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ABSTRACT

Information about our environment is to a large extent carried by the chemical
senses, and in particular the olfactory sense. Vertebrates perceive thousands of
diverse odor molecules with a supply of a wide range of essential information ranging
from localising prey or food, avoiding predators, mating behaviour, to social
communication. Because olfactory receptor proteins play such an essential role in the
specific recognition of diverse stimuli, understanding how they interact with and
transduce their cognate ligands is a high priority. This constitutes one of the most
complex ligand/receptor binding problems in biology due to the sheer quantity of
potential odor molecules facing a limited albeit huge number of different olfactory
receptors.

Most olfactory receptors are G-protein coupled receptors and form large gene
families. One type of olfactory receptors is the trace amine-associated receptor family
(TAAR). TAARs generally recognize amines and one particular member of the
zebrafish TAAR family, TAAR13c, is a high affinity receptor for the death-associated
odor cadaverine, which induces aversive behavior.

Here we have modeled the cadaverine/TAAR13c interaction by multistep docking. By
exchanging predicted binding residues via site-directed mutagenesis, and measuring
the activity of the mutant receptors, we confirmed a binding site for cadaverine at the
external surface of the receptor, in addition to an internal binding site, whose
mutation resulted in complete loss of activity. Elimination of the external binding site
generated supersensitive receptors which suggests this site to act as a gate, limiting
access of the ligand to the internal binding site and thereby downregulating the
affinity of the native receptor. Potentially related mechanisms have been described
for non-olfactory G-protein coupled receptors.

The topology of TAAR-expressing neurons in the teleost olfactory epithelium has not
been described yet. We have investigated representative taar genes from three
classes to test the principle of partial spatial segregation known from other
olfactory receptor families for the TAAR family. We report that expression
of taar genes is intermingled with expression zones of odorant receptor genes,
which in fish share a single sensory surface with TAARs. Individual taar genes
show distinct, albeit broadly overlapping expression zones.

In the third part of my thesis | investigated the genome of a cartilaginous fish,
Scyliorhinus canicula, commonly known as small spotted catshark in order to
delineate its chemosensory receptor repertoire: OR, V1R/V2R, TAAR, and
T1R/T2R. This is the first repertoire described for a true shark, an important
intermediate in the evolution of vertebrates. In contrast to bony vertebrates, but
very similar to a chimera (elephant shark), the olfactory receptor repertoire of
catshark is dominated by the V2R family.
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Zusammenfassung

Informationen Uber unsere Umwelt werden zu einem grofRen Teil von den
chemischen Sinnen getragen, insbesondere vom Geruchssinn. Wirbeltiere nehmen
tausende verschiedene Geruchsmolekile wahr, die eine breite Palette von
essentiellen Informationen liefern, die von der Lokalisierung von Beutetieren, der
Vermeidung von Raubtieren, dem Paarungsverhalten bis hin zur innerartlichen
Kommunikation reichen. Da olfaktorische Rezeptorproteine eine so wichtige Rolle bei
der spezifischen Erkennung verschiedener Stimuli spielen, hat das Verstandnis, wie
sie mit ihren verwandten Liganden interagieren eine hohe Prioritat. Dies stellt eines
der komplexesten Ligand / Rezeptor-Bindungsprobleme in der Biologie dar, und zwar
aufgrund der schieren Menge potentieller Geruchsmolekiile, die einer begrenzten,
wenn auch sehr groRen Anzahl verschiedener Geruchsrezeptoren gegenuberstehen.

Die meisten Geruchsrezeptoren sind G-Protein-gekoppelte Rezeptoren und bilden
grolRe Genfamilien. Eine Art von Geruchsrezeptoren sind die Trace-Amin-
assoziierten Rezeptoren (TAAR). TAARs erkennen im Allgemeinen Amine und ein
spezielles Mitglied der Zebrafisch-TAAR-Familie, TAAR13c, ist ein hochaffiner
Rezeptor fur den Verwesungsgeruch Cadaverin, der ein aversives Verhalten
hervorruft.

Hier haben wir die Cadaverin / TAAR13c-Interaktion durch mehrstufiges Docking
modelliert. Durch zielgerichtete Mutagenese der vorhergesagten Bindungsstellen und
Aktivitatsmessung der mutierten Rezeptoren bestétigten wir eine Bindungsstelle fir
Cadaverin an der auf3eren Oberflache des Rezeptors, zusatzlich zu einer internen
Bindungsstelle, deren Mutation zu einem vollstandigen Verlust der Aktivitat flhrte.
Die Eliminierung der externen Bindungsstelle erzeugte supersensitive Rezeptoren,
was darauf hindeutet, dass diese Stelle als ein Gate wirkt, welches den Zugang des
Liganden zur inneren Bindungsstelle einschrankt und dadurch die Affinitdt des
nativen Rezeptors herabreguliert. Potentiell &hnliche Mechanismen sind fur nicht-
olfaktorische G Protein-gekoppelte Rezeptoren beschrieben worden.

Die Topologie der TAAR-exprimierenden Neuronen im olfaktorischen Epithel des
Zebrafisches wurde bisher nicht beschrieben. Wir haben reprasentative taar Gene
aus 3 Klassen untersucht, um das von anderen olfaktorischen Genfamilien bekannte
Prinzip der réaumlichen Segregierung fir die TAAR-Familie zu dberprifen.
Verschiedene taar Gene werden in breiten, aber klar voneinander verschiedenen
Expressionszonen exprimiert, wobei die Taar-exprimierenden Neurone integriert sind
in die Expressionszonen anderer Duftstoffrezeptorgene, da bei Fischen im
Gegensatz zu Tetrapoden eine einzige sensorische Oberflache vorliegt.

In einem dritten Teil meiner Arbeit untersuchte ich das Genom eines Knorpelfisches,
Scyliorhinus canicula, gemeinhin als Kleingefleckter Katzenhai bekannt, um das
Repertoire an chemosensorischen Rezeptoren (OR, V1R / V2R, TAAR und T1R /
T2R) zu identifizieren. Dies ist die erste derartige Untersuchung fir einen echten Hai,
eine wichtige Zwischenstufe in der Evolution der Wirbeltiere. Im Gegensatz zu
Knochenfischen, aber &hnlich der Situation bei einer Chiméare (elephant shark) wird
das chemosensorische Genrepertoire der Haifische durch die V2R Familie dominiert.
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2. Introduction

Chemoreception - the ability to perceive chemicals through adequate receptor
molecules or mechanisms — enables a motile organism to move towards an energy
source and is present from bacteria to higher eukaryotes. The ability to find and
utilize energy sources is crucial for all living organisms. In humans, many times a
given smell redirects us to a certain episode of our childhood. In the animal world the
olfactory sense is one of the primary tools used to make sense of the environment.
Animals in their natural environment are surrounded by odors which are a rich source
of information for mate choice, mother—infant recognition and signalling between
members of a group. Potentially millions of structurally diverse odor molecules are
perceived and discriminated by vertebrates which supply them with a wide range of
information, ranging from predator and prey localization to mating behaviour,
underlining the importance of the olfactory sense to the survival of the species.

The molecular understanding of olfaction reached a breakthrough in 1991 with the
significant discovery of a large, multigene family of olfactory receptors in rat by Linda
Buck and Richard Axel (Buck and Axel 1991) which was recognized in 2004 by the
award of Nobel Prize in Physiology or Medicine. One of the major questions currently
under investigation in the field concerns the evolution of olfactory receptors and their
function. Novel techniques like next generation sequencing led to the publication of
hundreds of genomes allowing large-scale studying of receptor evolution covering
entire branches of the tree of life, including early-derived as well as evolutionary
young species. This could lead us to understanding the evolutionary origin of
olfaction as a specialized chemosensory sense.

2.1  General anatomy and function of the olfactory organ is conserved
from fish to mammals

Chemosensory systems develop very early in evolution, as even bacteria can
respond to chemical change. This type to reception is universal and found
universally. Most olfactory stimuli do not consist of a single compound, but are
complex mixtures of different active compounds. The smell of a rose for example is
made up by a mixture of 275 different components (Ohloff, 1994). Considering the
vast array of different chemicals, it is not surprising that different organisms use a
large repertoire of distinct receptors, signalling pathways and anatomically
segregated subsystems to sample their environment (Fig 1).

In both mammals as well as fish, the olfactory system harbours specialized sensory
neurons located in epithelial sensory surfaces. These neurons, referred to as
olfactory sensory neurons (OSNSs), choose to express a single olfactory receptor,
from a variety of olfactory receptor families. The “one neuron - one receptor” rule
represents the first principle of organization in olfactory systems (Serizawa,
Miyamichi et al. 2004). This rule seems to be valid for mature OSNs of mouse
(Serizawa, Ishii et al. 2000, Serizawa, Miyamichi et al. 2004) as well as zebrafish
(Barth, Dugas et al. 1997) although there are reported exceptions (Mombaerts 2004,
Sato, Miyasaka et al. 2007, Hanchate, Kondoh et al. 2015). The total number of
different olfactory receptors expressed in an animal’s OSNs constitutes their receptor
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repertoire. The axons of olfactory sensory neurons project to the olfactory bulb (OB),
where axons from neurons expressing the same receptor converge onto glomeruli.
The principle of axonal convergence, “one receptor - one glomerulus”, represents the
second principle of olfactory system organization. It has been described in the
mammalian olfactory system (Takeuchi and Sakano 2014) as well as in fish (Ahuja,
Ivandic et al. 2013, Ahuja and Korsching 2014). Odorants bind to their respective
receptors, creating an action potential that is carried to the olfactory bulb glomeruli.
The glomeruli are innervated by specialized interneurons, i.e. mitral cells, and the
signal is transported to higher brain areas, where odor evaluation takes place and
adequate behavioral responses are generated.

The principal structure of the olfactory system with the basic building blocks
(receptors, OSNs, glomeruli, and central nervous system) is conserved from insects
to mammals. In mammals, reptiles, and amphibians the olfactory system underwent a
segregation and comprises an additional olfactory surface, the vomeronasal organ
(VNO). Sensory neurons in the VNO have different properties and primarily express
receptors for the detection of pheromones (Karlson and Luscher 1959, Dulac and
Axel 1995). The ontogenetic development of the additional olfactory subsystem has
been described in an metamorphic amphibian (Xenopus laevis), whose olfactory
receptor repertoires in the different subsystems also allow implications on the
transition of the olfactory system from water to land living animals (Gliem, Syed et al.
2013, Syed, Sansone et al. 2017). In fish, which only have one olfactory organ, the
olfactory epithelium, a partial segregation within the sensory surface can be
observed. Pheromone and amino acid-sensing OSNs are present in the apical layer,
while the OSNs harbouring the classical olfactory receptors and a family of amine
sensing receptors are present in the basal layer of the epithelium. These cell
populations also have distinct projection targets in the olfactory bulb (Sato, Miyasaka
et al. 2005, Braubach, Fine et al. 2012).

2.1.1 The rodent olfactory system

The olfactory system functions as an elaborate molecular and cellular machinery for
detection and discrimination of a vast number of chemical compounds in the
environment (Dulac and Axel 1995). To manage these complex and diverse varieties
of functions, rodents and tetrapods in general have a bipartite anatomically
segregated olfactory system divided into a main olfactory epithelium (MOE) and a
vomeronasal organ (VNO). Apart from these, rodents also possess two other
subsystems i.e. the septal organ (SO) and the Grueneberg ganglion (GG) (Figure 1A)
(Fleischer, Schwarzenbacher et al. 2006).

The MOE consists of ciliated neurons expressing an enormous repertoire of olfactory
receptors (odorant receptors, ORs) (Mombaerts, Wang et al. 1996). MOE also
expresses other receptors called trace amine-associated receptors (TAARS) (Zou
and Buck 2006), and membrane guanylyl cyclase receptor (GC-D) (Fulle, Vassar et
al. 1995, Lindemann, Ebeling et al. 2005). The VNO contains microvillous neurons
expressing two families of vomeronasal receptors (V1Rs and V2Rs) and formyl
peptide receptors (FPRs) believed to detect pheromones (Buck 2000, Riviere, Challet
et al. 2009) although it does not have a monopoly in this regard. The main olfactory
10



system can also mediate pheromone responses, for instance in the rabbit (Hudson
and Distel 1986), pig (Dorries, Adkins-Regan et al. 1997) and mice (Keller, Douhard
et al. 2006). Information from the VNO is transmitted to the accessory olfactory bulb
(AOB), which further projects towards amygdala and hypothalamus that are involved
in aggression and mating behavior (Hasen and Gammie 2009).
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Figure 1: Schematic diagram of olfactory systems in moue, zebrafish and drosophila
(A): Main olfactory epithelium (MOE) showing TAARs, Guanylyl cyclase-D and ORs
receptors, Grueneberg ganglion (GG), vomeronasal organ (VNO) expressing V2Rs, V1Rs,
and FPRs, septal organ of masera (SO). (B): Zebrafish olfactory system. Scheme showing
olfactory epithelium expressing TAARs, ORA/V1Rs, OIfC/V2Rs and ORs. (A) (B) Modified
from (Luis Saraiva doctoral thesis (Saraiva & Korsching 2007) (C) Modified from (Kaupp
2010)

2.1.2 The teleost fish olfactory system

In contrast to the mammalian olfactory system, teleosts have single sensory surface
which called OE for olfactory epithelium (Figure 1B). In many teleost fish species, the
OE is rosette-shaped, with an inner region containing sensory surface and non-
sensory region on the periphery (Figure 1B). There are four types of OSNs present in
the sensory region of the OE. These OSNs (ciliated, microvillous, crypt and kappe
(only shown in zebrafish so far)) project their axons in the olfactory bulb (OB)
(Traynelis, Wollmuth et al. 2010) (Hansen and Zielinski 2005) (Ahuja and Korsching
2014) labelled with their specific markers, OMP, S100, TRPC2 and Go respectively
(Germana, Montalbano et al. 2004, Sato, Miyasaka et al. 2005). Microvillous neurons
express V2R/OIfC receptors, ciliated neurons express large families of OR and TAAR
genes, and crypt neurons express a single V1R-related ORA receptor (Hansen and
Zielinski 2005, Alioto and Ngai 2006, Hussain, Saraiva et al. 2009, Oka, Saraiva et al.
2012).

2.1.3 Insect olfactory system

Olfaction is the most important of the senses for insects, critical for feeding, mate
recognition and predator avoidance (Hansson and Stensmyr 2011, Gadenne,
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Barrozo et al. 2016). Insects possess antennal structures, the functional equivalents
of the human nose, for receiving odours. Apart from antennae, insects also detect
odours with their maxillary palps and/or labial palps (Hansson and Stensmyr 2011).
The distal segment of the antennae is covered with olfactory sensilla which
encapsulate and protect the sensitive dendrites of the olfactory sensory
neurons (OSNSs) (Zacharuk, 1980) (Figure 1C). Odor molecules diffuse through pores
in the sensilla walls, enter the sensillum lymph where they interact with odorant-
binding proteins (OBPs) and are then transferred through the aqueous medium
towards the dendrites of OSNs (Leal 2013). To recognize olfactory signals, insects
use several families of receptor proteins, the ionotropic receptors (IRs) which are
ligand-gated ion channels sensitive to acid and amine odours, carbon dioxide-
sensing gustatory receptors (GRs) and, large class of odorant receptors (ORs) which
are also ligand-gated ion channels and are related to GRs (Suh, Bohbot et al. 2014,
Wicher 2015).

2.2 Olfactory receptor gene family repertoire

The molecular identity of the olfactory receptors came to light in 1991 with the
pioneer work of Linda buck and Richard Axel leading to discovery of large and
diverse family of G protein coupled receptors (GPCRs) proposed to function as
olfactory receptors (Buck and Axel 1991). The repertoire of vertebrate olfactory
receptors currently consists of 6 gene families the odorant receptors (ORS),
vomeronasal receptors (V1R/ORA and V2R/OIfC), trace amine-associated receptors
(TAAR), guanylate cyclase (GC-D), recently identified non-GPCR receptor family
MS4A, which is coexpressed with the guanylate cyclase GC-D, and the recently
characterised formyl peptide-like receptors (FPR) (Buck 2004, Fleischer,
Schwarzenbacher et al. 2006). Insects also possess several dedicated families of
olfactory receptors ORs, IRs, and GRs. Where vertebrate ORs are seven
transmembrane helix (TMH) G protein-coupled receptors (GPCRs) (Kato and
Touhara 2009), the insect ORs are also seven TMH proteins; however, membrane
topology analysis of the insect OR subunits both in vivo and expressed in cell lines
revealed that they have the opposite orientation in the membrane, with an
intracellular N-terminus and an extracellular C-terminus (Benton, Sachse et al. 2006,
Lundin, Kall et al. 2007, Tsitoura, Andronopoulou et al. 2010). Also, insect OR-
mediated olfaction requires the co-expression of two OR genes in each OSN: a co-
receptor Orco, previously known as Or83b (Vosshall and Hansson 2011) which is
broadly expressed across OSNs (Larsson, Domingos et al. 2004),and an odorant-
binding subunit (OrX) that is expressed in a specific subset of OSNs (Carey, Wang et
al. 2010).

2.2.1 Odorant Receptors (ORS)

Vertebrate ORs are G protein—coupled receptors (GPCRs) having seven
transmembrane a-helical regions and can be classified into five groups by sequence
similarities (Fredriksson, Lagerstrom et al. 2003), and ORs belong to the largest
group of them, the rhodopsin-like class A GPCR superfamily. Insects also have OR
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genes in their genomes, but insect and vertebrate OR genes share no sequence
similarity (Hansson and Stensmyr 2011). Repertoires of ORs studied in humans
(Glusman, Yanai et al. 2001), mice (Young, Friedman et al. 2002), dogs (Olender,
Fuchs et al. 2004), and other mammals (Niimura and Nei 2007) revealed that the
number of ORs in mammals varies from <400 in higher primates to around 1200 in
rats or opossums (Niimura and Nei 2007). Despite a significant fraction of the
genome dedicated to ORs, humans (and higher primates) have undergone extensive
psudogenisation (Niimura, Matsui et al. 2018), possibly reflecting the relatively
reduced importance of olfaction in those species. The teleost fishes have a much
smaller number of ORs than mammals (Alioto and Ngai 2005, Niimura and Nei
2005). ORs are present in clusters in vertebrate genomes (Niimura and Nei 2003).
The evolutionary dynamic nature of this family is characterized by rapid expansion,
gene duplication, extensive gene loss via pseudogenization, and diversifying
selection (Young and Trask 2002, Alioto and Ngai 2005). Vertebrates can detect and
discriminate higher number of different volatile chemicals than the number of ORs
encoded in the genome. This perception is possibly achieved through a mechanism
called ‘combinatorial receptor code’ i.e. an odour molecule can be recognized by
more than one ORs, and one olfactory receptor can recognize several odour
molecules (Friedrich and Korsching 1997) (Malnic, Hirono et al. 1999). The
evolutionary origin of OR gene family was elucidated by comparing teleosts,
amphibian, and mammalian ORs and appears that they were already present in the
common ancestor of all teleosts and tetrapods (Alioto and Ngai 2005, Niimura and
Nei 2005). Some of the OR genes even go back to the common ancestor of jawed
and jawless fish (Freitag et al., 1999) (Grus and Zhang 2009). OR gene family in
zebrafish contains about 150 genes (Alioto and Ngai 2005, Korsching 2009) as
compared to up to two thousand genes in mammals (Fleischer, Breer et al. 2009,
Korsching 2009).

