to
1 and an ICs, of 36 nM, a value 2800-fold lower than that of ShK for Kv1.3.3°
Interestingly, p-allo-ShK displayed the same two-fold selectivity for Kv1.3 over
Kv1.1 channels as ShK (ICs, for p-allo-ShK on Kv1.1 channels = 83 nM).
A significant difference in the way ShK and p-allo-ShK block Kv1.3 channels
resides in the channel conformation they can bind to, with ShK binding and
blocking Kv1.3 channels in any conformation (open, closed, and inactivated)
but p-allo-ShK not binding to closed channels. The lower affinity of p-allo-ShK
for Kv1.3 may be partly a consequence of that fact that it is not a perfect
mirror image of ShK, which could be resolved by installation of appropriately
chiral side chains for Ile and Thr. As the cost of p-amino acids comes down,**
the cost of producing p-allo-ShK or related ShK analogues becomes more
reasonable. Thus, p-allo-ShK remains of interest for applications in hostile
environments such as the gastrointestinal tract to treat diseases such as
colitis or Crohn’s disease.

10.4.5 In vitro Biological Activity of ShK and Its Analogues

The first tests of ShK on T lymphocytes measured its ability to affect the
mitogen-induced proliferation of peripheral blood human T cells, consisting
mainly of naive and T¢y CCR7" cells. It was shown that ShK inhibited this
proliferation with an IC5, in the nM range (Figure 10.3).**”*° In contrast, ShK
inhibits the proliferation of human CCR7™ Tgy cells stimulated with an
antigen or a mitogen with IC5, values ranging from 100 to 400 pM."”*° Pre-
activated naive and Ty CCR7" cells can up-regulate KCa3.1 channels even in
the presence of ShK, and therefore escape ShK block when reactivated.
In contrast, CCR7™ Tgy cells are unable to up-regulate KCa3.1 channels and
therefore remain highly sensitive to ShK.'"*®

Mouse T lymphocytes exhibit significant differences in their K* channel
phenotype when compared to human T lymphocytes and are therefore not
useful models for studying Kv1.3 channel blockers.?” Rat T lymphocytes, in
contrast, are very similar to human T lymphocytes in terms of K' channel
expression.?®3233 As with their human counterparts, rat CCR7" naive and Tcy
lymphocytes are significantly less sensitive to ShK than rat CCR7™ Tgym
lymphocytes in proliferation assays.”®*?

ShK-Dap22 inhibited the proliferation of CCR7™ Tgy lymphocytes with
an ICs, of 1.4 nM but had little effect on the proliferation of CCR7" naive/
Tcewm lymphocytes.*** ShK-170 was 60-fold more effective in inhibiting the
proliferation of CCR7™ Tgy lymphocytes (IC5, 80 pM) than the proliferation
of CCR7" naive/Tcy lymphocytes (ICs, 5 nM) (Figure 10.3).2® Addition of
the cytokine interleukin-2 (IL-2) partially cancelled the inhibitory effects of
ShK-170 on T lymphocyte proliferation,*® as had been shown with other
Kv1.3 blockers.>**® ShK-170 (100 nM) competitively inhibited the staining
of activated CCR7™ Tgy cells with ShK-F6CA and inhibited the production
of IL-2 by these cells with an ICs, < 1 nM.?® ShK-170 (100 nM) induced little
or no in vitro toxicity against human and rat lymphoid cells and was
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Figure 10.3 Comparison of the ability of ShK and analogues to block Kv1.3 currents
(top panel) and Kv1.1 currents (middle panel) measured by patch-
clamp electrophysiology, as well as proliferation of effector memory
T lymphocytes measured by tritiated thymidine incorporation
(bOttOH’l panel)‘17,18,24,27—30,33,37,39,41

negative in the Ames test on tester strain TA97A, indicating that it is not
a mutagen.>®

ShK-186 is to date the best characterized ShK analogue in terms of in vitro
biological activity on CCR7" and CCR7™ T lymphocytes.'**” ShK-186 (100 nM)
did not affect localization of Kv1.3 channels to the immunological synapse
formed between CCR7™ Tgy lymphocytes and antigen-presenting cells during
lymphocyte activation, although it inhibited Ca®" influx in these cells in
a dose-dependent manner with an ICs, of 200 pM.'®*” ShK-186 inhibited
production of the cytokines IL-2 and IFNy by CCR7 Tgy lymphocytes
more efficiently than in the case of CCR7" naive/Tcy lymphocytes.’® It was
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significantly less effective in inhibiting production of IL-4 and TNFa. ShK-186
persistently inhibited the proliferation of CCR7™ Tgy lymphocytes (ICs, 100
pM) whereas CCR7" naive/T¢y lymphocytes were 10-fold less sensitive to the
blocker at first, and became completely resistant to ShK-186 after their up-
regulation of the KCa3.1 channel.®*” ShK-186 also inhibited activation of
integrin B1, which plays an important role in the motility of activated CCR7~
Tgm lymphocytes.®”

ShK-192 inhibited the proliferation of human CCR7™ Tgy lymphocytes
isolated from the synovial fluid of patients with rheumatoid arthritis with an
ICs (200 pM) in the same range as that of ShK-186.>°

p-allo-ShK was significantly less potent than ShK in inhibiting CCR7™ Tgy
lymphocyte proliferation (ICs, 10 nM) due to its lower affinity for the chan-
nels. Like ShK, it was even less potent in inhibiting the proliferation of CCR7"
naive/Tcy lymphocytes (ICs5, 10 pM).*°

10.4.6 In vivo Biological Activity of ShK and Its Analogues

The species of choice for studying the in vivo biological activity of ShK and its
analogues is rat as its T lymphocytes are very similar to their human coun-
terparts in terms of K channel phenotype and function. In contrast, mouse T
lymphocytes do not exhibit this similarity with human T cells.>* Mice are
therefore not relevant for the study of Kv1.3 channel blockers as immuno-
modulators in studies focused on T lymphocyte-mediated inflammatory
diseases.*

10.4.7 Pharmacokinetics of ShK and Its Analogues in Rats

ShK and ShK-Dap22 were administered intraperitoneally (i.p.) or subcuta-
neously (s.c.) to rats and their free serum concentrations determined by
patch-clamp electrophysiology at different time-points.** Peak free serum
concentrations of both peptides (0.1-14 nM) were reached 15 min (i.p.) and
30 min (s.c.) after injection. Their average half-life was approximately 20 min.

In similar studies, free ShK-170 was detected in rat serum 5 min after s.c.
injection of 200 pg kg™ ' body weight.*® Similar to what was found with ShK
and ShK-Dap22, free serum peak levels of ShK-170 (12 nM) were reached
within 30 min. The half-life was approximately 50 min and levels of free
ShK-170 reached a baseline of approximately 300 pM over a period of 7 h.
Injection of only 10 pg kg™ body weight ShK-170 led to a serum peak
concentration of 500 pM, a concentration sufficient to block >90% Kv1.3
channels. Repeated daily s.c. injection of 10 pg kg~ ' ShK-170 resulted in
levels of 300 pM 24 h after injection.

Rats that received a single s.c. injection of 100 ug kg~ ' body weight of
ShK-192 achieved free serum levels, detected using patch-clamp electro-
physiology, of 3.5 nM ShK-192 within 30 min. The half-life for this peptide
was approximately 30 min but ~200 pM of functionally active ShK-192 was
detected 24 and 48 h after injection and ~100 pM could be detected at 72 h.*®
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The modifications of ShK-170 used to generate ShK-192 did not lead to an
increase in the in vivo half-life of the peptide.

p-allo-ShK was administered s.c. to rats (1 mg kg~ ' body weight) and was
detectable by patch-clamp electrophysiology in the serum 25 min later. Peak
levels of 950 nM p-allo-ShK were reached within 50 min of injection and its
half-life was estimated to be 40 min.*® This small increase in the half-life of
the blocker shows that the major determinant of the short half-life of ShK is
not proteolysis but rather elimination through the kidney.

All of the pharmacokinetics studies described above were conducted using
patch-clamp electrophysiology to detect free ShK and analogues in rat serum.
More recently, Tarcha et al.*® generated an '"'In-1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid-conjugate of ShK-186, designated ShK-221, to
measure whole-blood pharmacokinetics of the peptide using HPLC-MS, as
well as its distribution and excretion using single photon emission computed
tomography (SPECT) and CT scans. The s.c. injection of ShK-221 showed that
it is slowly absorbed from the injection site, yielding blood levels above the
concentration required to block Kv1.3 channels for 7 days. As expected,
ShK-221 was excreted through the kidneys.**

10.4.8 Therapeutic Efficacy of ShK and Its Analogues in
Treating Rat Models of Inflammatory Diseases

ShK and ShK-Dap22 were tested in parallel for their efficacy in preventing
and treating acute adoptive experimental autoimmune encephalomyelitis
(EAE) in rats, an animal model of multiple sclerosis.>* EAE was induced by
i.p. injection of activated myelin-basic protein specific encephalitogenic
Tgym lymphocytes. The in vitro pre-treatment of encephalitogenic Tgy cells
with 100 nM ShK or ShK-Dap22 prior to i.p. injection, followed by s.c.
injections of 80 pg kg ' ShK or ShK-Dap22 on the day of cell transfer
and for the next 5 days, prevented lethal EAE. In treatment trials, s.c.
injection of 80 pg kg~ ShK or ShK-Dap22 for 3 days, starting on the day of
disease onset, was sufficient to significantly reduce disease severity. ShK,
at the same dosage that showed efficacy in EAE, significantly reduced
allergic contact dermatitis induced in rats with oxazolone.*® ShK (16.5 ng
per graft) also displayed marked therapeutic efficacy in skin from
patients with psoriasis grafted onto severe combined immunodeficient
mice."”

ShK-170 was also effective in preventing a Tgy-lymphocyte-mediated
active delayed-type hypersensitivity (DTH) reaction and acute adoptive EAE,
as well as in treating acute adoptive EAE in rats.”® Active DTH was induced
by immunization of rats with ovalbumin followed by subsequent challenge
with ovalbumin. A single daily injection of 10 pg kg~ body weight ShK-170
after challenge was sufficient to significantly reduce ovalbumin-induced
inflammation. ShK-170 was also effective in preventing acute adoptive EAE
when administered s.c. once daily (10 ug kg™ ') for 5 days, starting on the
day of encephalitogenic Tgy cell injection. More importantly, a 3 day
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treatment after onset of clinical signs also significantly reduced clinical
signs of EAE.

ShK-186 (100 pg kg~ ' body weight) prevented active DTH induced against
ovalbumin in rats.”® Subsequent studies showed that a single injection of 1 pug
kg~ ' ShK-186 on day of challenge was sufficient to prevent an active DTH
reaction.* Moreover, a single injection of 100 pg kg~ ShK-186 up to 5 days
before challenge was sufficient to significantly reduce an active DTH
response. ShK-186 also prevented adoptive DTH induced in rats by i.p.
injection of activated ovalbumin-specific CCR7™ Tgy lymphocytes and
subsequent challenge in the ear with ovalbumin, without affecting the
number of ear-infiltrating ovalbumin-specific CCR7™ Tgy lymphocytes.®” The
cells did enter the site of inflammation but two-photon imaging of the tissue
showed that they were non-motile and were not reactivated by antigen-
presenting cells in the presence of ShK-186, at least in part because blocking
Kv1.3 channels inhibited activation of integrin $1.>” The motility of CCR7"
naive/Tcy lymphocytes in the lymph node was not affected by ShK-186.

