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Summary

Metabotropic glutamate receptors (mGluRs) belong to class C G-protein-coupled receptors
(GPCRs). They get activated by glutamate and are involved in many functions in the brain,
including synaptic plasticity, memory and learning. mGluRs are characterized by a large
extracellular domain which is composed of the ligand-binding domain (LBD), followed by a
cysteine rich-domain (CRD) that ends up at the transmembrane domains (TDM). The

orthosteric binding site for glutamate is located in a cleft between the two lobes of the LBD.

After glutamate binding, the two subunits of the mGluR dimer first move towards one another

(intermolecular rearrangement) and then intramolecular rearrangements follow.

mGluRs are organized either as homodimers or heterodimers. Eight members belonging to
mGluRs are classified in three groups: group I (mGluR1 and mGluR5), group II (mGluR2 and
mGluR3), and group III (mGluR4, mGluR6, mGluR7 and mGIluRS). Upon activation, group |
mGluRs trigger a Goq protein pathway. They are expressed at postsynaptic sites of neurons. In
contrast, group II and III mGluRs activate Gaiio protein pathway. Group III expresses at the

presynaptic sites of neurons, whereas group II can be found either at pre- or postsynaptic sites.

Activation kinetics of ligand-activated GPCRs has been reported to be in the range of 10-80
ms, with mGluR1 being the fastest receptor measured so far. However, the available kinetic
values for mGluR1 were limited by the method that was used in the respective studies. On the
other hand, activation kinetics of rhodopsin, a light-activated GPCR, is in the range of 1 ms,
measured with optical methods. These methods, however, cannot be applied to ligand-
activated GPCRs. Therefore, we used the advantage of confocal patch-clamp fluorometry
(cPCF) combined with fast concentration jumps and a high-resolution laser scanning
microscope (LSM) to analyze the real activation kinetics of mGluR1 in outside-out membrane
patches expressing mGluR1 FRET sensors.

We used two FRET sensors to study the kinetics of intermolecular and intramolecular
rearrangements in the transmembrane domains of mGIluR1 during activation. The
intermolecular FRET sensor, so-called E-sensor with either CFP or YFP fused in each
monomer at the second intracellular loop 2, was used to monitor the intermolecular
conformational changes. To measure the intramolecular conformational changes, we used the
intramolecular sensor, so-called A-sensor, with CFP fused to the C-terminal part and YFP
fused at the intracellular loop 2. The “quality control system” of GABABB receptor was used
to control the subunit composition of mGluR1 dimers in the E-sensor.
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Our data show fast intermolecular activation kinetics of ~1 ms, which is about ten times
faster than data published previously and our value is not limited by our technique, as
indicated by the fact that for concentrations above 1mM, the activation speed became
independent of the concentration. The kinetics within a receptor subunit (A-sensor) was
around 20 times slower for both activation and deactivation kinetics. The observed
deactivation kinetics was determined to be in the time range of tens of ms for the E-sensor,

and hundreds of ms for the A-sensor.

The fast kinetics requires two functional binding sites because introducing the so-called
YADA mutation to disrupt glutamate binding in one of the binding sites slows down

activation kinetics in inter-subunit sensor about six times.

For long, metabotropic glutamate receptors (mGIluRs) were considered to constitute
homodimers; however, recently, some functional heterodimers were reported for mGluR2/3,
mGluR2/4 and mGluR2/7.

We applied a similar approach as above, by generating intermolecular FRET sensors for all
members, mGluR1 to mGIluR8, and systematically analyzed dimerization and kinetics for all
36 homo- and heterodimeric forms. Five out of eight possible homodimeric receptors and 11
out of 28 heterodimeric receptors developed dynamic FRET responses with specific time
courses. In heterodimeric combinations of mGluR1/2, mGluR1/3, mGluR1/5 and mGluR2/3,
the activation and deactivation kinetics are dominated by the slower subunit compared to the
respective homodimers. A specific effect was observed for mGluR7, not inducing a dynamic
response as homodimer. When combined with mGIluR2 and mGluR3, forming mGluR2/7 and
mGIluR3/7, respectively, mGluR7 turned out to be a strong accelerator in the activation

kinetics compared to respective mGluR2 and mGluR3 homodimers.

In conclusion, functional heterodimers were identified for subunits within each group and
between subunits of group I and II as well as of group II and III, but not between group I and

II1, i.e. heterodimerization between groups needs at least one subunit from group II.
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Zusammenfassung

Metabotrope Glutamatrezeptoren (mGluRs) sind G-Protein-gekoppelten Rezeptoren (GPCRs)
der Klasse C. Sie werden durch Glutamat aktiviert und sind an vielen Funktionen im Gehirn,
wie beispielsweise synaptischer Plastizitit, Gedichtnis und Lernen beteiligt. mGluRs
bestehen aus einer groBen extrazelluliren Doméne, die sich aus einer
Ligandenbindungsdoméne (LBD), einer Cystein-reichen Domine (CRD), und einer
darauffolgenden Transmembrandoméne (TDM) zusammensetzt. Die orthosterische
Bindungsstelle fiir Glutamat befindet sich zwischen den zwei Fligeln der
Ligandenbindungsdomaéne, die sich nach Ligandenbindung aufeinander zu bewegen; dhnlich

dem SchlieBBen einer Venusfliegenfalle.

Nach Bindung von Glutamat bewegen sich als erstes die beiden Untereinheiten des mGluR
Dimers aufeinander zu (intermolekulare Umlagerung) und anschlieBend folgen

intramolekulare Umlagerungen.

Die acht Mitglieder der mGluR-Familie werden in drei Gruppen eingeteilt: Gruppe I
(mGIuR1 und mGIluRS), Gruppe II (mGluR2 und mGIluR3) und Gruppe III (mGluR4,
mGluR6, mGluR7 und mGluR8). Gruppe I mGluRs aktivieren den Gog-Signalweg und
werden auf der postsynaptischen Seite von Neuronen exprimiert. Die Gruppen II und III
aktivieren den Guoi/0-Signalweg. Gruppe III mGluRs exprimieren an den prisynaptischen
Seite von Neuronen, wihrend Gruppe II mGluRs sowohl an der pré- als auch postsynaptische
Seite lokalisiert sind. mGluRs sind konstitutive Dimere, wobei sowohl funktionelle
Homodimere, als auch Heterodimere (mGluR2/3, mGluR2/4 und mGluR2/7) beobachtet

wurden.

Fir ligandenaktivierte GPCRs sind Aktivierungskinetiken im Bereich von 10 bis 80
Millisekunden (ms) berichtet worden, wobei mGluR1 der bisher schnellste gemessene
Rezeptor ist. Die bisherigen kinetischen Werte fiir mGluR1 wurden jedoch durch die in den
Studien verwendete Methodik limitiert. Allerdings wurden bereits schnellere Kinetiken fiir
GPCRs beschrieben Die Aktivierungskinetik des lichtaktivierten GPCR Rhodopsin wurde mit
optischen Methoden im Bereich von 1 ms gemessen. Die dabei verwendeten Methoden
konnen jedoch nicht fiir ligandenaktivierte GPCRs angewendet werden. Diese Limitierung
umgehen wir in der vorliegenden Arbeit mit der konfokalen Patch-Clamp-Fluorometrie
(cPCF). Dabei werden mGluR1-FRET-Sensoren in outside-out Patches schnellen Ligand-
Konzentrationsspriingen ausgesetzt und mit einem hochauflésenden Laser-Scanning-
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Mikroskop (LSM) vermessen, um die tatsdchliche Aktivierungskinetik von mGIluR1 zu

analysieren.

Wir verwendeten zwei FRET-Sensoren, um die Kinetik von sowohl intermolekularer als auch
intramolekularer Umlagerungen in den Transmembrandomédnen von mGluR1 wéhrend der
Aktivierung zu untersuchen. Der FRET-Sensor, der die intermolekulare Umlagerungen
detektiert, enthilt in jedem Monomer entweder CFP oder YFP in der zweiten intrazelluldren
Schleife II und wird ,,E-Sensor* genannt. Um die intramolekularen Konformationsénderungen
zu messen, verwendeten wir den intramolekularen A-Sensor, wobei CFP im C-terminalen Teil
und YFP in der intrazelluldren Schleife II fusioniert waren. Ein "Qualititskontrollsystem" von
GABAg wurde verwendet, um die Zusammensetzung der Untereinheiten von mGluR1-

Dimeren im E-Sensor zu kontrollieren.

Unsere Daten zeigen eine schnelle intermolekulare Aktivierungskinetik von etwa einer ms,
die etwa zehnfach schneller ist, als die zuvor verdffentlichten Daten und nicht durch unsere
Technik beschrinkt wird dafiir Konzentrationen iiber 1 mM die Aktivierungsgeschwindigkeit
unabhéngig von der Konzentration ist. Die Kinetik innerhalb einer Rezeptoruntereinheit war
sowohl fiir die Aktivierungs- als auch fiir die Deaktivierungskinetik etwa 20-mal langsamer.
Es wurde festgestellt, dass die beobachtete Deaktivierungskinetik im Zeitbereich von zehn ms

fiir den E-Sensor und Hunderten ms fiir den A-Sensor liegt.

Die schnelle Kinetik erfordert zwei funktionelle Bindungsstellen. Wenn man die
Glutamatbindung an einer Bindungsstelle durch die Einfiihrung der YADA-Mutation stort,

wird die Aktivierungskinetik zwischen zwei Untereinheiten etwa sechsmal verlangsamt.

Wir haben dann einen &hnlichen Versuchsansatz fiir alle Mitglieder der mGluR-Familie,
mGluR1 bis mGIluR8 verwendet und sowohl die Dimerisierung als auch die Kinetik fiir alle
36 moglichen homo- und heterodimeren Rezeptoren analysiert. Fiinf von acht mdglichen
homodimeren Rezeptoren und 11 von 28 mdglichen heterodimeren Rezeptoren zeigten
dynamische FRET-Antworten mit spezifischen Zeitverldufen. In den Heteromeren mGluR1/2,
mGluR1/3, mGluR1/5 und mGluR2/3 wird die Aktivierungs- und Deaktivierungskinetik von
der langsameren Untereinheit im Vergleich zu den jeweiligen Homodimeren dominiert. Bei
mGluR7 konnte keine dynamische Reaktion in der homodimeren Form mit gesittigter
Konzentration festgestellt werden. In Kombination mit mGluR2 und mGluR3 als Heterodimer
mGluR2/7 und mGIluR3/7 zeigte sich allerdings eine starke Beschleunigung in der

Aktivierungskinetik im Vergleich zu den jeweiligen Homodimeren 2 und 3.



Zusammenfassend wurden funktionelle Heterodimere fiir Untereinheiten innerhalb jeder
mGluR-Gruppe identifiziert. Kombinationen aus Untereinheiten der Gruppen I und II sowie
der Gruppen II und III, jedoch nicht zwischen Gruppe I und III zeigten funktionelle
Antworten auf Spriinge von Glutamat. Es ldsst sich schlussfolgern, dass die
Heterodimerisierung zwischen verschiedenen Gruppen mindestens eine Untereinheit aus

Gruppe II bendétigt.
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1. Introduction

1.1. Glutamate Receptors

Glutamate (Glu) is an essential excitatory neurotransmitter in the central nervous system
(CNS). It is involved in synaptic transmission by activating a group of ion channels and
receptors. lon channels activated by glutamate are called ionotropic glutamate receptors
(1GluR), and in this group are included: N-methyl-D-aspartate (NMDA) receptors, a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors and kainite receptors.
Glutamate receptors not generating an ionic conductance by themselves are called

metabotropic glutamate receptors (mGluRs) (Blackshaw et al. 2011) (Fig. 1).