2.2.2 Trace Amine-Associated Receptor Family (TAARS)

TAARs belong to the class A (rhodopsin-like) GPCRs and share homology with other
biogenic amine receptors such as dopamine and serotonin receptors which recognize
amines through a key salt bridge involving three conserved transmembrane aspartic
acid residues (Shi and Javitch 2002). Initially, TAARs were considered as
neurotransmitter receptors as well, however, recently in mammals, they were
reported to be expressed in olfactory sensory neurons (Liberles and Buck 2006).
Thus, TAARs joined GPCR family that serve as olfactory receptors. TAARS are an
important class mediating fear and/or aversive responses in mammals and fish
(Dewan, Pacifico et al. 2013) (Hussain, Saraiva et al. 2013, Takahashi 2014).
Among the structurally diverse ligands for mammalian TAARs are predator odors,
as well as biogenic amines and amines of other sources (Ferrero, Lemon et al.
2011, Ferrero, Wacker et al. 2012, Pacifico, Dewan et al. 2012). The zebrafish
TAAR gene repertoire is the only family which is much larger than the mammalian
repertoire with 112 TAARs in zebrafish and only 15 characterized TAARS in mice
(Hussain, Saraiva et al. 2009). TAAR genes can be classified into 3 classes, with the
third and youngest class emerging in teleost fish (Hussain, Saraiva et al. 2009). This
class is also characterized by the complete loss of the aminergic ligand-binding motif
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which is stringently conserved in the other 2 classes (Hussain, Saraiva et al. 2009),
however may still be able to detect amines by non-classical monoamine recognition
(Li, Tachie-Baffour et al. 2015). The third class is the largest clade in teleost fish
TAARs forming three-fourths of all teleost TAAR genes (Hussain, Saraiva et al.
2009). Except TAAR1 which is not expressed in zebrafish OE, all other TAARs are
assumed to function as olfactory receptors, based on studies in rodent, primate, and
fish where they are involved primarily in detecting social or alarm cues using volatile
amines as ligands (Hussain, Saraiva et al. 2009, Pacifico, Dewan et al. 2012, Li,
Tachie-Baffour et al. 2015). OSNs expressing TAARs co-express Golf, the G protein
to which also odorant receptors couple (Liberles and Buck 2006). Luike ORs, TAAR
repertoire has very dynamic evolution and has undergone expansion, contraction,
and mutations across the phylogeny allowing recognition of diverse sets of amines
(Hussain, Saraiva et al. 2009, Li, Tachie-Baffour et al. 2015).

Recently the first teleost TAAR, TAAR13c was deorphanised in Korsching lab
(Hussain, Saraiva et al. 2013). In zebrafish, TAAR13c was shown to give high-affinity
response to its natural ligand, cadaverine (1, 5-diaminopentane, a major product of
fish tissue decay) and other related aliphatic diamines with odd carbon chain
lengths (Hussain, Saraiva et al. 2013). Most mammalian TAARs, and some from
teleosts retain the negatively charged Asp3.32, which participates in volatile amine
recognition (Li, Tachie-Baffour et al. 2015). Among these, a small group of TAARs
contain a second aspartate at position 5.42 participating in ligand recognition. In my
PhD time | explored the impact of these two negative charges in the binding of
ligands using computational bioinformatics and confirmed the results with calcium
imaging.

2.2.3 Vomeronasal Receptors

Tetrapod vomeronasal receptors type 2 (V2Rs) were independently described as
putative pheromone receptors by three different groups only two years after the
discovery of V1Rs (Herrada and Dulac, 1997, Matsunami and Buck, 1997, Ryba and
Tirindelli, 1997). V2Rs belong to the class C of GPCRs, and are closely related to the
mammalian metabotropic glutamate receptors. This is also the reason why the
teleost V2R-corresponding receptor gene family has been termed OIfC. In rodents,
there are 3 families of GPCR, vomeronasal receptor typel and type 2 (V1R, V2R)
and formyl-peptide receptors (FPRs), all of which are expressed in the sensory
neurons of the accessory olfactory organ named vomeronasal epithelium (VNO)
(Herrada and Dulac 1997, Matsunami and Buck 1997, Dulac 2000, Riviere, Challet et
al. 2009). The teleost odorant receptors A (ORA) family is related to V1R family in
mammals (Pfister and Rodriguez 2005, Saraiva and Korsching 2007, Behrens, Frank
et al. 2014). ORA receptors exhibit high sequence diversity and in teleost ORA
receptor family is relatively small with typically 6 members, compared to over 100
genes in the rodent rodents. Moreover there are very few gene birth and death
events in the ORA family, compared to the rapidly evolving V1R family (Zapilko and
Korsching 2016). In contrast to all other olfactory receptors of the GPCR type, the
teleost OIfC is related to mammalian V2R family and belongs to class C GPCRs.
They have a large (70 kDa) N-terminal extracellular domain (Pin, Galvez et al. 2003).
Zebrafish has about 60 V2R genes (Ahuja, Reichel et al. 2018) while no intact V2R
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genes are present in humans (Shi and Zhang 2009) and have been proposed to
recognize mainly amino acids (Luu, Acher et al. 2004). Mammalian V2Rs may also
recognize small peptides that serve as ligands for major histocompatibility complex
(MHC) molecules (Leinders-Zufall, Brennan et al. 2004, Leinders-Zufall, Ishii et al.
2014).

2.2.4 Other receptor types

In recent work an adenosine-sensing GPCR has been identified in zebrafish
(Wakisaka et al., 2017). This receptor, termed A2c, is expressed in a specialized type
of OSNs and seems to be involved in food-finding behaviour. MS4A receptors have
been identified as a non-GPCR family of olfactory receptors in mice, which recognize
pheromones and fatty acids (Greer et al., 2016). In mice MS4As are expressed in a
special type of OSNs projecting to the necklace glomeruli. These four
transmembrane spanning receptors, which are also present in the zebrafish genome
(Zuccolo et al., 2010), are coexpressed with guanylate cyclase-D and, as they do not
define as GPCRs, rely on an alternative signal transduction pathway using cGMP.
Interestingly, several MS4A receptors are co-expressed in single OSNs, indicating a
novel mechanism for olfactory detection and encoding.

2.3 Olfactory receptor structure prediction

The interaction of odors with their receptors is one of the most complex ligand-
receptor binding problems in biology due to the large quantity of potential odor
molecules facing a limited albeit huge number of different olfactory receptors.
Because olfactory receptor proteins play such an essential role in the specific
recognition of diverse stimuli, understanding how they interact with and transduce
their cognate ligands is a high priority. However, only in very few cases we possess
a molecular understanding of the binding interaction between a receptor and its
odorant. Until now crystal structures are not available for any olfactory receptor, and
therefore the prediction of olfactory receptor structures has relied on computational
studies using established templates such as the beta-adrenergic receptor (B-
AR)1(Cherezov, Rosenbaum et al. 2007) and rhodopsin (Palczewski, Kumasaka et
al. 2000). Molecular dynamics techniques have been used to study ligand-GPCR
interactions in opsins (Lemaitre, Yeagle et al. 2005), cholecystokinin-1 receptor
(Henin, Maigret et al. 2006), B2-adrenergic receptor (Huber, Menon et al. 2008,
Niesen, Bhattacharya et al. 2011), and opioid receptor models (Zhang, Sham et al.
2005).

In my PhD studies, | aimed to understand the interaction of TAAR13c with its native
ligand cadaverine i.e. the molecular basis at the very beginning of this neural circuit. |
chose TAAR13c because there is a good evidence that activation of this single
receptor can result in generating a behaviour response in zebrafish therefore
constitutes a molecular basis of this particular neuronal circuit. Also, TAAR13s is
specifically activated by diamines, with pronounced selectivity for odd chains of
medium length. We modelled the cadaverine/TAAR13c interaction, exchanged
predicted binding residues by site-directed mutagenesis, and measured the activity of
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the mutant receptors. We observed two binding sites for cadaverine; one at the
external surface, and an internal binding site, whose mutation resulted in complete
loss of activity. In stark contrast, elimination of the external binding site generated
supersensitive receptors. Receptor modeling suggested this site to act as a gate,
limiting access of the ligand to the internal binding site and thereby downregulating
the affinity of the native receptor. This constitutes a novel mechanism to fine-tune
physiological sensitivity to socially relevant odors. We used a multistep docking
algorithm which suggested a plausible path for cadaverine from the external to the
internal binding site. Furthermore we combined a gain-of-function gating site mutation
and a loss-of-function internal binding site mutation in one recombinant receptor. This
receptor had almost wildtype ligand affinities, consistent with modeling results that
showed localized effects for each mutation.

2.4 Topology for zebrafish TAAR expressing OSNs

Olfaction is different from the majority of the other senses in that the sensory surface
does not map the parameter to be represented. Instead, neurons expressing the
same sensory receptor, are scattered within the sensory surface (Ressler, Sullivan et
al. 1993, Weth, Nadler et al. 1996). However, analysis of expression patterns of
zebrafish and rodent odorant receptors has shown that different ORs segregate into
distinct spatial subdomains within a common sensory surface and the expression is
not completely random (Miyamichi, Serizawa et al. 2005). The borders between
subdomains in some cases appear to be sharp, e.g. between zone | and Il in the
mammalian OE (Ressler, Sullivan et al. 1993, Vassar, Ngai et al. 1993, Strotmann,
Wanner et al. 1994), but in many cases the expression zones of different genes
overlap widely (Weth, Nadler et al. 1996, Miyamichi, Serizawa et al. 2005).

In the fish olfactory system, a single sensory surface holds all four olfactory receptor
gene families. Zebrafish Ors are found in distinct if broadly overlapping expression
zones that seem to cover the entire sensory region of the OE (Weth, Nadler et al.
1996). Recently, our group showed that the expression of a major olfactory receptor
family, the V2R-related OIfCs follows a similar patterns and is intermingled with OR-
representing OSNs (Ahuja, Reichel et al. 2018). However, nothing was known about
the topology of TAAR-expressing neurons in the zebrafish OE.

During my thesis, | investigated the expression pattern of five representative taar
genes (TAAR1O0 from class 1, TAAR12f and TAAR13c from class 2, TAAR15a and
TAAR19I from class 3) in olfactory epithelia of adult zebrafish. The results show that
taar genes follow the same expression logic as the OR family, expression is
scattered and non-random with broad expression zones.
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3. Aims of the study

Chemical senses are essential in enabling organisms to detect food, predators, find
suitable mates and analyse food quality. Their importance can be gleaned from the
continuous presence of a large receptor repertoire, which comes at considerable
metabolic cost. Due to a large number of cognate olfactory receptors and even
larger multitude of odor molecules, olfaction poses one of the most complex ligand-
receptor matching problems in biology. Moreover, investigating receptor/ligand
interaction in selected cases will generate a deeper understanding of olfactory
receptor function.

In this study | have modelled the TAAR13c and predicted the interaction with its
natural ligand, cadaverine, followed by exchanging predicted binding residues by
site-directed mutagenesis, and measured the activity of the mutant receptors. In
the course of this study, | identified an external binding site of cadaverine which
acts as a gate. This constitutes a novel molecular mechanism for regulating ligand
access to the activating binding site described for the first time in an olfactory
receptor of any species so far.

| have also investigated representative taar genes from 3 classes to test whether
the principle of spatial segregation observed for odorant receptors and OIfC genes
extends to TAAR family. Furthermore | thought to examine, how expression
of taar genes is integrated into expression zones of odorant receptor genes, which
in fish share a single sensory surface with TAARs.

In my third, part | have delineated the chemosensory receptor repertoire OR,
V1R/V2R, TAAR, and T1R/T2R of a cartilaginous fish, Scyliorhinus canicula
commonly known as small spotted catshark. This is the first repertoire described
for a true shark, an important intermediate in the evolution of vertebrates.
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Olfaction poses one of the most complex ligand-receptor matching problems in biology due to the
unparalleled multitude of odor molecules facing a large number of cognate olfactory receptors. We
have recently deorphanized an olfactory receptor, TAAR13c, as a specific receptor for the death-
associated odor cadaverine. Here we have modeled the cadaverine/TAAR13c interaction, exchanged
predicted binding residues by site-directed mutagenesis, and measured the activity of the mutant
receptors. Unexpectedly we observed a binding site for cadaverine at the external surface of the
receptor, in addition to an internal binding site, whose mutation resulted in complete loss of activity. In
stark contrast, elimination of the external binding site generated supersensitive receptors. Modeling
suggests this site to act as a gate, limiting access of the ligand to the internal binding site and thereby
downregulating the affinity of the native receptor. This constitutes a novel mechanism to fine-tune
physiological sensitivity to socially relevant odors.

The interaction of odors with their cognate receptors constitutes one of the most complex ligand/receptor binding
problems in biology due to the sheer quantity of potential odor molecules facing a limited albeit huge number of
different olfactory receptors which in some species comprise close to 10% of all proteins'2. The tuning width of
these receptors is extremely variable, with odor spectra ranging from exceedingly broad** to monospecific®. In
some cases a single functional group of the ligand dominates the specificity of the ligand/receptor interaction, in
other cases an ensemble of chemical features is recognized®-®. However, only in very few cases do we possess a
molecular understanding of the binding interaction between an odorant and its receptor’. So far crystal structures
are not available for any olfactory receptor, and thus prediction of olfactory receptor structures has relied on mod-
eling studies using established templates such as the beta-adrenergic receptor (3-AR)'* and rhodopsin'!, further
supported by site-directed mutagenesis and subsequent functional analysis of mutant receptors'2.

We have used a similar approach to unravel the ligand interaction of a zebrafish olfactory receptor specific for
aliphatic diamines, TAAR13c®. The trace amine associated receptor (TAAR) family is the only olfactory receptor
family that is much larger in teleost fish compared to tetrapods, suggesting an essential role for TAARs in fish?.
Zebrafish possess 112 taar genes, compared to only 15 in mouse and even less in the amphibian and avian lineages®.
Since zebrafish serve as a model system for vertebrates, and their olfactory system is qualitatively similar to that
of vertebrates including mammals'4, zebrafish are well suited to gain deeper insight into vertebrate olfactory
receptor properties.

We have recently shown TAAR13c to be a highly sensitive and specific receptor for the death-associated odor
cadaverineS, which emanates from carrion via bacterial decarboxylation of lysine. Cadaverine is strongly repul-
sive for humans and, interestingly, it also elicits strong innate aversive behavior in zebrafish®. At low concentra-
tions of cadaverine mostly TAAR13c-expressing neurons get activated suggesting that a single olfactory receptor
might suffice to generate a powerful odor-driven behavior®. Here we aimed to understand the molecular basis at
the very beginning of this neural circuit, i.e. the interaction of TAAR13c with its native ligand cadaverine.

We have performed thorough modeling of the TAAR13c receptor to identify potential binding site residues,
and found all of them clustering in the upper third of the transmembrane domains of TAAR13c. We mutated
several of these candidate residues and compared the activation of mutant to wildtype receptors in a heterologous
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Prediction of binding sites using
templates 3pdsA (B2 adrenoceptor)
and 1F88 (rhodopsin)
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Figure 1. Homology modeling of TAAR13c predicts 7 TM, two additional short helices, and potential
binding residues clustered in the upper third of the TM region. (a) Cartoon representation of the TAAR13¢c
model based on comparison with six crystal structures shows the expected seven transmembrane domains and
two short extra helices. The planks representation to the right shows a short a-helix to be located in ECL2 and
an intracellular eighth helix, H8 located parallel to the membrane plane. (b) Ligand binding residues (given as
residue number in TAAR13c) as predicted by sequence profile comparison with binding sites of PDB templates
3pdsA (FAUC-50-(3, adrenoceptor complex) and 1F88 (bovine rhodopsin); blue, residues only reported in one
of the models; green, residues predicted in both models. (c) Predicted binding residues listed in panel (b) shown
as spheres in the TAAR13c structure, color code as before. Note the presence of two ‘green’ columns.

cell expression system. Two aspartates, Asp112*3? and Asp202>%2, buried in the plane of the membrane, were
identified as essential components of an internal binding site for cadaverine. Another aspartate, Asp279%°8, was
found to constitute an essential residue of a second binding site located at the extracellular surface of the receptor.
Both conservative and non-conservative substitutions of Asp279%8 generated supersensitive receptors. Based on
our modeling data we suggest the external binding site to act as a gate, which cadaverine has to pass on its way
to the internal binding site. As long as the external binding site is occupied, the gate is closed, and thus limits the
free access of cadaverine to the internal binding site. This constitutes a novel molecular mechanism for regulating
ligand access to the activating binding site. To the best of our knowledge, such a gating mechanism has not been
suggested for any olfactory receptor of any species so far.

Results

Modeling of TAAR13c predicts the expected 7TM structure and two additional small helices
in ECL2 and C-terminus. We have modeled the TAARI13c structure as a prerequisite to gain structural
insights into the molecular architecture and functional constraints of its binding pocket. The homology model of
TAARI13c was based on X-ray crystal structures of six templates (see Mat. & Meth and Supplementary Data 2).
The TAARI13c primary structure shares a maximal identity of 33% to its closest homolog, the 3, adrenergic recep-
tor (3,AR; Protein Data Bank Entry 4AM])"%.

The homology model of TAAR13c (Fig. 1a) revealed the canonical bundle of seven transmembrane (TM)
a-helices followed by an eighth intracellular helix (H8) running parallel to the membrane axis. In rhodopsin, an
interaction between H8 and TM7 keeps the receptor in a prereceptive state'®, but no such interaction was seen in
the TAAR13c model. Interestingly, in the model based on 3, AR we also observed a short a-helix in extracellular
loop 2 (ECL2) of TAAR13c, which is absent in most class A GPCRs, but present in the 3-adrenergic receptors!”.
Furthermore, a disulfide bridge is predicted between Cys105°2° at the extracellular end of TM3 and Cys190 in
ECL2. This disulphide bond provides conformational restraint and is important for effectively tethering ECL2 to
the helical bundle'®. The highly conserved landmark motif DRH/Y, here DRH, is located at the cytoplasmic end
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of TM3 as expected!”. This motif stabilizes the inactive state in some receptors, and governs G-protein coupling
in other receptors!®. We also observed the ‘ionic lock’ between the DRH motif and a glutamate residue at the
cytosolic surface of TM6. Due to a salt bridge that is formed between Arg130** of the DRH motif and Glu251%
in TMBS, the third and sixth TM helices are connected, a feature which is conserved among all family A GPCRs".

Docking of cadaverine validates a binding pocket in the outer-third of the TM domain. We then
used COACH? to predict putative cadaverine binding residues by sequence profile comparison of TAAR13c with
binding sites of several PDB structures, with best fits found for 3pdsA (FAUC50/3, adrenoceptor complex) and 1F88
(bovine rhodopsin) in the TAAR13c homology model (Fig. 1b). COACH is a meta-server approach to generate
complementary ligand binding site predictions using comparative methods, which recognize ligand-binding tem-
plates from BioLiP protein function database by binding-specific substructure and sequence profile comparisons?'.
Initially 30 such residues were found. They all clustered in the upper third of the TM domain suggesting that the
putative binding pocket is located within this region (Fig. 1¢). The classical amine-binding motif of aminergic
receptors consists of Asp112*3? and Trp2967°, both of which were also predicted as binding partners of cadav-
erine?. In close proximity to these residues and at the same plane of the membrane another aspartate residue,
Asp202°42, was predicted as a binding partner. We hypothesized that this residue might be involved in bind-
ing to the second amino group of cadaverine and examined the region surrounding Asp112>%, Asp202>4* and
Trp29674° (i.e. the upper one-third of TM3, 5, and 6) by computational docking of cadaverine.