At 100 pg kg~ " body weight, ShK-186 also showed efficacy in treating two
chronic autoimmune diseases, pristane-induced arthritis, an animal model
of rheumatoid arthritis, and chronic-relapsing EAE, a model of MS."*?”
Arthritis was induced in rats by s.c. injection of pristane, then rats received
ShK-186 or vehicle daily for 21 days, starting on the day they displayed the
first clinical sign of arthritis (at least one swollen joint). ShK-186-treated
animals had significantly fewer affected joints than vehicle-treated controls
and showed improvement in both radiological and histopathological
studies.'® Further studies demonstrated that daily injection of ShK-186 was
not necessary as dosage on alternate days was sufficient to reduce disease
severity.** Chronic-relapsing EAE (CR-EAE) was induced in rats by a single
immunization with rat spinal cord in emulsion with complete Freund’s
adjuvant. Treatment with ShK-186 (100 pg kg ' body weight, administered
s.c. either daily or every 3 days) began on the day of disease onset and
continued for 40 days. This treatment had no effect on the first episode of
disease, when most T lymphocytes infiltrating the CNS are CCR7" naive/Tcy
cells, but significantly reduced the severity of EAE when the disease entered
a chronic phase in which the majority of CNS-infiltrating T lymphocytes are
CCR7™ Tgy cells.?”? Treatment of CR-EAE rats with ShK-186 every other day
or every 3 days, starting 7 days after onset of clinical signs, drastically reduced
disease severity.* In order to evaluate the durability of protection, CR-EAE
received 100 pg kg ' ShK-186 or vehicle for 14 days starting 10 days after
onset of clinical signs. The disease was significantly reduced by ShK-186
during the treatment period and clinical signs increased to levels observed in
the vehicle-treated group 5 days after cessation of treatment.*

ShK-192, administered s.c. at doses of 1, 10, or 100 ug kg~ " body weight,
significantly reduced inflammation in active DTH induced against oval-
bumin in rats.? p-allo-ShK, at a dose of 1 mg kg~ body weight administered
s.c. at the time of challenge with ovalbumin, significantly suppressed an
active DTH reaction.*



270 Chapter 10

10.4.9 Toxicity Studies of ShK and Its Analogues in
Mice and Rats

ShK and ShK-Dap22 displayed minimal toxicity in mice, with the median
paralytic dose following intravenous injection being 25 mg kg~ ' body weight
for ShK and 200 mg kg~ ' body weight for ShK-Dap22.*

A major concern when developing K* channel blockers as therapeutics is
the potential risk of blocking cardiac Kvi1.1 (hERG) channels, thereby
inducing potentially fatal arrhythmias. Although ShK-170 did not affect
Kv11.1 channels at concentrations up to 100 nM, it was nevertheless tested in
a heart variability assay in conscious rats at 10 pg kg™ ' body weight. No effect
was observed on heart rate or on standard heart rate variability parameters in
either the time or frequency domain.?® Administration of ShK-170 (10 pg kg~
d ™) for 2 weeks induced no differences between vehicle and blocker-treated
rats in terms of blood counts, blood chemistry, and proportion of thymus
and spleen lymphocyte subsets.?® Injection of a single 1000 pg kg~ dose of
ShK-170 or of five consecutive daily doses of 600 ug kg™ ' ShK-170 induced no
overt toxicity in healthy rats.”® However, the dose that induces 50% lethality
(LDs,) was estimated to be 750 pug kg~ d " in rats with EAE and a breached
blood-brain barrier, probably due to a sufficient blood concentration of
ShK-170 (12 nM) to block >50% of neuronal Kv1.1 channels.?®

Administration of ShK-186 (100 or 500 pg kg~ ' body weight) s.c. daily for 28
days yielded no differences between ShK-186-treated and vehicle-treated rats
in terms of histopathology, blood counts, or blood chemistry, although
irritation at the injection site of ShK-186 was noted."® In addition, no toxicity
was observed in Rhesus macaques treated once intravenously with 100 pg
kg ' body weight ShK-186.'® ShK-186, administered s.c. at a dose that pre-
vented DTH and acute-adoptive EAE and treated acute-adoptive EAE, CR-EAE
and pristane-induced arthritis (100 pg kg~' body weight), did not induce
generalized immunosuppression.®” Rats infected intranasally with either rat-
adapted influenza virus or Chlamydia trachomatis MoPn were able to clear the
pathogens as rapidly as rats treated with vehicle alone. In contrast, rats
treated with the broad immunosuppressant dexamethasone displayed
a delayed clearance of the virus and were unable to clear the bacteria over the
28 days of the trials.”

10.5 Into the Clinic

In 2012, ShK-186 satisfactorily completed Phase Ia clinical trials directed
by Kineta, Inc. (Seattle, WA) to establish the safety, tolerability, and
pharmacokinetics of a single dose (Shawn Iadonato, personal communi-
cation). A Phase Ib trial of ShK-186 in psoriasis and psoriatic arthritis will
commence in Q4, 2014.
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10.6 Further Developments

The enormous progress outlined in this chapter has been based entirely on
synthetic peptides, and this approach will continue to underpin future
work on ShK. Recently, this has been complemented with an efficient
bacterial expression system for ShK,*' which offers the possibility of
cheaper production of analogues based on genetically encoded amino
acids.

New approaches to calculating the affinities of peptides for various
channels, described in Section 10.3.1,>*** are also contributing to the
design of new ShK analogues that are amenable to recombinant
expression.*?

Findings over the past decade also point to a role of Kv1.3 channels in the
regulation of peripheral insulin sensitivity and glucose metabolism.***
In addition to their potential application as immunomodulators, ShK and its
analogues may therefore prove effective for the treatment of insulin resis-
tance and type 2 diabetes.

An alternative route for delivering drugs into the systemic circulation is
the buccal and/or sublingual mucosa, which could be exploited for
systemically delivering ShK and its analogues.”® In collaboration with Joe
Nicolazzo and Ben Boyd (Monash Institute of Pharmaceutical Sciences), we
have established a sensitive and accurate in vitro assay for ShK analogue
transport across the buccal mucosa and are evaluating liposomal formu-
lations for encapsulation of ShK analogues as well as penetration
enhancing agents.

Intranasal administration for ShK and its analogues is also of great
interest for therapy of MS. Odoardi et al.*® demonstrated recently that T
lymphocytes become licensed in the lungs to enter the CNS for induction of
EAE. Intranasal delivery of ShK and analogues into the lungs may therefore
be sufficient to stop encephalitogenic Tgy cell trafficking and treat EAE and
MS. Intranasal administration of ShK and analogues may also provide
a strategy to deliver the peptides directly into the CNS via the olfactory
neurons. We have already successfully introduced an ShK-186 analogue
labelled with a contrast agent for detection by magnetic resonance imaging
(MRI) in rodent brains and are pursuing this administration strategy in a rat
model of MS.
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Engineering Venom Peptides
to Improve Their Stability
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11.1 Introduction

Peptides are widely recognized as having great promise as drug leads because
of their exquisite potency and selectivity for target receptors, but they have
not yet widely populated the mainstream pharmaceutical market because of
shortcomings in their biopharmaceutical properties. However, a growing
interest in the use of peptides as therapeutics has increased the focus of
researchers and drug companies to develop new technologies to enhance the
stability and bioavailability of peptides, which typically have short half-lives
in vivo and lower oral bioavailabilty than traditional small molecule drugs
that comprise the majority of the pharmaceutical market."* Although
disulfide-rich venom peptides obviate some of the traditional shortcomings
of linear peptides, such as susceptibility to proteases, their poor bioavail-
ability and rapid renal clearance are still significant issues. A variety of
approaches have been used to enhance the stability and bioavailability of
peptides in general, including N-methylation, cyclization, replacement
of disulfide bonds with diselenide bridges, or coupling to larger proteins or
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Vel.1
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Figure 11.1 Schematic representation of the sources of venom peptides described
in this chapter.

PEGylation to minimize the rate of renal clearance.’”® In this chapter, we
focus on just one aspect of the re-engineering of disulfide-rich venom
peptides to improve their stability and bioavailability, namely head-to-tail
backbone cyclization. Figure 11.1 summarizes some of the target classes of
venom peptides to which cyclization technology has been applied.

Our inspiration for making cyclic disulfide-rich peptides came from recent
discoveries of naturally occurring cyclic peptides. Over the last 15 years, head-
to-tail cyclic peptides with potential drug design applications have been
discovered in bacteria, plants and animals.'®"" Figure 11.2 shows the
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Cyclic
peptides

RTD-1

Figure 11.2 Structures of representative examples of naturally occurring cyclic
peptides from bacteria (AS-48), plants (SFTI-1 and kalata B1) and
animals (RTD-1).

three-dimensional structures of some examples of these topologically
circular peptides, including bacteriocin AS-48 from bacteria,'* SFTI-1 from
sunflower seeds,' cyclotides™ from the Rubiaceae, Violaceae, Fabaceae, and
Cucurbitaceae plant families and RTD-1 from rhesus monkeys." The most
striking common features of these cyclic peptides are their well-defined rigid
tertiary structures and exceptional stabilities against enzyme digestion or
thermal denaturation.'® We reasoned that it might be possible to engender
other peptides, including venom peptides, with similar stability via cycliza-
tion of their backbones and this has been the focus of our laboratory for the
last few years. In the following sections we describe the synthesis of these
cyclized peptides using examples from cone snail, spider, scorpion, snake
and sea anemone venoms.

11.2 Synthesis

Solid phase peptide synthesis (SPPS) has been the main approach used to
produce peptides since it was first developed by Merrifield in 1963." It
involves the attachment of amino acids in a peptide sequence one by one
onto a polymer support, which can be removed after assembling the whole
peptide sequence from C- to N-terminus. Attachment of the amino acid
residues having either tert-butoxycarbonyl (Boc) or N-(9-fluoroenyl)methox-
ycarbonyl (Fmoc) protecting groups is achieved by activation and coupling
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steps and then a deprotection step with trifluoroacetic acid (TFA) or piperi-
dine depending on the protecting group, Boc or Fmoc, respectively.

Conventional SPPS works well for peptides up to about 50 amino acids in
size, but is less practical for larger peptides. The native chemical ligation
(NCL) method"® was introduced in 1994 to facilitate the splicing of two
peptide chains together so as to make longer peptides more efficiently. In
this method, a peptide bond is produced following a reaction between
a thioester linker at the C-terminus of one peptide and a cysteine residue at
the N-terminus of another peptide. A facile rearrangement reaction takes
place following the initial transthioesterification, leading to a native
peptide bond. An intramolecular version of the NCL strategy has led to the
synthesis of cyclic peptides in which the thioester and the cysteine residue
at the C- and N-termini, respectively, are on the same peptide chain
together.'*

Figure 11.3 illustrates the synthesis of a cyclotide by this intramolecular
NCL approach. It involves the assembly of the peptide sequence on
a polymer resin and cleavage by hydrogen fluoride. The intramolecular NCL
to produce the cyclic backbone and formation of the three disulfide bonds
are achieved in one pot in a buffer solution containing 0.1 M ammonium
bicarbonate (NH,HCO;)/isopropanol (iPrOH) in 50/50 ratio (v/v) at pH 8.5.
This strategy has been used to synthesize the cyclic venom peptides
discussed below.