The ionotropic glutamate receptors (iGluRs) are involved in fast excitatory responses in
synapses, whereas metabotropic glutamate receptors induce slower metabolic responses by

activating a cascade of intracellular pathways mediated by G-proteins.

| Glutamate receptors |

| lonotropic (iGIuR) I I Metabotropic (mGIuR) |
[ [
[ I ] [ [
| NMDA | | AMPA | | Kainate | | Group! | [ Groupll | | Groupil |

NR1 GluR1 KA1, 2 GluR1 GluR2 GluR4
NR2A, GluR2 GIuR5 GIuRS5 GIuR3 GluR6
B,C,D GIuR3 GluR6 GIuR7
NR3A, B GluR4 GluR7 GIuR8

Figure 1: Classification of Glutamate Receptors

1.2. Metabotropic Glutamate Receptors

mGuRs play a regulatory role on neuronal excitability in the central nervous system (CNS),
synaptic transmission, long term depression (LTD) and long term potentiation (LTP). This
effect is realized by regulating several classes of ion channels, including voltage-dependent
potassium channels, voltage-dependent Ca’* channels, non-selective cation channels, and

ligand-gated ion-channels (Saugstad et al. 1995).

mGluRs comprise eight isoforms. They can be classified into three groups based on sequence

similarity, the second messenger pathways they initiate and pharmacology (Nakanishi 1994,



Pin and Duvoisin 1995, Con and Pin 1997). Numbering from 1 to 8 is related to the timeline
their cDNA has been cloned (Nakanishi 1994, Pin and Duvoisin 1995).

mGIluR1 and mGluRS5 belong to group I, mGIluR2 and mGIluR3 to group II, and mGluR4,
mGIuR6, mGluR7 and mGIluRS8 to group III (Pin and Duvoisin 1995). An evolutionary

phylogenetic tree of metabotropic glutamate receptors is shown in Fig. 2.

mGIuR1 -
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r—
10 0 — MGIUR8-

Figure 2: Phylogenetic tree of the eight human mGluRs

Sequence identity within members of the same group is about 70 %, whereas about 30 %
between different groups (Pin and Duvoisin 1995). Different groups appear to express in
different regions in the synapse, and even trigger different messenger pathways upon ligand

binding (Bhattacharyya 2016).

Group I mGluRs are mainly expressed at postsynaptic sites, group Il mGluRs are represented
at both pre and postsynaptic sites, whereas group III mGluRs are mostly represented at

presynaptic sites (Bhattacharyya 2016, Kim et al. 2008).

Upon activation, members of group I mGluRs (mGIuR1 and mGluRS5) couple to the Gag-
protein pathway, activating Phospholipase C (PLC), generating diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP3). IP; activates inositol triphosphate (IP3) receptors in the
endoplasmic reticulum (ER), triggering Ca®" release into the cytosol. High levels of Ca*"
concentrations in the cytosol, together with diacylglycerol (DAG) contribute to protein kinase
C (PKC) activation. An outcome of this signaling pathway is an increase in postsynaptic
excitability involving several ion channels and receptors: Ca** channels, small current (SK)
K" channels, N-Methyl-D-Aspartate (NMDA) receptors (Conn and Pin 1997, Kim et al. 2008,
Bhattacharyya 2016).



Members of Group II and Group III mGluRs are functionally antagonistic to group I mGluRs.
Upon activation they couple to the Guio-protein, leading to the inhibition of adenylate cyclase.
This leads to an inhibition of the cAMP formation and of various Ca’>" channels, but to an

activation of K* channels (Schoepp 2001, Pin and Acher 2002, Niswender and Conn 2010).

1.2.1.  Structural features of metabotropic glutamate receptors

The structure of mGluRs contains three central regions (Fig. 3): the extracellular-region
(including the LBD and the CRD), the transmembrane domain (TMD), containing seven
transmembrane helices penetrating the cell membrane, and the cytoplasmic domain (C-

terminal domain) (Kunishima et al. 2000).

Extra
Cellular
Domain
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Figure 3: Structure of an archetypical mGluR subunit. Large extracellular domain
composed of the LBD and a long CRD. Seven transmembrane helices, connected by three
intracellular and three extracellular loops form the TMD. The C-terminal domain is located

in the cytoplasm.



Extracellular domain

The extracellular domain is a massive structure composed of two lobes forming a similar
shape like a Venus flytrap (Muto et al. 2007). A cleft between the lobes is responsible for
binding the native ligand, glutamate. The binding site is also termed ‘orthosteric binding site’.
Based on the mutational analysis in mGluR1, Tyr74 is identified as the most critical position

that forms a hydrogen bond with glutamate (Kunishima et al. 2000, Tsuchiya et al. 2002).

The LBD of each subunit can exist in three conformational states: open-open (inactive)
conformation that is fixed by antagonists, open-closed, and closed-closed (active) that is

promoted by agonists that bind to one or both binding sites (Niswender and Conn 2010).

The LBD is followed by a long cysteine-rich domain, organized in three B-sheets, each
composed of two anti-parallel B-strands (Muto et al. 2007). The CRD contains nine cysteine
residues which are very well conserved in the whole family of class C GPCRs except for the
GABAB receptor. Eight of these cysteines create disulfide bridges within the CRD to make
the entire domain a compact structure. The 9™ cysteine residue creates a disulfide bridge with
extracellular loop 2 (Cys 234) and is found to be responsible for transmitting the signal from
the LBD to the TMD. Mutation of this cysteine (Cys 234) prevents receptor activation after
applying glutamate, even though glutamate binds to the orthosteric binding site (Rondard et
al. 2006).

The TMD

The TMD is formed by seven a-helices integrated on the cell membrane; each helix is linked
to the next by loops, three extracellular and three intracellular loops. The intracellular loop 2
plays a role in regulating the binding of the receptor with G-proteins, and also kinases,
including G-protein coupled kinase 2 (Niswender and Conn 2010), whereas extracellular loop
2 creates a disulfide bridge with the CRD as mentioned above and helps to transmit the signal
on the transmembrane domain. Besides the orthosteric binding site, located in the
extracellular domain, the TMD contains an additional allosteric binding site that can be

targeted by positive or negative allosteric modulators (Feng et al. 2015).



C-terminal domain

The C-terminal domain is located on the intracellular side of the cell. It plays a role in
modulating the coupling of the G-protein with the activated receptor, and also plays a role in
dimerization (Niswender and Conn 2010). The C-terminus is a very heterogeneous domain.
Different splice variants of mGluR1 appear to have different C-terminal lengths and
composition. mGluR 1a have a long C-terminus with 318 amino acids, another splice variant
mGluR 1b lacks 292 amino acids at the end, mGluR1d has a C-terminus with 26 amino acids,
and mGluR le does not have a C-terminal tail at all. These differences presumably play a role
in coupling with different proteins in the cytosol to regulate receptor neurotransmission

(Hlavackova et al 2017).

1.2.2. Dimerization of mGluRs

Dimerization of mGluRs is required for their function (El Moustaine et al. 2012). mGluRs are
constitutive dimers, the LBDs of each monomer dimerize by a “disulfide bridge” between the
rear sides. The covalent bond is formed between Cys140 of each monomer in mGluR1
(Kunishima et al. 2000) and it is formed already in the ER (Robbins et al. 1999). A similar
bond is also reported for mGIluR5 (Romano et al. 1996). First, it was believed that mGluRs
are constitutive homodimers, but later, it has been proven that these receptors also form
functional heterodimers. A recent study suggests that homo- and heterodimerization is
realized by interactions at the hydrophobic interface in the upper lobe of LBDs with some
modest contribution from an intersubunit disulfide bridge and TMD interactions (Levitz et al.

2016).

At the level of TMDs, FRET studies suggest that the transmembrane helix 5 plays a critical
role in receptor-receptor interface formation (Yanagawa et al. 2011). Six molecules of
cholesterol found in the crystal structure of transmembrane domains in mGluR1, near the

dimer interface, might also play a role in dimerization and activation (Wu et al. 2014).

One of the most extensive studies in heterodimerization of mGluRs was done using time-
resolved FRET (Doumazane et al. 2011). These authors labelled all mGluRs except mGIluR6
with the SNAP and CLIP technology and tagged them with organic dyes. They identified 11
out of 21 possible combinations to form heterodimers. Furthermore, they concluded that
heterodimerization is likely to happen between members of each group, and between

members of group II and III, but not between members of group I and II or I and III. The first



heterodimer that was characterized pharmacologically was mGluR2/4, a dimer between-group
IT and III mGluRs (Kammermeier 2012). Researchers in this study co-expressed both
receptors in a setting that promotes heterodimerization in isolated sympathetic neurons that
naturally does not express mGluRs. Selective agonists for mGluR2 or mGluR4 applied
separately did not activate the receptors, whereas when both selective agonists were used in
combination, the receptor was fully active. Heterodimerization within group II was described
for mGluR2/3 using a single-molecule approach (Levitz et al. 2016) and later work from the
same group (Lee et al. 2020) showed that heterodimerization between mGluR2 and mGluR3
is preferable compared to respective homodimers. Another functional heterodimer was
detected using an LRET-based approach by creating biosensors and targeting a surface system
for heterodimers only (Moreno Delgado et al. 2017), mGluR2/4 heterodimer is detected in
native cells. Furthermore, another heterodimer between group II and III was reported recently
between mGluR2/7 (Habrian et al. 2019). In this combination, mGluR2 brings the ECso value
for mGluR7 not only into the physiological range (for mGluRs in pM concentrations) but also
improves efficiency about sevenfold compared to the mGluR2 homodimer. Still, a lot of work

needs to be done to study other mGluR heterodimers, and the role of respective subunits.

1.2.3.  The role of mGluRs in the Nervous System (NS)

Metabotropic glutamate receptors are widely spread in the brain. Members of group I
(mGluR1 and mGIuRS) are preferably found in the hippocampus. They are believed to plays a
crucial role in synaptic plasticity (Hlavackova et al. 2017). Moreover, mGluR1 alpha was
detected using antibodies in cerebellum and hippocampus (Baude et al. 1993). In the
cerebellum, mGluR1 alpha is linked to modulating motor activity. In mice deficient of
mGluR1, a severe motor deficit was seen. Also, another effect was difficulty in learning,
linking the involvement of mGluR1 in long term depression (LTD) in the cerebellum
(Conquet et al. 1994). Activation of mGIluR1 induces calcium in Purkinje cells, an effect
which is responsible and required for LTD induction (Aiba et al. 1994). mGluR1 and mGIluRS5
are also present during prenatal development, and there is evidence that they play a role in the
development of the cortex (Aiba et al. 1994, Miyata et al. 2000). mGluR1 is also expressed in
the thalamus (Lourengo Neto et al. 2000). Except in the CNS, group I mGuRs are also found
in peripheral nociceptors (Bhave et al. 2001, Walker et al. 2001).

Members of group II (mGluR2 & mGIluR3) are also present in neurons, mainly in neurons
responsible for sensing and conducting pain (Jia et al. 1999, Carlton et al. 2011). Agonists of

Group II mGluRs can be potential drugs on treating schizophrenia because they share similar
6



biochemical and pharmacological pathways like the antipsychotic drug clozapine (Swanson

Schoepp 2002).

Group III mGluRs (mGulR4, mGluR6, mGluR7 and mGIluR8) have a more diverse location
and function. mGluR4 is expressed in the cerebellum, and it inhibits forskolin-stimulated
cyclic AMP accumulation (Tanabe et al. 1992). A similar pathway also activates mGluR7
which is present mainly in the retinal inner nuclear layer were ON-bipolar cells are distributed

(Okamoto et al. 1994).

mGlIuR6, a Gip-coupled receptor, expresses on ON-bipolar cells in the retina, in knockout
mice lacking mGluR®6, electroretinogram (ERG) recordings on superior colliculus shows that
mGluR6 deficiency abolishes ON responses in optical transmission but does not affect OFF
responses. Hence, the function of mGIuR6 in the bipolar cells is essential for synaptic
transmission (Masu et al. 1995, Vardi et al. 2000). The mGluR8 gene was found to be highly
expressed on the olfactory bulb and mammillary body, and it is also present in retinal cells
and in the cortex at a lower level, mGIuRS also appears in different brain regions during the
development (Duvoisin et al. 1995). Location of mGIluR8 and pharmacology in mitral/tufted
cells tells that this receptor can be presynaptically located, and plays a positive role in
modulating glutamate release by these cells in their axon terminals in entorhinal cortex

(Duvoisin et al. 1995).