The docking results confirmed the involvement of Asp112%3? and Asp202°#? in ligand binding. Our results
suggest that one amino group of cadaverine (protonated at physiological pH) forms a salt bridge with Asp112*32 at
a distance of 2.7 A (Fig. 2c, Table 1), well within the range given for salt bridges 1.75-4.0 A%, This Asp112>*? is sta-
bilized by a hydrogen bond to the hydroxyl group of Tyr299. A similar salt bridge has been described for 3,- and
B,ARs?. The second protonated amino group of cadaverine was docked 3.2 A away from Asp202°? allowing
formation of another salt bridge (Fig. 2¢). This particular residue is known to undergo binding interactions
with ligands in many other GPCRs, forming hydrogen bonds, van der Waals interactions and salt bridges?.
Further binding residues validated by docking were Leu113%%%, Thr203>#3, Trp269%4%, and Phe272%%!, all situ-
ated within 5 A distance from cadaverine and thus well within the range of van der Waals interactions (3-6 A26)
(Supplementary Table 1). Thus, these residues are likely candidates for stabilizing the hydrophobic backbone of
cadaverine. In addition to cadaverine, diaminoheptane, which has a very similar affinity to TAAR13c?, forms the
same two salt bridges as cadaverine (2.9 A distance to Asp112>*2and 2.4 A to Asp20254).

Docking did not confirm Trp2967° as a binding residue in TAAR13c. Notably, Trp2967“* is 11.5 A away from
the docked cadaverine, and furthermore the residue is located on the distal side of TM7 relative to cadaverine,
excluding a van der Waals interaction (Fig. 2f). This was unexpected, because in class A GPCRs this tryptophan
is highly conserved, and serves to stabilize the hydrophobic backbone of amines as part of the amine-binding
motif?2.

In addition to cadaverine, TAAR13c is activated by putrescine, a smaller diamine, albeit with much lower
affinity®. Docking of putrescine into the TAAR13c model revealed the same salt bridge with Asp11233? as for
cadaverine, albeit at a slightly larger distance of 3.0 A (Table 1). However, Asp2023* is not able to form the sec-
ond salt bridge, because the distance of 5.5 A between the amino group of putrescine and the carboxylic group of
Asp202°>42 (Table 1) is too large for a typical salt bridge and only allows a rather weak binding interaction?’. This
finding would explain the decrease in affinity of TAAR13c for putrescine compared to cadaverine. Nevertheless
the weak interaction between Asp20234* and the second amino group of putrescine seems to be relevant because
the corresponding monoamine (butylamine) is not able to activate TAAR13c at all®.

Taken together, these data strongly suggest that TAAR13c activation relies on the interaction of two amino
groups provided by the ligand with two negatively charged residues in the binding cavity of the receptor, and that
stabilization of the ligand backbone is not achieved by the canonical tryptophan, here Trp29674, in TM7 of the
DW motif.

Docking of cadaverine suggests a second binding site for diamines. In addition to the
above-mentioned residues, we identified another docking site on the extracellular surface of the receptor
(Fig. 2g,h). The main binding residue of this second site is Asp279%8, which forms a salt bridge with one amino
group of cadaverine (Fig. 2i) and putrescine, each at a distance of 3.1 A (Table 1). Surrounding apolar residues
Phe194 in ECL2 and Phe29173° in TM7 are also predicted as interaction partners, and presumably serve to sta-
bilize the ligand’s apolar backbone (Supplementary Table 1). No residue coordinating the second amino group
was detected in this docking site, suggesting that it might not discriminate for chain length. Thus, this site dif-
fers in two properties from the internal docking site: (i) it does not noticeably distinguish between cadaverine
and putrescine, and (ii) it does not require a second amino group to bind the ligand. Since TAAR13c activation
strongly depends on the ligand’s chain length and absolutely requires the second positive charge of the ligand®,
this second docking site containing Asp279%* is rather unlikely to serve as the ligand binding site that activates
the receptor. In order to provide independent experimental proof for the predicted docking residues, we gener-
ated a series of receptor mutants by site-directed mutagenesis and studied receptor activity after heterologous
expression in mammalian cells.

Mutation of the aminergic DW motif shows only the aspartate as required for ligand binding.
As described above, docking predicted only the Asp112%32 but not the Trp29674 residue of the conserved DW
motif to interact with cadaverine (Fig. 2) and putrescine. A series of substitutions were generated for both resi-
dues to examine their effects on receptor activity. For the aspartate we chose D112E as a conservative exchange,
since the charge is kept and only its position is slightly changed due to the longer side chain in glutamate. Other
mutations employed were D112N, which eliminates the charge, but keeps the polarity, and finally D112A, which

SCIENTIFICREPORTS | 6:28359 | DOI: 10.1038/srep28359 3



www.nature.com/scientificreports/

Figure 2. Two binding sites for cadaverine predicted by docking to wildtype TAAR13c. TAAR13c structure
(green) is shown with cadaverine (cad; yellow, backbone; blue, amino groups) and coordinating aspartate
residues (yellow, backbone; red, carboxyl group). (a) Sideview of TAAR13c shows spatial position of cadaverine
docked to the internal binding site, located in the external third of the TM region. (b) Enlarged view from the
extracellular surface onto the same binding site shown in panel (a). (c) Enlargement from panel (b) (same

view) showing cadaverine, the major interacting residues and the distances in A from the carboxyl groups of
aspartates D*** and D>*? to the amino groups of cadaverine. Salt bridges are visualized as orange dashed lines.
(d) Side view (turned about 90° compared to panel (a) shows the side chain of W74? located away from the
predicted binding site. (e) View from the extracellular surface, enlarged, same orientation as panel (b). W74 is
positioned on the distal side of its TM relative to the binding site. (f) Enlargement from panel (e) (same view)
showing cadaverine, the two interacting aspartate residues and the large distance to the side chain of W74
(purple dashed line), which is thus unlikely to participate in binding interactions. (g) Side view (turned about 90°
compared to panel (a) showing cadaverine bound at an additional binding site on the external surface. (h) View
onto the extracellular surface, enlarged, orientation turned 180° relative to panel (b). A single aspartate (D)
coordinates cadaverine. (i) Enlargement from panel (h) (similar view) showing cadaverine, the major
interacting residues and the distance from the carboxyl group of D% to the amino group of cadaverine. The salt
bridge is visualized as orange dashed line.

removes both the charge and polarity. Mutant receptors were stably transfected into HEK293 cells that consti-
tutively express the A2 subunit of an olfactory cyclic nucleotide-gated (CNG) ion channel (see Mat. & Meth.).
Activation of TAAR receptors and subsequent cAMP production could be monitored in these cell lines as ele-
vated Ca?* levels due to Ca?" influx through cAMP-dependent opening of the CNG channels. We observed
that even the most conservative exchange, D112E, reduced TAAR13c activation drastically, and shifted the dose
response curve for cadaverine more than two orders of magnitude to higher concentrations (Fig. 3a, Table 1).
Mutation to either asparagine or alanine completely abolished cadaverine-evoked activity. Consistent with these
experimental results, docking simulations with cadaverine showed the absence of the wildtype salt bridge in all
three mutants (Table 1). Taken together we conclude that Asp112**? is a pivotal part of the binding site leading to
activation of the TAAR13c receptor by cadaverine.
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EC50 (uM, mean+/—SEM) Distance to Cad-NH, Distance to Put-NH,
Wildtype/Mutant cad put pos112 pos202 pos112 pos202
TAARI13c 152£22 >1000 2.7 32 3.0 5.5
DI12A loss loss 24 10.8 10.7 4.9
DI12E >>1000 loss 9.2 32 9.8 5.0
D112N loss loss 12.0 3.1 12.0 3.1
D202A loss loss 24 10.8 10.7 4.9
D202E loss loss 9.2 32 9.8 5.0
D202N loss loss 3.0 9.5 2.5 10.6
D279A 2.1+£1.0 31+13 3.0 37 3.0 6.4
D279E 0.7240.24 10+4 29 3.5 3.0 5.6
D279N 1.1+£0.8 7.31+3.6 29 3.5 3.0 5.6
W296F 42+6 >1000 - - - -
W296G 55148 loss - - - -
W296Y 28+8 >1000 - - - -
D78E 64+28 >1000 - - - -

Table 1. EC50 and contact distances for cadaverine and putrescine amino groups with Asp112**2and
Asp202542 for mutant and wildtype TAAR13c.

Similar effects were observed for the mutant receptors when putrescine was applied as a ligand (Fig. 3a,
Table 1), and again, even the D112E variant displayed a drastic reduction of the putrescine response. These results
confirm the involvement of Asp112%3? also for the predicted interaction with putrescine. We were intrigued
that binding to putrescine, which is one methylene group shorter than cadaverine, could not be improved by
the longer side chain of glutamate?, and therefore performed docking simulations with the D112E mutant and
putrescine. Indeed, the distance between the charged glutamate side chain and the amino group of putrescine was
predicted as 9.8 A (Table 1), well beyond the range of a salt bridge?’, and thus consistent with the drastic reduction
in affinity observed for the D112E receptor mutant. In fact, docking of putrescine showed for all three mutants
that at most one amino group is able to form a typical salt bridge, whereas the other amino group is too far away
for a binding interaction (Table 1). Taken together, experimental and modeling results obtained with Asp112332
mutants and putrescine again confirmed the involvement of Asp112** in ligand binding as predicted by mode-
ling and docking the wildtype receptor (see above).

The tryptophan residue Trp29674° of the DW motif'® was not predicted to be part of the binding site (Fig. 2f).
We therefore examined whether replacement of this residue might affect receptor activity. Three mutants were
generated, either exchanging the tryptophan for phenylalanine (less bulky), tyrosine (switch to polar residue) or
glycine (no side chain interaction possible). Stably transfected cell lines were established with all mutants, and
receptor activity was examined with a series of cadaverine and putrescine concentrations (Fig. 3b).

Cadaverine and putrescine were able to activate all three mutants, with similar affinity as wildtype, even for
the drastic W296G exchange (Fig. 3b, Table 1), in sharp contrast to the almost complete loss of activity in all
Asp1123*? mutants. Furthermore, the efficacy of W296F was similar to wildtype TAAR13c. A slight reduction of
efficacy was observed for the W296Y mutant, which might be caused by a different interaction of the more hydro-
philic tyrosine with neighboring side chains compared to the tryptophan in wildtype TAAR13c. Efficacy was
strongly reduced in the W296G mutant, conceivably due to a loss of structural stability by insertion of the highly
flexible glycine into a transmembrane domain. Taken together, binding experiments for all three mutants, W296F,
W296Y, and W296G, show little loss in affinity and (with one exception) efficacy, confirming that Trp2967-4° is
irrelevant for the binding interaction to cadaverine and putrescine, as predicted by the theoretical model.

A second aspartate, Asp202°42in TM5 is required for activation of TAAR13c by cadaverine and
putrescine. Docking studies suggested an interaction of Asp202%42 with the second amino group of cadav-
erine (Fig. 2c). We followed a similar strategy as before and generated cell lines expressing the following receptor
mutants: D202E, D202N, and D202A. Functional testing with cadaverine revealed that even the most subtle
replacement, the D202E substitution, eliminated the activity of the receptor completely (Fig. 3¢). The same results
were obtained for the other substitutions of D202 to either asparagine or alanine (Fig. 3¢c). Docking simulations
for cadaverine with the mutants showed a large distance of about 10 A between the mutated residues and the sec-
ond amino group of cadaverine, consistent with a loss of the second salt bridge present in the wildtype receptor
(Table 1). Hence we conclude that Asp202542 is another pivotal residue in the cadaverine binding site and partic-
ipates in the activation of the TAAR13c receptor.

As observed for cadaverine, all three receptor variants remained quiescent when cell lines were treated with
putrescine (Fig. 3, Table 1). Docking data showed that the distance between the glutamate and the second amino
group of putrescine was about twice as large as in the wildtype receptor (Table 1), consistent with the inability
of putrescine to activate the D202E mutant receptor. A similar result was obtained for the other two mutations
(Table 1). Thus, all experiments performed with Asp202>4* mutants are consistent with docking results for these
mutants, and confirm the prediction of Asp202># as an essential component of the diamine binding site that can
activate TAAR13c.
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Figure 3. Concentration-response curves of TAAR13c mutated in the internal binding site and Trp2967-4.
HEK293 cell lines constitutively expressing CNG channels and either wildtype or TAAR13c mutants were
incubated with concentration series of cadaverine or putrescine (10nM to 1 mM). Changes in intracellular

Ca?" were detected by Fluo-4 and calculated as AF/F. Values were normalized to the fluorescence ratio obtained
with NKH477, an agonist of membrane-bound adenylyl cyclases. Representative binding curves are shown
color-coded for mutation (green, A; red, E; magenta, N; blue, F; cyan, G; brown, Y), error bars (SD, n=4) are
shown if exceeding symbol size. Left column, responses to cadaverine; right column, responses to putrescine.
Insets in right panels show the positions of the mutant side chains (same color as for the respective binding
curves) overlayed over the wildtype residue (D, yellow and W, red, respectively). (a) Mutation of the D112
residue to D112E, D112N and D112A results in almost complete loss of activation by cadaverine, with small
residual activity only at the highest concentration tested, ImM. Activation by putrescine is abolished in all D112
mutants. (b) Mutants W296F, W296Y and even W296G were activated by both cadaverine and putrescine, at
similar EC50’s as wildtype TAAR13c. Efficacy for W296F is very similar to wildtype TAAR13c but reduced for
W296Y and W296G. (c) Mutation of the D202 residue to D202E, D202N, and D202A results in complete loss of
activation by cadaverine and putrescine.

Elimination of the external binding site for diamines generates a supersensitive receptor. To
examine the relevance of the potential binding site on the extracellular face of TAAR13c predicted by docking, we
generated three variants of Asp279%3%, i.e. D279E, D279N, and D279A, and expressed them stably in cell lines. All
three receptor variants displayed a massive increase in affinity and efficacy (Fig. 4a). The most pronounced effect
was observed for D279E, whose apparent affinity (ECs) to cadaverine increased over twentyfold (Table 1). For the
D279N and the D279A mutant receptors we observed a 14fold and a 7fold increase of ECs, respectively (Table 1).
The efficacy for all three mutants increased as well, with the most pronounced effect seen for the D279N mutant
- about twice the value of wildtype TAAR13c (Fig. 4a). Hence modifications of Asp279°® result in supersensitive
receptors. A similar increase in affinity and efficacy of these three receptor variants was measured when cell lines
were treated with putrescine (Fig. 4a, Table 1). Notably, ECsy’s of the mutants for putrescine reached values of
7-30 .M, very similar to those determined for cadaverine on wildtype TAAR13c.

When we performed docking simulations, no external binding site was predicted for all three mutants, i.e. the
modification of Asp2795® eliminated this binding site. The internal binding site, however, remained intact, with
distances to the ligand amino groups in the range of those observed for wildtype TAAR13c (Table 1), and similar
subsets of additional contact sites (Supplementary Table 1).
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Figure 4. Concentration-response curves of TAAR13c mutated in the external binding site and a control
site. HEK293 cell lines constitutively expressing CNG channels and either wildtype or TAAR13c mutants were
incubated with concentration series of cadaverine or putrescine (10nM to 1 mM). Changes in intracellular Ca**
were detected by Fluo-4 and calculated as AF/F. Values were normalized to the fluorescence ratio obtained with
NKH477, an agonist of membrane-bound adenylyl cyclases. Representative binding curves are shown color-
coded for mutation (green, A; red, E; magenta, N; blue, F; cyan, G; brown, Y), error bars (SD, n=4) are shown
if exceeding symbol size. Left column, responses to cadaverine; right column, responses to putrescine. Insets

in right panels show the positions of the mutant side chains (same color as for the respective binding curves)
overlayed over the wildtype residue (D, yellow and W, red, respectively). (a) For mutant D279E the apparent
affinity to cadaverine and putrescine as estimated by ECs, increased about twenty and hundredfold, respectively,
compared to wildtype. ECs, values for binding of cadaverine to D279N and D279 A mutants increased 14fold
and 7fold, respectively. Notably, the ECs, values for binding of putrescine to D279N and D279A mutants were
as low as those observed for wildtype TAAR13c binding to cadaverine. (b) Mutant D78E bound cadaverine and
putrescine similarly well compared to wildtype. Since this aspartate residue is located in the TM region, but
outside of the ligand binding site, this result shows that an exchange of aspartate to glutamate in the TM region
per se does not impair receptor activity.

These observations are consistent with the hypothesis that a ligand-occupied external binding site blocks
access to the internal binding site. Elimination of the external binding site relieves this block, leading to an
increase in effective ligand concentration in the vicinity of the internal binding site, thus generating a supersen-
sitive receptor.

Discussion

It is a complex but fascinating challenge to gain deeper understanding how the binding of a multitude of different
odor molecules to a large cohort of olfactory receptors evokes specific cellular responses. In recent years ligands
have been reported for many olfactory receptors*¢?*°. However, only in very few cases do we possess a molecular
understanding of the binding interaction between an odorant and its receptor®. So far crystal structures are not
available for any olfactory receptor, and thus prediction of olfactory receptor structures has relied on modeling
studies. Here we used modeling and docking to predict binding interactions of a receptor linked to a robust innate
avoidance behavior. This receptor is a member of the TAAR family of olfactory receptors, TAAR13c, which is acti-
vated by the death-associated odor cadaverine in the micromolar range, and, much less efficiently, by the closely
related diamine putrescine®.

We applied a two-pronged approach to elucidate the mechanism of TAAR13c activation: (i) receptor mod-
eling and docking to uncover residues participating in ligand binding and receptor activation; (ii) site-directed
mutagenesis of predicted binding residues followed by functional analysis in an heterologous expression system.
For wildtype TAAR13c and all mutants we performed docking simulations with cadaverine and putrescine, and
determined bond length between pivotal binding residues of the receptor and ligand amino groups as an estimate
of binding strength. In all cases predicted alterations in bond lengths of the mutant receptors were consistent with
the experimentally observed changes in activity profiles.

Our results identified Asp112%32 and Asp202°2, but not Trp2967? as essential elements of a binding site for
cadaverine and putrescine in the upper third of the TM region (internal binding site). The results for the mutation
of the two aspartates to alanine reaffirm a recent independent study®!. Our broader approach to the mutational
analyses including the conservative exchanges from aspartate to glutamate and asparagine allows us to confi-
dently state that the observed loss of receptor activation is not due to general conformational changes caused by
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the rather drastic aspartate to alanine exchange. Furthermore, we also examined whether an aspartate to gluta-
mate transition as such could impair receptor function. We mutated an aspartate residue within the TM region
of the receptor, but outside of the predicted binding site (D78**°) to glutamate. This mutation did not impair
the receptor’s properties, strongly suggesting that the exchange of an aspartate to glutamate in the TM region as
such is not sufficient to generate coarse conformational changes resulting in a loss of receptor function (Fig. 4b).
Similarly, mutations of Trp2967-*° did not alter the receptor’s activation profile by cadaverine and putrescine.
Thus, the drastic changes in TAAR13c affinity seen even for the conservative D112E and D202E exchanges most
likely are due to the structural change within the binding pocket. The requirement for binding residues for two
functional groups we reported here is fully consistent with the ligand profile of TAAR13c®.

Asp112°%2 and Trp29674° together constitute the so-called DW motif, which is highly conserved in aminergic
receptors®*. Asp1123*? is assumed to coordinate the amino group of amine-containing ligands, and Trp29674° is
supposed to interact with the apolar or aromatic backbone. However, the orientation of the diamines cadaverine
and putrescine in the binding pocket necessitated by coordination of the second amino group to Asp202>4 pre-
cludes coordination of the backbone by Trp2967, in accordance with the experimental results.

Interestingly, a second binding site for cadaverine and putrescine was predicted at the external surface of
TAARI13c, right above the internal binding site discussed in the preceding paragraph. Mutation of the pivotal
element of this binding site, Asp279%3%, resulted in a supersensitive receptor, which displayed an increase in
apparent affinity (ECs,) for cadaverine and putrescine of up to two orders of magnitude. This rather unexpected
result prompted us to examine the predicted structure of TAAR13c for possible mechanistic explanations. Both
the internal and the external binding site were predicted by modeling and confirmed by mutational analysis as
discussed above. However, whereas the internal binding site (Asp112332, Asp202°?) is necessary for receptor
activation, the external binding site (Asp279°%®) is not, and in fact impairs receptor activation.

