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“The diversity in nature has long been and still is one of the biggest resources of
pharmaceutical lead compounds.”

Oxytocin & vasopressin: an ancient signaling system

Oxytocin (OT), arginine-vasopressin (AVP) and their ancestral peptides in mammalian and
non-mammalian vertebrates are multifunctional, closely related neurohypophyseal peptides
that control important physiological and behavioral functions. Oxytocin (‘quick birth’ in
Greek) was named after its uterine-contracting properties that were discovered by the British
pharmacologist Sir Henry Hallett Dale at the beginning of the 20th century. In 1953 the
amino acid sequence of OT was elucidated by Vincent du Vigneaud — an American chemist
who later received the Nobel Prize in Chemistry for the first synthesis of a polypeptide
hormone — and by the Austrian biochemist Hans Tuppy — the “father of peptide science’ in
Austria. Although it was known by the late 18th and early 19th century that certain
substances from the pituitary body have ‘pressor action’, it was Oliver Kamm in 1928 who
started the isolation and purification of vasopressin. These scientists and their co-workers
have established the basis for oxytocin and vasopressin research and several others have
contributed over the years to advance the field. It is impossible to refer to all of them given
the number of available publications (e.g., a PubMed search for vasopressin alone yields
over 40,000 publications), nevertheless we attempt to provide a critical commentary on
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challenges in this research field with respect to therapeutic drug development and would like
to introduce a new perspective to current peptide drug discovery efforts. We will give a brief
overview on the evolution of OT and AVP, their diverse functions in humans, and the
‘selectivity dilemma’ that significantly hampers therapeutic development in this field. With
natural product drug discovery in mind, we present our personal view as well as recent
developments from our laboratories on how to utilize naturally occurring peptides as
templates for ligand-based design. To conclude, we provide insights on traditional
approaches to transform a natural ligand into a drug candidate and point out key factors that
we believe are important for successful optimization and development of a preclinical
peptide drug candidate.

The origin of the OT/AVP signaling system is thought to date back at least 600 million years
[1,2]. All vertebrate OT/AVP-like peptides are considered to have evolved from the
ancestral nonapeptide vasotocin (VT) [3] by gene duplication, and are today present in many
different species, including non-mammalian vertebrates, fish, mammals and humans [1,4].
VT-like peptides have been identified in several invertebrate species, including molluscs,
annelids, arthropods and several insects [2]. These nonapeptides all contain an N-terminal
cyclic 6-residue ring structure, which is stabilized by an intramolecular disulfide bond, and a
flexible C-terminal 3-residue tail.

In humans and other mammalian species these neuropeptides mediate a range of peripheral
and central functions by signaling through four G-protein-coupled receptors (OTR, V14R,
V1pR and V,R) [5,6]. In the periphery, OT is involved in uterine smooth muscle contraction
during parturition, ejaculation, and milk ejection during lactation. In the CNS, it functions as
a neurotransmitter involved in complex social behaviors such as trust, maternal care and
bonding, as well as stress and anxiety. AVP regulates peripheral fluid balance and blood
pressure and is centrally implicated in memory and learning, stress-related disorders and
aggressive behavior (summarized in [6]).

The structural similarity of OT and AVP, together with the high sequence homology of the
extracellular binding domain of the OT-receptor and the AVP-receptors, results in
significant cross talk, which becomes evident by the binding constants (Ky) and half
maximal effective concentration (ECsg) of OT and AVP to the four receptors (table 1) [7,8].
Specific receptor functionality is thus not controlled by ligand selectivity, but by a complex
interplay comprising the enzymes oxytocinase and vasopressinase, controlled release, rapid
clearance and by cell-specific up- and down-regulation of individual receptor expression
(summarized in [6]). Additionally, there exist different signaling pathways upon activation
of the GPCRs that can lead to a diverse range of functions depending on cell type and
receptor interaction. Low receptor correlation between mammalian species complicates the
situation further and several compounds selective in rat or mice were found to be unspecific
for the human receptors, restricting translation into the clinic significantly. Novel drug-
development programs are needed to discover selective agonists and antagonists for all four
human receptors.

The oxytocin and vasopressin space: a niche for peptide drugs?