1.3. Activation of GPCRs

A G-protein coupled receptor is activated when ligand bonds to the orthosteric binding site,

or, in case of rhodopsin, when light activates the ‘the fixed’ 11-cis retinal.

Many studies have shown that activation of GPCRs upon ligand binding is associated with a
conformational change in the transmembrane helices III, V and VI (Farrens et al. 1996,
Sheikh et al. 1996, Sheikh et al. 1999, Wieland et al. 1996, Ward et al. 2002). These
conformational changes facilitate the interaction with the G proteins, triggering the
downstream signaling cascade inside the cell, resulting in the control of ion channels or
secondary messengers. Inside the cell, signaling cascades can be studied by dynamic changes

of FRET signals (Lohse et al. 2008).

G-protein coupled receptors have an intermediate activation speed, slower compared to ion

channels, for example, nicotine acetylcholine receptors, which activate very fast and transmit



the signal within milliseconds, and faster than tyrosine kinase or guanylyl cyclase receptors

which activate and send their signal in minutes to hours (Lohse et al. 2014).

Rhodopsin is one exception within the GPCR family, it is activated by light, and the process
that transforms rhodopsin (inactive state) to metarhodopsin II (active state) happens with a
time constant of about 1 ms. This process includes several intermediate states which can be
identified by spectroscopic methods (Arshavsky et al. 2002). Rhodopsin is easily accessible
because it is present in rod segments in high amounts and it is also easy to isolate and handle
for experimental procedures. Therefore, for long time, rhodopsin served as a model to

describe characteristics of the whole family of GPCRs (Ernst et al. 2000, Heck et al. 2000).

First attempts to study kinetics on ligand-activated GPCRs were made in f:-adrenergic
receptors which were purified and reconstituted into lipid vesicles. Several cysteines were
introduced in sensitive areas of the receptor and were labelled with environmental sensitive
fluorophores. Changes in conformation were associated with changes in fluorescence because
of the movement of the fluorophore in different environments (Gether et al. 1995). These
changes in fluorescence as a result of conformational changes within the receptor were in the
range of minutes, which does not match functional responses in intact cells. Using the same
methods, similar slow responses in fluorescence were reported in leukotriene B4 reconstituted
purified receptors (Damian et al. 2008). However, this slow activation can be attributed to the
experimental conditions. An explanation might be that receptors are removed from their
native system cell membrane, and other essential elements are missing, like cholesterol which
is seen to be present in crystal structures. Herein, a more recent fluorescence-based strategy to
study receptors is applied. FRET-based biosensors were developed by fusing or attaching
fluorophores in sensitive regions of the receptors, and any change in fluorescence as a result
for conformational changes within the receptor could be visualized and quantified in native
cells (Marcaggi et al. 2009, Hlavackova et al. 2012) or even membrane patches (Grushevskyi
et al. 2019).

1.4. Application of FRET methods to study kinetics in GPCRs

Methods that are based on resonance energy transfer are widely used also in the GPCR
community. Resonance energy transfer can be either fluorescence resonance energy transfer
(FRET) or bioluminescence resonance energy transfer (BRET). In BRET measurements a
fluorescent enzyme (Renilla luciferase) serves as a donor molecule; usually, it is coupled with

GFP or variants of it. In FRET measurements, acceptor and donor molecules can be different
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fluorescent proteins, as for example CFP or YFP. More recently, also more stable and brighter
low molecular dyes were used (Marullo and Bouvier 2007). For FRET measurements the
donor chromophore should be fluorescent, whereas it should be bioluminescent for BRET
measurements. The acceptor chromophore can be fluorescent, but it is not strictly necessary

for both methods (Marullo and Bouvier 2007).

Fluorescent proteins for FRET and BRET measurements can be genetically expressed and
fused into the target protein that is being studied. The fusion of both donor and acceptor
molecules to a target protein allows to measure events happening within the protein, including
conformational changes during activation or deactivation, and fusing these chromophores in

two different proteins enables to observe their interactions.

During activation the transmembrane helices 5 and 6 are essential and change their position.
The loop that connects these transmembrane helices (intracellular loop 3) was used already
before as a place to fuse chromophores (Ward et al. 2002), and the other preferred position
was the C-terminal domain. Placing fluorophores in these positions preserved the ability of
receptors to couple with G-proteins and remain functional (Farrens et al. 1996, Ward et al.

2002).

FRET constructs containing donor and acceptor in intracellular loop 3 and the C-terminal
domain showed a decrease in the FRET signal during activation, indicating an increase in
distance between intracellular loop 3 and C-terminal domain. This strategy was applied for
ona-adrenergic receptors and PTHRs (parathyroid receptors) where CFP was fused to the
intracellular loop 3 and YFP in the C-terminal domain. Activation kinetics of ~40 ms for aza-
adrenergic and ~1s for PTHR were recorded (Vilardaga et al. 2003). Another strategy was
used by Hoffmann and colleagues (Hoffmann et al. 2005), who fused CFP in the C-terminal
domain and instead of YFP they introduced a tetra-cysteine domain in the intracellular loop 3
which could be labelled with the fluorescein arsenical hairpin binder (FIAsH). This strategy
was applied to study the activation kinetics of the human adenosine Aza receptor and the o2a-
adrenergic receptor. The observed kinetics for both constructs were about 66-88 ms. Another
example is placing Cerulean (Cer) in the C-terminal and YFP in the intracellular loop 3 of the
Bi-adrenergic receptor, where the activation kinetics were in the range of 60 ms (Rochais et
al. 2007). In all examples mentioned above, modified FRET sensors retained their biological
functions as non-modified receptors (Vilardaga et al. 2003, Hoffmann et al. 2005, Rochais et
al. 2007).



Exceptional slow activation kinetic (80 seconds) was observed noticed for the bradykinin B>

receptor (Chachisvilis et al. 2006).

The FRET approach was also applied to dimeric GPCRs. The process of activation in
metabotropic glutamate receptor 1 was shown to involve a rearrangement between two
monomers by moving towards each other (Tateyama et al. 2004). This process was studied by
placing CFP in intracellular loop 2 of one monomer and YFP in the same position in the other
monomer. Later on, this process was observed by another group using a superfusion system.
The authors identified a first component of intermolecular movement of 35 ms and a slower
rearrangement component in each monomer in the range of 50 ms (Hlavackova et al. 2012).
Another study using a similar approach in mGluR1 showed different kinetics for the
intermolecular rearrangement, slightly faster than 10 ms. However, this value was technically
limited, suggesting that the real activation kinetics of mGluR1 is more rapid (Marcaggi et al.

2009). The same group did not notice any conformational change within monomers.

The studies above showed that activation of ligand-activated GPCRs is slower compared to
rhodopsin (Arshavsky et al. 2002). It remains unclear if rhodopsin behaves differently
compared to other GPCRs by activating fast, or if the kinetics observed so far for other

GPCRs was limited by the techniques that were used to study them.

1.4.1. Development of fluorescent proteins

Humans were always excited from living organisms that can emit light and there are a variety
of species which can do so (Matz et al. 2002). One of the organisms which produce light is
Aequorea victoria. This organism is a jellyfish and lives on the west coast of North America
in the Pacific Ocean. The first characterization of the green fluorescence in Aequorea was
performed in 1995 (Davenport and Nicol 1995). Osamu Shimomura first isolated and purified
the molecule that is responsible for the fluorescence in the Aequorea jellyfish in 1962. He
named it aequorin. Aequorin emits intense blue light in the presence of Ca** (Shimomura et
al. 1962). Five years after Shimomura’s discovery, aequorin was applied first in a biological
system (Ridgway and Ashley 1967). The authors injected aequorin into the muscle of a

barnacle (Cirripedia) and they observed Ca*" signals.

While purifying aequorin from Aequorea victoria, another fluorescent protein was discovered

and purified besides aequorin. This protein emits light in the green range and is excited from
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the light emitted from aequorin (Morise et al. 1974). This new fluorescent molecule was

named ‘green protein’ by Shimomura. Later on, it took the name ‘green fluorescent protein’.

The first scientist who cloned cDNA of green fluorescent protein (GFP) was Douglas Prasher.
He also proposed to use it as a trace molecule in a living organism (Prasher et al. 1992,
Chalfie et al. 1994). Unfortunately, Douglass Prasher had to leave science because of lack of
funding, and his name is missing sadly between the scientists who won the Nobel Prize in

Chemistry in 2008 for discovering and developing of the green fluorescence protein GFP.

The discovery of GFP provided the scientific community in the fields of medicine, cell
biology and physiology a great tool to label specific proteins and study their behavior without
the need for exogenous labelling by using dyes or fluorescent antibodies. Using advanced
fluorescent microscopes, proteins carrying GFP can be localized and studied much better than
before. Movements of specific proteins inside the cell, roles of proteins in signaling processes,
interactions with other proteins and conformational changes within those proteins can be

made visible.

Many scientists used the enormous potential of GFP. The need to have more proteins which
fluoresce with different excitation and emission spectra was strong. After many efforts, the
results came by the mid-1980s, from the work of Roger Tsien. He developed different
variants of GFP with different excitation and emission spectra, also with better and more
stable fluorophores. Variants of GFP that he developed are a better version of GFP with a
higher signal, named enhanced green fluorescent protein (EGFP), a variant which fluoresces
in the cyan region, cyan fluorescent protein (CFP) and a variant which fluoresces in the
yellow region, named yellow fluorescent protein (YFP). CFP and YFP are now widely used
as a FRET pair. Tsien also developed other versions, the blue and violet fluorescent protein,
BFP and Saphire, respectively (Tsien 1998).

These developments made it possible to use different fluorescent proteins at the same time

and investigate more than one event inside a living cell.

1.4.2.  Forster resonance energy transfer (FRET)

Forster (fluorescence) resonance energy transfer (FRET) is the name of a physical effect for
the radiation-less transfer of energy between two molecules (chromophores) (Forster 1948).

For FRET to happen, some specific requirements must be accomplished (Vogel et al. 2006):
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1. Spectral overlap: a donor fluorophore excited with an incident light on its absorption
spectrum emits the energy after a brief time (nanoseconds). The emission spectrum of
the fluorophore is always right-shifted to longer wavelength which is associated with a
reduced energy. If an acceptor fluorophore is present in the distance less than 10 nm
and its excitation spectrum corresponds with that of the emission spectrum of the
donor fluorophore, an amount of energy is transferred radiation-less to it.

2. Donor and acceptor FRET pairs should be in close vicinity to each other (1-10 nm). It
is shown that FRET efficiency, Errer, between the dipoles of donor and acceptor
molecules depends on the 6™ power of the distance amongst them:

ErreT=R0o®/ (Ro%+7°)
Ry is the Forster radius at which half of the energy from the donor is transferred to the
acceptor and r distance between the donor and acceptor.
The Foster radius relies on the fluorescence quantum yield of the donor and acceptor, the
refractive index of the environment (1), the dipole orientation of each fluorophore (1) and

the spectral overlap integral of the donor-acceptor pair (J).
Ro*=9(In10) x2¢pJ/1281n*TNA

3. The positions of dipoles for donor emission and acceptor excitation should not be

oriented perpendicular.

FRET can be measured in different ways: monitoring changes in either donor or acceptor
fluorescence as an event occur, measuring changes in both donor and acceptor signals at the
same time, monitoring changes in fluorescence as a result of changes in the orientation of

fluorophores (Vogel et al. 2006).