We hypothesized that the external binding site, when occupied, might block access of the ligand to the internal
binding site. There are only two conceivable access points to the internal binding site, highlighted in the surface
view of the docking model (Fig. 5a,b). One of these sites is flanked by a positively charged residue, Arg92>%4. This
constraint makes it unlikely to allow passage of positively charged diamine compounds into the receptor’s internal
binding pocket.

The second access point has no such restrictions and thus appears suitable to allow access of the ligand to the
internal binding site (Fig. 5b,h). This access point is located directly below the external binding site and thus can
be expected to be blocked as long as the external binding site is occupied by ligand (Fig. 5b,c). Only after disso-
ciation of the ligand from the external binding site there is a chance for it to travel towards the internal binding
site (Fig. 5h). Thus the external binding site acts as a gate that may be closed (binding site occupied by ligand)
or open (binding site not occupied). Elimination of the external binding site by exchanging Asp279%8 destroys
the gate and ligand access to the internal binding site is no longer impeded by the intermediary step of binding
to the external site. Thus, a supersensitive receptor is generated. In the wildtype TAAR13c, the external binding
site serves to downregulate the affinity to diamines, conceivably to adjust it to a physiologically meaningful range.
This phenomenon constitutes a novel mechanism in olfactory receptor function.

Some recent reports in the literature describe increases in affinity for mutations of the ligand binding site
that leads to receptor activation®. These effects are generally small (often two fold, in rare cases up to tenfold).
In contrast, here we report a considerably stronger effect on receptor affinity - up to two orders of magnitude
- by introducing mutations far away from the activating binding site, and also far away from the intracellular
signal transducing regions. Downregulation of a receptor’s activity by occupation of an external ligand binding
site constitutes a distinct, novel mechanism, by which odorant access to the internal ligand binding site that
leads to receptor activation is impaired. Future studies will be required to elucidate, whether such a mechanism
might occur in perception of other socially relevant odors, and how widespread it might be in olfactory receptor
activation.

During evolution, the affinity of olfactory receptors had to be constantly tuned to physiologically relevant odor
concentrations. Sometimes this may have amounted to downtuning the affinity, either directly at the activating
binding site, or indirectly via a ligand-regulated gating mechanism such as described here for TAAR13c. Gating
mechanisms to regulate open/closed states of ion channels and transmitter receptors are well known. Here we
show for the first time that gating also plays a role in olfactory perception.

Materials and Methods

Heterologous expression of TAAR13c receptor mutants. Cell lines that constitutively expressed
either the wildtype TAAR13c receptor or a receptor mutant were generated using a previously established proto-
col®. We used a cell line that had been stably transfected with a gene encoding a variant of the A2-subunit of the
olfactory cyclic nucleotide-gated (CNG) ion channel***. Approximately 8 g of the respective TAAR13c expres-
sion vectors were introduced into ~4 x 10° cells by a modified calcium-phosphate method®. Stably transfected
cells were selected in the presence of the antibiotic G418 (0.8 mg/ml). Expression of TAAR13c was monitored by
Western blotting (Supplementary Data 1) with specific anti-TAAR13c antibodies® and anti-Rhodopsin antibodies
(Sigma Aldrich, Taufkirchen, Germany).

Monitoring functional TAAR13c receptor activity in cell lines.  Activation of TAAR13c by cadaverine
and putrescine evoked a rise in intracellular cAMP concentration that activates the CNG channels® and thereby
causes an influx of Ca?* through the open channels. Changes in [Ca*"]; were monitored with the Ca*-sensitive
fluorescent dye Fluo-4. Cells were grown in 96-well dishes to a density of approximately 2 x 10* cells per well.
Cells were loaded at room temperature with Fluo-4 AM as described previously*. After 90 min, the loading
solution was substituted for dye-free ECS (extracellular solution; 120 mM NaCl, 5mM KCl, 2mM MgCl,, 2mM
CaCl,, 10mM HEPES, and 10 mM glucose, pH 7.4 [NaOH]) containing 100 .M IBMX. The plate was transferred
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Figure 5. Occupied external binding site blocks access of cadaverine to the interior binding and activation
site. Surface view (panels a-f) and mesh view (panels g,h) of the TAAR13c model docked with cadaverine
visualizes a potential access path for cadaverine. (a) View from the extracellular surface; red, acidic residues;
blue, basic residues; green, polar residues; white, hydrophobic residues; cross, same protrusions as marked in
panel (b). (b) Enlarged detail of panel a; arrows point to two potential access paths for passage of cadaverine to
the internal binding site. Note that the positively charged Arg92*%* precludes access via left route. (c) Cadaverine
docked into the external binding site, same view as in panel b. Note that the access to the internal binding site
is blocked. (d) Same view as panel (b,c), but partly transparent; aspartates of external (D%%) and internal (D
and D*%?) binding sites are shown in stick mode; asterisks mark cadaverine bound to the internal binding site;
arrowheads point to the amino groups of cadaverine docked into the internal binding site, which lies right
below the external binding site shown in top view. (e) Slightly tilted view onto the external surface to display
both binding sites at once, external binding site is up. Partial transparency visualizes cadaverine docked into
the internal binding site, down; aspartates of external and internal binding sites are shown in stick mode, red.
(f) Enlargement of panel (e). (g) Same orientation and magnification as in panel e; mesh view of all predicted
cavities, with cadaverine docked into the external and internal binding site. (h) Enlarged view turned 90°
counter clockwise and 90° front-to-back compared to panel (g). Note the tunnel connecting the external (left)
and internal (right) binding site.

into a fluorescence reader (FLUOstar Omega, BMG Labtech, Offenburg, Germany) to monitor Fluo-4 fluores-
cence. The excitation wavelength was 485 nm. Fluorescence emission was detected at 520 nm. A concentration
series of cadaverine or putrescine (1077 to 10>M) as well as 10~>M NKH477 (positive control) was added once
Fluo-4 fluorescence had reached a stable value in each well. The changes in Fluo-4 fluorescence were recorded
automatically. The fluorescence signal generated by the adenylyl cyclase activator NKH477 was set to 100% as an
internal standard. Concentration-response curves were established from at least three independent experiments
with quadruplicate measurements in each experiment.
Data were analyzed and displayed using Prism 5.04 software (GraphPad, San Diego, CA, USA).
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Wildtype/Mutant

Forward Primer, 5’-3’orientation

Reverse Primer, 5/-3/ orientation

TAAR13c

atggatttatcatcacaagaa

tcaaaccgtaaataaattgat

DI12A

ccggttttgeectgtttctcac

gtgagaaacagggcaaaaccgg

DI112N

acaccggttttaacctgtttctcac

gtgagaaacaggttaaaaccggtgt

DI12E

ccggttttgaactgtttctcac

gtgagaaacagttcaaaaccgg

D202A

tggtcagttttagccacattacta

tagtaatgtggctaaaactgacca

D202N

tggtcagttttaaacacattacta

tagtaatgtgtttaaaactgacca

D202E

tggtcagttttagagacattacta

tagtaatgtctctaaaactgacca

D279A

actctctggtggetecctacattaac

gttaatgtagggagccaccagagagt

D279N

actctctggtgaatcectacattaac

gttaatgtagggattcaccagagagt

D279E

actctctggtggagcecectacattaac

gttaatgtagggctccaccagagagt

W296G

tgatgcatttggtgggttaggctacac

gtgtagcctaacccaccaaatgcatca

W296Y

tgatgcatttggttacttaggctacac

gtgtagcctaagtaaccaaatgcatca

W296F

tgatgcatttggtttcttaggctacac

gtgtagcctaagaaaccaaatgcatca

D78E

ctggctctggeggaactgetgg

ccagcagttccgecagagecag

Table 2. Sequences of mutagenic primers used.

Introduction of mutations into TAAR13c. As starting point for mutagenesis we used a full length
TAAR13c cDNA construct that harbored an N-terminal extension encoding the first 20 amino acids of bovine
rhodopsin in pcDNA3.1 (—) expression vector®. Point mutations were introduced using the QuikChange
Site-directed mutagenesis kit (Agilent Technologies, Santa Clara, USA). In brief, PCR reactions were performed
using PfuUltra High-Fidelity DNA Polymerase with the above described plasmid as a template, and mutagenic
primers listed in Table 2. Parental strands, which are methylated in contrast to the PCR products, were selectively
digested with Dpnl enzyme and the resulting product was transformed into XL-1 blue supercompetent E.coli
cells by electroporation. Screening of recombinants was done by colony PCR using wild type TAAR13c primers.
Colonies positive for the desired mutation were grown under standard conditions in LB broth and the plasmids
were isolated using a plasmid DNA purification kit from Zymo research (California, USA). All mutations were
verified by DNA sequencing.

Homology modeling and ligand docking of TAAR13c. Homology models of TAAR13c were generated
using GPCR-I-TASSER* based on the crystal structure of six homologous templates and sequence alignments of
these templates with TAAR13c (Supplementary Data 2). The sequence alignments were verified by inspection for
proper aligning of conserved motifs and disulfide bridges. The model with the highest C-score (—0.36), which is
well within the confidence range*’, was chosen as the final structure. In initial experiments the mutant structure
was generated with the above protocol and compared to a mutant model generated using side chain substitution
in the wildtype structure using Chimera*'. We observed no detectable RMSD difference (<0.05) between models
generated by these two methods. Thus, subsequently homology models for mutants were generated by side chain
substitution in the wildtype homology model. The receptor model was prepared for docking by adding protons
and charges were assigned to ionizable side chains using the DockPrep function in Chimera. The model was
then subjected to minimization using ModRefiner*2. The final model backbone conformation was inspected by
Ramachandran plot using Rampage*’ (Supplementary Fig. 1). The ligand was used with flexible, rotatable bonds
and was docked into the binding site using Autodock Vina* with default parameter setting (iterated local search
global optimizer)*. The resulting conformations were analyzed using AutoDock Tools*. PyMol* was used for
visualization of various ligand conformations and for preparing figures.
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Received: 15 March 2018 Kanika Sharma?, Sabine Balfanz?, Arnd Baumann®? & Sigrun Korsching?!
Accepted: 31 May 2018 :
Published online: 25 June 2018 . Ligand-gating has recently been proposed as a novel mechanism to regulate olfactory receptor
. sensitivity. TAAR13c, the zebrafish olfactory receptor activated by the death-associated odor
cadaverine, appears to possess an allosteric binding site for cadaverine, which was assumed to block
progress of the ligand towards the internal orthosteric binding-and-activation site. Here we have
challenged the suggested gating mechanism by modeling the entry tunnel for the ligand as well as the
. ligand path inside the receptor. We report an entry tunnel, whose opening is blocked by occupation of
. the external binding site by cadaverine, confirming the hypothesized gating mechanism. A multistep
docking algorithm suggested a plausible path for cadaverine from the allosteric to the orthosteric
binding-and-activation site. Furthermore we have combined a gain-of-function gating site mutation
and a loss-of-function internal binding site mutation in one recombinant receptor. This receptor had
almost wildtype ligand affinities, consistent with modeling results that showed localized effects for
each mutation. A novel mutation of the suggested gating site resulted in increased receptor ligand
affinity. In summary both the experimental and the modeling results provide further evidence for the
. proposed gating mechanism, which surprisingly exhibits pronounced similarity to processes described
. for some metabotropic neurotransmitter receptors.

© Gating of ion channels constitutes a central feature of ionotropic neurotransmitter receptors, also dubbed
* ligand-gated ion channels (LGIC)'~. Ligands like acetylcholine, glutamate, GABA or glycine usually bind far
. away from the channel domain. Upon binding ligand-induced conformational changes result in opening of the
. channel pore (Fig. 1a)* and allow ions to traverse the channel. Allosteric effects on receptor activation are well
: known for metabotropic receptors as well: receptor-ligand interaction far away from the binding-and-activation
site (the orthosteric site) can control receptor activity, e.g. by locking the receptor in an inactive conformation’.
However, an alternative mechanism exists, in which an LGIC ligand binds inside the channel pore, thus block-
ing the channel (Fig. 1b). Metabotropic receptors (GTP-binding-protein coupled receptors, GPCRs) lack a chan-
nel pore, but exhibit a related feature®. The ligand binding-and-activation site of class A GPCRs’ is usually located
in a cavity formed by the transmembrane domains of the receptor (Fig. 1c). Therefore a ligand, starting at the
extracellular face of the receptor, has to traverse an entry tunnel to gain access to its final binding-and-activation
site. This geometry potentially enables ligands to block the entry tunnel thereby regulating GPCR signaling
(Fig. 1d). Although a few publications have addressed this possibility, an allosteric modulatory site located
above the orthosteric binding-and-activation site has only been described for muscarinic acetylcholine receptors
(mAChR)!*!! the occupied state, this site might be properly positioned to obstruct the ligand entry tunnel.
Usually, allosteric and orthosteric binding sites are occupied by different ligands. For mAChRs, how-
ever, a weak binding of acetylcholine and other agonists to an allosteric binding site has been deduced from
. complex binding studies!?. In this sense an allosteric ligand binding site positioned above the orthosteric
. binding-and-activation site would be well suited to regulate ligand access to the latter.
While a recent molecular dynamics simulation of the 32 adrenergic receptor (32AR) has not addressed the
. case of ligand-gating, a transient arrest of alprenolol has been observed at a weak binding site in an outer ‘vesti-
- bule’ of the protein, before the ligand traverses to its final binding-and-activation site!*. Pausing at a weak bind-
. ing site will result in a slower ligand on-rate at the binding-and-activation site and eventually result in a lower
apparent affinity. An allosteric ligand binding site thus opens a fascinating possibility for receptor evolution to
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Figure 1. Schematic illustration of allosteric and orthosteric sites in ligand-gated ion channels and GPCRs. (a)
Binding of an allosteric ligand (reddish) to the extracellular binding site of a ligand-gated ion channel induces a
conformational change causing opening of the ion-conducting pore. (b) Binding of an antagonist (dark yellow)
in the pore blocks the channel and can lead to its deactivation. (c) An orthosteric binding site is located inside
a cavity formed by transmembrane domains in class A GPCRs. Binding of a ligand (reddish) to an allosteric
site topographically distinct from the orthosteric site eventually can modulate binding of the orthosteric

ligand (dark yellow). (d) Allosteric binding sites in some GPCRs are located externally and almost above

the orthosteric binding site. Binding of a ligand (bicolor) to this site could block ligand access to the internal
binding-and-activation site.

fine-tune the affinity of GPCRs according to the respective functional requirements without affecting the intricate
binding-and-activation machinery.

The vast majority of GPCRs are members of the chemosensory receptor family (olfactory and taste recep-
tors)', and the large majority of these are assigned to the class A clade of GPCRs’. Recently the possible exist-
ence of such allosteric ligand-gating mechanisms in chemosensation has been considered for a member of
the trace amine associated receptor (TAAR) family'>~'® of olfactory receptors from zebrafish, TAAR13c. The
binding-and-activation site was shown its position to be located about one third into the cavity formed by
the transmembrane domains, an expected position for a ligand binding-and-activation site in class A GPCRs.
Additionally, a weaker binding site in an outer vestibule was described, which appeared to be properly located
to block access of cadaverine, the native ligand of TAAR13c, to the internal binding-and-activation site®.
Destruction of this outer binding site resulted in a supersensitive mutant!® leading us to suggest that this site con-
trols ligand entry to the binding-and-activating site of the receptor. This is a novel mechanism for chemosensory
receptors, and to the best of our knowledge has not been examined in these terms in any GPCR. Thus we sought
independent proof and stringently tested our hypothesis both with additional mutations and with more special-
ized modeling approaches.

We report here that a novel mutation of the potential gating site (D279R) shows significantly enhanced affin-
ity compared to the wildtype receptor, consistent with the suggested gating function. In an attempt to under-
stand the potential interaction between the binding-and-activation site and the gating site we generated a double
mutant (D112E/D279N), which fully rescued the severe loss in binding ability of the binding-and-activation site
mutant (D112E) to wildtype levels, consistent with the individual mutations sequentially affecting the overall
affinity of the receptor. Furthermore, two independent modeling approaches confirmed the existence of the pre-
dicted allosteric ligand-gating site in a vestibule at the extracellular face of TAAR13c. Our findings suggest that
a ligand-binding external vestibule may be a much more widespread regulatory feature of class A GPCRs than
previously assumed. If so, future attempts at structure-based rational drug design in class A GPCRs may be well
advised to focus on modifications of this external niche. Even where such an external vestibule is not present,
modeling-guided mutations may be used to introduce novel allosteric binding sites bordering the entry tunnel
for receptor ligands.
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Figure 2. Prediction of ligand access tunnels in TAAR13c by MOLE2.0 shows presence of a bottleneck. (a)
Ligand access tunnels predicted by MOLE2.0 were imposed on a cartoon representation of the TAAR13¢
structure, leading towards the internal ligand binding-and-activation site. The negatively charged aspartic acid
residue D279%%8 in TM6 lines a tunnel (orange) through which cadaverine passes on its way to the internal
binding site. The positively charged arginine residue R92*** in TM2 impedes ligand entry via an alternative
tunnel (white). (b) View of panel (a) from the back; residues D1123** and D202%#? (yellow) in TM3 and TM5 are
part of the ligand binding site. (c) Both ligand access tunnels are located inside the central cavity (blue mesh).
(d) Zoom-in on the bottleneck of the tunnel shown in (b) with a radius of 1.53 A. Residues F194, F2917%5, and
$276%% (blue) are shown facing the bottleneck.

Results

Previous studies have identified zebrafish TAAR13c as the highly sensitive and specific receptor for cadaverine!”.
The docking of cadaverine to the binding-and-activation site of TAAR13c was shown to engage two aspartates,
D112%3? in transmembrane region (TM) 3 and D202°#? in TM5 which form salt bridges with the two positively
charged amino groups of cadaverine’®*. Some mutations of TAAR13c had unexpectedly resulted in the gen-
eration of supersensitive mutants, and the loss of a gating site (D279N) impeding ligand entry to the receptor’s
binding-and-activating site has been hypothesized as a possible explanation!®. The proposed gating site appeared
to serve as a ligand-binding site on its own and in its occupied form seemed to block ligand entry. Since this
amounts to a highly unusual mechanism for chemosensory receptors, we challenged the hypothesis here in
several ways. Firstly, we employed two advanced modeling approaches to identify the tunnel allowing ligand
passage to the binding-and-activation site of TAAR13c. These algorithms were more robust and versatile than
general-purpose molecular visualization programs used previously to assess binding pockets of receptor proteins.
Secondly, to gain independent support for our hypothesis we introduced additional mutations into TAAR13c.
The mutant receptors were constitutively expressed in cell lines and examined pharmacologically. Furthermore,
ligand-interaction of these receptor mutants was modelled and compared to the wildtype receptor.

The predicted ligand-gating site lines the entry tunnel for cadaverine in TAAR13c. Previously
we had predicted!? the existence of a ligand-gating site near the extracellular surface of the TAAR13c recep-
tor, using PyMol?!, a general purpose molecular visualization tool. Aiming to independently test this predic-
tion, here we employed MOLE2.0%?, a more advanced and robust approach compared to PyMol. With MOLE2.0
the cavities and potential tunnels allowing the ligand to enter the receptor, contact the gating site, and trav-
erse towards its final binding site were identified. Two tunnels were predicted in the upper third of TAAR13c
TM domains (Fig. 2a). Both are buried inside the protein cavity (Fig. 2¢) and lead towards the internal ligand
binding-and-activation site (Fig. 2b). One of the tunnels in TAAR13c is 26.0 A long and situated between TM 2,
3,and 7. At its entrance, it is lined by a positively charged arginine residue, R92%%* (Fig. 2a). The presence of this
positive charge might disfavor this path for the positively charged cadaverine to enter the receptor and to reach
the ligand binding-and-activation site. The second tunnel is shorter (20.6 A) and located between TM 3, 5, 6 and
7.1t is lined by the previously identified ligand gating residue, D279%%8 at its entrance (Fig. 2a). This negative
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TomoDock distance
Bottleneck of Cad-NH, with

'Wt/Mutant diameterinA | 112 202
TAAR13c 3.06 3.1 3.0
D279R 2.06 32 3.0
D112E/D279N 2.16 9.0 3.1
D279N 2.14 3.0 33
D112E 2.12 9.0 3.1
D279E 2.12 —

D279A 2.14 —

Table 1. Bottleneck diameter and contact distances for cadaverine amino groups with D11233? and D202%42 for
mutant and wildtype TAAR13c predicted by TomoDock.

charge around the entrance probably serves as an attractant for cadaverine, thus making this path more favorable
to reach the ligand binding-and-activation site.