HS o
- H,N Cyclotide Sequence S—R
HF Cleavage .

Cys

R=Phe-NHCOCH,CH,

50/50
0.1M NH,HCO,/iPrOH
pH 85

Figure 11.3 Schematic overview of the use of intramolecular native chemical
ligation to synthesize cyclic disulfide-rich peptides, in this case
exemplified by a cyclotide synthesis.
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11.3 Selected Examples

Table 11.1 lists a selection of venom peptides that have been backbone
cyclized in recent studies from our laboratory and others. They include cyclic
versions of conotoxins MII, MrIA, ImI, Vcl.1, AulB, and RgIA, a scorpion
venom peptide (chlorotoxin) and a sea anemone peptide (APETx2). As noted
in other chapters in this book, these peptides have featured prominently in
drug discovery efforts over recent years. In many cases their termini are
naturally relatively close and can be bridged with linkers of just a few amino
acids. Nuclear magnetic resonance (NMR) spectroscopy has played an
important role in defining these structures, as these molecules are typically
recalcitrant to crystallization, making them not amenable for X-ray structure
determination. For example, of the many conotoxin structures reported,
most have been done by NMR,**** with only a handful determined using
X-ray crystallography.**

Figure 11.4 shows a selection of amino acid linkers that have been used to
span the distance between the N- and C-termini of the various venom
peptides to preserve the native peptide fold. The effect of the length of the
linker on the folding and activity of the peptides has been extensively studied
and is critical to achieving correct folding. In most cases simple amino acids
such as Ala or Gly have been used as linker constituents to avoid introducing
any additional functionality into the cyclic peptide, but there is great scope
for linker modifications in future studies. In general we avoid continuous
long segments of the same amino acid in a linker (e.g., poly Gly or poly Ala) so
that NMR spectral characterization is not complicated by degeneracy of
signals.

11.3.1 Cyclic MII

Conotoxin MII was the first member of the conotoxin family engineered by
backbone cyclization to increase the resistance of venom peptides to
proteolytic degradation.” MII is a 16-residue a-conotoxin from the cone snail
Conus magus that targets a3B2 nicotinic acetylcholine receptors (nAChRs)
and has been well characterized structurally and pharmacologically.”*>°
Three cyclic analogues with five (cMII-5), six (cMII-6) or seven (cMII-7)
residue linkers (GGAAG, GGAAGG and GAGAAGG) were synthesized by
intramolecular NCL chemistry.>® The cyclic analogues cMII-6 and cMII-7
preserved their native peptide fold, whereas cMII-5 showed random coil NMR
chemical shift values, which were indicative of a more flexible structure than
the other two cyclic analogues.

The cyclic peptides were tested on nicotine-evoked currents in bovine
adrenal chromaffin cells and it was found that ¢cMII-5 did not inhibit the
nicotine-evoked currents. On the other hand, cMII-7 showed similar native
MII activity and cMII-6 was slightly less active than the native MIIL. The study
thus confirmed that with careful choice of linker it is possible to produce
a cyclic peptide having the same structure and activity as the acyclic parent.
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Table 11.1 Backbone cyclized venom peptides

Peptide  Sequence Linker References

MIIL GCCSNPVCHLEHSNLC GGAAG, GGAAGG, 29
GAGAAGG

MrIA NGVCCGYKLCHOC AG 34

ImlI GCCSDPRCAWRC A, BA, AG, AGG 38

Vel.l GCCSDPRCNYDHPEIC GGAAGG 45

AulB GCCSYPPCFATNPDC A, AG, AGG, GGAA, AGGG, 49,50

AGAGA, GGAAG,
GGAAGG, GAGAAG,
GGAGGAG, GGAAAGG

Rg1A GCCSDPRCRYRC GAA, GAAG, GAAGG, 51
GGAAGG, GGAAGAG
CITx MCMPCFTTDHQMARKCDD GAGAAGG 61
CCGGKGRGKCYGPQCLCR
APETx2 GTACSCGNSKGIYWFYRPSCP GASGSA, AGASGSA, 63

TDRGYTGSCRYFLGTCCTPAD SAGASGSA

This result was very encouraging but the main aim of the study was to
determine if cyclization produced any improvement in biopharmaceutical
properties such as resistance to proteolytic degradation.

To examine the resistance to degradation, the cyclic peptides were incu-
bated in EndoGluC or human serum at 37 °C over 24 h. Gratifyingly, the
proteolytic stabilities of the cyclic analogues were improved over the acyclic
parent and followed a similar trend as the biological data whereby cMII-7 has
the highest stability and cMII-5 is the least stable. This study thus provided
clear proof-of-concept that it is possible to engineer cyclic venom peptides
that have improved stability but no loss of biological activity.

11.3.2 Cyclic MrIA

MrIA is a 13-residue disulfide-rich peptide isolated from the venom of the
cone snail Conus marmoreus, which selectively inhibits the norepinephrine
transporter (NET).*** It is a member of the y-conotoxin family and while
having two disulfide bonds like MII, it has a different disulfide connectivity,
which is often referred to as the ribbon connectivity.?> A more stable
synthetic version of MrIA, Xen2174, with a pyroglutamate residue instead of
an asparagine at the N-terminus is under Phase II clinical trials for the
treatment of neuropathic pain by Xenome Ltd.*® It was of interest to see if
cyclization might provide an alternative approach to stabilising this mole-
cule, which is targeted for delivery via the intrathecal route (ie., direct
injection into the spinal cord).

Because the two termini are close two each other, only a two-residue linker,
AG, was required for the cyclization of MrIA.** NMR spectroscopy showed
that the native peptide fold with a B-hairpin structure was preserved after
cyclization. Furthermore, cyclic MrIA has a higher enzymatic stability than
the native peptide and preserved the biological activity at the NET. This study
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representative venom peptides that have been cyclized using this

approach.
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thus demonstrated that cyclization might be a general approach for
improving stability, given that it worked in both o- and %-conotoxins.

11.3.3 Cyclic ImI

Conotoxin ImlI is a 12-residue peptide isolated from the venom of the cone
snail Conus imperialis.® It has two disulfide bonds in a globular arrangement
(Cys2-Cys8, Cys3-Cys12) and only three residues in its second loop, which
makes it a 4/3 subclass a-conotoxin, in contrast with MII, which is a 4/7
a-conotoxin. Conotoxin ImlI is reported to be a potent inhibitor of «7 and
a3B2 nAChRs.*** It has been widely studied and thus provides an excellent
model system for examining the effects of linker lengths on structure and
activity of cyclic derivatives.

The backbone cyclization of ImI was recently examined by Armishaw et al.,
who synthesized four different cyclic ImI analogues with A, BA, AG, and AGG
residue linkers.*® Formation of the disulfide bonds without orthogonal
cysteine protecting groups resulted in globular, ribbon and beads isomers in
different ratios depending on the length of the linker. Oxidation of the
cysteines in the cyclic analogue of ImI with a one residue linker (cImI-A)
yielded mostly the ribbon isomer (96%), whereas for the cImI-BA, cImI-AG
and cImI-AGG analogues, the yield of the ribbon isomers decreased to 41%,
55% and 75%, respectively. Oxidation of both c¢ImI-AG and cImI-AGG
analogues also resulted in 26% and 12% beads isomers, respectively, in
addition to the globular and ribbon isomers. In this case the beads isomer
contains a vicinal disulfide bond, an unusual, but not unknown occurrence.?

In terms of the enzymatic stability of the cyclic ImI analogues, all globular
isomers except cImI-AGG showed higher stability compared to the wild type
ImI (WT-ImI) after incubating with trypsin at 37 °C. By contrast, the ribbon
isomers exhibited only comparable stability to WT-ImI. Overall the study
confirmed the value of cyclization in improving the stability of native-like
isomers of conotoxins, but also showed that cyclization can have an impor-
tant role in determining the preferred disulfide connectivity, depending on
linker length. The study further emphasized the generality of cyclization as
a stabilizing strategy, by demonstrating that is applicable to different classes
of a-conotoxins (i.e., 4/3 vs. 4/7 o-conotoxins).

11.3.4 Cyclic Vel.1

Conotoxin vcla was first identified from ¢cDNA sequencing of the venom of
the cone snail Conus victoriae.*® The mature peptide is a 16-residue disulfide-
rich conotoxin with two post-translationally modified amino acids,
a hydroxyproline residue at position 6 and a y-carboxy glutamic acid at
position 14, and an amidated C-terminus (GCCSDORCNYDHPY-EIC™).
Conotoxin Vel.1 (GCCSDPRCNYDHPEIC™) is the synthetic version of vela
without these two post-translationally modified amino acids, but having an
amidated terminus. It has two disulfide bonds (Cys2-Cys8 and Cys3-Cys16)
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and belongs to the 4/7 subclass of a-conotoxins in which there are four
residues in loop 1 and seven residues in loop 2. Vc1.1 has been reported to
target recombinant 9210 nAChRs expressed in Xenopus oocytes,*** but it
more potently inhibits N-type calcium channels in dorsal root ganglion
(DRG) neurons by activating GABAg receptors.*>** It has attracted significant
attention due to its ability to relieve neuropathic pain in rodent models.

In a very significant finding of relevance in peptide-based drug design, the
re-engineering of conotoxin Vcl.1 by backbone cyclization led to an orally
active peptide.* Due to their limited stability and susceptibility to proteolytic
breakdown, most peptides require injection to achieve their pharmacological
activity. Indeed, all other conotoxins currently in clinical use or in clinical
trials require intrathecal injection. In the case of Vc1.1 a six residue linker,
GGAAGG, was inserted to join the N- and C-termini together and was found
to preserve the native peptide fold.*> In the rat chronic constriction injury
(CCI) model of neuropathic pain, orally delivered cyclic Ve1.1 was 120 times
more potent at blocking neuropathic pain than the gold standard clinically
used drug gabapentin. By contrast, the parent acyclic peptide was inactive
when delivered orally. This study thus demonstrated an additional benefit of
cyclization, ie., the introduction of oral activity to a peptide that was
otherwise active only via injection.

Interestingly, the cyclic peptide showed higher selectivity on GABAg-
mediated calcium channel modulation than in inhibiting «9210 nAChRs
compared to the linear peptide. Thus, in this case, cyclization also resulted in
an improvement in the target selectivity, providing yet another benefit of
cyclization. As expected based on studies of other cyclic conotoxins, cyclic
Vcl.1 showed higher stability in simulated intestinal fluid and human serum
than the native (acyclic) Vc1.1. Overall, this study has provided the most
compelling evidence so for the benefits of cyclization of venom peptides.