Nowadays, FRET is extensively used in biophysical experiments to study protein-protein
interactions or different structural rearrangements within the proteins. Significant steps in
making this technique so successful in biology are the development of different variants of the
mentioned different variants of GFP (Tsien et al. 1998), and improved instruments for

measuring it.
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2. Objectives

The most studied GPCR is rhodopsin. It is present in the visual system and is activated by
light. Due to its photochemical properties, it can be easily investigated by spectroscopic
methods, which helped to reveal that the switch from rhodopsin to meta-rhodopsin II (active
form) is established in about 1 ms after light induction (Arshavsky et al. 2002). However, this
strategy cannot be applied to study other GPCRs since they do not possess such
photochemical properties. Several different ways using fluorescent based sensors were used to
study the kinetics of ligand-activated GPCRs (Vilardaga et al. 2003). The fastest kinetics of a
ligand-activated GPCR, described so far, were those of the metabotropic glutamate receptor 1
(mGluR1). Its activation kinetics of about 10 ms were specified by FRET based sensors and
super-fusion of the ligand on the living cells. However, this published value is at the
resolution limit of the technique the authors used (Marcaggi et al. 2009). Therefore, the
question remains open if the ligand-activated GPCRs activate with the same speed like

rhodopsin, or rhodopsin remains a unique example.

The objectives of the experiments in this work were:

e Adjust a fast solution exchange system for the application of glutamate or other
solutions in excised outside-out membrane patches expressing mGluR FRET sensors.
The speed of the solution exchange up to 200 ps is reported in the literature. We aim
to achieve the speed of 1 ms or faster in order to be able to measure kinetics in the
range of the activation kinetics of thodopsin.

e Determine if the activation speeds of metabotropic glutamate receptor 1 (mGluR1) is
similar to the activation speed of rhodopsin.

e Investigate the contribution of the ligand binding sites in the activation and
deactivation kinetics of mGluR 1 using mutagenesis in only one subunit.

e After characterizing the kinetics of mGluR1, the same strategy was to be used to
generate FRET sensors for all members of mGluRs and to analyze and compare
kinetics of activation and deactivation for the 8 homodimers of the mGIluR family.

e Test the ability for each mGluR subunit to form heterodimers by kinetic signals in all
26 possible combinations. The aggregation of heterodimers was studied by acceptor
photobleaching while functionality by activation and deactivation kinetics induced by

glutamate.
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3. Materials and Methods

3.1. Molecular Biology

To analyze and investigate intermolecular versus intramolecular activation and deactivation
kinetics of mGluR1, we used rat mGluR1 (accession number NM 001114330.1). FRET
sensors for studying intermolecular rearrangements within the mGluR1 were cloned by
placing CFP or YFP into intracellular loop 2 of each monomer. For monitoring intramolecular
rearrangements, YFP was placed in the intracellular loop 2 and CFP in the C-terminus within
each monomer as reported in (Hlavackova et al. 2012). Afterwards, those sensors were re-
cloned into a pGEM-HE-new vector (Liman et al. 1992) for expression in Xenopus oocytes.
The constructs were kindly provided to us by Dr. Ulrike Zabel (University of Wiirzburg).
Constructs were named as follows: D36 (mGluR1-CFP-C1) and D56 (mGluR1-YFP-C2) for
the intermolecular E-sensor, and mycD63 for the intramolecular A-sensor.

D36 and D56 were used as templates later on to generate mGluR1 Y226A, mGluR1 D308A,
and mGIuR1 Y226A/D308A by site-directed mutagenesis performed by Dr. Tina Schwabe
(Physiology II) using overlap extension PCR with the aim to investigate the contribution of
individual binding sites in the kinetics of mGIuR1.

For in-vitro cRNA production, these constructs were linearized, and cRNA was created using
the mMESSAGE mMACHINE T7 kit (Thermo Fischer) by Karin Schoknecht (Physiology
I0).

We extended our study to investigate activation and deactivation kinetics in the eight
homodimeric metabotropic glutamate receptors mGluR1 to mGIluRS8. Furthermore, we
investigated the ability of these mGluRs to form heterodimers. We used for this part of the
study human type mGluRs. Eight members of metabotropic Glutamate Receptors: mGluR1
(accession number XM _017010783.1), mGluR2 (accession number NM_000839), mGIluR3
(accession number NM 000840), mGluR4 (accession number NM 000841), mGluRS
(accession number NM_001143831.2), mGluR6 (accession number NM_00843), mGIluR7
(accession number NM_000843) and mGIluR8 (accession number NM_000845), were used to
generate intermolecular FRET sensors analogue to the ones described (Hlavackova et al.
2012). Sensors were prepared by Prof. Dr. Thomas Zimmer and Dr Christian Sattler. In total

16 constructs were generated, two for each mGluR, see Scheme 1a.
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Scheme 1: Schematic representation of constructs: A. Two different constructs were
generated for each mGluR. CFP or YFP were included in intracellular loop 2, and C-terminal

domain from the GABA; “quality control system” (C1 or C2). B. Scheme of A-sensor

(generated only for mGluR1). YFP is included in intracellular loop 2 and CFP in the C-

terminus.

Either CFP or YFP was fused in intracellular loop 2, always five amino acids after the end of
transmembrane helix 3. In the C-terminus, 19 amino acids after transmembrane helix 7, the
GABAB “quality control system” was introduced, either the last 87 C-terminal amino acids
from GABAg: (Cl) or the last 181 c-terminal amino acids of GABAg:> (C2). C1 was
introduced in the mGluR monomer containing CFP, whereas C2 was introduced in mGluR
monomers containing YFP, in this way only dimers containing different C-terminal tails in
length (C1:C2) or C2:C2, reach the cell membrane (Hlavackova et al. 2012, Kniazeff et al.
2004), prohibiting in this way C1:C1 dimers to leave the ER. The C-terminal part of GABAB;
(one of the GABAR subunits) possesses an ER retention signal. Transportation of a functional
dimeric form of GABAg is possible only when the ER retention signal from GABABg;
interacts with the C-terminal part present in the GABARg: (the second subunit of GABAD).
Therefore, the GABAg “quality control system” will determine which subunits leave the ER

and express in the cytoplasmic membrane.
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Figure 4: Schematic view of the mGIluR FRET sensors: A. E-sensor, reporting
intermolecular movement. The E-sensor is composed of two subunits, containing either CFP

or YFP in the intracellular loop 2, C1 and C2 belong to the “GABA; quality control system”

that assures that only heterodimers reach the cell surface. B. A-sensor reporting
intramolecular conformational changes within the mGIuR1. The A sensor contains two
mGluR1 protomers, each labelled with a YFP in the second intracellular loop and a CFP at
the C-terminus. The A-sensor was used only for determining kinetics of mGIluR1, not for

other mGluRs.
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3.2. Preparation of Xenopus laevis oocytes and cRNA injection

3.2.1.  Preparation of Xenopus laevis oocytes

As expression system for mGIluR FRET sensors, we used oocytes from Xenopus laevis, a
South African adult frog. Oocytes were extracted from frogs by standard surgical procedures.
Frogs were anaesthetized with 0.3 % tricaine (Pharmaq, Fordingbridge, UK). Only stage V-VI
oocytes (Dumont 1972) were collected. The oocytes were incubated for 105 minutes with
collagenase (3 mg/ml, Roche, Grenzach-Wyhlen, Germany) in OR2 solution at room
temperature and afterwards manually dissected. The animal experiment procedure was

authorized by the ethical committee of the Friedrich Schiller University of Jena.

3.2.2.  Preparation of micropipettes for cRNA injection

Micropipettes for injection were prepared from capillary borosilicate glass tubing with 2.0
mm outer diameter and 1.6 mm inner diameter. Pipettes were pulled by Flaming/Brown type
micropipette puller (Model P-97, Sutter Instruments CO, Novato (Ca), USA). Micropipettes
were always prepared freshly to prevent contamination. Using those micropipettes an amount
of 80-120 nl of 20-40 ng cRNA was injected into isolated oocytes, usually at the day of
extraction from the frogs or at the next day. Oocytes were also obtained from Ecocyte
Bioscience (Castrop-Rauxel, Germany).

Injected oocytes were transferred into 24 well plates in Barth medium and incubated at 18 °C.
4-6 days after injection, expression was optimal for performing the experiments. In some
cases, oocytes were used up to 10-12 days after cRNA injection. Before starting experiments,
the vitelline membrane was removed manually using forceps to enable the formation of

membrane patches.

3.3. Chemicals and Solutions

L-glutamic acid, a native ligand for metabotropic glutamate receptors was obtained from
Sigma (Sigma, St. Louise, USA). Other ligands, L-quisqualic acid, a synthetic agonist for
group | metabotropic glutamate receptors (mGluR1 and mGluRS5), and (S)-3,5-DHPG, a
selective agonist for a group I metabotropic glutamate receptors were also obtained from
Biotrend (Biotrend, Cologne, Germany). L-glutamic acid solutions were prepared freshly on
the day of measurements. L-quisqualic acid and (S)-3,5-DHPG were diluted using DMSO to

create a stock solution (50 mM) and from that different concentrations were prepared.
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Other solutions used in the experiments:

e KClI solution (bath medium): 150 mM KCI, 10 mM HEPES, 1 mM EGTA, pH
7.4.

e Barth medium: 84 mM NaCl, 1 mM KCl, 2.4 mM NaHCOs3, 0.82 mM MgSOq4,
041 mM CaCl,, 0.33 mM Ca(NOs3), 7.5 mM TRIS, Cefuroxim,
Penicillin/Streptomycin, pH=7.4.

e OR?2 solution: 82.5 mM NaCl, 2 mM KCI, | mM MgCl,, 5 mM HEPES,
pH=7.5.

3.4. Confocal patch-clamp fluorometry experiments in outside-out

membrane patches

3.4.1. Preparation of pipettes for outside-out patches

To generate outside-out membrane patches from Xenopus laevis oocytes we used
micropipettes from two types of capillary glasses, borosilicate and quartz. Borosilicate
capillary glasses were prepared from tubing an outer diameter 2 mm and inner diameter 1 mm
by pulling with a Flaming/Brown micropipette puller (Model P-97, Sutter Instruments,
Novato (CA), USA). Quartz pipettes were prepared from tubing with an outer diameter of 1.0
mm and an inner diameter of 0.7 mm (Vitrocom, New Jersey, USA) using laser puller (Model
P-2000, Sutter Instruments Co., CA, USA). The pipettes were filled with bath solution filtered
through a 0.2 uM non-pyrogenic filters (Sartorius stedim, Gottingen, Germany). The pipette
resistance was 1.0-1.9 MQ. Since the outcome was similar with both glasses, for most
experiments, we used quartz micropipettes because it took less time to prepare them and

handling is easier.

For the application of solutions on the outside-out membrane patch, a double-barreled theta
glass pipettes were used. Those pipettes were prepared from double-barreled theta capillary
glasses (Hilgenberg GmbH, Malsfield, Germany) using a P-97 Flaming/Brown type
micropipette puller (Sutter Instruments, Novato, USA). Connection of double-barreled pipette
with syringes that contain solutions was made with polyethylene tubes (Adtech Polymer
Engineering LTD, Stroud, Glos, England). These tubes have an inner diameter of 0.3 mm, and
an outer diameter of 0.76 mm. They were inserted in both barrels at the rear end and were

sealed by Pattex power-mix glue (Henkel AG&Co.KGaA, Diisseldorf, Germany). Solutions
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were supplied by a gravity-fed flow system with manual valves. Typical dimensions of the

opening of the theta barrel were ~100 um, and a typical flow speed was 130 mm/s.

3.4.2. FRET experiments in membrane patches

A standard patch-clamp technique was used to generate outside-out membrane patches from
Xenopus laevis oocytes expressing mGluR FRET sensors.

Experiments were done at room temperature, using an Axopatch 200B amplifier (Axon
instruments). Electrophysiology and jumps of the piezo actuator were controlled by the ISO3-
Hard- and Software (MFK Niedernhausen).

The patch pipettes containing an outside-out membrane patch were carefully positioned in
front of the outlet of the double-barreled (diameter of 100 um) theta glass at a distance of 10-
15 pm using an MM33 manual micromanipulator. Initially, the patch pipette was positioned
in front of the outlet from where the wash solution was flowing.