Cadaverine has to traverse a bottleneck after passing the gating site. The tunnel predicted by
MOLE2.0 for the cadaverine path features a pronounced constriction (Fig. 2d), which is mainly formed by three
residues: F194 in ECL2, F2917%, and S276%%. The arrangement of these three residues creates a ‘bottleneck’ of
3.06 A in diameter, which is by far the narrowest part along the entire path. Similar bottlenecks have also been
observed in opsin as well as in several ion channels?>**.

Docking simulations (described below) for cadaverine never showed a binding interaction for the constriction
site. Thus, cadaverine moves from the extracellular region to the internal binding-and-activation site without
pausing at the constriction. Since cadaverine is a straight chain diamine with a cross section diameter of 3 A, its
molecular properties should allow it to squeeze through the bottleneck, especially when considering the rotatable
single carbon-bonds in the backbone. We also observed the constriction in the TAAR13c mutants described
below and those studied previously (Table 1). Interestingly, in all mutants, including the super-sensitive ones',
the constriction is even more pronounced than in the wildtype receptor (Table 1), further consistent with no
deleterious influence on the affinity of TAAR13c.

Multistep docking algorithm suggests cadaverine lingering at the gating site before its progress
to the internal binding-and-gating site. In order to study interactions of cadaverine as it moves along
its path inside the receptor, we used the TomoDock algorithm?*. The path towards the binding-and-activation
site of TAAR13c is arbitrarily divided into a number of segments. Each segment is treated individually for the
docking step thereby allowing the detection of local optima for ligand position and interaction with the receptor.
For each segment we defined a cubic search space that moves from the top of the tunnel to the bottom in steps of
1 A length. The starting point of the docking simulation is the very beginning of the tunnel flanked by the gating
site (D279%%%) at its bottom and then the position of segments gradually progresses towards the internal ligand
binding-and-activation site of the receptor (Fig. 3a). The final step encompasses the key interacting residues of the
internal binding-and-activation site, D112%32 and D202°4? (Fig. 3a). TomoDock assigns a low numerical score to
ligand orientations which allow an interaction with the receptor. Consequently, for each step along the migration
path of cadaverine we chose the cadaverine orientation with the lowest score.

At the first step of docking, cadaverine is located at the rim of the tunnel entry surface, which constitutes
an “external niche”. Inside this niche, cadaverine engages with $199>* in TM5 and Y193 to form a hydrogen
bond, as well as F194 and E175 in ECL2 to stabilize the backbone (Supplementary Table 2). In the second step,
as cadaverine moves further inside from the cavity mouth (Fig. 3e), the contact with E175 is lost while the others
are retained. In step 3, cadaverine moves towards the gating site residue, D279%%, which resides near the external
end of TM6, resulting in an interaction between the carboxyl group of D279%%® and an amino group of cadaverine
(Fig. 3f). This results in the occupation of the hypothesized gating site. In the next step, there isn’t much change
in the position of cadaverine (Fig. 3g). Thus, cadaverine appears to pause at the gating site in the external niche,
before it slips through the bottleneck between ECL2, ECL3 and TM5-7 (Fig. 3g). In the next step (step 5) cadav-
erine has passed the constriction, approaching D112%32 in TM3 (one of the two aspartate ‘anchors’ of the internal
binding-and-activation site) to form a salt bridge (Fig. 3h). In steps 6 to 7, cadaverine stays around D112 by
adopting various orientations (Fig. 3h). A common interaction in steps 5-7 is a salt bridge with D112*** and a
polar interaction with neighboring residue Y2997 in TM7. Deep inside the binding site, cadaverine changes its
orientation slightly in step 8 and 9 (Fig. 3i,j). Finally in step 10, for the first time cadaverine makes a contact with
D202>** in TM5 to attain the most favorable binding position with two salt bridges (Fig. 3j). One amino group of
cadaverine forms a salt bridge with D112332 with a distance of 3.1 A. The other amino group forms a salt bridge
with D202542 with a distance of 3.0 A (Fig. 3d) in the final docked position. The results obtained from this dock-
ing simulation are in close agreement with our previous data'® (Table 1). Taken together, the stepwise docking
algorithm employed here provides a plausible path for cadaverine to traverse the receptor from the gating site to
the internal binding-and-activation site. Furthermore, the close similarity to earlier predicting confirms the shape
and location of both external gating and internal binding-and-activation site.
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Figure 3. Binding path of cadaverine predicted by TomoDock exhibiting different cadaverine poses. (a) A cube
(in blue line) encompassing gating site residue D279%% in TM 6 shows the first search space for Tomodock. The
last search space is visualized by the second cube containing D112%3? and D202542. Intervening search spaces
are intercalated at 1 A steps along the orange arrow. (b) Surface view of the largest cavity in TAAR13c. Predicted
cadaverine binding positions inside this cavity range from the extracellular protein surface to the internal
ligand binding-and-activation site and are shown as sticks in rainbow colors (magenta to red). (c) Zoom-in

on panel (b) without displaying the cavity to enable a clearer view on the intermediate binding positions of
cadaverine along its path. (d) Final binding position of cadaverine with the main interacting residues (D112%%%
D2025%) and the distances in A from the carboxyl groups of these residues to the amino groups of cadaverine.
Salt bridges are visualized as black dashed lines. (e) Progressive docking showing the first two steps of different
orientations of cadaverine entering the cavity. Progress in ligand entry is shown in rainbow colors. (f) Step 3

of cadaverine (cyan) interacting with D279 in TM6. (g) Step 4 of the cadaverine (dark green) path. In step 5
(light green) cadaverine leaves its previous position and slides to approach aspartate D112%32 of the binding site.
Step 1 and 2 are hidden for clarity. (h) Steps 6 and 7 (yellow and orange) show cadaverine exploring the D112
area without any major interactions. Step 1-4 are hidden for clarity. (i) In step 8 and 9 (orange and brown)
cadaverine is approaching the binding site. Cadaverine turns in order to establish binding to D112*3? and
D202°>%2 Steps 1-7 are hidden for clarity. (j) Final step of docking (red) showing cadaverine inside the binding
site with its main interacting residues, aspartate D112%32 and D202>42

Abolishing the gating site by introducing a ligand-repellent charge results in significantly
increased receptor affinity. In order to further explore the function of the gating site residue, we substi-
tuted the negatively charged D279%% in TM6 for a positively charged arginine residue, creating a D279R mutant
(Fig. 4b). The major differences in this mutant are the loss of the salt bridge with D279, i.e. the destruction
of the gating site, which should facilitate the entry of cadaverine into TAAR13c, and, on the other hand, the
introduction of a ligand-repellent charge, which should hinder the approach of cadaverine towards the external
niche. Experimentally, we observed that the apparent affinity of the mutant is 5.2 times higher than for the wild-
type receptor (Fig. 5a and Supplementary Table 1), but significantly below the previously reported supersensitive
mutant D279EY. This result is consistent with the assumption that the loss of the gating site overrides ligand
repulsion by the positively charged arginine residue in the D279R mutant. Similar results were observed for
mutant TAAR13c receptors, when putrescine was applied as a ligand (Fig. 5a).
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Figure 4. Binding path analyses of TAAR13c mutants indicate effects limited to the gating-site. Panels (a,d
and g) show the wildtype and are taken from Fig. 3(b-d). (b) Surface view of the largest cavity in the D279R
mutant. The mutated residue, R279%% is shown in pink. Successive progress in ligand entry is shown in rainbow
colors. (c) Surface view of the largest cavity in the double mutant D112E/D279N. Mutated residues, E112%32
and N279%%8 are shown in brown and blue, respectively. Progress in ligand entry is shown in rainbow colors.
Panels d—f are zoom in on panels a-c without cavity showing the various orientations of cadaverine at different
time points in rainbow color. (e) The introduced arginine residue R279 is shown in salmon. (f) The introduced
asparagine and glutamate residues are shown in brown and blue respectively. Panels g-i show final binding
position of cadaverine inside binding site with final binding position of cadaverine. The distances between

the carboxyl groups of the aspartate(s) and the amino group(s) of cadaverine are given in A. Salt bridges are
visualized as black dashed lines. (h) Wildtype-like docking of D279R mutant. (i) Cadaverine in the binding site
of the D112E/D279N mutant. The distance of E112332 from cadaverine is 9.5 A (red dashed line) and thus too
large to participate in ligand binding.

The D279%8 residue is located on TM6 and close to ECL3. In many GPCRs this site appears to control recep-
tor activity via ligand interactions?®~*’. Future analyses will have to show, whether the influence of residue 6.58 is
conserved in other olfactory receptors.

Path simulation and multistep docking show a localized effect of the gating site mutation.  Next,
we examined, whether the experimentally observed increase in ligand affinity of the D279R mutant could be cor-
roborated by modeling the D279R mutant with a multistep docking procedure, using TomoDock, as described
for the TAAR13c wildtype receptor. We found that in steps 1-4, cadaverine is located in the external niche close
to the cavity opening (Fig. 4e). Interactions were found between cadaverine’s amino groups and polar amino acid
residues, Y193, $199°%, and E175 as well as the backbone carbonyl oxygen atom of F194 (Supplementary Table 2).
These interactions are very similar to those observed in the wildtype receptor (see above). In other words, the
external niche seems to have a very similar morphology and even retains the minor binding interactions in the
mutant. Thus, the observed super sensitivity seems to originate primarily from the isolated loss of the salt bridge
interaction and the ensuing reduction in binding affinity.

In step 5, cadaverine starts entering the internal binding pocket by squeezing through the constriction, which
is in fact narrower than in the wildtype receptor (Table 1). Before reaching the final docked position, within the
internal binding-and-activation site, cadaverine adopted several alternative orientations (Fig. 4e), all of which
possessed the salt bridge between the cadaverine amino group and the carboxyl group of D1123%2, before relaxing
into the final docked pose. Upon reaching the internal binding-and-activation site in step 10, cadaverine orients
itself to form stable salt bridges with D112332 and D2025#? at a distance of 3.0 A and 3.2 A respectively (Fig. 4h).
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Figure 5. Concentration-response curves of TAAR13c mutants. HEK293T cells were stably transfected

with TAAR13c constructs either altered by single or double point mutations. A cell line expressing TAAR13c
wildtype receptors was included for control. Cadaverine and putrescine were added in the range of 0.1 uM to

1 mM. The resulting calcium increase was detected by Fluo-4 and calculated as AF/F and normalized to the
value obtained with 10 uM NKH477, an agonist of membrane-bound adenylyl cyclases. Left column, response
to cadaverine; right column, response to putrescine. Representative binding curves shown for the wildtype
receptor and mutants (TAAR13c wildtype, black; D279R, red; D112E/D279N, green). Right panel, insets show
mutant side chains (D279N, pale brown; D279R, pink; D112E, blue) overlaying the wildtype residue D in grey.
(a) The cadaverine affinity of the D279R mutant was approximately 5fold higher compared to wildtype. (b) The
double mutant D112E/D279N had a similar cadaverine affinity as the wildtype receptor with a slight increase in
efficacy. For putrescine the affinities of mutant and wildtype TAAR13c receptors were also similar.

The distances are very similar to those calculated for wildtype TAAR13c (Table 1). The results suggest that the loss
of the ligand gating site may have a conformational effect on the bottleneck but no or rather minute influence on
the internal ligand binding-and-activation site. Constriction sites in ligand entry tunnels are not uncommon and
seem to have surprisingly little influence on ease of a ligand’s passage to its final binding site!>>!.

Taken together, we conclude that even the rather drastic exchange of a negative for a positive charge at the
gating site has mostly local effects, which can be understood in terms of a balance between the loss of the external
ligand-binding site and the gain of a repulsive force at the tunnel entrance.

Full rescue of an inactive TAAR13c mutant by elimination of the gating-site. The internal binding
site for cadaverine is formed by two aspartate residues, D112%32 and D202°4? as the main interacting partners. In
our previous docking and mutagenesis study we confirmed that both residues are essential for cadaverine binding
and activation of TAAR13c. Removal of either residue resulted in total loss of observable receptor activity'. On
the other hand, elimination of the external gating-site resulted in supersensitive receptors®.

In order to understand the balance between the external gating and internal binding-and-activating site, we
simultaneously mutated the gating site and one residue of the internal binding site (D112E/D279N; Fig. 4c). In
contrast to the inactive D112E mutant'®, we observed that the double mutant (D112E/D279N) displayed a cadav-
erine affinity slightly less but not significantly different from the wildtype receptor (Fig. 5b and Supplementary
Table 1). Similarly, putrescine activated the double mutant and the wildtype receptor comparably well (Fig. 5b),
whereas no activation of the D112E mutant was detected with this ligand'?.

Inspecting the docking path for the D112E/D279N mutant, cadaverine follows the same spatial route like
in the wildtype TAAR13c or the D279R mutant receptors. It pauses at the external niche interacting with F194,
Y193, S199°%, and E175 (Supplementary Table 2). After traversing the constriction, which is of similar size as
in all other mutants (Table 1), cadaverine stays briefly close to E112%*? and forms transient interactions (Fig. 4f)
before it finally reaches the mutated internal binding-and-activation site (E112*32/D202>4?). The carboxyl group
of E11233 is displaced by 9.5 A relative to the amino group of cadaverine, which is too far away to form a salt
bridge (Fig. 4i). Thus, in the final orientation cadaverine can only form a salt bridge with D202*? at a distance
of 3.2 A but the carbon backbone of cadaverine is stabilized by (as in wildtype) L113>%, T116>%, T2035%,
F27265, and W269%4 all situated within 5 A distance and hence within the range of van der Waals interactions
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(Supplementary Table 2). Thus in the mutant, the binding pocket retains most of the minor binding interactions
and one of the two salt bridges. Surprisingly, this (compared to wildtype) seriously weakened binding in combina-
tion with facilitated ligand access due to gating site loss seem sufficient to activate the receptor at similar efficacy
as wildtype TAAR13c. Taken together, the results suggest that the outcome of concomitant mutations of gating
and internal binding sites can be understood as resulting from linear additivity of localized effects.

Discussion

Elucidating the molecular mechanism of ligand-to-receptor binding is of central importance to understand cel-
lular signaling, not least because of its large relevance for biomedical research. However, due to the intrinsically
dynamic nature of ligand-receptor interactions, little is known about the precise processes by which ligands bind
to their receptors, even for GPCRs, which are among the most intensively studied groups of membrane proteins.
In class A GPCRs the ligand binding-and-activation site is usually situated inside the transmembrane domain
of the receptor, and the ligand has to traverse an entry tunnel to gain access to its destined location®. Such a
geometry may also enable counteracting mechanisms similar to that of channel blockers in LGICs, where an
external (allosteric) binding site for a ligand might block access of ligands to the final binding-and-activation site
(orthosteric site) by physically blocking the entrance tunnel (Fig. 1). Evidence for such a mechanism indeed has
been obtained for several neurotransmitter and hormone receptors of the class A GPCR group even though it has
not been “discussed” in those terms'!*2. We have recently proposed a ligand-gating mechanism for an olfactory
receptor-ligand pair, i.e. TAAR13c-cadaverine®. Since this phenomenon had not been described for any chem-
osensory receptor previously, we have tested our hypothesis with new mutations and modeling algorithms.

We used MOLE2.0* to predict a tunnel paths accessed by cadaverine from the extracellular surface of
TAARI13c to the internal (orthosteric) binding-and-activation site. Multistep docking was employed to visualize
transient positions of cadaverine, as it moves along the tunnel. Further, to gain independent support for our
hypothesis we introduced two additional mutations into TAAR13c, constitutively expressed the proteins in cell
lines and investigated their effect(s) on receptor activation by cadaverine.

A generalized ligand-gating function for position 6.58 at the external end of TM6. Both in muta-
tion analysis and in modeling an aspartate residue at the external end of TM6, position 6.58 (D279 in TAAR13c),
emerged as key residue of an external niche serving as the initial binding site for cadaverine. Loss of D2795%¢ and
consequentially loss of the salt bridge to the amino group of cadaverine resulted in a supersensitive receptor, even
when, as in the present case, the opposite charge was introduced (D279R) mutation. The increase in affinity of the
D279R mutation is severalfold smaller than that previously observed for the D279E and D279N mutations, which
is plausible if position 6.58 is ‘gating’ the access of the ligand to the internal binding-and-activation site. Thus,
both quality and quantity of the affinity change provoked by the D279R mutation support the gating function of
D2795% and its surrounding niche. As long as a cadaverine molecule is bound to D279%%, the passage from the
extracellular surface towards the internal binding-and-activation site is blocked.

Exactly the same position, 6.58, appears to fulfil a similar function in several neurotransmitter and hormone
receptors®, beta adrenergic receptors'® and the gonadotropin releasing hormone receptor?”*. In a recent mod-
elling study on two human TAARs, 6.58 was hypothesized to serve as floodgate to remove the solvent shell from
the ligand, before it reaches the internal binding site*.

Only one of two entry tunnels is used in TAAR13c. Through which pathway does a ligand enter and
exit the internal (orthosteric) binding-and-activation site of TAAR13c? Our results suggest that TAAR13c has two
putative ligand entry tunnels. The outer opening of one of these tunnels harbors the previously identified external
binding site, D279581°. D279 along with neighboring polar and/or charged amino acids, confers an electron-
egative environment to the tunnel which is favorable to attract positively charged cadaverine (Supplementary
Fig. 2). The opening of the second tunnel is bordered by a positively charged arginine residue (R92%¢*), which
is less favorable for cadaverines’ entry. However in D279R mutation of the first tunnel introduces a very similar
charge environment and still results in a considerable increase in affinity suggesting in reverse that the second
tunnel is not able to provide significant ligand access due to additional restraints beyond its external positive
charge.

To explain the experimentally observed super sensitivity of the D279R mutation several aspects need to be
taken into account. Foremost, there is a destruction of the gating-site. Losing the ability of forming a salt bridge
in the external niche should strongly reduce immobilization of cadaverine at this site and thus facilitate its entry
into the tunnel. Secondly, cadaverine approaching the D279R mutated receptor could be hindered in entering the
tunnel opening due to repulsive electrostatic forces. However, once cadaverine has passed the arginine residue it
could even be pushed into the entry tunnel by the same electrostatic force. Additionally, the bulky side chain of
arginine narrows the cavity of the external niche compared to the wildtype receptor (Supplementary Fig. 1). This
could limit the exploration time for cadaverine, again speeding up its entry into the tunnel. Although these are
plausible explanations, the current data unfortunately do not allow to unequivocally define the relative contribu-
tion of the individual processes.

Interestingly, beta adrenergic receptors, which share close structural similarity to olfactory receptors also pos-
sess two tunnels providing ligand access to the internal binding site®>. Both tunnels are lined by polar residues and
thus are equipped to attract positively charged ligands. In ligand free conformation, however, only one of these
tunnels seems to support ligand entry®® similar to our findings reported here.