Peptides make great tools for basic science studies and many drug targets were identified
using peptide ligands, yet when it comes to peptide drug development one has to be careful
when selecting the right target. Not only have peptides a range of significant drug-
development challenges to face, including efficient drug delivery, oral bioavailability and
central penetration, but it also remains disputable whether a peptide drug is commercially
viable if the same target can be modulated by small molecule drugs that usually have lower
production costs. Hence, drug targets need to be selected on a basis that can leverage the
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advantages of peptides over small molecule drugs. These include the peptide’s ability to
interact with proteins on a large surface area as well as the chiral and structural complexity
of a peptide, a feature that directly defers to increased specificity and potency as well as to
less side effects.

We strongly believe that the OT and AVP space is such a niche and that we are just at the
beginning of exploring the pharmacological potential of receptor-subtype selective ligands
for the treatment of a wide range of challenging, but yet untreated, diseases. OT and AVP
peptides have already proven their efficacy and potential in the pharmaceutical market (table
2): unmodified OT was introduced in 1980 under the brand names Pitocin® and
Syntocinon® and is still the drug-of-choice for labor induction as well as being used for the
treatment of post-partum hemorrhage. AVP and lysopressin were initially used clinically to
treat central diabetes insipidus until they were replaced by the more stable analogue
desmopressin. Other available peptide drugs include terlipressin for the treatment of
hypotension, carbetocin for the prevention of uterine atony and control of post-partum
hemorrhage, and atosiban, approved in Europe to delay premature birth. On the other hand
the great promise of nonpeptide OT and AVP drugs has not been realized; the only two
exceptions are conivaptan and tolvaptan, which were approved by the US FDA, yet have not
found widespread use in the clinic. Sanofi, Merck and Pfizer also abandoned their non-
peptide OT/AVP drug development programs, leaving only GlaxoSmithKline with
retosiban, which is currently undergoing Phase 11 clinical trials.

The plethora of potential targets and therapeutic indications makes this field particularly
interesting for drug development. The receptors are found in the periphery as well as in the
CNS; depending on receptor subtype, cell-type and type of receptor interaction (agonism,
antagonism, inverseagonism), different functional responses can be elucidated. Here is just a
short list of potential therapeutic applications, where agonists (+) or antagonists (=) with a
high selectivity and bioavailability profile are needed: treatment of congestive heart failure
(=), blood pressure (=), anxiety (=), stress (=), anger (=), depression (=), autism (=/+),
hypotension (+), hypoosmolality (+), hyponatremia (=), diabetes insipidus (+) and bleeding
disorders (+) [9,10]. The key to a successful drug development program will be high
receptor specificity of the ligand paired with a valid drug target that has a well-understood
mechanism and appropriate animal models. Ideally, the drug candidate should retain its
selectivity profile over at least two mammalian species to enable translational studies.
Hence, it is crucial to screen candidates against all four receptors early on — a process that
only recently became high-throughput compatible due to the availability of fluorescent
imaging plate readers and commercial kits that support 384-well-plate format that allow
rapid screening of functional receptor responses, a feature that greatly facilitates early-stage
drug discovery.

Last but not least, OT displays another intriguing property that makes it stand out over many
other peptide drugs: a few high-impact studies demonstrated that intranasal delivered OT
elicits functional effects in the CNS [5,11]; how much OT actually gets across the blood-
brain barrier or the exact mechanism-of-action has yet to be elucidated. Nevertheless, many
scientific studies in humans were conducted with intranasal OT, and a recent meta study
evaluated intranasal OT administration in 38 randomized controlled trials to have no reliable
side effects supporting a safe and long-term option for therapeutic treatment [12].

This leaves us with the burning question of where we can obtain selective ligands from. To
answer this question we first have to take a closer look at the structure of OT and its receptor
interaction. NMR spectroscopy and X-ray crystallography studies revealed that OT has two
B-turns important for receptor recognition. It is known that both the N- and C-terminus of
OT are involved in binding and receptor activation, and truncations or modifications of the
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termini are not well tolerated (with the exception of the deamination of the N-terminal
cysteine residue of OT, which creates a more stable super-agonist) [9,13]. When comparing
the sequences of OT and AVP peptides from different organisms it is obvious that certain
positions are highly variable whereas others are highly conserved. For example, positions 2,
5, 7 and 9 are conserved, whereas position 4 and 8 are highly variable (tables 3 & 4).
Changes in the disulfide-ring structure are also not well tolerated, suggesting that the peptide
might undergo a conformational change upon receptor interaction [14]. Therefore we argue
that combinatorial synthetic peptide libraries will not be a good approach towards the
identification of novel drug leads, unless they contain a strategy that retains the p-turn
structure (summarized in [6]), while exploring other positions for better selectivity. On the
other hand, considering the ancient origin of OT/AVP peptides, one can assume other
organisms exist that utilize a related signaling system with similar peptide ligands that have
retained the conformational geometry and flexibility required for receptor recognition and
activation, hence providing an evolutionary selection advantage over synthetic libraries. The
post-genomic era greatly facilitates the search for such OT/AVP-like peptide sequences due
to the steadily increasing number of completed genome sequencing projects as well as
advanced bioinformatics tools. Our laboratories have started to process available genomic
data and literature-known sequences to test this hypothesis with the anticipation to discover
novel and interesting ligands for the human receptors.