Jumping of the theta glass from one position to another was electronically controlled,
allowing to step from wash solution to the solution containing glutamate or other agonists (L-
quisqualic acid and 3, 5-DHPGQG). This piezo actuator was purchased from Physik Instrumente,
Karlsruhe, Germany and the electronic control was performed by an in house build
electronics.

The speed of the solution flowing through the theta glass was about 130 mm/s, whereas the
time courses of solution exchange at the patch were measured to be in the range of 220 + 30
us (n=3), as measured with the laser scanning microscope (LSM710, Carl-Zeiss, Germany) by

following the fluorescence of a 1 pM DY 647 solution in the line scan mode.

Fluorescence images from an outside-out membrane patch were recorded through a 40x/1.2
C-Apochromat water immersion objective with a laser scanning confocal microscope
(LSM710, Carl-Zeiss, Germany). An argon laser was used to excite CFP and YFP with the
458 or 514 nm lines. The detection channel was set to 459-508 or 517-581 nm, respectively.
For fast time series, either small images (16x8 pixel) with a time resolution of 2.4 ms or line
scans with a time resolution of 160 us were acquired at 458 nm excitation. Non-confocal
transmission images were obtained by recording the excitation light without any additional

filter. The electrophysiology setup triggered both the microscope and the piezo device.
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Figure 5: Solution exchange system. A. Scheme of the patch pipette containing an outside-
out membrane patch expressing mGluR1 E-sensor positioned in front of a double-barreled
theta-glass pipette. The theta glass pipette was fixed on a piezo actuator which moves it from
one position to the other. B. Speed of solution exchange system in piezo-controlled
concentration jump. Solution exchange was measured optically close to an empty outside-out
patch with the fluorescent dye DY-647 in solution. The time course was fitted by an
exponential function (red curve) yielding for this particular time constant of 137 us. The
mean time constant was 220 £+ 60 ps. C. Confocal image of an outside-out membrane patch
from Xenopus oocyte expressing the mGIluR1 FRET E sensor. The left image shows the CFP
channel excited at 458 nm, the middle image is the YFP channel excited at 514 nm, and the

right image represents a merged signal. Transmission images are overlaid.
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3.5. Analysis of FRET data

Regions of interest were selected manually from the images where patches were situated, and
the extracted time series were analyzed with an in-house routine written by Dr. Ralf

Schmauder in Igor Pro 6.34 (Wavemetrics).

Crosstalk correction

Crosstalk of CFP emission in the FRET channel was calculated by expressing mGluR1
constructs bearing only CFP, and measuring the signal in the same setting as for all
measurements. Crosstalk of CFP emission in the FRET channel was quantified for each

experimental setting. Removing this artefact from the FRET signal was done by:
FRETxc=FRET-Da*fc (1)

FRETxc — FRET corrected from crosstalk; FRET — FRET signal; Da — donor (CFP) signal in
presence of acceptor (YFP); fc- crosstalk factor, typically 34 %.

Photobleaching correction

Signals from both channels were corrected for photobleaching as follows: for each
measurement condition, independent measurements without concentration jumps were
analyzed and fitted by exponentials. Donor signals were fitted with a single exponential (k=1;
typical Toleacn1=0.66 s), FRET signals were fitted with the sum of two exponentials with one
time constant fixed on the donor value (k=2; typical Toieach2=2.86 s) according to the equation:

k
Signal(t) = offset + Z A; x exp(-t/Tvleach;)

1=1

2

In concentration jump measurements, traces were masked from 50 ms before to 850 ms after

the ligand application. The remaining traces for the donor and crosstalk-corrected FRET

signal were fitted mono or bi-exponentially, respectively, with the time constant fixed to

determine the bleaching amplitudes in the individual experiments. The fitted bleaching decay

was subtracted from the data before further calculations according to:
k

Signalco(t) = Signal - Z A; x exp(-t/Toleach; ) ®)

1=1

All bleaching correction was manually verified and rejected if needed. Changes in bleaching

dynamics due to ligand-altered FRET efficiency were assumed to be negligible.
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Fitting of activation and deactivation Kkinetics

For determining the activation time constant, 7, the time courses of activation of the
individual experiments, evoked by stepping from zero to 1 mM glutamate, were normalized
and fitted with an exponential function according to:

FRETco(t) = 1-exp(-t/Ton) “)

To minimize in the fits of fast time courses effects of time jitter, generated, e.g. by variable
flow speed, pipette position or LSM-trigger jitter, the time point at which the signal starts, 7o,

was included as a fit parameter and the fits were performed with the modified equation:

0 t<t,
1 -eXp (' (t'tO) /Ton) tZt0

FRET (0 ={ )

To avoid blurring of the kinetics, signals were referred to to before averaging.
To determine the deactivation time constant, zfr, the normalized time courses, obtained when
jumping from 1 mM glutamate to zero, were fitted with:

FRETcor(t) = exp(-t/Tos) (6)

In analogy to the activation time courses, the time jitter was minimized in fits of fast time

courses effects by including the time point of the signal start, 7o, using the equation:

FRET (t)—{0 =ty
cort™ Lexp(- (t-t9) /Totr) t>t,

(7
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4. Results

4.1. Expression of mGluR sensors in Xenopus laevis oocytes

Xenopus laevis oocytes are optimal cells for expressing receptors or ion channels because of
the high rate of expression. The fluorescent signal usually limits fast fluorescence
measurements; thus, bright fluorophores and high expression are required. The oocyte
expression system was selected to ensure the latter. mRNA prepared in vitro was injected
manually in the cells, and after 4-5 days incubation at 18 °C, cells were used. Fig. 6 shows

typical expression levels and spectra for individual constructs.
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Figure 6: Expression of mGluR1 FRET sensors in Xenopus laevis oocytes. A. The image
shows a cell expressing mGIluR1-CFP-C1, illuminated with light of 488/514 nm. B. Cell
expressing mGluR1-YFP-C2, illuminated with light of 488/514 nm, and C image of a cell
expressing mGIluR1-CFP-C1 and mGIluR1-YFP-C2 (E-sensor), combined and measured at
the same conditions (488/514 nm, channel representing YFP signal directly excited light of
514 nm was switched off, the signal comes from CFP and the FRET channel. D. Spectra from
a region of interest in the cell expressing mGluR1-CFP-C1, E mGIuR1-YFP-C2, and F E-

Sensor.
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4.2. Optimization and characterization of measuring conditions for

mGluR1 FRET sensors expressed in Xenopus laevis oocytes

Crosstalk and direct excitation

Both absorption and emission spectra of CFP and YFP are overlapping significantly. Thus,
both direct excitation of the acceptor at donor excitation as well as crosstalk of donor
fluorescence into the acceptor detector channel can occur and needs to be corrected for. The
correction factors depend on the excitation light wavelength and intensity as well as on the
detector spectral range and sensitivity and needs to be characterized for each setting. In our
system, the detection channel for the CFP signal was set to 459-508 nm and that, for the YFP
(FRET) signal to 517-581 nm. Except for the FRET signal detected in the FRET detection
channel, also some signals of CFP appear as crosstalk. This crosstalk is subtracted from the

whole signal detected into the FRET channel to yield a pure FRET signal.

To calculate the amount of the CFP signal leaking in the FRET detection channel, we
expressed the construct mGIluR1-CFP-C1, bearing only CFP, in Xenopus laevis oocytes and
measured its signal (Fig. 7A). After calculations, we determined that approximately 34 % of
the CFP signal is detected in the YFP channel (Fig. 7B). Direct excitation coming from the

YFP signal excited by the 458 nm laser was negligible under our experimental conditions.
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Figure 7: Crosstalk of the CFP signal into FRET signal. A. The figure shows a
representative trace from a cell expressing mGluR1-CFP-C1. B. Calculated crosstalk of the

CFP signal into the FRET detection channel, yielding 34 %.
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4.2.1.2 Control for spectra variations upon photobleaching

Upon photobleaching it was shown that YFP can be converted in some species that emit light
in the CFP emission range (Valentin et al. 2005). Following an intense discussion (Verrier
and Soling 2006) it appears that the extent of the effect depends on the particular measuring
conditions. To exclude this phenomenon in our experimental conditions, we did a control
when we injected mGluR1-YFP-C2 constructs bearing YFP, afterwards YFP was bleached
completely using full laser power at 514 nm (Fig. 8).

We did not notice any signal change in the CFP emission range after bleaching YFP,
confirming that under our conditions the YFP up-conversion into a CFP-like species can be
ignored.
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Figure 8: YFP (acceptor) photobleaching experiment. Cells expressing mGluR1-YFP-C2
were bleached at 514 nm with the argon laser (100 % laser power) indicated by the red arrow.
The YFP signal (yellow) drops down, whereas the signal recorded in the CFP detection
channel (cyan) stays stable, and is thus independent of what is happening with YFP.
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4.3. The functionality of the mGluR sensors

4.3.1 mGluR dimerization

Metabotropic glutamate receptors are dimers, and they can exist as homodimers or
heterodimers. mGluR FRET E-sensors are designed in a way that each dimer containing CFP
will also contain a subunit carrying YFP (CFP in one monomer and YFP in the other one),
based on the C-terminal “quality control system” from the GABABg receptor (Margeta-
Mitrovic et al. 2000, Pagano et al. 2001, Couve et al. 1998).

To test the expression of donor/acceptor dimers, the amount of FRET and our calculations to
obtain the basal (or resting) FRET efficiency for our FRET sensors, we performed acceptor
photobleaching experiments (Fig. 9). Intermolecular and intramolecular sensors were
expressed separately in Xenopus laevis oocytes. Acceptor (YFP) was bleached at 514 nm laser
power, and at the same time, the signal coming from the donor (CFP) is monitored. In our
system, the donor (CFP) signal is dequenched (with FRET being the quenching mechanism)
when the acceptor (YFP) is entirely bleached. Here we assume that YFP photobleaching also
abolished YFP absorption and thus FRET.

From this experiment, we calculate the FRET efficiency for both sensors according to:
FRETer= 1- Fpa/Fp (8)

FRET.r — FRET efficiency, Fpa — signal of donor in presence of acceptor, Dp - signal of

donor after acceptor photo bleaching.

For the intermolecular E-sensor, the FRET efficiency was: 23 + 2 % (n=3) whereas for the
intramolecular A-sensor was 27 £ 2 % (n=7). This result confirms the dimerization in the E-
sensor and also the presence of the sensors in the cell membranes. No distance estimation was
calculated for the FRET efficiencies as the dipole moments of CFP/YFP are fixed within the
protein and the inserted protein was assumed as fixed relative to the receptor. Thus the

assumption of as k? =2/3 is not reasonable.
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Figure 9: Dimerization of mGluR FRET sensors and their FRET efficiency. A. Scheme of
acceptor photobleaching in the E-sensor and B in the A-sensor. C. Calculated FRET efficiency
for the E-sensor: 23 £ 2 % (n=3), and D) for the A-sensor 27 +2 % (n=7).
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4.4. Glutamate effect in mGluR1 FRET sensors

mGIluR sensors are functional

Whole oocyte

Oocytes expressing mGluR1-CFP-C1 and mGIuR1-YFP-C2 (E-sensor) were placed in a bath
with KCI solution.

Images were acquired in the lambda mode of the LSM710 using the 10x objective. The region
of interests (ROI) of the membrane was selected and averaged spectra inside the ROI were
calculated before and after adding glutamate (I mM). Glutamate was added to the bath
solution to yield a final concentration of 1 mM. Spectral changes showed an increase of FRET
upon glutamate addition (Fig. 10). This test was done to show that our constructs can be

activated with glutamate, thus are functional in the membrane of Xenopus laevis oocytes.
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Figure 10: mGluR1 E-sensor causes a conformational change upon glutamate addition
in the bath, recorded in a whole cell. Averaged spectra from a region of interest in the
membrane, before (black) and after (grey) adding the glutamate are shown. The signal in the
CFP region (~480 nm), decreases whereas the signal in YFP region (~515 nm) increases
upon ligand addition, indicating increased FRET. Note that basal FRET is already present

before the addition of glutamate.
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Outside-out membrane patch

From oocytes expressing either E- or A-sensor, a piece of the membrane was excised in the
outside-out configuration mode. Patching was realized using standard patch-clamp methods at
room temperature. We generated outside-out membrane patches in order to have the
extracellular site of the cell toward the application pipette. A scheme of generating outside

out-patches is described in the Scheme 2.
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Scheme 2: Generation of an outside-out membrane patch. A. Schematic Illustration of all
steps involved in making an outside-out membrane patch from a cell adapted from
‘Bioelectromagnetism’ Malmivuo J and Plonsey R. p154, 1995, Oxford University Press. B.