A constriction in the entry tunnel is neither rate-limiting in TAAR13c nor in other GPCRs.  After
entering the external niche and prior to proceeding towards the internal binding-and-activation site, cadaverine
has to pass a narrow constriction in the tunnel. When comparing the diameter of this constriction in TAAR13c
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wildtype to current and previously described mutants'?, we found no obvious correlation with the experimen-
tally determined changes in receptor affinities. In particular, the supersensitive mutants D279N/E/A possess a
narrower constriction than the wildtype receptor (see Table 1). These observations seem to indicate that the rate
limiting step for cadaverine to reach the internal binding-and activation site is not or only mildly affected by the
dimension of the constriction.

A constriction like the one in TAAR13c has been described for some other class A GPCRs, and, like in our
case, has not been found rate-limiting for ligand access. For opsin a ‘bottleneck’ structure of similar diameter
(3.2 A) has been described, but the rate at which retinal reaches the binding site is independent of the ease of pas-
sage through this constriction®!. Also for beta adrenergic receptors it was suggested that ligands, before entering
the binding pocket had to squeeze through a narrow passage but, again, this was not the rate-limiting step for
receptor activation'?.

Cadaverine pausing in the external niche may be a representative of a general mechanism reg-
ulating ligand access in GPCRs.  In this study we have challenged our hypothesis of a ligand-gating mech-
anism in an olfactory receptor by generating novel mutations as well as calculating the ligand path in relation to
the proposed gating-site using more refined modeling approaches. The experimental and theoretical results were
consistent and both provided evidence for gating by an allosteric binding site lining the entry tunnel. The multi-
step docking approach enabled us to visualize the path taken by cadaverine to travel from the extracellular niche
to the internal binding-and-activation site. During this movement cadaverine adopts various orientations in the
extracellular niche before it proceeds towards the internal binding site in both wildtype and mutant receptors.
Very similar results have been obtained for beta adrenergic receptors that share structural similarity with TAARs.
Metastable ligand-binding sites at an extracellular vestibule cause a delay of the adrenergic ligand traversing
towards and finally reaching the internal binding site'**>*. A corresponding vestibule has also been described for
the interaction of the vasopressin receptor with its ligand*2.

Very few GPCRs have been examined in this detail so far and, thus, regulation of ligand entry by transient lin-
gering in an external niche or vestibule could conceivably have been overlooked in many cases. Since this mech-
anism has now been shown in three receptors belonging to two different subfamilies of class A GPCRs (alpha
and beta subfamily) we expect that it may well be a much more wide-spread mechanism. It will be fascinating to
elucidate how common this mechanism might be among class A GPCRs in general and in their largest clade, i.e.
odorant receptors in particular.

Materials and Methods

Homology modeling, ligand access path prediction and docking in TAAR13c. TAARI3c homol-
ogy models were generated using GPCR-I-TASSER. The crystal structures of six homologous receptors were
used as templates: two 32 and two 31-adrenergic receptors (3sn6R and 2rh1A: 4amjA and 3zpqA, respectively),
an adenosine receptor (4eiyQ) and a serotonin receptor (4iarA). The templates were selected automatically by
GPCR-I-TASSER. The mutant structures were generated by Chimera® using side chain substitution in the wild-
type sequence. We observed no detectable RMSD difference (<0.005) between models generated by these two
methods. The receptor model was prepared for docking simulations by adding protons. Charges were assigned
to ionizable side chains using the DockPrep function in Chimera®. The model was then subjected to energy
minimization using ModRefiner*®. The tunnels in TAAR13c were predicted using MOLE2.0?2. Probe radius was
set to 3.41 A and the interior threshold to 1.2 keeping the path parameters default. Docking of cadaverine was
performed using TomoDock®. The pocket was defined by the gating-site residue leading to the internal bind-
ing-and-activation site, thus defining a pocket with a depth of 16 A with D279 at the top and D112>*? and
D202>#2 at the bottom. In order to examine the path of cadaverine while moving towards the binding-and-acti-
vation site, we defined a 18 x 18 x 18 A cubic search space moving from above residue D279%%8 towards the inter-
nal binding-and-activation site in steps of 1 A. The ligand was prepared with rotatable and flexible bonds using
AutoDock Tools®. The resulting conformations were analyzed using PyMol* for visualization and for preparing
the figures.

Heterologous expression of TAAR13c receptor mutants. Cell lines that constitutively expressed
either the wildtype TAARI3c receptor or a mutant were generated using a previously established protocol*!. We
used a cell line that had been stably transfected with a gene encoding a variant of the A2-subunit of the olfactory
cyclic nucleotide-gated (CNG) ion channel**2. Approximately 10 ug of the respective TAAR13c expression vec-
tors were introduced into 4 x 10° cells by a modified calcium-phosphate method®’. Stably transfected cells were
selected in the presence of the antibiotic G418 (0.8 mg/ml). Expression of TAAR13c was monitored by Western
blotting with specific anti-TAAR13c antibodies!” and anti-Rhodopsin antibodies (Sigma Aldrich, Taufkirchen,
Germany).

Monitoring functional TAAR13c receptor activity. Activation of TAAR13c by cadaverine and putres-
cine evokes a rise in intracellular cAMP concentration that activates the CNG channel*'. This subsequently causes
an influx of Ca?* ions through the open channel. Changes in [Ca**]; were monitored with the Ca**-sensitive flu-
orescent dye Fluo-4. Cells were grown in 96-well plates to a density of approximately 2 x 10* cells per well. Cells
were loaded at room temperature with Fluo-4 AM as described previously*!. After 90 min, the loading solution
was substituted for dye-free ECS (extracellular solution; 120 mM NaCl, 5 mM KCl, 2mM MgCl,, 2mM CaCl,,
10mM HEPES, and 10 mM glucose, pH 7.4 [NaOH]) containing 100 uM IBMX. The plate was transferred into
a fluorescence reader (FLUOstar Omega, BMG Labtech, Offenburg, Germany) to monitor Fluo-4 fluorescence.
The excitation wavelength was 485 nm. Fluorescence emission was detected at 520 nm. A concentration series of
cadaverine or putrescine (0.1 uM to 1 mM) as well as 10 uM NKH477 (adenylyl cyclase activator; positive control)
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was added once Fluo-4 fluorescence had reached a stable value in each well. The fluorescence signal obtained
with NKH477 was set to 100% as an internal standard. Concentration-response curves for mutant TAARs were
always performed in parallel with wildtype TAAR13c, and affinity estimates were established from at least three
independent experiments with quadruplicate measurements in each experiment.

Data were analyzed and displayed using Prism 5.04 software (GraphPad, San Diego, CA, USA).

Introduction of mutations into TAAR13c. Wildtype full length TAAR13c with an N-terminal exten-
sion of the first 20 amino acids of bovine rhodopsin cloned in pcDNA3.1(—) expression vector!” was used for
mutagenesis. Point mutations were introduced using the QuikChange® Site-directed mutagenesis kit (Agilent
Technologies, Santa Clara, CA, USA). In brief, the PCR reaction was performed using PfuUltra High-Fidelity
DNA Polymerase with the above described plasmid as a template, along with mutagenic primers and reaction
mix. Parental strands, which are methylated in contrast to the PCR products, were selectively digested with Dpn1
enzyme and the resulting product was transformed into XL-1 blue supercompetent E. coli cells by electropora-
tion. Screening of colonies was done by colony PCR using wild type TAAR13c primers. Colonies positive for
the desired mutation were grown under standard conditions in LB broth and the plasmids were isolated using
a plasmid DNA purification kit from Zymo research (California, USA). All mutations were verified by DNA
sequencing. Primers used for mutagenesis were: TAAR13cwt 5': atggatttatcatcacaagaa 3': tcaaaccgtaaataaattgat;

D279R 5': actctctggtgegtecctacattaac 3': gttaatgtagggacgeaccagagagt;

D112E 5": ccggttttgaactgtttctcac 3: gtgagaaacagttcaaaaccgg;

D279N 5': actctctggtgaatccctacattaac 3'; gttaatgtagggattcaccagagagt.
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Abstract

Throughout the animal kingdom chemical senses are one of the primary means by which organisms make sense of their
environment. To achieve perception of complex chemosensory stimuli large repertoires of olfactory and gustatory receptors
are employed in bony vertebrates, which are characterized by high evolutionary dynamics in receptor repertoire size and
composition. However, little is known about their evolution in earlier diverging vertebrates such as cartilaginous fish, which
include sharks, skates, rays, and chimeras. Recently, the olfactory repertoire of a chimera, elephant shark, was found to be
curiously reduced in odorant receptor number. Elephant sharks rely heavily on electroreception to localize prey; thus, it is
unclear how representative their chemosensory receptor repertoire sizes would be for cartilaginous fishes in general. Here, we
have mined the genome of a true shark, Scyliorhinus canicula (catshark) for olfactory and gustatory receptors, and have
performed a thorough phylogenetic study to shed light on the evolution of chemosensory receptors in cartilaginous fish. We
report the presence of several gustatory receptors of the TAS1R family in catshark and elephant shark, whereas TAS2R
receptors are absent. The catshark olfactory repertoire is dominated by V2R receptors, with 5-8 receptors in the other three
families (OR, ORA, TAAR). Species-specific expansions are mostly limited to the V2R family. Overall, the catshark chemo-
sensory receptor repertoires are generally similar in size to those of elephant shark, if somewhat larger, showing similar
evolutionary tendencies across over 400 Myr of separate evolution between catshark and elephant shark.

Key words: catshark, Scyliorhinus canicula, chimera, phylogeny, evolution, taste receptor.

Main Text .

. _ . For all OR families catshark as well as elephant shark genes
Catshark Possess Five of the Six Major Vertebrate could be identified, with the exception of T2R receptors. Since
Chemosensory Receptor Families the closely related ORA receptors were present, it is unlikely
Bony vertebrates exhibit four major families of olfactory recep- that t2r genes were not found for technical reasons. We con-

tors (OR, TAAR, ORA, V2R) and two gustatory GPCR families, clude that T2R receptors are absent in both species, and pos-
TASTR and TAS2R (Bachmanov and Beauchamp 2007). We sibly in all cartilaginous fish, for elephant shark consistent with

have performed a recursive search in the preliminary draft earlier observations (Grus and Zhang 2009).

genome of catshark, Scyliorhinus canicula to delineate its Our analysis identified between 5 and 40 receptors per
complete chemosensory receptor repertoire, using represen- chemosensory receptor family in catshark (table 1).
tative protein sequences from all six families in several species Additionally, we found some new TAARs, ORs, V2Rs, and
as initial queries. Phylogenetic analysis was performed using a TAS1R gene sequences in the elephant shark genome beyond
maximum likelihood approach, for details see Materials and those previously published (Grus and Zhang 2009; Niimura
Methods. 2009b; Venkatesh et al. 2014). In total, the catshark

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/4.0/), which permits
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Table 1

Chemosensory Receptor Repertoire Sizes

Gene No. of Genes in No. of Genes No. of Genes No. of Genes

Family Catshark in Elephant in Mouse  in Zebrafish
Shark

OR 8 (1)P° 7° 1037¢ 154¢

TAAR 5° 52 15¢ 112¢

ORANIR 6° 4 211° 7°

V2R 35P 342 121¢ 58f

V2RL 5° 3 0 2f

TASIR 6° 4 3 49

T2R o° 0 33¢ 4

Note—Total gene numbers are given, in parentheses the number of
pseudogenes.

2Additional genes identified (elephant shark, three TAAR, four TAS1R, one OR,
two V2R, two V2RL) compared with previously published numbers (Niimura 2009b;
Venkatesh et al. 2014).

PRefer to genes newly identified here (catshark). Superscripts refer to

“Niimura (2009a).

9Hussain et al. (2009).

®Saraiva and Korsching (2007).

fAhuja et al. (2018).

9Alioto and Ngai (2006).

chemosensory receptor repertoire encompasses 65 genes,
which is slightly larger than the elephant shark repertoire
with 54 genes. Both are similar to the size of the chemosen-
sory repertoire of the sea lamprey, which has been given as 59
genes (Libants et al. 2009), but several to many times smaller
than the repertoires of bony vertebrates (Niimura and Nei
2006) suggesting that gene birth events are comparatively
rare in jawless and cartilaginous fish chemosensory receptor
families compared with the bony fish lineage, and in particular
its tetrapod branch.

The Catshark Chemosensory Receptor Repertoire Is
Dominated by V2Rs

In bony fish and tetrapods ORs constitute the dominant che-
mosensory family (Niimura and Nei 2006). It had therefore
been surprising, when only six or genes were reported in
the elephant shark genome (Venkatesh et al. 2014), but it
had been unclear, how representative this reduced repertoire
was for cartilaginous fish in general and true sharks in partic-
ular. Here, we report one additional or gene in elephant shark
and a very similar size of eight or genes in catshark (table 1).
This is considerably less than even the sea lamprey OR reper-
toire, reported as 27 genes (Libants et al. 2009) and suggests
that the OR family has not undergone any major radiation in
cartilaginous fish.

In contrast, 40 v2r genes were observed in the catshark
genome, slightly larger than the 37 genes we detected in the
elephant shark genome (table 1). This is roughly comparable
to mammalian and fish repertoire sizes (Young and Trask
2007; Ahuja et al. 2018) and more than all other chemosen-
sory families combined. v2r genes have not been found in

jawless fish (Libants et al. 2009), thus the origin of the family
appears to be in the most recent common ancestor (MRCA)
of jawed fish.

Phylogenetic analysis shows a small subgroup of catshark
and elephant shark v2r genes orthologous to zebrafish V2R-
like OlfCa1 and OIfCb1 (fig. 1). We therefore suggest to name
these genes as v2rl, V2R-like. The v2rf subgroup is most closely
related to type 1 taste receptors, TASTRs, from which they
segregate with maximal branch support (fig. 1a). We report
five such genes for catshark and three for elephant shark
(fig. 1b). The maximal branch support within the V2RL clade
allows the deduction of two ancestral v2r/ genes already in the
MRCA of cartilaginous and bony fish. Subsequently, small
gene expansions specific to the cartilaginous lineage gener-
ated the extant v2r/ gene numbers, which are considerably
larger than present in zebrafish (two genes, olfCal, olfCbT)
and mammals (one gene, gprc6).

The main group of V2Rs is most closely related to the
calcium-sensing receptor (CaSR), from which it segregates
with maximal branch support (fig. 1a). There are 35 catshark
genes in this group and nearly the same number (34) of ele-
phant shark genes (table 1). Interestingly these numbers are
reached by several species-specific gene duplications generat-
ing subclades of up to 7 catshark and 12 elephant shark
genes, which just happen to result in a very similar total num-
ber. In several cases, direct orthologs of catshark and elephant
shark V2Rs are observed, for example, V2R2 (fig. 2).

The most basal gene, Sc-V2R1, Cm-V2R1, is orthologous
to zebrafish OfCc1 and the mammalian V2R2 subfamily
(fig. 2). It may serve as coreceptor in zebrafish and mouse
(Martini et al. 2001; DeMaria et al. 2013) and it will be inter-
esting to investigate, whether such a function might also be
conserved in cartilaginous fish. The second most basal gene,
Sc-V2R2, Cm-V2R2, is orthologous to all remaining mouse v2r
genes (a single clade), but appears to have been lost in zebra-
fish (fig. 2). The remaining catshark/elephant gene expansion
is intermingled with six zebrafish clades comprising 1-19 olfC
genes, suggesting a similar number of ancestral v2r genes in
the MRCA of cartilaginous and bony fish, all of which appear
to have been lost in tetrapods (fig. 2).

Two to Three Gustatory tas?r Genes Present in the MRCA
of Cartilaginous and Bony Vertebrates

The gustatory tas7r genes are close relatives of the olfactory
v2r genes and, like these, belong to class C GPCRs, which are
characterized by a large, extracellular N-terminus and a char-
acteristic six exon structure (Sainz et al. 2001). The mamma-
lian taste receptor 1 (TASTR) family is best understood. It
comprises three members TASTR1, TASTR2, and TAS1R3
(Voigt et al. 2012), which hetero-oligomerize to TASTR1/
TAS1R3 and TAS1TR2/TAS1R3, functioning as umami and
sweet taste receptor, respectively (Zhao et al. 2003). Teleost
fish possess the direct orthologs of TASTR1 and TAS1R3, but
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Cm-V2RL3 ¢

Dr-OlfCa1
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100
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0.7

Fic. 1.—Two to three ancestral tas7r genes already present in the
MRCA of cartilaginous and bony vertebrates. Phylogenetic tree of TAS1Rs
(orange), V2RLs (grey) and V2Rs of catshark and elephant shark. CaSR and
TAS1Rs as outgroups for V2Rs and V2RLs respectively. (a) All gene groups
are shown in collapsed representation to emphasize the basal nodes. Note
that v2rl genes are the sister group to TASTRs and CaSR represents the
sister group for the main group of V2Rs. The phylogenetic tree was gen-
erated using a maximum likelihood method (PhyML-aLRT) with SPR setting
for tree optimization and chi square-based aLRT for branch support (given
as percentage). Note the maximal branch support for all nodes. (b) The
TAS1R and V2RL node of (a) shown in detail. Branch support shown as
percentage. Branches are color-coded for catshark (red) and elephant
shark (blue) along with zebrafish (yellow), mouse (brown), spotted gar
(cyan), and Latimeria (orange). Transparent grey circles denote the clades
corresponding to the three predicted ancestral tas7r genes in the MRCA of
cartilaginous and bony vertebrates. Two new v2r/ genes were found in
elephant shark (purple spades).
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Fic. 2.—The catshark chemosensory receptor repertoire is dominated
by V2Rs. Largest family of V2Rs in catshark comprising of thirty-five genes
in catshark (red) were compared with thirty-four elephant shark V2Rs
(blue) along with zebrafish (yellow), and mouse (brown). The most basal
gene, Sc-V2R1, Cm-V2R1, is orthologous to zebrafish OIfCc1 and the
mammalian V2R2 subfamily. The phylogenetic tree was generated as de-
scribed in figure 1 and branch support is given as percentage. Sequences
were named according to named orthologs or closest paralogs from other
species otherwise according to phylogenetic relationship. Sequences are
named a, b where exon 3 and exon 6 might be derived from the same
gene. New genes in elephant shark are marked with purple spade.
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have expanded TASTR2 to 2-3 genes (Ishimaru et al. 2005).
Interestingly, the TASTR2/TAS1R3 hetero-oligomers of tele-
osts also react to amino acids, not to sugars like their mam-
malian counterparts (Oike et al. 2007). In Latimeria, one
TAS1TR1, two TAS1R2, and two TAS1R3 have been described
(Picone et al. 2014). The evolutionary relationships of these
genes are not clear so far, because the TAS1R repertoire of
earlier-diverging species has not been available so far.

Here, we identified in total six tas7r genes in the catshark
genome, and four in the elephant shark. We assume these
numbers to be final for both catshark and elephant shark,
because the current genomic coverage is 200x and
19.25x, respectively (Wyffels et al. 2014). All elephant shark
tas1rgenes possess orthologs in catshark. Interestingly, one of
the catshark tas7r genes, Sc-TAS1R3, appears to have been
lost in elephant shark. Furthermore, catshark TAS1R7 and
TAS1R8 appear to result from a gene duplication within the
true shark lineage, because elephant shark has a single gene,
TAS1R7, in this subnode. All confirmed TASTR candidates
show the characteristic exon structure (data not shown), al-
though due to the preliminary nature of the genomic assem-
bly not all six exons could be identified in each case.