11.3.5 Cyclic AulB

Conotoxin AulB is a a3B4 subtype-selective neuronal nAChRs antagonist
isolated from Conus aulicus.*** In contrast to Vec1.1, AulB is a 4/6 subclass o-
conotoxin with 15 amino acids and is inactive on a9210 nAChRs. Further-
more, its non-native “ribbon” disulfide isomer (Cys2-Cys15 and Cys3-Cys8)
is more potent at the nAChR in rat parasympathetic neurons compared with
the native “globular” isomer (Cys2-Cys8 and Cys3-Cys15). Recently, it was
also reported that AulB inhibits high-voltage activated calcium channels via
GABAg receptors.*®

Two studies have been reported on the backbone cyclization of AuIB. In
one published by Armishaw et al., seven cyclic analogues with different
residue linkers (A, AG, AGG, AGGG, GGAAG, GAGAAG, GGAGGAG) were
synthesized and named cAulB-X, where X is the number of residues in the
linker.*® Cyclic analogues cAulB-1, -3, and -4 yielded only the globular isomer,
whereas the other four cyclic analogues yielded both ribbon and globular
isomers in different ratios. In relation to activity, only the cAulB-2 globular
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isomer inhibited 234 nAChRs. It was reported that all the cyclic ribbon
isomers have very low inhibitory activity on «3p4 nAChRs (ICs, > 300 puM).
cAulB-7 was the most stable analogue in a chymotrypsin proteolysis assay,
compared to other cyclic analogues and native AulB.

In another study, Lovelace et al. used GGAA, AGAGA, GGAAGG and
GGAAAGG as linkers to join the ends of AulB. They reported that cyclization
of AulB made the globular isomers more stable and that ribbon isomers
became more resistant to degradation in human serum.* Overall, the studies
on cyclic AulB analogues have confirmed the generality of cyclisation as
a stabilizing approach, but the benefits do not appear to be as great in 4/6
conotoxins compared to 4/3 or 4/7 conotoxins.

11.3.6 Cyclic RgIA

RgIA is a 4/3 subclass a-conotoxin derived from the venom of the cone snail
Conus regius. It has 13 residues and, like Vel.1, blocks 29210 nAChRs. In
contrast with studies on cyclic ImI analogues with three or fewer residue-
linkers, backbone cyclization of RgIA was studied with longer (3-7 aa) linkers
to delineate the effects of linker length on producing cyclic peptides with
a native fold.”* Five cyclic RgIA analogues (cRgIA) with GAA, GAAG, GAAGG,
GGAAGG or GGAAGAG linkers were synthesized using the NCL strategy and the
disulfide bonds were formed selectively using protected cysteine residues to
obtain the native globular isomers. NMR spectroscopy analysis of the cRgIA
analogues showed that peptides with three or four residue-linkers (cRgIA-3 and
cRgIA-4) have some aH secondary shift variations from native shifts, sug-
gesting that they have small changes in the peptide fold compared to cRgIA-5,
cRgIA-6 and cRgIA-7, which preserved the native fold.

The stability of the peptides was examined in human serum and it was
found that proteolytic resistance increased as the linker length increased.
The biological activities of the cRgIAs were also consistent with the results
from three-dimensional structure and stability studies. The most potent
cyclic analogue, cRgIA-7, was found to have comparable inhibitory activity at
the human a9/rat 210 nAChR to the native peptide.

11.3.7 Cyclic Chlorotoxin

Chlorotoxin is a 36 amino acid disulfide-rich peptide from the venom of the
giant Israeli scorpion Leiurus quinquestriatus.> It has four disulfide bonds,
three of which form an inhibitor cystine knot (ICK) motif that provides a rigid
tertiary structure to the molecule. Chlorotoxin was first reported to be
a chloride channel blocker, but a range of other potential biological targets
have since been identified.”** However, the most fascinating and potentially
useful feature of this peptide is that it binds to malignant brain tumours
such as gliomas and medulloblastomas.***® This feature has led to the
development of new agents for the diagnosis and treatment of brain
cancer.”” Specifically, a tumour imaging agent composed of chlorotoxin
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and a near infrared fluorescent dye, Cy5.5, was developed to enable surgeons
to visualize tumour margins during surgical resections.®

Cy5.5 can be attached to chlorotoxin through any of its three lysine resi-
dues. However, the typical conjugation reaction results in a mixture of
mono-, di- and tri-labelled bioconjugates, which is potentially a drawback for
commercialization purposes, since homogeneous products are preferred by
the United States Food and Drug Administration (FDA). In a recent study
aimed at overcoming this deficiency, chlorotoxin was modified in which two
of the lysine residues were substituted either with alanine or arginine to
produce a mono-labelled tumour imaging agent. Interestingly, an engineered
version of chlorotoxin that was modified only by backbone cyclization also
resulted in a mono-labelled bioconjugate.®* Seven residues (GAGAAGG) were
used as a linker to join the N- and C-termini and all the three lysine residues
were retained in the peptide sequence. Substituted and cyclized chlorotoxin
bioconjugates retained their bioactivities and, as expected, cyclized chlor-
otoxin had a higher serum stability than the native form. Overall, this study
showed that it is possible to broaden the use of cyclization technology
beyond conotoxins and that the advantages of cyclization extend beyond just
increasing stability.

11.3.8 Cyclic APETx2

APETX2 is a 42 residue peptide isolated from the sea anemone Anthopleura
elegantissima. It blocks acid-sensing ion channel 3 (ASIC3), which is highly
expressed in peripheral sensory neurons and plays a key role in pain
perception.®” In a recent study, cyclic versions of APETx2 were designed in
which three different sized linkers, GASGSA, AGASGSA and SAGASGSA, were
used to span the distance between the N- and C-termini of the peptide.®* Two-
dimensional NMR analysis of the cyclic peptides showed that the backbone
>N chemical shifts overlay with those of the wild-type APETX2, indicating
that cyclic APETx2 analogues have the native peptide fold.

Tryptic digestion and simulated gastric fluid (SGF) assays were used to
assess the effect of cyclization on the enzymatic stability of peptides and it
was found that backbone cyclization enhanced the protease resistance of
APETx2. However, based on voltage-clamp electrophysiology experiments on
Xenopus laevis oocytes expressing homomeric rat ASIC3, the biological
activity of the cyclic analogues was reduced compared to the native peptide. It
was concluded that the N- and C-termini of APETx2 are critical for inhibition
of ASIC3.

This study provides an example showing that cyclization will not neces-
sarily work for all peptides and, in particular, is not applicable for cases when
the terminal residues are implicated in activity. We recently found this to be
the case also for the human hormone hepcidin, a disulfide-rich cyclic peptide
whose N-and C-termini are very close, making it amenable to cyclization, but
since its termini are important for bioactivity it is not a good candidate for
cyclization.®®
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11.4 Concluding Remarks

Cyclization appears to be a generally useful approach for the stabilization of
peptide toxins. Although it does not work in every case, with careful design of
the length and content of the linker, it is usually possible to produce
improvements in the biopharmaceutical properties of peptides. In all cases
studied so far it was possible to introduce improvements in stability and, in
most cases, activity was maintained at a similar level to the native peptide. In
one case the potency and selectivity were improved but in another activity
decreased.

The cyclization studies described herein have been conducted only over the
last few years, and there is great scope for applications in a wide range of other
venom peptides. Even amongst the heavily studied conotoxins there are still
many subfamilies of peptides whose ends are proximate but have not yet been
targets for cyclization, including for example the k or w conotoxins.**%
Likewise, there has been little work so far in attempting to cyclize disulfide-
poor conotoxins. One consideration here is that many of these adopt extended
helical structures and hence their termini are not necessarily close.®”

In parallel with studies on the cyclization of venom peptides, there have
been increasing discoveries of naturally occurring cyclic peptides in the last
decade, and these are likely to provide additional inspiration for new
generation of “designer” cyclic peptides. In our opinion cyclic peptides are
a grossly under-discovered class of molecules in nature and it is likely that-
many new classes of cyclic peptides will become apparent in the coming
years. We base this “under-discovered” hypothesis on the fact that it is not
easy to find cyclic peptides unless one specifically looks for them—they
typically evade detection in genome or transcriptome studies, which have no
way of predicting post-translational cyclization events, and they are also
highly likely to be missed in proteomic studies because cyclic peptides do not
fragment very well on MS analyses. However, with increasing awareness of
their advantages, we hope that researchers will be inspired to seek out and
discover more of nature’s treasured rings.
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12.1 Introduction

Peptidic natural products, such as neurotoxins, from snakes, lizards,
scorpions, spiders, and predatory marine snails comprise millions of
unique peptides and countless possibilities for developing life-changing
therapies.' Researchers first noticed the pharmacological effectiveness of
snake venoms in the process of developing antisera. Such investigations in
the 1960s resulted in the development of the anti-hypertensive drug
captopril,> which served as an archetype for future research into the
structural information of peptides (proteins) isolated from snake venom.
Prialt® (ziconotide) is 1000 times more powerful than morphine but, unlike
morphine, is not believed to be addictive. The United States Food and Drug
Administration (FDA) approved its use for chronic, intractable pain such as
that suffered by people with cancer, AIDS or certain neurological disorders.?
Ziconotide is delivered directly into fluid surrounding the spinal cord by
external or implanted pumps. This drug is a synthetic compound identical
to a toxin in the venom of the marine cone snail Conus magus. The anti-
clotting drug eptifibatide was also developed from snake venom.* The dis-
integrin barbourin contains a Lys-Gly-Asp (KGD) sequence within
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a disulfide ring instead of an RGD sequence. Eptifibatide elicited significant
clinical benefits as an adjunctive therapy in patients undergoing selective
percutaneous coronary intervention with stent implantation. Heat stable
enterotoxin (STy,) produced by various enteric bacteria has common
segments consisting of 13 amino acid residues with three disulfide bridges.’
STh produced by pathogenic enteric bacteria cause diarrhea in children in
developing countries in the tropics. Linaclotide, a 14-residue peptide
having the common ST}, region, has been accepted by the FDA in August
2012 for the treatment of gastrointestinal diseases such as chronic con-
stipation (CC) and irritable bowel syndrome (IBS).® As a final example,
exenatide is an incretin mimetic isolated from the saliva of the Gila monster
(Heloderma suspectum), a venomous lizard.” The original formulation of this
peptide, Byetta®, is administered via twice daily subcutaneous injections.
Bydureon®, approved by the FDA in January 2012, is a new slow-release
formulation of exenatide in which the peptide is embedded in biodegrad-
able polymeric poly-(p,.-lactide-co-glycolide; PLGA) microspheres,® thus
enabling once-weekly injections. More recently, in September 2014 Astra-
Zeneca reported positive results from its Phase III trial (DURATION-NEO-1)
of exenatide to treat adult patients with type 2 diabetes. This trial used an
investigational formulation of exenatide once-weekly suspension delivered
through a single-use autoinjector.

However, due to analytical and synthetic challenges, today only a small
fraction of these promising peptide-based neurotoxins from animal venoms
have been characterized, and the synthesis of cyclic and/or cysteine-
containing peptides remains one of the most challenging tasks, primarily
because of the difficulties involved in:

« the selective formation of multiple regioselective disulfide (S-S) bonds

 ensuring that monocylization is preferred over polymerization, while
maintaining high productivity (a problem exacerbated by having diluted
processes)

« reaching high active pharmaceutical ingredient (API) purity without
impacting on cost of goods (COGs)

State-of-the-art methods in the field have been extensively reviewed in
recent years.>'® The main strategies that have been evolved for the synthesis
of Cys-rich peptides can be classified as follows: (i) stepwise regioselective
Cys pairings; (ii) convergent strategies based on a combination of statistical
oxidation of a minor number of Cys residues and regioselective disulfide
formation; (iii) oxidative folding of Cys-rich peptides by exploiting the
structural information encoded within the sequence of the target peptides.