Confocal image of an outside-out membrane patch expressing mGluR1 E-sensor.

Outside-out membrane patches containing the construct of interest were placed in the outflow
of a double-barreled theta glass, containing either wash solution or solution containing
glutamate towards the patch. Glutamate 1 mM was applied using a piezo-controlled jump.
Fluorescent signals were recorded first when wash solution (KCl) was flowing to the patch,
and after a time interval of 300 ms the outlet was stepped to the glutamate (1 mM) solution,
staying in that position for 1 s, and was moved back to wash solution. One can easily see
signal changes from CFP and YFP, which indicates an increase in FRET (increase in the

distance between fluorophores in the case of E-sensor during activation, whereas the opposite
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was observed for the A-sensor). The FRET changes in both sensors were reversible, allowing
us to analyze also deactivation kinetics in addition to activation kinetics (Fig. 11). Kinetics
measurements were performed in the LSM-channel mode to profit from the better signal to

noise ratio than in the lambda mode.
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Figure 11: Activation of the mGluR1 E- and A-sensor in an outside-out membrane
patch. A. E-sensor, crosstalk and photobleaching corrected signals from CFP and YFP,
glutamate (1 mM) was added (indicated by blue line). The CFP signal decreased, whereas
the YFP signal increased. B. Calculated relative FRET signal for the E-sensor. C. A-sensor.
The CFP signal increased, whereas the YFP signal decreased when glutamate was applied.

D. Calculated relative FRET signal for the A-sensor.
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Furthermore, we investigated how the E-sensor behaves with other specific agonists for group
I mGluRs. L-quisqualic acid is a potent mGluR agonist, and 3, 5-DHPG, a selective agonist
for the group I metabotropic glutamate receptors (Fig. 12). Activation kinetics of the E-sensor
with L-quisqualic acid yielded a time constant of 9+2 ms, whereas deactivation kinetics
yielded a time constant of 70+4 ms (n=3). Kinetics for 3, 5-DHPG is a bit faster compared to
L-quisqualic acid, where activation yielded a time constant of 7+1 ms and deactivation of
29+3 ms (n=4). With both agonists, the E-sensor activated as did natural agonist, glutamate.
The FRET change was similar for glutamate and 3,5 DHPG, whereas it was a bit lower for L-

quisqualic acid.
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Figure 12: Activation of the mGluR1 E-sensor in an outside-out membrane patch using
synthetic agonists. A. Calculated FRET change obtained from L-quisqualic acid (50 pM),
trace filtered using 66 Hz filter, n=3 and B. 3, 5-DHPG (200 uM), n=4.
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4.5. Kinetics

4.5.1. Activation and deactivation kinetics in the mGluR; E-sensor

Calculated FRET signals were normalized to unity, aligned to the concentration jumps and
averaged. Activation and deactivation kinetics were analyzed by fitting with mono-

exponential functions (Equation 4 and 6).

When analyzing activation kinetics from the data taken in confocal imaging mode (16x8
pixels) (Fig. 13A), the activation time constant was determined to 2.4 + 0.1 ms (n=67). These
results were very close to the limit of the time resolution in the confocal imaging mode (frame
rate: 2.8 ms). Therefore, we chose to use the line scan mode (Fig. 13B) which has an
enhanced time resolution (160 ps), but records only a subset (one line) of the fluorophores in
the patch, resulting in recording a lower number of photons and thus more noisy signals. In
patches of well-expressing oocytes, we were still able to measure and resolve activation
kinetics with ton of about 1 ms (1.2 £ 0.5 ms, n=5). The process is assumed to correspond to
the movements of subunits towards each other. These data show faster activation kinetics for
the E-sensor compared to that measured in the imaging mode, indicating that the previous

studies were limited by the used methods (Marcaggi et al. 2009, Hlavackova et al. 2012).
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Figure 13: Activation kinetics of the mGluR1 E sensor: A. Averaged traces (grey), n=67

were fitted with monoexponential function (red line), yielding t_ =2.4 + 0.1 ms (n=67) which

is limited by the recording method. B. Averaged traces measured at elevated time resolution

with the line scan mode, yielding t_=1.2 + 0.5 ms (n=5).
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The line-scan mode provides the true activation Kinetics

The first step in receptor activation, the ligand binding must be concentration-dependent at
sufficiently low ligand concentration. However, when the concentration is sufficiently high a
later transition can become rate limiting. To determine whether the 1.2 ms obtained with the
line-scan mode reflect the binding itself or an evoked conformational change, we investigated

the effect of glutamate at concentrations up to 10 mM (Fig. 14).

Data with concentrations below 1 mM were measured in the confocal imaging mode (data
above the black dotted line in the Fig. 14, whereas data with concentrations above 1 mM we
obtained from experiments with the line scan mode. Our data show that at concentrations
above 1 mM and up to 10 mM, activation kinetics stays approximately the same. Therefore,
we conclude that the activation kinetics in this concentration range is no longer limited by the
concentration-depending binding steps but corresponds to the speed of a rearrangement within

the E-sensor.
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Figure 14: Concentration dependence of activation kinetics of the mGluR1 E sensor.
Different concentrations of glutamate were applied to outside-out membrane patches
expressing the E-sensor. Data obtained with concentrations at and above 1 mM were done
using the line scan mode. Dashed lines indicate the time resolution of imaging (black) and

line-scan mode (blue).
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Deactivation kinetics in mGluR; E-sensor

Our piezo device allowed us also to remove the ligand by jumping back into the wash solution
for studying both the activation and deactivation kinetics (Fig. 11). Deactivation was also
fitted by using a mono exponential function (Equation 6). Deactivation kinetics turned out to
be much slower compared to activation kinetics and is similar to the data published by
Marcaggi et al. 2009. Deactivation kinetics was also analyzed using different concentrations
(Figure 15 B); at low concentration, the absolute amplitude becomes rather low. Thus kinetic
analyses become prone to systematic errors. The evaluable data suggest that deactivation

kinetics is independent off the ligand concentration.
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Figure 15: Deactivation kinetics of the mGluR1 E sensor in outside-out membrane
patches. A. Deactivation kinetics of the E-sensor when jumping glutamate from 1 mM to

wash solution. The process was fitted by a monoexponential function yielding t_=43 £ 1 ms

(n=52). B. Deactivation kinetics is independent of the ligand concentration.
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4.5.1.1. Further characterization of mGluR1 E-sensor

In the previous work from Mercaggi et al. 2009, using an mGluR1 FRET sensor similar to the
sensor we use herein, it was shown that after long time exposure to glutamate mGluR1
becomes sensitized, contradicting desensitization reported for other GPCRs earlier (Kelly et
al. 2008). To test for this phenomenon, we applied glutamate over four different time intervals
(100 ms, 300 ms, 1 s and 3 s). The result was that we did not see sensitization or a difference
in kinetics (Fig. 16). This phenomenon might be due to different experimental conditions that
the other group used. Note that previous work was done in whole cells, and our experiments
are done in excised membrane patches. Furthermore, we analyzed if different time exposure

of glutamate would play a role in deactivation, but this was also not the case.
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Figure 16: Different exposure time of glutamate in mGluR1 E-sensor. A. Normalized
FRET traces are superimposed on each other. Glutamate (1mM) exposure time is indicated
by blue lines above the traces. B. Deactivation kinetics remains in the same range despite

different time exposure to glutamate.
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4.5.1.2. The effect of one binding site in the kinetics of mGluR1 E-

sensor
To test the contribution of the number of binding sites to the kinetics of the mGIuR 1 E-sensor,
we introduced point mutations that disrupted the binding of glutamate to the orthosteric
binding site. By introducing the well-established YADA mutations (Kniazeff et al. 2004), we
generated constructs that are unable to bind glutamate and activate. We show that in dimers
where both subunits bear the mutation (YADA: YADA), there was no signal change after 1
mM glutamate application (Fig. 17A). Dimers bearing one mutated binding site and one wild-
type binding site (YADA: WT), a signal change was present, but it was lower compared to the
wild type E-sensor (WT: WT). The kinetics was about six times slower, for both activation
and deactivation (Fig. 17C, D). By this, we conclude that both binding sites are needed for the
fast response in WT: WT receptors. However, when only one active binding site is present,

the kinetics are slowed down.

w

A glutamate glutamate

=) =)

.g 1.0+ 'g 1.0

= =

= =

— —

S S

2 £

—~ —

E 0.0 § 0.0

F~ =~

T | T T T T
0.0 1.0 2.0 0.0 1.0 2.0

Time (s) Time (s)

C D _

=) =)

Q1.0+ L 1.0

< =

= =

S -

— —

0.0 = 0.0

= e

T T T T |
-0.2 0.0 0.2 1.0 2.0

Time (s) Time (s)

Figure 17: Activation and deactivation kinetics of the mGluR1 E sensor with mutated
binding sites. A. Signal with both binding sites mutated. B. Signal with one binding site
mutated with the YADA mutation. C. Monoexponential fit yields =7 + 2 ms (n=6) and D.

Deactivation kinetics of 1 ;=295 + 6 ms (n=6).
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4.5.2. A-sensor

Activation of mGluR1 is believed to proceed in two subsequent steps (Hlavackova et al.
2012). The first step is associated with an intermolecular rearrangement that is followed by a
conformational change within the monomers. For investigating the conformational changes of
the second step, we used the A-sensor, with CFP fused in the C-terminus and YFP fused again
in the intracellular loop 2. The signal change obtained by glutamate application was lower
compared to the E-sensor. The FRET values were negative, meaning that the distance
between CFP and YFP is increased at activation. Activation and deactivation kinetics were
analyzed again by fitting monoexponential functions (Equations 4 and 6) yielding ton=25 + 7
ms, and 1,7/=900 + 60 ms (Fig. 18). Hence, the kinetics of the A-sensor are slower compared

to the E-sensor, for both, activation and deactivation.
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Figure 18: Activation and deactivation Kinetics of the mGluR1 A-sensor. A. Activation

kinetics fitted with monoexponential fit yielded T =25 + 7 ms (n=7) and B. 7 _;=900 + 60 ms

(n=06).
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4.6. Functional interaction of the subunits of all members in metabotropic

glutamate receptors

We next studied the kinetics of all other metabotropic glutamate receptors (Fig. 19), in total
eight homodimers and 28 possible heterodimers. It has been shown previously that mGluRs
can form heterodimers within the family, as e.g. for mGluR2/3 by using a single-molecule
approach (Levitz et al. 2016). Another example of heterodimerization has been reported
between members of group II and III, mGluR2/7. This combination leads to a more efficient
activation dimer than mGIuR2 or mGluR7 as a homodimer (Habrian et al. 2019).
Functionality has also been reported for mGluR2/4 (Moreno Delgado et al. 2017). Evidence
was also shown for the presence of this heterodimer in native cells (Moreno Delgado et al.
2017). A comprehensive study including numerous mGluRs proved 11 out of 21
combinations to form heterodimers, but this study shows only the assembly of the monomers

to dimers but not their functional interaction (Doumazane et al. 2011).

Herein we studied the kinetics of activation and deactivation in all homodimers, and all
possible heteromeric combinations between all members using the same approach as

described for mGluR 1 above.
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Figure 19: Classification of metabotropic glutamate receptors. Phylogenetic tree of the

eight human mGluRs.
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4.6.1. Dimer assembly studied by FRET efficiency

We studied the ability of the eight mGluR isoforms to assemble to homodimers or
heterodimers. It turned out that the FRET efficiency suggests dimerization for all mGluRs
except mGluR6, which has deficient expression. FRET efficiency values range from 18 % in
mGIluR7 to 30 % in mGluR3 (Fig. 20). Out of the 7 homodimers showing FRET efficiency, 5

were sensitive to glutamate jumps, except mGluR4 and mGIuR7.