The phylogeny shown here allows some conclusions con-
cerning the origin and relationship of mammalian and teleost
TAS1R receptors. Mouse and zebrafish TAS1R3 possess a di-
rect ortholog in catshark, Sc-TAS1R3 (fig. 1b), suggesting this
gene to be already present in the MRCA of cartilaginous and
bony vertebrates, whereas TASTR1 and TAS1R2 appear to
have originated in a duplication event within the bony lineage
(fig. 1b). In the 420 Myr since divergence of chimeras and true
sharks (Heinicke et al. 2009) the evolutionary dynamic has
been very small (three gene birth event in catshark, two in
elephant shark, all except one in the MRCA of true sharks and
chimeras), which parallels the slow evolution of this family in
bony fish and tetrapods. This is very different from the evo-
lutionary history of the closely related V2Rs, which often ex-
hibit species-specific repertoires (Hashiguchi and Nishida
2006). The intermingling of cartilaginous fish TASTRs with
bony fish TAS1Rs in the phylogenetic tree (fig. 1b) allows to
estimate the number of ancestral TAS1Rs in the MRCA of
cartilaginous and bony vertebrates. The most parsimonious
explanation of the observed tree assumes a gene loss event
for bony fish in the Sc-TAS1R7, eight subclade, which results
in a prediction of three ancestral tas7r genes in the MRCA of
cartilaginous and bony vertebrates (fig. 1). The origin of the
TAS1TR family cannot be exactly deduced, but should have
happened within the jawed lineage, since TAS1Rs were not
found in lamprey (Grus and Zhang 2009).

Small Repertoires for OR, TAAR, and ORA Receptor
Families in Catshark and Elephant Shark

OR genes are the largest gene family in bony vertebrates
(Niimura and Nei 2006), but have only undergone very limited

gene expansion in cartilaginous fish (table 1; fig. 3). In mam-
mals, class | and class Il ORs have been distinguished, with
class I orthologous to a zebrafish subfamily of five genes, and
class Il possessing a single zebrafish ortholog, Dr30OR5.4. Both
classes exhibit a single catshark ortholog gene, Sc-OR1 and
Sc-OR2, respectively (fig. 3) suggesting the origin of these two
genes in the MRCA of cartilaginous and bony fish. Three more
zebrafish genes or subclades are orthologous to a catshark
and/or elephant shark gene, suggesting in total the presence
of at least five or genes in the MRCA of cartilaginous and
bony fish, of which elephant shark appears to have lost two
genes and catshark one. Thirty-two putatively functional OR
genes were identified from the sea lamprey genome (Niimura
2009b), whereas in elephant shark we identified seven ORs
(Cm-OR1 and Cm-OR3-8). Previously in elephant shark or8
and or1 gene have been reported as real ORs but others, or3-
7 as nonORs (Niimura and Nei 2006; Venkatesh et al. 2014).
Four elephant shark or genes have a direct ortholog in cat-
shark, that is, for these four gene pairs not a single gene birth
or death event happened in the last 420 Myr (Heinicke et al.
2009) another gene is a singleton in elephant shark (Cm-
OR7), but has undergone a single duplication in catshark,
resulting in Sc-OR7, Sc-OR8 (fig. 3). Overall the evolutionary
dynamics of the OR family appear to be extremely limited in
cartilaginous fish, in stark contrast to the very dynamic evolu-
tion in bony vertebrates.

The TAAR family is large in teleost fish, of medium size in
tetrapods, and was reported as just two genes in elephant
shark, based on analysis of an initial assembly (Hussain et al.
2009). We found five taar genes for elephant shark (Cm-
Taar1a-Cm-Taar4) and report a similar size of five genes for
catshark (Sc-Taar1a-Sc-Taar4), see table 1. Figure 4 shows the
phylogeny of representative TAARs from zebrafish, mouse,
frog, catshark, and elephant shark. This phylogeny clusters
TAAR into three monophyletic groups. The most basal group
tar/3 and tarl4 genes is clearly clustered separately from
others. However, two of these genes in catshark (tar/ 3 and
tarl 4) and one in elephant shark (tar/ 4), do not exhibit the
characteristic TAAR motif present in TM7 (Hussain et al.
2009). Since they are a sister group to the validated taar genes
(taarla-1b), which do possess the motif, we refer to them as
taar-like genes (tarl). There is a clear ortholog relationship
between cartilaginous taar? and teleost taar? genes. taar 3-
4 genes of sharks are more similar to vertebrate taar 2-4. This
could point to the retention of ancestral characteristics by
taar2-4.

The V1R/ORA gene family also shows opposing evolution-
ary characteristics in tetrapods versus teleosts. Here, the tet-
rapod families can be very large, but the teleost family is
highly conserved, with 6-7 genes in many species (Zapilko
and Korsching 2016). We identified six ora genes in catshark,
and confirmed four ORAs for elephant shark (table 1). This
conforms to the general tendency for catshark receptor rep-
ertoires to be somewhat larger than those of elephant shark.
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Fic. 3.—Sharks possess a small odorant receptor repertoire. Eight or
genes of catshark (red), were compared with elephant shark (blue), frog
(green), zebrafish (yellow), and mouse (brown). Phylogenetic tree was
generated as described in figure 1 and branch support is given as percent-
age. Potential pseudogenes indicated by asterisk or genes are named by
class to which they belong, eight genes are labelled one to eight. One new
or gene found in elephant shark marked with purple spade.
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Fic. 4.—The TAAR repertoire of catshark and elephant shark consists

of five genes each. Phylogenetic tree of five taar genes of both catshark
(red) and elephant shark (blue), frog, zebrafish, and mouse (species and
color code as given in fig. 2). The phylogenetic tree was generated as
described in figure 1 and branch support is given as percentage. TAARs
are named according to class and orthologs they are located with.

Aminergic receptors are used as outgroup, only the closest outgroup
(htrd) is shown.
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Nevertheless, catshark has lost one of the genes present in
elephant shark, ORA1, consistent with both gene birth and
gene death events sculpting the ORA repertoire in catshark.
Interestingly, this is the gene giving rise to all of tetrapod ORAs
(fig. 5). The remaining three elephant shark genes possess
direct orthologs in catshark, whose different terminal branch
lengths suggest individually different evolutionary rates for
these three genes (fig. 5). All of these genes are lost in tetra-
pods, with the exception of a single Xenopus gene, ORA15.
Furthermore, we identified three additional ora genes in cat-
shark that cluster with teleost ora5 and ora6. The absence of
such genes in lamprey (Grus and Zhang 2009) and elephant
shark (Venkatesh et al. 2014), confirmed here, had raised
doubts as to the evolutionary origin of ORA5-6 compared
with ORA1-4, whose orthologs are present in elephant shark.
Now it can be concluded that the ancestral gene of the ORA5/
6 clade was already present in the MRCA of cartilaginous fish
and bony fish.

Taken together, all three families (OR, TAAR, ORA) show
only minor gene birth and death events in a shark and a chi-
mera species, in stark contrast to the evolutionary dynamics of
these families in bony vertebrates. Thus, in sharks these three
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Fic. 5.—The catshark ORA repertoire shows an ancient origin of the
ORA5/6 subclade. Six ora genes from catshark (red) and four from ele-
phant shark (blue) were used along with the followings: frog, zebrafish,
Latimeria, and mouse (species and color code as given in fig. 2). The
phylogenetic tree was generated as described in figure 1 and branch
support is given as percentage. Catshark ORAs were named according
to the orthologs from two to seven. TAS2Rs were used as outgroup (not
shown here).

receptor families seem to play a much reduced role in olfac-
tion as compared with bony vertebrates. In contrast, the shark
V2R family exhibits extensive gene birth events very similar to
the evolutionary characteristics of V2Rs in bony vertebrates,
consistent with the hypothesis that odor detection in both
true sharks and chimeras depends heavily on the V2R family
of ORs. Although no shark V2Rs have been deorphanized so
far, they may well comprise amino acid receptors like their
teleost counterparts (Speca et al. 1999; Oike et al. 2007).
Thus, one may expect odor detection via V2Rs to help in
food localization. The large evolutionary divergence of

420 Myr notwithstanding, both catshark and elephant shark
are benthic predators of small invertebrates (Cox and Francis
1997, Valls et al. 2011), consistent with an important role of
V2Rs in prey detection.

The olfactory organ of elephant shark has not been de-
scribed so far, and together with the known specialization in
electroception of this species (Didier 1995; Lisney 2010) this
raised doubts how representative the OR repertoire of this
species might be. Catshark, on the other hand, exhibit a com-
plex olfactory organ (Theisen et al. 1986) and do not appear
as specialized for electroception as elephant shark. The overall
similarity of the chemosensory repertoires of catshark and
elephant shark we describe here suggests now that the ele-
phant shark repertoire is no outlier. The slightly larger chemo-
sensory receptor repertoire of catshark is consistent with a
somewhat larger dependence on olfaction for catshark.

Materials and Methods

In order to delineate the olfactory and gustatory genes, scaf-
folds (sf., see supplementary data set S1, Supplementary
Material online) from the draft of the catshark genome (to
be published elsewhere) and recent elephant shark genome
(Venkatesh et al. 2014) were obtained by genome-wide
searches using TBlastN with the representative TASTR,
TAS2R, OR, TAAR, ORA, and V2R sequences from mouse,
frog, elephant shark, Latimeria and zebrafish as queries, and
recursively in follow-up searches. For TAS1R phylogeny we
additionally searched for spotted gar sequences. Homology
regions above 200 amino acid length were considered fur-
ther. Splicing predictions were made by comparing related
protein sequences to genomic DNA sequences with the
online-tool GeneWise (Birney et al. 2004). Sequence data
used in this article are included in supplementary file (data
set S2), Supplementary Material online. Sequences were
aligned with MAFFT 7 (Katoh and Standley 2013) an online
version of the multiple alignment tool MAFFT (Katoh et al.
2002) using the E-INS-I strategy with the default parameters.
Clustal Omega (Sievers et al. 2011) was also used for align-
ment. The multiple sequence alignment was edited using Gap
Strip Squeeze to remove regions with gaps in over 90% of
sequences (https:/Avww.hiv.lanl.gov/content/sequence/
GAPSTREEZE/gap.html, last accessed January 22, 2019).

The phylogenetic trees were calculated using a Maximum
likelihood algorithm, PhyML-aLRT with SPR setting for tree
optimization and chi square-based alRT (Guindon et al.
2010) for branch support on Phylemon server available online
(Sanchez et al. 2011). Branch support above 80% was con-
sidered significant. TAS1R, CasR, nonOR rhodopsin-like GPCR
genes, htr, and T2Rs of zebrafish, mouse, xenopus, human
and latimeria served as outgroups for V2RL, V2R, OR, TAAR,
and ORA, respectively. Treefiles for figure 1a, figure 2 (Treefile
1); figure 1b (Treefile 2); figure 3 (Treefile 3); figure 4 (Treefile
4); figure 5 (Treefile 5) are given in supplementary file (data
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set S3), Supplementary Material online. Trees were drawn
using FigTree (http:/tree.bio.ed.ac.uk/software/figtree/, last
accessed January 22, 2019). Newly predicted genes were
named according to previously named orthologs or closest
paralogs from other species, starting with more basal genes.
Gene with one or more stop codons was labelled as pseudo-
gene. One or gene may either represent pseudogenes or
databank inaccuracies due to the preliminary assembly
(fig. 2, supplementary data set 1, Supplementary Material
online). Fifteen genes are full or nearly full length (above
700aa), three are partial (between 550 and 700 aa), fifteen
and nine sequences were restricted to one of the large exons
(exon 3 and exon 6, respectively). In those cases, where exon
3 and exon 6 might be derived from the same gene, we
distinguished with a letter, for example, Sc-V2R2a and Sc-
V2R2b.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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4.4.1 Abstract

Zonal expression of olfactory receptors is a common phenomenon across species as
seen by restricted spatial pattern of olfactory receptor (OR) gene expression in
peripheral sense organs. In zebrafish, the OR expression pattern occurs as fuzzy
concentric zones with preferred diameters for different ORs. A recent study showed
non-random distributions for V2R-related OIfC genes which are intercalated into
expression zones of ORs. However nothing is known for the largest olfactory family in
teleost, TAAR genes. Here we wished to investigate, whether the principle of spatial
segregation observed for OR and OIfC receptors also extents to TAAR genes.

4.4.2 Background

The first step in the neuronal encoding of olfactory input is the mapping of an olfactory
stimuli onto the sensory surface of the olfactory epithelium. The analysis of the spatial
distribution is allows to infer features of information processing in the olfactory
epithelium. Restricted zonal expression of ors gene expression in peripheral sense
organs of mammals is a common phenomenon across species. (Vassar, Ngai et al.
1993). In zebrafish the expression patterns of or is reminiscent of zones occuring as
concentric domains with preferred diameters for various ORs (Weth, Nadler et al.
1996). A recent publication from Korsching lab showed that in zebrafish, V2R-related
OIfC genes also follow the same logic of expression as ors with intermingled
expression zones. There is a non-random distribution of the labeled neurons for
all OIfC genes with a broad overlap in spite of distinct zones. Presence of distinctly
different expression zones for individual receptor genes constitutes a general feature
amongst teleost and tetrapod V2R/OIfC and or gene families.

The taar family is the largest gene family in zebrafish; over 100 genes (Hussain,
Saraiva et al. 2009) which is about 5 times the number of genes in the largest
mammalian family, and double that in stickleback (Hashiguchi and Nishida 2007). In
this study, we analysed 5 representative genes from all the three classes of zebrafish
TAARs expressing cells. We examine whether the principle of spatial segregation
observed for ors and V2R-related OIfC genes also extends to the taar family.

4.4.3 Results and discussion

In order to analyse the spatial distribution of taar-expressing neurons, we selected five
representative genes from all the three phylogenetic classes oftaars (Hussain, Saraiva
et al. 2009) and performed in situ hybridization on the complete series of horizontal
cryostat sections from adult zebrafish OE. Probes were generated with cross-reactivity
amongst the family members (see Material & Methods). We analyzed the spatial
pattern of taar-expressing cells in two dimensions (height within the epithelial layer and
horizontal distance from the center of the olfactory organ). We report a broad byt non-
andom distribution of taar expressing cells (Figure 3). Frequency of expression of
TAAR19I was observed to be most wide (Figure 3 i,)). For other genes, frequency of
the labelled cells ranged between 200 to 420 per OE which is due to cross-reactivity.
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Thus, the taar expression zones seem to be intercalated with those of the OIfC and
odorant receptor zones.

Figure 3. taar genes are expressed in small subsets of scattered olfactory sensory
neurons.

Horizontal tissue sections of fresh-frozen OE labelled with digoxigenin antisense specific RNA
probes of (a) (b) TAAR1O; (c) (d) TAAR12f; (e) (f) TAAR13c; (g) (h) TAAR15a; (i) (j) TAAR19I.
Left: 10x magnification. Right: 20x magnification. Arrows show the position of labelled TAAR
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receptor cells. The median raphe contains melanophores that are visible as elongated dark
stains. (Scale bar = 40 uM). For orientation compare Fig 2.

4.4.3.1 Relative Radius

We gquantified the radius coordinate as relative radius (r rel =r soma center/length of the lamella;
0, innermost; 1, outermost. The horizontal distance of the labelled cell from the center
of the lamella has been shown to be characteristically different for several or and
olfc genes (Weth, Nadler et al. 1996, Ahuja, Reichel et al. 2018). TAAR13c-expressing
cells are found closest to the centre of epithelium in comparison to all other taar genes
(Figure 4). Indeed, the KS test (Table 1) shows the TAAR13c distribution to be
significantly different from those for other TAARs (Figure 4). In contrast, TAAR1O -
expressing cells occupy the farthest expression zone from the centre epithelium. The
distributions for TAAR10 and TAAR19l-labeled receptor cells are very similar to each
other, also the distribution for TAAR15a shows high similarity to that of TAAR1O (Figure
4b). As expected, the KS test shows no significant difference within each of these pairs
(Tablel).

13c 191 10 15a 12f
13c
191 <0.001
10 <0.001 0.062
15a <0.001 <0.001 0.107
12f <0.001 <0.001 <0.001 <0.001

Tablel. KS test result for relative radius values of all different analysed epithelium in case of
TAARs10, 12f, 13c, 15a, and 19I. P-values < 0.01 are considered significant
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Figure 4. Quantitative assessment of the radial distribution of five TAAR receptor
neurons in the OE of zebrafish.

The distribution of radial positions of taar-expressing cells was quantified using the same set
of sections, for which laminar height was determined, except the very first sections, where the
sensory surface does not yet extend toward the median raphe. The radial position within the
section was normalized to maximal radius, i.e. length of the lamella containing each labeled
cell a. The resulting distributions of relative radius (from O, innermost to 1, outermost) are
shown unbinned empirical cumulative distribution function (ECDF) b. shown binned
(histogram)
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4.4.3.2 Relative Height

Relative height of labelled TAAR receptor cells was also measured as a parameter of
the spatial expression pattern of these receptor genes. We quantified the laminar
height (height of the neuronal soma within the epithelial layer) as relative height
(hrel =h soma center/thickness of sensory layer; 0, basal;1, apical) for all of the five genes. We
observed that there is a broad but distinct expression zones for taars.
TAAR15a-labeled cells are expressed closest to the base. In contrast to TAAR15a,
TAAR13c labelled cells are expressed more apically than the other TAAR cells (Figure
5b). P-values < 0.01 are considered significant (Table 2). Height distribution of
TAAR15a is highly similar to TAAR12f (Table 2).

13c 191 10 15a 12f
13c
191 <0.001
10 <0.001 <0.001
15a <0.001 <0.001 <0.001
12f <0.001 <0.001 <0.001 0.037

Table2. KS test result for relative height values of all different analysed epithelium in case of
TAARs10, 12f, 13c, 15a, and 19I. P-values < 0.01 are considered significant.
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Figure 5. Quantitative assessment of laminar height distributions for five TAAR
receptor neurons expressing five taar receptor cells in OE of zebrafish

Complete series of sections from three to five olfactory epithelia were evaluated for each of
the five taar genes. Height within the lamina was normalized to maximal laminar thickness.
The resulting distributions of relative laminar height (from 0, most basal to 1, most apical, i.e.
bordering to the lumen) are shown a. unbinned empirical cumulative distribution function
(ECDF) b. binned histogram. The color code for the taar genes is the same as in Fig. 4 to
facilitate comparisons between different positional parameters.
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4.4.4 Materials and Methods

Animal handling and probe generation

Zebrafish used (Ab/Tu genetic background) were raised in the local fish facility. Adult
wild type zebrafish (8—11 months old) were anesthetized and decapitated. Olfactory
epithelia were dissected out, embedded in TissueTek O.C.T. compound (Tissue-Tek;
Sakura Finetek USA), and frozen at -20°C. Ten micrometer-thick horizontal
cryosections were thaw-mounted onto Superfrost Plus slide glasses (Fisher Scientific,
Pittsburgh, PA).

Digoxigenin (DIG)-labeled probes for seven V2R-related OIfC genes were generated
as described (Saraiva and Korsching 2007). Templates for probes were amplified from
genomic DNA, with T3 promoter site (TATTAACCCTCACTAAAGGGAA) attached to
the 5'end of the primers. In situ probes were generated for the following genes: taarl0,
taarl2f, taarl3c, taarl5b, and taarl9l using the following primer pairs: taarl0 Fwd: 5
ATGGACCTAAGCAATTCA 3 Rev.. 5° TACCATCGCAAATCCAACAA 3’ taarl2f
Fwd: 5 ATGAAGCCTTCAAATGAGAC 3} Rev.: 5" GTCACAAATGGCCCAGTACC 3;

taar13c Fwd: 5’ ATGGATTTATCATCACAAG 3; Rev: 5’
AACTGACCACAAGGCATTGAA 3] taar15a Fwd: 5’ ATGGAATTTCAAGAGC 3’ Rev:
5’ TGGTGCAATAAATGTAACTATTAAGTC 3; taar19/ Fwd: 5
ATGAAAGGACAGAAAGGAGAAC 3; Rev: 5

ACACACGTCTGTTCTGTTTGAAGGTG 3.