Before discussing synthesis strategies for different peptides in detail, it is
important to mention that an industrial peptide process will, besides the
synthesis itself, typically also include several additional unit operations.
In synthetic processes, the last chemical step leading to the crude peptide is
generally the side-chain-deprotection step. In some cases of solid-phase
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peptide synthesis (SPPS) (e.g., synthesis via the Boc strategy), the reaction is
performed as a part of a combined cleavage/deprotection step. Further
process steps include peptide purification, today mostly comprising HPLC
and sometimes also membrane techniques, and finally the isolation step,
which can consist either of lyophilization, spray drying, or a combination of
precipitation, filtration and drying.

From the point of view of the product quality of a peptide API, each of the
steps described above is of equal importance, as all of them can contribute to
the formation and/or reduction of side-products. Side-products are one of the
main characteristic attributes of product quality, either directly by contrib-
uting towards the impurity profile of a product, or indirectly, by influencing
its overall purity. To develop a competitive industrial process, a process must
be looked at in an integral way, as each step in the process can influence
other steps. In this way, critical impurities, formed during synthesis, may
impact the performance (e.g., yield, productivity) of the purification step.
Methods for the development and optimization of the processes for addi-
tional chemical steps and for the purification and isolation are not within the
scope of this chapter and will not be discussed here.

12.2 Eptifibatide: Comparison of Two Synthesis
Approaches—Liquid Phase versus Solid
Phase Strategy

Eptifibatide was developed by Scarborough and Philipps by mimicking the
glycoprotein IIb/IIIa blocker barbourin, which was discovered in the venom of
the southeastern pigmy rattlesnake (Sistrurus miliarius barbouri).""** Eptifi-
batide belongs to the class of so-called RGD mimetics that reversibly bind to
platelets and inhibit their aggregation, which can occur with certain heart and
blood vessel conditions. Eptifibatide was approved by the FDA in 1998.

Eptifibatide is a small, highly modified cyclic 7-mer peptide amide. In
addition to its C-terminal amide group, eptifibatide is characterized by
a disulfide bridge and by the presence of two unnatural building blocks:
3-thiopropionic acid and 1-homoarginine.

Our team at Lonza developed two different synthesis routes for eptifiba-
tide, both of which are suitable for the industrial manufacturing of this target
molecule.

The first route consists of a four-step liquid-phase process, starting from
two readily available building blocks and characterized by the following
retro-synthetic strategy (Figure 12.1):*

a. Step 4:

a. closure of the amide bond between 3-thiopropionic acid and
homoarginine

b. minimal protection: use of homoarginine and tryptophan without
side-chain protection.

c. use of Fmoc protection on homoarginine

b. Step 3:
a. formation of the S-S bond via NPys activation.
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294 Chapter 12

c. Step 2:
a. coupling of the fragment Fmoc-(2-5)-COOH to H,N-Cys(NPys)-NH,

d. Step 1:
a. minimal protection: coupling of fragment Fmoc-(2-3)-COOH to
fragment 4-6 with unprotected -COOH

The second eptifibatide synthesis is a SPPS route on a peptide amide
support (Figure 12.2).** The key step of this solid phase process is the on-
resin cyclization of the S-S bridge, which obviates the productivity limita-
tions resulting from the high dilution incurred by a cyclization step in
liquid phase. In order to achieve an acceptable selectivity (i.e., desired

Fmoc-Cys(S-tBu)-NH .
Peptide 1) Fmoc deprotection
elongation Cycle 2) Coupling protected amino acid

(Mpa),-Har-Gly-Asp(tBu)-Trp(Boc)-Pro-Cys(S-1Bu}NH —(_Resin >

1. PBus mediated cleavage
2. S-S cyclisation on support

Mpa-Har-Gly-Asp(tBu)-Trp(Boc)-Pro-Cys-NH :
| |

1. Cleavage from the resin
2. Global side-chain deprotection

N]Ipa-Har—GIy-Asp-Trp-Pro-Cllys-N H»

1) HPLC

Purification & Isolation
" : 2) Lyophilization

Mpa-Ha r-GIy-Asp-Trp-Pro-(I:ys-N H»
L

Figure 12.2 Solid-phase process for synthesis of eptifibatide.
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intra-molecular reaction versus polymerization), a typical S-S cyclization in
liquid phase has to be run at concentrations of 0.1% or below. On an
industrial scale, such a dilution can easily become the bottleneck of the
entire process (see the linaclotide case study below).

Additional features of the SPPS process include:

1. use of cheap 3-thiopropionic acid dimer (Mpa),
2. S-tBu protection of cysteine, which allows on-resin S-S cyclization
3. use of homoarginine without side-chain protection

A comparison of the two processes shows that both have many charac-
teristics of modern process design concepts: a low number of isolated
intermediates, relatively simple and cheap starting materials (e.g., partially
protected amino acids, dimeric Mpa), non racemizing fragment coupling
steps, and original activation/protection strategies for S-S bond formation.
Both processes deliver the desired product in the required quality and ach-
ieve high yields. From the point of view of industrial scalability, each of the
processes presented above can be used for the industrial manufacturing of
eptifibatide. A final choice between the two processes will have to consider
strategic aspects, such as availability of optimal equipment to match the
market requirements as well as the API yearly demand, which today is esti-
mated to be in the range of multi 10 kg amounts for eptifibatide.

12.3 Ziconotide: Example of a Stepwise Linear
SPPS Strategy

Ziconotide, a synthetic 25-residue peptide, is formulated as a preservative-
free solution for intrathecal administration for the treatment of severe,
chronic pain. The peptide has three S-S bridges that are required for bio-
logical activity (Figure 12.3). Its structure is based upon the structure of
a naturally occurring peptide toxin called w-conotoxin MVIIA that is
produced by a fish-eating marine cone snail, Conus magus. It is a blocker of
N-type voltage-gated calcium (Cay) channels.

Cay channels play a major role in the transmission of pain. The N-type Cay
channel (Cay2.2) is found in high concentrations in the central projections of
primary sensory neurons that terminate in the dorsal horn of the spinal cord,
where it is involved in the spinal processing of pain. Ziconotide selectively
and reversibly binds to and blocks these channels without interacting with
other ion channels or cholinergic, monoaminergic or p- and J§-opioid
receptors. Ziconotide thus inhibits the spinal signaling of pain. The drug
product is a sterile aqueous solution that contains 100 ug mL " of ziconotide
free base formulated as the acetate salt in saline buffer at pH 4.0-5.0 and
containing r-methionine. Dosing of ziconotide is initiated at 2.4 pg d~" up to
a maximum dose of 21.6 ug d'. With such low dosage, the COGs for the API,
as for linaclotide (discussed below), should be negligible when compared to
drug product cost. The peptide is produced on a kg scale by SPPS with a 10—
20% overall yield.
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H-Cys-Lys-Gly-Lys-Gly-Ala-Lys-Cys-Ser- Arg-Leu-Met-Tyr- Asp-Cys-Cys-Thr-Gly-Ser-Cys-Arg-Ser-Gly-Lys-Cys-NH,

Figure 12.3 Amino acid sequence (top panel) and 3D structure (bottom panel) of
ziconotide. Disulfide bonds are shown as yellow tubes and the
peptide backbone is coloured from blue at the N-terminus to red at
the C-terminus.

12.4 Industrial Synthesis of Exenatide: Example
of a Convergent SPPS Strategy

Exenatide is a synthetic GLP-1 receptor agonist. It was approved by the FDA in
2005 as the first incretin mimetic, thereby introducing a new approach for
the treatment of diabetes mellitus type 2. Today, exenatide is marketed in two
forms: Byetta, a twice-daily subcutaneous injection, and since 2012 also as
Bydureon, a once-weekly long-acting release formulation.

Chemically, exenatide is a synthetic version of exendin-4, a naturally
occurring peptide, which was isolated from the saliva of the Gila monster.*?
The amino acid sequence of Exendin-4 is 53% identical to mammalian
GLP-1, but exendin-4 has the advantage of a significantly longer in vivo
half-life (ca. 3 h versus minutes for GLP-1).*

Exenatide is a linear 39-residue peptide amide build entirely from natural
amino acids. It has the following amino acid sequence: H-His-Gly-Glu-Gly-
Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-GIn-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-
Phe-Tle-Glu-Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser
-NH,.

Initial synthesis concepts proposed for exenatide were all based on the
classical and relatively generic linear stepwise SPPS approach using
Fmoc/tBu chemistry.”*® As discussed above for the example of Prialt®, in a
stepwise SPPS synthesis the full-length peptide is built up by coupling single
amino acid residues one after the other to a growing peptide chain linked to
a solid resin support. Although this synthesis route can be used to obtain
samples of exenatide in the laboratory, a stepwise approach is not the
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appropriate choice for industrial manufacturing of this molecule. Never-
theless, as of today, some custom manufacturing organizations (CMOs) are
still using a stepwise manufacturing process to supply small amounts of
exenatide (<10 kg yr ). It is important to consider that with 39 amino acids,
exenatide is one of the largest therapeutic peptides produced via chemical
synthesis and that future yearly API demands are likely to significantly
increase. From this perspective, a number of limitations, characteristic for
a stepwise synthesis concept, should be mentioned here.

1. Low quality and yield of the crude peptide: In the case of Exenatide,
a stepwise synthesis would consist of a sequence of 39 deprotection and
38 coupling reactions, which would all be performed in a row without
any purification of intermediates. The chemistry in each of these steps
would not be absolutely selective and therefore each chemical step
would generate a number of different side-products (deletion products,
double incorporation products, isomers, side-products from reactions
on side-chains, etc.). Longer peptides are especially prone to adopt an
irregular conformation while still attached to the solid support, which
makes it even more difficult to add additional amino acids to the
growing chain. Therefore, the selectivity problem increases with the
length of the peptide chain. The great majority of the side-products
would be further transformed in the following steps of the elongation,
generating a large number of impurities of similar structure to the
target compound. All this would not only lead to a modest overall yield,
but also deliver a crude product of lower quality, which would be more
difficult to purify, thereby impacting also on the yield and the
productivity of the HPLC purification step.

2. Limited productivity of stepwise SPPS processes. This results from the
combination of two facts. First, in a given SPPS reactor with a certain
maximal working volume, only a certain maximal amount of synthesis
resin can be used. Second, with currently available synthesis resins,
longer peptides can only be made reliably when a relatively low initial
loading is used (e.g., initial loading =0.4 mmol g~ '), whereas for shorter
peptides, a significantly higher loading can be used (e.g., 1.0 mmol g ).

3. Inflexible manufacturing concept: On an industrial scale, the elonga-
tion of a peptide in SPPS is a rather slow process, with only a limited
number of coupling and deprotection cycles per day. For a long target
molecule like exenatide, a stepwise synthesis would require a signifi-
cant amount of time, potentially several weeks. Such a long batch time
might not be consistent with the cycle times of the other unit opera-
tions in the process (purification, lyophilization) leading to hold times
and potentially to idle manufacturing equipment.