Regarding heterodimers, 16 out of 28 possible combinations formed heterodimers as shown
by FRET efficiency. The FRET efficiency ranges from 13 % in mGluR4/8 to 35 % mGluR2/3
(Fig. 20). Notably, the values for FRET efficiency in the heterodimers are similar to the
values in homodimers, suggesting that the distance between fluorophores in homo- and
heterodimers are similar. 11 out of the 16 heterodimers were functional as judged by time

courses following glutamate application.
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Figure 20: FRET efficiency in homo- and heterodimeric mGluRs. Matrix indicating the
FRET efficiency by donor dequenching (in % + SEM). The main diagonal represents the
values of the homodimers. For better comparison combinations with evaluable and non-
evaluable kinetics are indicated by colors. White fields containing numbers indicate dimers
with no detectable dynamic responses. Fields with dashes indicate the absence of donor

dequenching.
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4.6.2. Kinetics in homodimers

4.6.2.1. Group I mGluRs

mGIluR1 and mGIuR5 E-sensors were expressed in Xenopus laevis oocytes, with mGluR1
expressing slightly better than mGIuRS. Both sensors assembled to homodimers as confirmed
by acceptor photobleaching. Activation and deactivation kinetics were fitted using
monoexponential functions. Activation of the human mGluR1 E-sensor is likewise as rapid as
that of rat mGluR1 (Hlavackova et al. 2012, Grushevskyi et al. 2019) while deactivation

kinetics are slower compared to activation kinetics (Fig. 21).
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Figure 21: Kinetics for human mGluR1 E-sensor. A. Scheme of mGluR1 E-sensor. B.

Calculated FRET efficiency after acceptor photo-bleaching, FRET =18.6+2 % (n=3). C.

Signal changes of CFP (cyan) and YFP (yellow) upon fast glutamate application; crosstalk
and photobleaching were corrected (blue). D. Calculated FRET from CFP and YFP signal. E)
Activation and F) deactivation kinetics were fitted with a mono-exponential function (red) in

averaged traces (grey). The time constants are indicated.
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mGIluRS E-sensor activates with a similar speed as mGluR 1, making both members of group I
mGluRs fast activators. On the contrary, with mGluR1, deactivation is significantly slower,
marking an essential difference between the two members of group I mGluRs. The complete
kinetic profile for mGluRS5 is summarized in Fig.22. Both activation and deactivation kinetics

are fitted using monoexponential functions.
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Figure 22: Kinetics for human mGluRS E-sensor. A. Scheme of the mGIuRS E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRET =23+4 (n=5). C) Signal
changes of CFP (cyan) and YFP (yellow) upon fast glutamate application; crosstalk and
photobleaching were corrected. D. Calculated FRET from CFP and YFP signal. E. Activation
and, F. deactivation kinetics were fitted with a mono-exponential function (red) in averaged

traces (grey). The time constants are indicated.
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4.6.2.2. Group II mGluRs

Both group II mGluRs, mGluR2 and mGluR3, form functional dimers (Fig. 23 and 24). The
expression level, however, was below that of group I mGluRs. mGIuR2 activates very slow, it
is the slowest dimer measured in comparison to all functional dimers analyzed in this study.
The activation time constant is at about 30 ms. On the other hand, the deactivation kinetics are

in the same range as activation or slightly faster, depicting a distinct feature of mGluR2.

A B C o
240+
z 1
N —
= 14 :, 200
E £
2 =
- 2
Zo4 ] £ 100
§ =
=
a - 120 T \ \
202 4 D FRETxc 0.0 1.0 . 2.0 3.0
’ Time(s)
=30 +
Lo T 30 £ 7 ms
£ E n=3 3
g g s
i 5 5
3 2 2
g )
0.0 0.0
T T ) T T 1 T T T T
0.0 1.0 2.0 3.0 -0.15 0.00 0.15 1.0 1.4 1.8 22
Time(s) Time(s) Time(s)

Figure 23: Kinetics for human mGluR2 E-sensor. A. Scheme of the mGluR2 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRET =26+4 (n=4). C. Signal
changes of CFP (cyan) and YFP (yellow) upon fast glutamate application; crosstalk and
photobleaching were corrected. D. Calculated FRET from CFP and YFP signal. E. Activation
and, F. Deactivation kinetics were fitted with a mono-exponential function (red) in averaged
traces (light grey) in raw data. Dark grey lines represent 66 Hz filter applied in raw data
(light grey). The time constants are indicated.
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mGIluR3 displays a slightly faster activation kinetics (ton=13 ms) in comparison with
mGIluR2, but is still significantly slower than both members of the group I (mGluR1 and
mGluRS5). Similar to the group I, where one of the members shows fast deactivation kinetics

(mGluR1) and the other slow deactivation kinetics (mGIluRS), also here mGIluR3 exhibits

slower deactivation kinetics compared to mGIluR2.
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Figure 24: Kinetics for human mGluR3 E-sensor. A. Scheme of the mGIuR3 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRET_=30+3 (n=7). C. Signal
changes of CFP (cyan) and YFP (yellow) upon fast glutamate application; crosstalk and
photobleaching were corrected. D. Calculated FRET from CFP and YFP signal. E. Activation
and F. Deactivation kinetics were fitted with a mono-exponential function (red) in averaged

traces (light grey) in raw data. Dark grey lines represent 66 Hz filter applied in raw data
(light grey). The time constants are indicated.
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4.6.2.3. Group III mGluRs

Members of group III exhibit similar or lower expression in comparison to the members of
group II. Expression of mGIluR6 was undetectable, precluding any analysis. For mGluR4 and
mGIluR7, the level of expression was better; nevertheless, both receptors were non-functional
when applying 1 mM glutamate and the same negative results was obtained for mGluR7 when
applying 10 mM glutamate. Kinetically only mGIluRS8 could be characterized (Fig. 25). Its
activation kinetics were in the same range as for mGluR3 while deactivation kinetics remain

in-between the values for mGluR2 and mGIluR3.
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Figure 25: Kinetics for human mGluR8 E-sensor. A. Scheme of the mGluR8 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRET =28+6 (n=5). C. Signal
changes of CFP (cyan) and YFP (yellow) upon fast glutamate application; crosstalk and
photobleaching were corrected. D. Calculated FRET from CFP and YFP signal. E. Activation
and F. Deactivation kinetics were fitted with a mono-exponential function (red) in averaged
traces (light grey) in raw data. Dark grey lines represent 66 Hz filter applied in raw data (light

grey). The time constants are indicated.
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4.6.3. Kinetics of heterodimers
4.6.3.1. Heterodimerization within the same groups
Group I

mGlIuR1 forms functional heterodimer with mGIluRS, shown in Fig. 26. Activation kinetic of
mGIuR1/5 heterodimer is very rapid, similar to the activation kinetics in mGIluR1 and
mGluR5 homodimers. Deactivation kinetics resembles that of mGIluRS5, i.e. mGluR5 slows
down the kinetics of the mGluR1/5 heterodimer with respect to the mGluR1 homodimer.

Deactivation kinetic of the mGluR 1 subunit was decelerated about ten times.
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Figure 26: Kinetics for human mGluR5/1 E-sensor. A. Scheme of mGluR5/1 E-sensor. B.
Calculated FRET efficiency after acceptor photobleaching, FRET =28+2 % (n=>5). C. Signal

changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue); crosstalk
and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal. E.
Activation and, F. Deactivation kinetics were fitted with a mono-exponential function (red) in

averaged traces (grey). Time constants are indicated.
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Group II

A similar phenomenon of heterodimerization within a group is also detected for group II
mGluRs. mGluR2 forms functional heterodimers with mGluR3 (Fig. 27). This dimer was also
reported previously (Doumazane et al. 2011, Levitz et al. 2016). Activation kinetics of
mGluR2/3 is significantly accelerated with respect to the mGluR2 homodimer, but it stays in
a similar range to the mGluR3 homodimer. Deactivation kinetic is in-between the values

reported for individual mGluR2 and mGluR3 homodimers.
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Figure 27: Kinetics for human mGluR2/3 E-sensor. A. Scheme of mGluR2/3 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRETef=35+2% (n=4). C.
Signal changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue);
crosstalk and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal.
E. Activation and, F. Deactivation kinetics were fitted with a mono-exponential function
(red) in averaged traces (grey). Dark grey lines represent 66 Hz filter applied in raw data.

Time constants are indicated.
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4.6.3.2. Heterodimerization between groups

Group I and group 11

Heterodimerization between group I and II was not reported before in literature and,
particularly, in the work of Doumazane and coworkers (Doumazane et al. 2011),
heterodimerization between these groups was not observed. Here we report functional
heterodimerization for mGluR1, belonging to the group I, with both mGluR2 (Fig. 28) and
mGIuR3 (Fig. 29) of group II. In contrast, mGIluRS assembles to dimers with mGluR2 and
mGluR3, as proved by FRET efficiency (Fig. 20), but does not form functional receptors

generating a response upon glutamate jump.

Ton Of mMGIuR1/2 is about 16 ms. Hence, the mGluR2 subunit slows down activation kinetics
of mGlIuR1 in heterodimeric composition. Deactivation kinetics of this combination is similar

to the respective homodimers.
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Figure 28: Kinetics for human mGluR1/2 E-sensor. A. Scheme of mGluR1/2 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRETef=29+5% (n=10). C.
Signal changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue);
crosstalk and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal.
E. Activation and, F. deactivation kinetics were fitted with a mono-exponential function (red)

in averaged traces (grey). Time constants are indicated.
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The same pattern is present also in mGluR1/3 (Fig. 29); the slower subunit mGIuR3 slows
down the activation kinetics of the mGluR1 subunit in the heterodimer. As expected,

deactivation is also affected by the slower subunit, slowing down deactivation kinetics in the

mGIluR 1/3 heterodimer.
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Figure 29: Kinetics for human mGluR1/3 E-sensor. A. Scheme of mGluR1/3 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRETef=16+3% (n=4). C.
Signal changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue);
crosstalk and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal.
E. Activation and, F. deactivation kinetics were fitted with a mono-exponential function (red)

in averaged traces (grey). Dark grey lines represent 66 Hz filter applied in raw data. Time

constants are indicated.
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Group II and group III

The highest number of heterodimers is observed between group II and group IIl. Three of
these heterodimers could be fully analyzed kinetically, whereas in three others we identified a
conformational change, which was however too small for quantification (Fig. 33). mGluR2 of
group II forms functional heterodimers with mGIluR7 of group III (Fig. 30); also mGIuR3 of
group II forms functional heterodimers with mGIluR7 (Fig. 31) and mGluR8 of group III (Fig.
32).

Notably, in mGluR2/7 activation kinetics was strongly accelerated to the level of the members
of group L. This is particularly remarkable because mGIluR7 as homodimer is not sensitive at

all at 1 mM glutamate.
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Figure 30: Kinetics for human mGluR2/7 E-sensor. A. Scheme of mGluR2/7 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRETef=34+2% (n=4). C. Signal
changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue); crosstalk
and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal. E.
Activation and, F. deactivation kinetics were fitted with a mono-exponential function (red) in

averaged traces (grey). Time constants are indicated.
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A similar accelerating effect of mGIluR7 was observed for mGIuR3/7: It strongly speeds up
activation kinetics with respect to the mGIluR3 homodimer. Whereas for the function of
mGIuR2/7 evidence has already presented (Habrian et al. 2019), heterodimerization of
mGIuR3/7 was not reported before. As in mGluR2/7, deactivation kinetic is decelerated

compared to the mGluR3 homodimer.