In situ hybridization

Ten micrometer-thick horizontal cryosections were thaw-mounted onto Superfrost Plus
slide glasses (Thermo). Pre-treatment of sections, probe hybridization, and stringent
washing were performed as described (Weth, Nadler et al. 1996), except omitting
Proteinase K digestion. After stringent washing at 65 °C, sections were blocked in 1%
blocking reagent (Roche) in PBS for 1 h. The slides were then incubated at 37 °C for
2 h with sheep anti-DIG Fab fragments conjugated with alkaline phosphatase (Roche),
dilution 1:500 in blocking solution. After washing 3 times in PBS, hybridized probes
were visualized by enzymatic reaction with NBT-BCIP (Roche). After evaluating the
success of the staining, slides were washed 2 times in PBS for 5 mins each, mounted
with VectaMount (Vector Laboratories, Burlingame, CA, USA) and photographed with
a wide field microscope (Keyence BZ-9000).

Measurement and analysis of spatial coordinates

The distribution of receptor neurons labelled with a DIG-labelled probe was assessed
in complete series of sections of olfactory epithelium. The olfactory organ of adult
zebrafish consists of an oval shaped rosette that comprises several lamellae
surrounding a non-sensory midline raphe. The position of each labelled cell was
quantified for radial distance from the centre of the lamella and laminar height within
the lamella. All parameters are normalized to allow comparison between different
epithelia. Relative radial position within the lamella is calculated as R/RO, where R
represents the distance between starting point of RO (centre of epithelium) and centre
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of labelled cell with RO isthe length of the lamella containing the labelled cell. Relative
laminar height within the lamella is calculated as H/HO. HO is the height of the lamella
at the position of the labelled cell, while H represents the shortest distance between
basal border of the lamella and the centre of the labelled cell. Spatial coordinates were
measured in arbitrary units and normalized as described (Ahuja, Bozorg Nia et al.
2014). For example, apical-to-basal position within a lamella (laminar height) was
measured as the shortest distance between centre of the cell and basal border of the
epithelial layer, and normalized to the thickness of the epithelial layer at the position of
the cell. Thus the range of values is between O (most basal) and 1 (most apical).
Unbinned distributions were represented as the corresponding empirical cumulative
distribution function (ECDF) (Wilk and Gnanadesikan 1968). In this presentation, data
points are sorted by their parameter value (x axis), with their ordinal number
(normalized) as y axis. Each data point results in a curve point, thus no information
about the distribution is lost in the representation as ECDF, in contrast to the usual
histogram representation. To estimate, whether two spatial distributions were
significantly different, we have performed Kolmogorov-Smirnov tests on the unbinned
distributions using http:/Mmww.physics.csbsju.edu/stats/KS-test.n.plot_form.html. The
Kolmogorov-Smirnov test makes no assumptions about the nature of the distributions
investigated, which is essential since the skewness of many distributions showed that
these are not Gaussian. Due to the sensitive nature of the test on large distributions
(n >100) we selected p <0.01 as cut-off criterion for significant difference, cf (Syed,
Sansone etal. 2013).
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5. Discussion

Evolution of olfactory receptors: from phylogeny to function

The olfactory system is essential for the most basic matters of concern, such as food
sources, social interaction, oviposition sites or predator avoidance. How does this
system work amongst varied number of living species? The ability of the olfactory
system to detect a diverse array of odors is mediated by the distinct receptors encoded
by several gene families. The size and the diversity of the olfactory receptor families is
considered as basis for the discriminative ability of the olfactory system. The relevance
of different olfactory receptor families changes during the evolution of species. In
species representing various levels of vertebrate evolution, varying number of olfactory
receptor genes have been identified, for example, the largest number of functional ORs
in vertebrates with ~2000 ORs is found in African elephants (Niimura, Matsui et al.
2014) and a relatively smaller number in zebrafish (150 genes) (Alioto and Ngai 2005).
In contrast the largest TAAR gene repertoire in zebrafish has 112 genes (Hussain,
Saraiva et al. 2009), whereas the smallest repertoire, in chicken, has only 3 intact
genes (Hashiguchi and Nishida 2007).

In order to thoroughly understand the sense of smell requires a multipronged approach
from the evolutionary identification of olfactory receptor repertoires, their localization in
neurons, and the interaction of the ligands with these receptors. In my thesis | have
worked at all three levels.

Among the three lineages of vertebrates (cyclostomes, cartilaginous fishes and bony
vertebrates), bony vertebrates are the largest and most diverse group of vertebrates
and since cartilaginous fishes are the sister group of bony vertebrates, they constitute
a critical outgroup for understanding the evolution and diversity of bony vertebrates.
Vertebrates exhibit four major families of olfactory receptors (OR, TAAR, V1R, V2R)
and two gustatory GPCR families, TIR and T2R (Bachmanov and Beauchamp 2007).
Here we have mined the genome of a true shark, catshark for olfactory and gustatory
receptors, we have completed the elephant shark chemoreceptor repertoire and have
performed a thorough phylogenetic study to shed light on the evolution of
chemosensory receptors in cartilaginous fish. We report the presence of several
gustatory receptors of the T1R family in catshark and elephant shark, while T2R
receptors are absent. It is possible that the origin of the T1R family could have
happened within the jawed lineage, since T1Rs were not found in lamprey (Grus &
Zhang, 2009).

The catshark olfactory repertoire is dominated by V2R receptors with 40 genes, slightly
larger than elephant shark with 37 genes, which is roughly comparable to mammalian
and fish repertoire sizes (Ahuja et al., 2018; Young & Trask, 2007). Olfactory receptor
(OR) genes, which are the largest gene family in bony vertebrates (Niimura & Nei,
2006), have undergone very limited gene expansion in cartilaginous fish. Surprisingly,
in catshark there are only eight ORs identified and seven in elephant shark. TAAR
family is large in teleost fish, of medium size in tetrapods, and was reported as just 5
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genes in elephant shark and a similar size of 5 genes for catshark. V1R.ORA gene
family in cartilaginous fish is four to six genes, which is similar to teleosts.

Taken together, all three families (OR, TAAR, V1R) show only minor gene birth and
death events in a shark and a chimera species, in stark contrast to the evolutionary
dynamics of these families in bony vertebrates. Thus, in sharks these three receptor
families seem to play a much reduced role in olfaction as compared to bony
vertebrates. In contrast, the shark V2R family exhibits extensive gene birth events very
similar to the evolutionary characteristics of V2Rs in bony vertebrates; consistent with
the hypothesis that odor detection in sharks depends heavily on the V2R family of
olfactory receptors. This suggests that gene birth events are not generally rare in
cartilaginous fish chemosensory receptor families compared to the bony fish lineage.

Common organisation principles serving crucial aspects of olfactory function is
suggested by the similarity of functional architecture of the olfactory system across
phyla from insects to mammals. Usually, from alarge and diverse repertoire the OSNs
express only one or a specific combination of a few chemoreceptors (Li, Ishii et al.
2004, Goldman, Van der Goes van Naters et al. 2005, Monahan and Lomvardas 2015)
and the axons of these OSNs expressing the same olfactory OR converge onto the
same glomerulus in the vertebrate OB or insect antennal lobe.

An equally interesting concept is the spatial organization of olfactory gene
expression patterns in olfactory organs. OSNs expressing the same receptor are not
evenly scattered across the surface of the OE but are restricted to distinct zones.
Pattern of expression of the OR has been described for Drosophila (Fishilevich and
Vosshall 2005), frog (Freitag, Krieger et al. 1995), salamander (Marchand, Yang et
al. 2004), rodents (Ressler, Sullivan et al. 1993, Vassar, Ngai et al. 1993), and
zebrafish (Weth, Nadler et al. 1996). Physiological and developmental roles have
been proposed for the significance of OR spatial pattern but the function remains
elusive. ORs are located in the OE according to their ligand profiles and the
likelihood of the interaction of a ligand with a receptor based on local airflow and
physicochemical properties of the ligand (Schoenfeld and Cleland 2006). It is also
suggested that the pattern of expression of ORs might be crucial for glomeruli
formation in the OB and a zone-to-zone correlation between the positions of
glomeruli and the OE (Vassalli, Rothman et al. 2002) (Miyamichi, Serizawa et al.
2005). Spatial segregation of expression of olfactory receptor genes expression
within a family seems to be a conserved feature in the tetrapod lineage (Ressler,
Sullivan et al. 1993, Vassar, Ngai et al. 1993, Miyamichi, Serizawa et al. 2005).
Recently, our lab published the expression zones for the V2R-related OIfC genes in
zebrafish OE and found a non-random distribution of labeled neurons for all the
OIfC genes analysed (Ahuja, Reichel et al. 2018).

Since fish possess only one olfactory organ, in which all their olfactory receptor
families are expressed, it was interesting to find out, how the expression of TAAR
olfactory receptor family, is integrated into the spatial pattern of OR-expressing and
OIfC-expressing neurons. We have examined five different taar genes, chosen as
representative by their position in the phylogenetic tree (Hussain, Saraiva et al.
2009). We have performed a thorough quantitative analysis intwo dimensions, radial
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distance (central to peripheral), and the laminar height (basal to apical), to establish
the spatial pattern of taar gene expression.

We show that there are distinctly different, if broadly overlapping expression zones
that can be distinguished for zebrafish TAARs. The spread of radial distributions for
zebrafish taar genes appears to be wide where the radial patterns
for TAAR1O and TAAR19l are significantly different and the radial pattern
for TAAR15a could be distinguished from TAAR19I. Also, the distribution of TAAR1O
and TAAR15a is significantly different from each other. We also observed that
TAAR13c is present apical to all other TAARs and TAAR15a is most basal. Hence,
there are different expression zones for taar genes.

The interaction of odors with their respective receptors presents one of the most
complex ligand/receptor binding problems in biology due to the sheer quantity of
potential odor molecules facing a limited albeit huge number of different olfactory
receptors. Ligands have been reported for many olfactory receptors but only in very
few cases we know the molecular understanding of the binding interaction between
an odorant and its receptor. Due to many challenges in attempts to crystallize
olfactory receptors so far none have been produced, and thus prediction of olfactory
receptor structures has relied on in-silico studies. The trace amine associated
receptor (TAAR) family is the only olfactory receptor family, which is much larger in
teleost fish in comparison to tetrapods (Hashiguchi and Nishida 2007, Hussain,
Saraiva et al. 2009, Tessarolo, Tabesh et al. 2014). This suggests a possible
essential role for TAARs in fish. Recently, the Korsching lab deorphanized an
olfactory receptor, TAAR13c, as a specific receptor for the death-associated odor
cadaverine (Hussain, Saraiva et al. 2013). This receptor is a member of the TAAR
family of olfactory receptors, and is activated by the death-associated odor
cadaverine in the micromolar range, and, much less efficiently, by the closely related
diamine putrescine.

In this study, we used modeling and docking to predict binding interactions of this
receptor linked to robust innate avoidance behaviour (Hussain, Saraiva et al. 2013).
Due to unavailability of a crystal structure, TAAR13c structure was built using
homology and ab initio modelling techniques using established templates such as
the beta-adrenergic receptor (B-AR) and rhodopsin which was then energy-
minimized for a more stable structure. We modelled the cadaverine/TAAR13c
interaction to uncover residues participating in ligand binding and receptor
activation. To support our modelling study we exchanged the predicted binding
residues by site-directed mutagenesis, and measured the activity of the mutant
receptors.

Furthermore, we employed MOLE2.0 (Sehnal, Svobodova Varekova et al. 2013), a
more advanced and robust approach to predict the cavities and potential tunnels
allowing the ligand to enter the receptor, contact the gating site, and traverse
towards its final binding site were identified. Two tunnels were predicted inthe upper
third of TAAR13c, one lined by positive charge and another lined by previously
identified ligand gating residue, Asp279%-58 at its entrance which possible acts as an
attractant for cadaverine. In beta adrenergic receptors, which share close structural
similarity to olfactory receptors two tunnels are present which provide ligand access
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to the internal binding site (Gonzalez, Perez-Acle et al. 2011). However only one of
these tunnels seems to support ligand entry (Wang and Duan 2009) similar to our
findings.

Next, we used a multistep docking approach called TomoDock to elucidate the path
taken by cadaverine to reach the binding site. The stepwise docking algorithm
employed here provides a plausible path for cadaverine to traverse the receptor from
the gating site to the internal binding-and-activation site. The path suggested that
during this movement cadaverine adopts various orientations in the extracellular
niche before it proceeds towards the internal binding site in both wildtype and mutant
receptors with a small pause in the external niche to form a single salt bridge with
amino group of cadaverine and Asp279%%8. Furthermore, the close similarity to
earlier predicting confirms the shape and location of both external gating and internal
binding-and-activation site. Very similar results have been seen for beta adrenergic
receptors that share structural similarity with TAARs where external ligand-binding
sites cause a delay of the adrenergic ligand traversing towards and finally reaching
the internal binding site (Dror, Pan et al. 2011, Gonzalez, Perez-Acle et al.
2011)(Dror PNAS 2011). We identified Asp112332 and Asp202°542, as essential sited
of a binding site for cadaverine and putrescine in the upper third of the TM region
(internal binding site). The results suggested docking of one amino group of
cadaverine (protonated at physiological pH) via a salt bridge with Asp112332 at a
distance of 2.7 A and the second protonated amino group of cadaverine was docked
3.2 A away from Asp202542 to form another salt bridge. We then reaffirmed these
predictions by generating mutants of the two aspartates to alanine, glutamate and
asparagine which covers a broad approach by including conservative changes to
confidently state that the observed loss of receptor activation is caused by drastic
aspartate to alanine exchange in the binding pocket and not due to general
conformational changes.

Interestingly, a second binding site was predicted at the external surface of
TAAR13c, right above the internal binding site. Mutation of the pivotal element
Asp279658 resulted in a supersensitive receptor, displaying an increase in apparent
affinity (ECso) for cadaverine and putrescine of up to two orders of magnitude. This
external binding site does not activate, rather impairs receptor activation. Externally
for TAAR13c there are only two conceivable access points to the internal binding
site. One of these points is positively due to, Arg92264 making it unlikely to allow
passage of positively charged diamine compounds into the receptor's internal
binding pocket. The second access point is negatively charged and therefore is more
suitable to allow access of the ligand to the internal binding site. This access point,
when blocked by external binding of cadaverine acts as a gate and closes the access
of cadaverine to internal binding site for receptor activation. When the ligand is
dissociated from this gate, itis open for access to internal binding site. Elimination
of the external binding site by mutating Asp279%°8 destroys the gate and ligand
access to the internal binding site is no longer. Thus, generating a supersensitive
receptor.

In order to further explore the gating site residue functionality, we substituted the
negatively charged Asp279658 for a positively charged arginine residue, creating a

D279R mutant. Experimentally, we observed that the apparent affinity of D279R
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mutant was 5.2 times higher than wildtype receptor. We then checked the stepwise
docking of cadaverine in the mutant and found that the interacting residues and the
binding orientations was similar to the wildtype TAAR13c suggesting that the loss of
the ligand gating site has mostly local effects, which can explained in terms of a
balance between the loss of the external ligand-binding site and the tunnel entrance
gain of a repulsive force.

To fully understand the balance between the external gating and internal binding
site, we simultaneously mutated one residue of the internal binding site and the
gating site (D112E/D279N). In contrast to the fully inactive D112Emutant, the double
mutant showed an affinity slightly less but not significantly different from the wildtype
receptor and retains one of the salt bridges with cadaverine. Therefore the binding
pocket of the mutant retains most of the minor binding interactions. Interestingly, this
seriously weakened binding in combination with loss of gating site to facilitate ligand
access seems sufficient to activate the receptor at similar efficacy as wildtype
TAAR13c. Taken together, the results suggest that the outcome of simultaneous
mutations of gating and internal binding sites can be understood as resulting from
linear additivity of localized effects.

The occurrence of a ligand-binding external vestibule might be a much more
widespread requlatory feature of class A GPCRs than previously assumed (Redka,
Pisterzi et al. 2008) (Dror, Pan et al. 2011). If so, in future it might be interesting to
uncover how widespread this feature is in class A GPCRs. The affinity of olfactory
receptors is constantly tuned to physiologically relevant odor concentrations during
evolution. Presence of an external allosteric binding site might amount to downtuning
the affinity, indirectly via a ligand-requlated gating mechanism such as described for
TAAR13c. This phenomenon constitutes a novel mechanism in olfactory receptor
function.
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7. Summary

Olfaction or the sense of smell is phylogenetically ancient, and mediates many vital
functions such as detection of prey, predator evasion, kin recognition, and
reproduction. With the sheer quantity of potential odor molecules facing a limited
though huge number of different olfactory receptors, interaction of the odors with their
cognate receptors creates one of the most complex ligand/receptor binding problems
in biology. Due to unavailability of crystal structures for any olfactory receptor, the
prediction of olfactory receptor structures relies on homology modeling studies using
established templates such as the beta-adrenergic receptor (B-AR) and rhodopsin,
in case of TAARs; further supported by site-directed mutagenesis and subsequent
functional analysis of mutant receptors.

In this study, we have used a unique combination of computational bioinformatics
coupled with molecular biology to unravel the structure and the ligand interaction of
a zebrafish olfactory receptor specific for aliphatic diamines, TAAR13c with its
preferred ligand, cadaverine. We modelled an entry tunnel for cadaverine and
identified the residues participating in binding and activation of the receptor. Using
a multistep docking algorithm we suggested a plausible path for cadaverine from the
external to the internal binding-and-activation site. We then generated a series of
mutation in the binding site which led to loss in the receptor activity, hence confirmed
our predictions.

During the course of the study, we observed an unexpected binding site for
cadaverine lining the access point at the external surface of TAARL13c. Elimination
of the pivotal element of this external binding site resulted in a supersensitive
receptor. Modeling study suggested this site to act as a gate, limiting access of the
ligand to the internal binding and activation site, thereby downregulating the affinity
of the native wildtype receptor. Elimination of this site destroys the gate and ligand
access is no longer impeded, thus generating a supersensitive receptor. This
constitutes a novel mechanism to fine-tune physiological sensitivity to socially
relevant odors.

We also analysed the spatial pattern of taar-expressing cells for five representative
receptors in two dimensions, for height within the epithelial layer and horizontal
distance from the centre of the olfactory organ. We report non-random, distinct, if
broadly overlapping distributions for all five taar genes, similar to the spatial topology
observed for odorant receptor (Weth, Nadler et al. 1996).

Next, we mined the genome of a true shark, catshark for olfactory and gustatory
receptors. We also completed the elephant shark chemoreceptor repertoire and have
performed a thorough phylogenetic study to shed light on the evolution of
chemosensory receptors in cartilaginous fish. We report the presence of several
gustatory receptors of the T1R family in catshark and elephant shark, while T2R
receptors are absent. The catshark olfactory repertoire is dominated by V2R receptors,
with only 5 to 8 receptors in the other three families (OR, V1R, TAAR). Overall, the
catshark chemosensory receptor repertoires are generally similar in size to those of
elephant shark, if somewhat larger, showing similar evolutionary tendencies across
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over 400 million years of separate evolution between catshark and elephant shark.
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8. APPENDIX

OE:
OSN:

GPCR:
MOB:
MOE:
OB:
OSN:
OMP:
GC:
OR:
TAAR:
FPR:
ViR:
V2R:
VNO:
VR:
Xt

Actinopterygii:
Sarcopterygii:

T2R:
T1R:
TRC:

Olfactory epithelium
Olfactory sensory neuron

G protein-coupled receptor
Main olfactory bulb

Main olfactory epithelium
Olfactory bulb

Olfactory sensory neuron
Olfactory marker protein
Guanylyl cyclase

Olfactory receptor

Trace Amine-Associated Receptor
Formyl peptide receptor
Vomeronasal receptors type 1
Vomeronasal receptors type 2
Vomeronasal organ
vomeronasal receptor
Xenopus tropicalis

Ray-finned fish

Lobe-finned fish

Taste receptor, type 2

Taste receptor, type 1

Taste receptor cell
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