4. Risk aspects: This is related to the long synthesis times, but also to the
potentially very high value (several millions) of a single batch at the end
of the elongation process. This point is particularly critical when taking
into account the fact that solid phase synthesis is a heterogeneous
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process, which is significantly more difficult to control compared to
homogeneous liquid phase chemistry.

A very efficient concept for the industrial manufacturing of long peptides
using Fmoc/tBu chemistry, which overcomes the drawbacks of the stepwise
approach described above, is convergent SPPS synthesis. This concept was
first developed and introduced at commercial large-scale by B. Bray and his
team at Trimeris for the manufacturing of enfuvirtide (T-20 or Fuzeon),
a membrane fusion inhibitor for the treatment of HIV.*®

In a convergent SPPS strategy, individual fragments are first synthesized
separately and then coupled with each other in solution phase to build the
desired peptide. Typical advantages of this concept are a higher overall yield
and a significantly better quality of the crude full-length peptide. A conver-
gent approach also allows several unit operations to be run in parallel (e.g.,
SPPS and liquid phase operations), thereby increasing the general flexibility
of the manufacturing concept. Finally, the financial exposure, in case of
batch loss, can also be mitigated. The size of the single batches can be
adjusted to a reasonable maximal value, without impacting the overall
productivity of the manufacturing campaign.

However, a convergent SPPS approach has also a number of specific chal-
lenges, which all need to be addressed during the process development. The
primary goal of the route selection phase for a convergent SPPS process is to
identify suitable fragments and appropriate coupling conditions, in order to
overcome potential racemization of each of the C-terminal amino acids during
coupling of the fragments. In addition, it is also important to avoid potential
solubility issues during fragment coupling, and to find suitable conditions for
isolation of the intermediate fragments. In the case of a long peptide like
exenatide, which consists of 39 amino acid residues, this is a challenging task,
as there are a huge number of possible fragment combinations.

After a thorough process development phase, our team at Lonza estab-
lished a very efficient synthesis process for exenatide.?® Using the convergent
synthesis strategy, exenatide was subdivided into four fragments, each of
which was produced separately using SPPS and isolated in the form of the
corresponding side-chain protected products described below:

e Fragment 1: Boc-"His(Trt)-Gly-Glu(OtBu)-Gly-Thr(tBu)-Phe-Thr(tBu)-
Ser(tBu)-Asp(OtBu)-'"Leu-OH

e Fragment2: Fmoc-""'Ser(tBu)-Lys(Boc)-GIn(Trt)-Met-Glu(OtBu)-Glu(OtBu)
-Glu(OtBu)-Ala-Val-Arg(Pbf)->'Leu-OH

e Fragment 3: Fmoc-"*Phe-Tle-Glu(OtBu)-Trp(Boc)-Leu-Lys(Boc)-Asn(Trt)
-*°Gly-OH

e Fragment 4: *°Gly-Pro-Ser(tBu)-Ser(tBu)-Gly-Ala-Pro-Pro-Pro->°Ser(tBu)
_NH,

Fagments 1, 2 and 3 are prepared in excellent yields, using standard Fmoc/
tBu chemistry on synthesis supports, which can be cleaved under mild
cleavage conditions, leaving all side-chain protecting groups of the desired
peptides unmodified and in the case of fragment 1 also the N-terminal Boc
protecting group. An example of a suitable support for this process is the 2-
chlorotrityl chloride (CTC) resin.
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In a similar way, fragment 4 is obtained by applying the same elongation
chemistry but starting with a peptide amide support, which allows similar
mild cleavage conditions. An example of a useful support for this step is the
Sieber amide resin.

In the sequence of liquid phase steps, the four fragments are coupled with
each other in the following sequence of reactions:

1. Coupling of fragments 3 and 4, followed by cleavage of the N-terminal
Fmoc protecting group, leads to the following fragment: *’Phe-
Ile-Glu(OtBu)-Trp(Boc)-Leu-Lys(Boc)-Asn(Trt)-Gly-Gly-Pro-Ser(tBu)-
Ser(tBu)-Gly-Ala-Pro-Pro-Pro—>"Ser(tBu)-NH,

2. This product is further coupled to fragment 2. After cleavage of the
N-terminal Fmoc protecting group, the following fragment is obtained:
Fmoc-""Ser(tBu)-Lys(Boc)-GIn(Trt)-Met-Glu(OtBu)-Glu(OtBu)-Glu
(OtBu)-Ala-Val-Arg(Pbf)-Leu-Phe-Ile-Glu(OtBu)-Trp(Boc)-Leu-Lys
(Boc)-Asn(Trt)-Gly-Gly-Pro-Ser(tBu)-Ser(tBu)-Gly-Ala-Pro-Pro-
Pro->°Ser(tBu)-NH,

3. This product is coupled with fragment 1, leading to the exenatide in the
side-chain protected form: Boc-1His(Trt)-Gly-Glu(OtBu)-Gly-Thr
(tBu)-Phe-Thr(tBu)-Ser(tBu)-Asp(OtBu)-Leu-Ser(tBu)-Lys(Boc)-GIn(Trt)-
Met-Glu(OtBu)-Glu(OtBu)-Glu(OtBu)-Ala-Val-Arg(Pbf)-Leu-Phe-Ile-Glu
(OtBu)-Trp(Boc)-Leu-Lys(Boc)-Asn(Trt)-Gly-Gly-Pro-Ser(tBu)-Ser
(tBu)-Gly-Ala-Pro-Pro-Pro-*°Ser(tBu)-NH,

4. Finally, all side-chain protecting groups are cleaved in a global depro-
tection step, producing crude exenatide, which is then further purified
by preparative high-performance liquid chromatography (HPLC).

In this strategy, leucine, an amino acid known for its low tendency to
racemize, is present at the C-termini of both fragments 1 (AA11) and 2 (AA21).
Nevertheless, it might be worthwhile to optimize the corresponding coupling
conditions to achieve the lowest possible level of racemization. At the
terminus of fragment 3 (AA 29) is glycine, so there is no racemization issue.
Fragment 4, which has a peptide amide at the C-terminus, can also be
produced via a different synthesis approach, in which a shorter version of the
Fmoc-protected fragment, without the C-terminal serine amide, is elongated
on a 2-CTC resin. This product is then transformed into fragment 4 by
coupling with serine amide, followed by cleavage of the Fmoc protection
group. Here also, there is no issue with racemization, as the C-terminal
amino acid (AA 38) of the shorter fragment 4 is a proline.

12.5 Linaclotide: How to Cope with Disulfide Bridge
Formation on a Large Scale?

As described in earlier chapters of this book, conotoxins typically comprise
10-30 residues and consist of tightly folded structures with up to five
disulfide bonds that provide these toxins with a high level of stability
compared to non-disulfide-bonded peptides. The majority of conotoxins
characterized to date contain only two or three disulfide bonds.”*>*



300 Chapter 12

H-Cys-Cys-Glu- Tyr-Cys-Cys-Asn-Pro-Ala-Cys-Thr-Gly-Cys-Tyr-OH

Figure 12.4 Primary structure of linaclotide.

Linaclotide belongs to the family of cysteine-rich peptides displaying
specific biological activities, and therefore it is of great interest for phar-
macology and drug design. Linaclotide is a 14-residue peptide that was
approved by the FDA in August 2012 for the treatment of gastrointestinal
diseases such as CC and IBS. Linaclotide, which can be administered orally,
is an agonist of the guanylate cyclase type-C receptor found in the intes-
tine.>**® The daily dosage is about 290 ng, leading to ~100 mg per year per
patient. With such high peptide activity, the pressure on the COGs should be
extremely low. With more than 20 million US patients diagnosed with IBS—
constipation or CC,® the yearly demand for the API will rapidly reach 100 kg.

From a structural point of view, this small peptide presents a constrained
conformation with three disulfide bridges, namely Cys1-Cys6, Cys2—-Cys10,
and Cys5-Cys13 (Figure 12.4).

In order to achieve the large amounts required for a marketed peptide, an
efficient synthesis must be developed. To optimize the synthesis, its funda-
mental limitations need to be determined and addressed. In the case of
linaclotide, the key points are related to the high density of Cys residues in
the peptide (43% of the sequence, some of them consecutive), for two
reasons: first the potential risk of racemization upon assembling the linear
chain, and second the risk of misfolding the three disulfide bridges. With
three disulfide bonds, there are 15 potential disulfide isomers of linaclotide.
Misfolding of peptides (and/or diastereoisomers) obviously has a direct
negative impact on the manufacturing yield as the wrong product is
produced, but even more critical is the presence of misfolded peptide in the
crude product. In the downstream process (DSP), two types of impurity might
be observed, the less critical ones and the critical ones. The less critical
impurities are the ones that first will have limited or no impact on the final
API quality (purity), and are well separated during the reverse-phase HPLC
purification (Figure 12.5). The critical impurities are the ones that have
a direct impact on API quality, and are hardly removed during the DSP
(Figure 12.5). On a large scale, due to the push displacement effect, later
eluting impurities are more critical than the early eluting impurities. The
worst case scenario is where the impurities co-elute in the reverse-phase
HPLC purification (in this case it is expected that the formation and control
of the last impurities is performed during the previous upstream steps by
acting on the chemistry).

Three other aspects need to be addressed for large-scale syntheses, namely
the impact of building blocks on the COGs, the bill of material (BOM), and
the dilution conditions requested for the cyclization. What is the effect of
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Figure 12.5 Differentiation between critical and non-critical impurities.

using exotic protected amino acids (i.e., new protecting groups for the
selective disulfide bridge formation) which are not available on the market at
the time of route scouting? What will be the impact of very dilute conditions
on productivity and on the equipment for large-scale manufacturing?

Several strategies have been examined for synthesis of linaclotide using
distinct Cys-protecting groups, such as [S-tert-butyl (StBu),”” acetamidomethyl
(Acm),?*3° trityl (Trt), methoxytrityl (Mmt),** and p-methoxybenzyl (pMeOBzl)]
on Wang and 2-chlorotrityl** (CTC) resins. In addition, disulfide formation
has been performed in both solid-phase and via solution synthesis.

12.5.1 Random Strategy

Disulfide-rich peptides have commonly been synthesized by regioselective
methods to ensure the correct pairing of Cys residues.**** The six Cys resi-
dues in linaclotide could be incorporated with Trt side-chain protection. The
protected peptide could be cleaved from the CTC-resin by a low acid-content
cleavage cocktail, followed by a total side-chain deprotection cleavage step.
In this random strategy, free thiols are cyclized in solution using standard
oxidative solution conditions.*® An Ellman’s test*” can be used to test for the
absence of free thiols. The cyclization process usually requires a long reaction
time of up to a day or two, which is usually not the bottleneck in a large-scale
manufacturing process as the following step is the DSP, which is extremely
labour intensive and time consuming (e.g., a freeze drying isolation step can
take up to 5-6 days for one charge in an industrial freeze dryer). For the
chemical manufacturing of APIs, reactors in the range from 2 m® to 10 m* are
often involved, and a typical concentration will be in the range 10-20 w/w%,
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which leads to 200-1000 kg of product per batch. In the case of the cyclization
to form the disulfide bridges, a process using a diluted solution is often used
in the initial development phase at 0.1%. At such concentration, using the
same equipment, only 2-10 kg per batch will be produced! It becomes
obvious that other processes need to be developed, using for example pseudo
dilution approaches by altering the solubility of the intermediates or
reagents, or by doing a slow addition of one of the components at the rate of
the cyclization kinetic.