Discovery & pharmacology of natural oxytocin & vasopressin peptides

The diversity in nature has long been and still is one of the biggest resources of
pharmaceutical lead compounds. Many natural products often exhibit biological activity
against unrelated biological targets, thus providing us with starting points for drug
development [6].

Endogenous analogues of OT and AVP have been reported in several groups and lineages of
the animal kingdom (tables 3 & 4)[1,2]. Surprisingly, several variants were also found in the
venom of predatory cone snails. The original discovery of two of these AVP analogues was
based on the characteristic grooming and scratching behavior upon intracerebral injection
into mice. Although the sequences of conopressins are similar to human AVP, they have an
additional positive charge in position 4, which is only found in two other endogenous
vasopressin analogues, Cephalotocin (Octopus vulgaris) and Annetocin (E/senia foetida).
Conopressin-S was isolated from Conus striatus, whereas Conopressin-G was first isolated
from Conus geographus venom but later also found to be present in the venom of Conus
imperialis, as well as in tissue extracts of the nonvenomous snails Lymnea stagnalis and
Aplysia californica and the leech Erpobdella octoculata ([15] and references cited therein). It
is not clear yet what evolutionary advantage is conferred by the presence of these peptides in
the venom of the cone snail. Nevertheless, the discovery and characterization of
Conopressin-T in comparison with the human neuropeptides AVP and OT led to the
identification of an interesting agonist/antagonist switch, which is currently being
investigated towards novel antagonist design for the human receptors [15].

Another source of endogenous OT/AVP-like peptides are insects, in particular social ants.
We have recently discovered inotocin sequences and their putative receptors in the genomes
of a South American leaf-cutter ant (Atta cephalotes), the Florida carpenter ant (Camponotus
floridanus) and the Jerdon’s jumping ant (Harpegnathos saltator) [2]. Two newly identified
ant inotocin sequences display high similarity to VT. These novel sequences show amino
acid variations in position 2 and position 4 (table 4), and structure-activity studies are
underway to reveal if these modifications provide any novel selectivity leads for the human
receptors.
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From natural ligand to peptide drug candidate

The traditional approach to transform an identified drug lead into a pharmaceutical drug
candidate requires, ideally, a highthroughput bioassay of a validated drug target that allows
for a fast turnaround of structure—activity relationship (SAR) studies. Functional bioassays
monitoring the intracellular secondary messengers (accumulation of IP-one, PIP, or cAMP;
Ca?*-ion transients) are preferred over radioligand binding/displacement assays, not only
due to their high-throughput compatibility, but also due to a more comprehensive readout of
mechanism- of-action (agonism vs antagonism), including allosteric modulators and
maximal functional response (Eqnax). Additionally, a robust stability assay should be in place
to monitor chemical modifications towards proteolytic stability. Typically, peptides are
incubated in different tissue homogenates and membrane preparations, as well as in plasma
and serum at physiological pH and temperature. The kinetics of peptide degradation and the
appearance of new metabolites as a function of time can easily be monitored by HPLC and
LC-MS, feeding back important information for the design of further analogues. The beauty
of peptide synthesis in contrast to the synthesis of complex small molecules is that it is a
highly automated process facilitating SAR studies. Hence, a typical starting point is N- and
C-terminal truncation to identify the pharmacophore and the minimal sequence that still
displays activity and selectivity. Alanine and d-amino acid scans are used to identify
residues that can either be modified to improve proteolytic stability or can be hijacked for
conjugation chemistry to improve circulation time. We believe it is important to establish
early if the N- and C-termini can be altered to prevent degradation by exopeptidases.
Medicinal chemists often modify or expand the termini of the shortest active sequence in
order to maintain or stabilize secondary structural features important for activity. If the
termini are located in close spatial proximity to each other, a cyclization strategy should be
pursued [16]. NMR structure determination can help to select appropriate linker lengths for
such a cyclization approach. Many peptides contain disulfide bonds, which are easily
reduced /n vivo by oxidoreductases, serum albumin or glutathione, resulting in the
inactivation of the peptide. A lot of work has been carried out on disulfide bond mimetics to
prevent such inactivation by reduction, with thioether, selenoether and diselenide bonds
being the most isosteric strategies to date [14]. At this stage, synthetically more challenging
modifications can be introduced to transform the peptide into a more drug-like
peptidomimetic. Such approaches include A-methylation, pseudopeptides, azapeptides,
peptoids, f-amino acids and turn-mimetics, to name a few that have been described in more
detail in the literature [17,18].