Another consequence of diluted processes is the amount of solution that
will be later on transferred in the DSP columns; the pumping time could be
extremely long, which could impacting negatively on productivity and
potentially affect the selectivity of the separation process.

12.5.2 Regioselective and Semi-regioselective Strategies

When native oxidation cannot be adopted because the primary thermody-
namic product is not the native disulfide-bond isomer, it could be attractive
to use regioselective or semi-regioselective approaches in which pairs of
cysteine residues are connected in a specific order. In this scenario, one
needs to consider which disulfide bridge to form first, as not all disulfide
bridges will have a similar favorable effect. The approach in process devel-
opment and route scouting is rather more empirical than that based on
a molecular modeling approach. In the case of linaclotide, the Cys1-Cys6
disulfide is the most favored S-S bridge, and it should be tackled first.

Several cysteine side chain protecting groups (Figure 12.6) have been
developed to allow variable and orthogonal conditions, and more recently the
highly labile trimethoxyphenylthio protecting group (S-Tmp)** was devel-
oped to fill the gap in the panel of protecting groups commonly used by
peptide chemists.

The Acm group has been widely used in the synthesis of disulfide-con-
taining peptides. Its main advantage is its resistance towards trifluoroacetic
acid (TFA) cleavage, and the possibility to perform I,-mediated disulfide
bonds both in solution and in solid-phase. Use of the Acm group could be
also combined with other regioselective strategies. Combining Acm with the
use of Mmt and Trt groups or Trt and the pMeOBzl groups was tested*® but
higher purity and yield were obtained when StBu was associated with Trt.

Do we need to worry about using exotic protecting groups like StBu in early
route scouting? The answer is most probably no. Looking back to the end
of the 1990s, most Fmoc-amino acids were extremely expensive, as most
processes at the time were developed using SPPS with Boc chemistry or liquid
phase chemistries to produce “blockbuster” peptide drugs like luteinizing
hormone releasing hormone (LH-RH) analogues, leuprolide (Lupron®), and
goserelin (Zoladex®). The situation changed with the introduction of T-20
developed by Trimeris-Roche. As the commercial API demand for this
molecule was extremely high (between several hundreds of kilograms and
even metric tons per year), the costs for all protected amino acids found in
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Figure 12.6 Cysteine side chain protecting groups.

the peptide sequence were positively affected by the economy of scale and
reached the same price level as amino acids with other protecting groups
(Boc-AA or Bzl-AA). Interestingly, the market price of Fmoc-Arg(Pbf), which
was part of T-20, was initially still very high, keeping pressure on the BOM of
antimicrobial peptides (ie., indolicine derivatives) and cell penetrating
peptides (CPPs) produced using Fmoc/tBu SPPS synthesis. But finally, the
price for Fmoc-Arg(Pbf) also went down, due to economy of scale and strong
market competition. In this regard, the introduction of new protection
concepts for Cys is attractive in order to reach high selectivity processes while
applying a regioselective strategy.

12.6 Conclusion

The changes that have occurred in the pipeline of therapeutic peptides in the
last 10-15 years are an excellent illustration of the potential of this nearly
unlimited venom source for discovery and development of new compounds
with strong biological activity. Enabled by recent developments in separation
and structure characterization techniques, this class of compounds has been
the origin for a number of new peptide drugs and drug candidates of broad
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structural diversity. Considering the number of active compounds in
different venoms, which still remain to be identified and characterized, it can
be expected that venoms will continue to be an important source for new APIs
in the future.

During the same period of time, the industrial manufacturing of thera-
peutic peptides has experienced significant changes. Driven by the
increasing complexity of new targets, larger required amounts of APIs, more
stringent expectations of the regulatory authorities towards the control of the
manufacturing processes and product characterization, industrial process
chemistry has introduced a number of new concepts, as presented in this
chapter using examples of new APIs of venom origin.

In future, it can be expected that the general trend towards more and more
complex and highly modified peptide APIs will continue. Together with the
increasing need for more sustainable manufacturing technologies,*® this
trend will guide the development of next generation processes.
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cyclic peptides
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cysteine-rich venom peptides see
disulfide-rich venom peptides/
scaffolds
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toxins 67-70, 205, 208, 210, 213

Dala and Da1b (p-conotoxin) 105,
133, 150
defibrinogenating agents 144-5
definition of venom 2
Deinagkistrodon acutus 133, 145
delayed-type (DTH) hypersensitivity
and ShK analogues 268-9, 269,
270
Dendroaspis angusticeps (Eastern
green mamba snake) 56, 104, 105,
137, 151
Dendroaspis jamesoni kaimosae 138
Dendroaspis polylepis polylepis 138
dendrotoxins 104, 256, 258, 261
Desmodus rotundus 22, 23, 24, 28
diabetes pharmacotherapy 147-9
dilution conditions in large-scale
manufacturing 301, 302
disintegrin(s) 4, 63, 64, 139-41
cancer metastases and 141-2
disintegrin-like domains in snake
venom metalloproteinases 21
disulfide-directed B-hairpin 55
disulfide-rich venom peptides/
scaffolds 4, 37-79
conotoxins 188-9
coping with large-scale
disulfide bridge formation
299-303
engineered see engineered
disulfide-rich venom
peptides
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manufacture 277-8, 290-305
structural universe 37-79
taxon-specific frameworks 61-9
diversity see biodiversity; molecular
diversity
DNA libraries, complementary
(cDNA) 24, 84, 85, 91, 99
bioinformatic analysis of
85-6
DNA recombination 15-16
double-knot toxins 55, 113, 209, 231
downstream process in large-scale
manufacture 300
drug carriers and delivery
scorpion-venom peptides 208,
214
spider-venom peptides 237
drug design
cyclization in 283
scorpion toxin scaffolds as
platform for 213

Eastern green mamba 56, 104, 105,
137, 151
ecological distance 10
Egyptian (Israeli) scorpion (Leiurus
quinquestriatus quinquestriatus)
69, 211, 213, 284
elapid snake venoms 7, 8, 173
analgesic effects 151
a-elapitoxin-Nk2a 63, 64
electron detachment dissociation
(EDD) 89
electron transfer dissociation (ETD)
81, 89-90
electrophysiological studies 106,
107-16
recording techniques 107-13
whole-cell recording
configuration (in patch-
clamp technique)
111-12, 115, 262
electrospray ionisation (ESI) 81, 86,
see also nano-liquid
chromatography electrospray
ionization mass spectrometry
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and mass spectrometry (ESI-
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ELISA (enzyme-linked
immunosorbent assays) 121
enalapril 132, 135, 136
encephalomyelitis, experimental
autoimmune/EAE (rat model of
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270, 271
enfuvirtide (T-20) 298, 302-3
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peptides 275-89
Kv1.3 peptide blockers 210
scorpion-venom peptides 213
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conoideans, physiology 167-9
scorpion 204
snake bite 135
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versuta) 53
localised tissue damage
223
enzyme-linked immunosorbent
assays (ELISA) 121
epilepsy (and seizures/convulsions)
pathogenesis/aetiology 230
treatment 165, 214
eptifibatide 132, 141, 290, 291, 292-5
evolution 1-36, 82
convergence 4, 5, 12, 15
selection pressure see selection
pressure
Evolutionary Gene see specific
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112-13
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237, 291, 296-9
industrial synthesis 296-9
slow-release formulation
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296
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glycoprotein IIb/IIIa receptor
inhibition 64, 132, 139, 292
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pruriens) toxin (B-theraphotoxin-
Tp2a; ProTx-II) 113, 227, 232
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GVIA (conotoxin) 19, 101, 249, 250

Hadronyche versuta 53
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bats 23
haemostasis 143
disruption 139, 142-7
haemotoxins 21
convergent evolution 5
Haempatch 145-6
B-hairpin, disulfide-directed 55
Haplopelma schmidti (Chinese bird
spider/tarantula) 41, 113, 227, 233
Hastula hectica 27
heart disease/conditions (and
cardioprotective agents)
arrhythmias see arrhythmias
Conus peptides 165, 183
spider-venom peptides 232,
233, 234, 236
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Heloderma) 11, 130, 149, 153
Gila monster (Heloderma
suspectum) 92, 149, 291, 296
hemocoagulase® 144, 145
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113-16
screening 20-1, 114, 121
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higher collision energy dissociation
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HIV (human immunodeficiency
virus)
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scorpion-venom peptides and
208, 213, 214
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human immunodeficiency virus see
HIV
huwentoxin IV 41, 55, 227
huwentoxin-11 (k-theraphotoxin-
Hh1a) 56, 57
hypersensitivity and ShK analogues,
delayed-type (DTH) 268-9, 269,
270
hypertension see antihypertensive
agents
HyPhy package 15, 17
hypotensive agents see
antihypertensive agents
Hysterocrates gigas 233

ileal preparations (for bioassays) 104
Iml see a-conotoxin
immunoassays 121
incretins 149
industrial synthesis of exenatide
296-9
inflammatory diseases, Shk/Shk
analogue efficacy in rat model of
268-9
inhibitor cystine knot motif (ICK
motif; knottin fold) 39-55, 223-51
scorpion 206
spider 41-53, 223-31
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bioassays) 104
intracellular microelectrode
recordings 107, 110, 111
intranasal delivery of ShK/ShK
analogues 271
ion channels 100
acid-sensing see acid-sensing
ion channels
cloned 101
conoidean venoms and 171-4
individual peptides
174-7
fluorescence-based assays and
117-18
spider-venom peptides and
224-7, 228-9, 230-1
see also specific ions
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Iranian viper (Pseudocerastes
persicus) 106, 137
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components) 20, 83, 98-9, 292, see
also fractionation
Israeli (Egyptian) scorpion (Leiurus
quinquestriatus quinquestriatus)
69, 211, 213, 284

Jameson’s mamba 138

jarastatin 63, 64

jejunal preparations (for bioassays)
104

Kazal-like domain 57-8

KCa3.1 210, 211, 258, 259, 260, 262,
265, 267

KGD tripeptide motif 140, 141, 290

kidneys, elimination though 237-8

knottin fold see inhibitor cystine
knot motif

a-KT6.2 toxin 69

B-KTx subfamily of scorpion-venom
peptides 209

a-KTx12.1 toxin 67

Kukulcania hibernalis 234
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Kunitz domain 56, 57, 189
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Kunitz proteases 12
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lace monitor 105
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potassium channels 230
Leiurus quinquestriatus hebraeus 29,
211, 213, 284
Leiurus quinquestriatus
quinquestriatus 69
lightning strike cabal 170-1
linaclotide 291, 299-301, 301,
302
liquid-phase peptide synthesis
eptifibatide 292-5
exenatide 298, 299
lisinopril 132, 135, 136
lizards 10-11, 130, 149
helodermatid see helodermatid
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Lophiotoma olangoensis 26

Macrovipera lebetina 64
Macrovipera lebetina obtusa 64
malaria 208, 209, 214
Malayan pitviper (Calloselasma
rhodostoma) 134, 143
malignant tumours see cancer
mambalgins 132, 133, 151
manufacturing of venom-derived
peptides 277-8, 290-305
marine cone snails see cone snails
marine molluscs, venomous,
biodiversity see biodiversity
mass spectrometry (MS) 81, 86-90
electrospray ionisation and
(ESI-MS) 87, 90
matrix-assisted laser
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(MALDI) and (MALDI-MS)
87, 90
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and mass spectrometry
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venom (SVMPs) 21-3, 132, 134,
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maurotoxin 69
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anemone (neurotoxin III) 62
metalloproteinases, snake venom
(SVMPs) 21-3, 132, 134, 146
metastases and disintegrins
141-2
microelectrode recordings 107-12
Micrurus tener tener 151
MII see a-conotoxin
MitTx 151
molecular cloning see cloning
molecular diversity of conoidean-
venom peptides and their targets
162-203
molecular genetics of cone snail
peptide superfamilies 185-7
molluscs, venomous marine,
biodiversity see biodiversity
monoamine transporters 172, 251
monocled cobra (Ngja kaouthia) 29,
63, 134
morphine compared to analgesic
conoidean venom-peptides 252
motor cabal 169, 170-1
MrIA see -conotoxin
multiple sclerosis 59, 193, 210, 230,
256, 268
rat model (EAE) 268-9, 270, 271
multiwell-plate-based assays 116,
118, 121
muscle preparations (for bioassays)
skeletal 1024
smooth 104-5
mutation, surface chemistry 28-9
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246, 248, 249, 250, 252, 290, 295
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spectrometry (nano-LC-ESI-MS)
87
nasal delivery of ShK/ShK analogues
271
native chemical ligation 278
natriuretic peptide (PNP)
activity assays 105, 106
antihypertensive effects
136-7
Nay, see sodium channels
nawaprin 58, 59
negative electron transfer
dissociation (NETD) 89, 90
neoplasms see cancer
neotropical rattlesnake (Crotalus
durissus cascavella) 137, 151
nerve injury pain 165, 169
network-based analyses, genetic
12-13
neuromuscular junction nicotinic
acetylcholine receptors (nAChR)
and Conus venoms 169, 170, 171,
172, 173, 175-82, 189-90, 279,
282, 283-4
neuropathic pain 164, 165, 169, 225,
248-9, 250, 251, 283
neurotoxin(s) 1024
convergent evolution 5
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for assays of 102-4
neurotoxin III 62
nicotinic acetylcholine receptors
(nAChR) and Conus venoms 169,
170, 171, 172, 173, 175-82,
189-90, 279, 282, 283-4
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225, 228, 247, 249
cold 195-6

non-disulfide-bridged peptides,
scorpion 207, 209, 213
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223
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transporter (NET) 105, 112, 246,
247, 248, 251, 280

North American copperhead snake
(Agkistrodon contortrix contortrix)
134, 141, 146

notexin 60-1, 104

nyloxin 133, 151

O-superfamily of conotoxins 185
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omwaprin-a 58, 59

Orbitrap-ETD 81

Ornithorhynchus anatinus (platypus)
38, 39, 105

oxidative folding of disulfide-rich
peptides 189, 291

OpusXpress 114

oxynor 134, 152

Oxyuranus microlepidotus 105, 137

Oxyuranus scutellatus 58, 134, 152

pacemaker channels, voltage-gated
172
Pacific ciguatoxin (P-CTX-1) 107
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ascending pathways 247, 249,
250, 251, 252
cancer 165, 252
chronic 224-9
descending pathways 247, 251,
252
drugs relieving see analgesics
nerve injury 165, 169
neuropathic 164, 165, 169, 225,
248-9, 250, 251, 283
pancreatic secretory trypsin inhibitor
SPINK1 57
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Paraphysa 232
patch-clamp technique 111-12
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perindopril 132, 135, 136
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(Thrixopelma pruriens) toxin
(B-theraphotoxin-Tp2a; ProTx-II)
113, 227, 232
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phospholipase A2 (PLA,) enzymes
38, 39, 59-61, 134, 139, 147, 152
phylogenetic analyses 13-15
phylogenetic distance 9
PIVA (a-conotoxin) 65, 66
Pl14a (conopeptide) 190
PLA, (phospholipase A;) enzymes 38,
39, 59-61, 134, 139, 147, 152
plate-based assays 116, 118, 121
platelet inhibitors 138-41, 292
platypus 38, 39, 105
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post-synaptic neurotoxins 103
analgesic effects 247, 251
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(PTMs) 6, 18, 29, 81, 99
marine snails
conoidean 66, 186-7
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24, 25
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188-93
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KCa3.1 210, 211, 258, 259, 260,
262, 265, 267
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therapeutics 210, 230,
256, 258-65, 266, 267,
268, 269, 271
Kv1.4 262
Kv3 262, 263
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ShK toxin
pre-synaptic neurotoxins 103, 104
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ziconotide) 19, 41, 99, 121,
164, 246, 248, 249, 250, 252, 290,
295
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prohanin 133, 151
prostate (for bioassays) 106-7
protease-resistant Shk analogue
264-5
proteins
post-translational
modifications see post-
translational modifications
structural analyses 17-18
proteomics 18-19, 86-90
cone snail 92
Protobothrops (Trimeresurus)
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232
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Pseudocerastes persicus 106, 137

Pseudonaja textilis 39, 133, 145, 147,
148
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purification see fractionation;
isolation

PVIIA (k-conotoxin) 165, 193

pyrosequencing 94

454- 81, 84, 85

Q8008 147
Q8009 145-6
QPatch 115
Qube 115

rabbit jejunum preparations (for
bioassays) 104
ramipril 132, 135, 136
random strategies in large-scale
manufacturing 301-2
receptors (as targets) 100
conoidean venoms and 171-4
individual peptides and
receptor subtypes
174-7
spider venoms and 228
see also specific receptors
recombination, test for 15-16
regioselective/semi-regioselective
strategies in large-scale
manufacturing 291, 301, 302-3
renal elimination 237-8
reptiles (and their venom) 129-62
anticoagulant factors 132, 133,
142-7
squamate reptiles 11
RGD mimetics 292
RGD tripeptide motif 4
reptiles 139-41, 141
RgIA see a-conotoxin
rhodniin 57-8
Rhopalurus junceus 212
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RIIJ (kM-conotoxin) 171, 190, 191,
192

RNA splicing, alternative/differential
29

RPI-78M 134, 152

RPI-MN 134, 152

ryanodine receptor and scorpion
venom 206

S-superfamily of conotoxins 186, 187
samples
difficulty in sourcing 7
small amounts in 4-6
Sanger vs. next-generation
sequencing 84-5
SCNO9A gene 226
scorpine 205
Scorpio maurus 69, 212
scorpion venom/toxin 67-9, 204-20
cyclic 284-5
drug candidates 207-11
evolution 7
overview of bioactive peptides
205-7
as pharmaceutical tools
211-12
scyllatoxin 213, 214
sea anemones 230
Caribbean (Stoichactis/
Stichodactyla helianthus) 56,
59, 256
Mediterranean snakelocks
(Anemonia sulcata) 62
potassium channel blocker
ShK toxin see ShK toxin
seizures see epilepsy
selection pressure 2-3, 10, 11, 15
diverse biological niches and
173
identifying 16-17
microbial pathogens 207
Psammophis mossambicus 23
selectivity (target)
conotoxin 184, 245, 250
cyclic peptides 283
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sea anemone ShK analogues
256, 2624
spider venom 225, 227, 238
sequence retrieval and alignment 13
sequenced toxins from elapid
venoms 7, 8
sequencing
bioinformatic processing of
large-scale data from 90-2
high-throughput see high-
throughput techniques
mass spectrometry 89-90
second-/next-generation 81
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Shaker Kv channels 67, 190, 193
ShK toxin (and potassium channels
and autoimmune disease therapy)
255-74
analogues (and their
therapeutic potential)
261-70
p-allo-Shk 264-5, 267,
268, 269
ShK-170 263-4, 267,
268-9, 270
ShK-186 59, 230, 263, 264,
266-7, 269, 270, 271
ShK-192 263, 264, 267,
267-8, 269
ShK-221 268
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analogues) 270
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domain) 59, 70, 257, 258
SHPI (Kunitz-type proteinase
inhibitor) 56
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single-cell electrophysiological
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technique 110
Sistrurus miliarius barbouri 141, 292
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turrid 24-8, 166
snake (venoms) 62-4, 129-62
calcium ion channels (L-type)
and 138
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major toxin families 131
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spider venoms targeting 225-7
solid-phase peptide synthesis (SPPS)
277-8, 291-2, 294-9, 302, 303
eptifibatide 294
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South American (Brazilian) pit viper
(Bothrops jararaca) 19, 64, 92, 104,
132, 135, 136
southeastern pigmy rattlesnake 141,
292, 292
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evolution 9
inhibitor cystine knot (ICK)
motif 41-53, 223-31
patents 231-6
SPINK1 (pancreatic secretory trypsin
inhibitor) 57
splicing, alternative/differential 29
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263-4
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56, 59, 256

stroke, spider-venom peptides 229

structural analyses 17-18

sublingual mucosal delivery of
ShK/ShK analogues 271
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surface chemistry mutation 28-9

SXC motif/domain 59, 70, 257, 258

synthesis of venom-derived peptides
277-8, 290-305
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ShK toxin (and its analogues)
258-60, 261, 263, 265-7, 269, 271

T-superfamily of conotoxins 66, 67

T-20 (enfuvirtide) 298, 302-3

taipoxin 104, 134, 152

tamsulosin 150

tandem MS/MS 83, 89

tarantula, evolution 7-8

targets

conoidean-venom peptides,
molecular diversity 162-203
identification 98, 100
selectivity see selectivity
spider-venom peptides 222,237
see also specific (types of) targets

taxon selection 9-11

taxon-specific disulfide frameworks
61-9

taxonomy 7
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temperature sensors (neuronal), cold
195

Terebra subulata 27

Terebra variegata 25, 27

terebrid marine snails 24-8, 166

tertiary structures of disulfide
scaffolds 39-61
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Texas coral snake 151
textilinin 133, 147
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k-theraphotoxin-Hh1a (huwentoxin-
11) 56, 57
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IV 41, 55, 227
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1; PcTx1) 41-53, 55, 229, 232, 233
B/w-theraphotoxin-Tpla 231
B-theraphotoxin-Tp2a (ProTx-II)
tarantula 113, 117, 227
thermosensors (neuronal), cold 195
three-finger toxins (3FTX) 6, 7, 8, 13,
62-4, 133-4, 138, 151
Thrixopelma pruriens toxin (B-
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232
thrombin 142, 145
inhibitors 58-9, 139, 143, 147
thrombin-like enzymes 143-4
TIA (p-conotoxin) 20, 105
tirobifan 132, 141
tissues for bioassays 100-6
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ToxProtDb database 12, 13
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channels 230-1
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231
triflavin 63, 64, 141
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233
TRPV1 (transient receptor potential
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two-disulfide toxins 55

vampire bat venom 23-4

vanillotoxins 113, 231

Varanus varius 105

vas deferens (for bioassays) 106-7

Vcl.1 see a-conotoxin

venom, definition 2

vicrostatin 134

Vipera ammodytes ammodytes 60

voltage clamp technique,
microelectrode 110-11

voltage-gated ion channels see
specific channels
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whey acidic protein (WAP) domain
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