With a more drug-like ligand in hand, it is time to address renal clearance and circulation
time. This is often done by introducing functional groups to enable conjugation. PEGylation
is a validated approach that can increase a peptide’s size to avoid renal clearance and keep it
in circulation. Other approaches include the introduction of fatty acids (C14, C16) that
facilitates binding to serum albumin in the blood, as well as formulation strategies such as
hydrophobic depoting, which leads to a slow release of the drug from the injection site
providing increased time-of-action.

Since OT and AVP were frontrunners in the peptide drug-development process, many of
these strategies have already been implemented successfully: desmopressin (1-desamino-8-
o-Arg-vasopressin), differs from AVP by its N-terminal deamination and the replacement of
I-Arg by o-Arg at position 8 (table 2), which protects the peptide against N-terminal
deactivation by exopeptidases and against the trypsin-like cleavage of the proline-arginine
bond. These modifications improved the proteolytic stability so remarkably that
desmopressin was one of the first peptides to be administered orally as well as intranasally
with a half-life of 1-2 h. Terlipressin has a triple-glycine acting as a prodrug strategy to
increase its half-life and carbetocin is a desamino OT analogue with a methylated tyrosine
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on position 2 and a thioether instead of disulfide bond to improve proteolytic stability (table
2).

We believe we are just beginning to tap the potential of peptides as drug sources. The ease
of synthesis, the vast natural abundance of bioactive peptides and their immense potential as
therapeutics are so convincing that it is just a question of time until an efficient delivery
platform is developed that will make the above-described tedious ligand to drug candidate
process redundant. We envision orally bioavailable or even CNS-penetrating scaffolds [19]
where bioactive peptide sequences or their functional geometry can be grafted onto,
preserving their selectivity and interaction with extracellular targets, yet simultaneously
retain stability to enzymatic degradation.
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Table 1
Binding affinities and functional efficacies of oxytocin and arginine-vasopressin on the
human receptor family.

Peptlde h-OTR h'VlaR h-Vle h—VzR
K, nM]T ECso[nM]  K; ECs K; ECsx K ECes
Oxytocin 0.79-1.5 9.0-10.8 37-503 59.7 222-1782 245 823-3500 _ #

Vasopressin

1.7-110 8.3-15 0.6-1.1 0.24 0.09-0.68 2.0-43 1.2-4.9 0.05

Data taken from[13,15,20-22].

Binding data of all four receptors represent inhibitory constant (Kj) or dissociation constant (Kg)).

’tNut available.
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Table 2
Peptide drugs tar geting oxytocin and vasopressin receptor swith their chemical
modification and therapeutic indication.

Peptide

M odification

Therapeuticindication

Oxytocin

Induction of labor; treatment of post-partum hemorrhage

Arginine-vasopressin

Central diabetes insipidus

Lysopressin

[Lys8]-vasopressin

Central diabetes insipidus

Desmopressin

Desamino-[D-Arg8]-vasopressin

Central diabetes insipidus

Terlipressin

GGG-[Lys8]-vasopressin

Treatment of hypotension

Phenypressin

[Phe2]-arginine-vasopressin

Treatment of stomatitis and pharyngitis

Carbetocin Desamino-thioether-[Tyr(Me)2]-oxytocin Prevention of uterine atony and control of post-partum
hemorrhage
Atosiban Desamino-[D-Tyr(Et)2, Thr4, Orn8]-oxytocin  Delay of premature childbirth

Data taken from[9,13].
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Sequence diversity and distribution of naturally occurring oxytocin-like nonapeptides.

F

14

*

Wr<—

Vasotocin (ancestral)

Peptide Sequence¢ Organism(s) Ref_§
Oxytocin CYIQNCPLG*  Eutherian mammals P01178
CYIQNCPPG*  Monkeys GOZNF6

Valitocin CYIQNCPVG*  Squalus acanthias P43000
Aspartocin CYINNCPLG*  Squalus acanthias P42999
Asvatocin CYINNCPVG*  Cartilaginous fish P42996
Phasitocin CYFNNCPIG* Triakis scyllium Q6F4F6
Phasvatocin CYFNNCPVG*  Scyliorhinus caniculus P42997
Cephalotocin CYFRNCPIG* Octopus vulgaris P80027
Octopressin CFWTSCPIG*  Octopus vulgaris Q76DN1
Seritocin CYIQSCPIG* Amietophrynus regularis P42995
Glumitocin CYISNCPQG*  Cartilaginous fish P42994
Mesotocin CYIQNCPIG* Lungfishes and marsupials P08162
CYFQNCPIG*  Setonix brachyurus 0909223A 7

Val4-mesotocin CYIVNCPIG* Plethodon shermani A5A4K4
Phe-mesotocin CFIQNCPIG* Neoceratodus forsteri 057388
Isotocin CYISNCPIG* Osteichthyes P42993
Annetocin# CFVRNCPTG*  Eisenia foetida P42998
77 CYIQNCPRG*  Nonmammalian vertebrates P69129

fRelati ve frequency sequence logo plot, conserved cysteine residues are highlighted in yellow, hydrophobic, aromatic and non-polar amino aciads
are labeled in gray and positively charged residues are labeled in red. All sequences are amidated at the C-terminus, as indicated by the asterisk.

’tConserved cystelne residues forming a disulfide bond are highlighted in bold. All sequences are amidated at the C-terminus, as indicated by the

asterisk.

§UniPr0tK B entry, unless otherwise stated.

7 . .
GenBank protein accession number.

#Denoted also as Annepressin [1].

ﬁPresumed ancestral oxytocin/vasopressin nonapeptide [2].
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Sequence diversity and distribution of naturally occurring vasopr essin-like nonapeptides.
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Sequence logo™:

Table 4

1

9

Peptide Sequence't Organism(s) Ref.§
Vasopressin CYFQNCPRG*  Eutherian mammals P01185
Lysopressin CYFQNCPKG*  Marsupials and pigs P01183
Phenypressin CFFQNCPRG*  Marsupials 09092238’/
Vasotocin CFITNCPPG* Daphnia pulex E9H8T6
CFVRNCPPG*  Platynereis dumerilii ABYIC5
CFISDCARG* Saccoglossus D1LXH6
kowalevskii
lle4-vasotocin CYIINCPRG* Branchiostoma [23]
floridae
. :
Conopressin# CFIRNCPP Conus textile P86255
s CLIQDCPEG* Conus villepinii P85141
y-conopressin vil
. -
[Arg]-conopressin S# CIIRNCPRG Conus striatus P05487
[Lys]-conopressin G CFIRNCPKG* Leeches and molluscs P05486
. ]
Conopressin T# CYIQNCLRV Conus tulipa [15]
Inotocin CLITNCPRG*  Arthropods, ants A3RES3 [2]
CLIVNCPRG* Camponotus
floridanus
. 77 CYIQNCPRG*  Nonmammalian P69129
Vasotocin (ancestral) vertebrates

fRe/ati ve frequency sequence logo plot, conserved cysteine residues are highlighted in yellow, hydrophobic, aromatic and non-polar amino acids
are labeled in gray, negatively charged residues are labeled in blue and positively charged residues are labeled in red. All sequences are amidated at
the C-terminus, as indicated by the asterisk.

iConserved cysteine residues forming a disulfide bond are highlighted in bold. All sequences are amidated at the C-terminus, as indicated by the
asterisk.

§UniProtK B entry, unless otherwise stated.
”GenBank protein accession number.
7 . . L
Peptides from Conus spp. have been isolated from venom ducts, glutamic acid represents y-carboxyglutamate.

7LfF’resumet/ ancestral oxytocin/vasopressin nonapeptide [2].
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