A 1.6 C _—
- 500
=
o _—
= | 5 450
g 1 =
= =
g Z 400
= g
‘Z04 k=
g 350
E
= T T 1
0.2 D FRETxc 0.0 1.0 2.0 3.0
; Time(s)
1.0 T,7~188 % 20 ms
1.0 - To=3 = 1 ms 1.0 - off S
E £ n=3 g n=3
g g g
= =
m E m
z E Z
0.0+ 0.0 0.0
T I T 1 I 1
0.0 1.0 _. 2.0 3.0 0.15 0.30 0.45 1.0 2.0 3.0
Time(s) Time(s) Time(s)

Figure 31: Kinetics for human mGluR3/7 E-sensor. A. Scheme of mGIuR3/7 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRETef=32+2% (n=8). C.
Signal changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue);
crosstalk and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal.
E. Activation and, F. deactivation kinetics were fitted with a mono-exponential function (red)

in averaged traces (grey). Time constants are indicated.
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The third functional heterodimer between group II and III is formed by mGIuR3 and mGIluRS.
Activation and deactivation kinetics of mGluR3 and mGluR8 homodimers are close by. When
individual subunits combine in the mGluR3/8 heterodimer, none of the kinetic parameters
change. Neither activation nor deactivation kinetics are changed. Hence, mGIluR8 does not

induce an accelerating effect on mGIluR3, as observed for mGIuR7 (Fig. 32).
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Figure 32: Kinetics for human mGluR3-8 E-sensor. A. Scheme of mGluR3/8 E-sensor. B.
Calculated FRET efficiency after acceptor photo-bleaching, FRETef=32+3% (n=5). C.
Signal changes of CFP (cyan) and YFP (yellow) upon fast glutamate application (blue);
crosstalk and photobleaching were corrected. D. Calculated FRET from CFP and YFP signal.
E. Activation and, F. deactivation kinetics were fitted with a mono-exponential function (red)

in averaged traces (grey). Time constants are indicated.
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Besides the three functionally characterized heterodimers between group II and III, three
others, mGluR3/4, mGluR2/6 and mGIuR2/8 provide FRET signal changes, which were to
small for quantification. A similar low resolution of the signals was also observed for
mGIluR4/8, which is a heterodimer within-group III. Despite the lower resolution of the

signals from these four additional heterodimers, functionality is unambiguously there (Fig.
33).
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Figure 33: Heterodimers showing FRET changes too small for quantifying time courses.
The four heterodimers mGluR3/4, mGluR2/6, mGluR2/8, and mGlu4/8, provided time-
dependent responses too small to be subjected to kinetic analysis, proving, nevertheless,

functionality of the heterodimers.
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5. Discussion

Metabotropic glutamate receptors are members of family C G protein-coupled receptors, they
are widely spread within the CNS, in both synaptic and extrasynaptic sites. They play a
significant role in neuronal excitability and synaptic transmission by modulating ion channels

and other signaling proteins (Niswender and Conn 2010).

The complete activation kinetics of G protein-coupled receptors is understood in detail only
for one of their members, rhodopsin. Rhodopsin belongs to family A of G protein-coupled
receptors, and it is known as the “light receptor” because it is activated by light. Activation of
rhodopsin is associated with conformational changes in the seven-transmembrane domain,
and the fully active state is the metarhodopsin-II state. This transition is the rate-limiting step
in activation with a time constant of about 1 ms (Arshavsky et al. 2002). For other GPCRs
literature suggests that activation requires 10 ms or much longer (Lohse et al. 2014, Marcaggi

et al. 2009).

Recent studies in mGluR1, a member of class C G protein-coupled receptors, have shed
somelight into the activation process of these dimeric receptors. mGluR1 is a homodimer, it is
activated after glutamate binds to the ligand-binding domains. The first step of activation
includes a movement of the monomers towards each other (Tateyama et al. 2004, Marcaggi et
al. 2009, Hlavackova et al. 2012). It is followed by a second step that includes a
conformational change within the monomer (Hlavackova et al. 2012). Kinetics of these
processes were reported to be in tens of milliseconds, and the first step is shown to happen in
~10 ms (Marcaggi et al. 2009) or ~35 ms (Hlavackova et al. 2012). The second step was
identified only by Hlavackova and coworkers (Hlavackova et al. 2012) and the time constants
was ~50 ms. However, the observed activation kinetics were indistinguishable from the
temporal resolution of their experiments. Furthermore, the activation kinetics was clearly
concentration dependent up to the time resolution of their glutamate superfusion system

(Marcaggi et al. 2009). The true activation kinetics is faster.

In this study, we measured the true activation kinetics of ~1 ms duration, which are
presumably limited by intermolecular processes and not ligand binding. We further describe
deactivation kinetics, and the contribution of the two binding sites in the kinetics. The study

was extended to all homo- and heterodimeric mGluR receptors.
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5.1. Fast solution exchange system in combination with cPCF

The patch-clamp technique is a standard method to study ion channels, including channels in
excised patches. To investigate fast, ligand-dependent processes in ion channels,

concentration jump techniques with a piezo device were combined with patch-clamp.

For nearly two decades patch clamp was also combined with fluorescent readouts in patches,
as in patch-clamp fluorometry (PCF) (Zheng and Zagotta 2003) on labelled channels and
cPCF with labelled ligands (Biskup et al. 2007, Kusch et al. 2011). The latter technique was
used successfully to study fast binding processes and current responses (Nache et al. 2013) or

fluorescence alone (Thon et al. 2013).

In the present study, we used the cPCF to measure kinetics outside-out patches containing
metabotropic glutamate receptors (mGluRs). We optimized the speed of the solution
exchange to about ~200 ps. Note, that this time resolution would be sufficient to resolve the

rate-limiting step in Rhodopsin activation.

Having in hand such a fast solution exchange system, combined with the high resolution of
the LSM line scan mode, allowed us to overcome technical limits in previous studies

(Marcaggi et al. 2009, Hlavackova et al. 2012).

5.2. Characterization of mGluR1 FRET sensors in Xenopus laevis oocytes

Expression levels of mGIluR FRET sensors in Xenopus laevis oocytes were robust as recorded
by superimposed fluorescent signals of both, donor (CFP) and acceptor (YFP). Experimental
conditions were optimized to avoid errors arising from crosstalk of the two fluorescent
proteins.

In literature, it was shown that under some specific experimental conditions, YFP after
bleaching could be converted into a species which give signals into the CFP region

(Valentin et al. 2005). To exclude this phenomenon, we performed another control, bleaching
YFP completely with the 514 nm argon laser while measuring the signal in both detection
channels. During the bleaching of YFP, its signals dropped completely, whereas no signal
appeared in the CFP detection channel, confirming that the phenomenon described in the

paper cited above does not happen under our experimental conditions.
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5.2.1. mGluR1 FRET sensors assemble as dimers in the cell membrane

Both E- and A-sensors were successfully expressed in Xenopus laevis oocytes. We quantified
FRET efficiency (per donor) from acceptor photobleaching experiments by quantifying the
donor dequenching for both sensors. FRET efficiency for the A- and E-sensor was determined
to be 27 £ 2 % (n=7) and 23 + 2 % (n=3), respectively. Lower FRET efficiency in the E-
sensor might indicate a bigger distance between fluorophores in the receptor resting state or

be related to fluorophore orientation.

With the intermolecular E-sensor, we detect between the two subunits of an mGIluR1 as as
reported (Tateyama et al. 2004, Marcaggi et al. 2009, Hlavackova et al. 2012). To ensure the
composition of the E-sensor that each CFP containing subunit is dimerized with a YFP
containing subunit in the other, we used the “quality control system” from the GABAs
receptor (Margeta-Mitrovic et al. 2000, Pagano et al. 2001, Couve et al. 1998). This quality
control system is located in the C-terminus of the GABAR receptor. The C-terminal part of
GABAg:1 (one of the GABAgp subunits) possesses an endoplasmic retention signal.
Transportation of a functional dimeric form of GABAR is possible only when the ER retention
signal from GABAB interacts with the C-terminal part present in the GABARg; receptor (the
second subunit of GABAg) and masks it. C-terminal parts of GABAg were transferred to the
mGIuR1 subunits, the one containing the retention signal to the subunit containing CFP and
the other one to the subunits containing YFP. Application of this system was previously

shown also in mGluRs (Hlavackova et al. 2012, Kniazeff et al. 2004).

5.2.2. mGIluR1 FRET sensors are functional

mGIuR1 FRET sensors expressed in Xenopus laevis oocytes were tested if they bind
glutamate and activate. Both sensors respond to glutamate, tested in whole cells evaluating

spectra and also in outside-out membrane patches evaluating signals.

In case of the E-sensor, FRET efficiency was increased upon activation, consistent with the
idea that the distance between acceptor and donor placed in the intracellular loop 2 of each
monomer decreases activation. This is consistent with literature data (Tateyama et al. 2004,
Marcaggi et al. 2009, Hlavackova et al. 2012). It has been shown recently for mGIluRS, that
monomers are repositioned and moved towards each other upon activation (Koehl et al.

2019).
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In contrast, with the A-sensor FRET decreased during activation, indicating that the distance
between fluorophores placed in intracellular loop 2 and C-terminus within the monomer

increase upon activation, similar as described previously (Hlavackova et al. 2012).

Combining both events during activation, we conclude that the activation step consists of two
steps. There is an initial movement of the monomers towards each other, and then there is a

conformational change within the monomers.
Interpretation of the FRET signals:
FRET amplitudes

FRET amplitudes are determined by the Forster radius, Ro, and the distance between
donor and acceptor, R. Thus, it is tempting to calculate distances from FRET efficiencies.
However, the Foster radius R depends on the spectral overlap of the donor emission and
acceptor excitation spectra and several other physical parameters, including the relative
orientation between the transition dipole moment of donor and acceptor, parametrized as k>.
Often, the orientation is assumed to be random (k?>=2/3). However, in our system, the
fluorophores are fixed inside the CFP/YFP beta barrels, and the CFP/YFP are further fixed in
orientation due to the position in the loop. Therefore, we cannot distinguish changes in
distance from changes in relative orientation, thus, changes in Ro. While techniques exist to
gain orientation information (anisotropy and related techniques), there are not compatible

with the high temporal resolution required in our experiments.
Kinetics of FRET changes

We assume that both E-sensor and A-sensor exist in two distinct FRET states, e.g. “resting”
and “activated”, e.g. having performed an inter or intramolecular rearrangement respectively.
The FRET kinetics observed are interpreted as chemical kinetics of the ensemble from one
distribution over the states to another. In principal, more FRET states could exist. Consider
this e.g. for the E-sensor: Such states could be resting, first subunit conformational shifted,
second subunits conformational shifted, both shifted plus rearrangement within a subunit etc.
Herein, we do not have indications of additional states, as would likely appear as additional
exponential components in the activation and deactivation time courses. To resolve such
details, other techniques as single-molecule FRET measurements or FLIM experiments are

needed.
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5.2.3. mGluR1 activates and deactivates nearly in a stepwise manner

Activation starts when glutamate binds to the binding site. This causes conformational
changes within the ligand-binding domain, the closing of the flytrap. The speed of these
rearrangements should happen on a sub-millisecond scale (Olofsson et al. 2014, Jingami et al.
2003). Conformational changes are then transmitted towards transmembrane domains,

causing a movement of transmembrane domains, as shown for mGluRS5 (Koehl et al. 2019).

Transmembrane domains during activation are repositioned and move towards each other, an
event that we see with the E-sensor for mGluR1. This first step in activation is remarkably
fast lasting only ~1 ms and, notably, much faster than previously reported (Marcaggi et al.

2009, Hlavackova et al. 2012).

Furthermore, we studied the concentration dependence of the activation speed in the E-sensor,
and we found out that glutamate concentrations 1 mM did not further increase the speed of
activation. This shows that the first step of activation including the rearrangements of the two
subunits is not limited by diffusion or binding dynamics of the ligand but is the real activation

kinetics of the receptor.

In addition to the inter-subunit movement, there is a slower event in activation proceeding
within the monomers. We studied this event using the A-sensor. These conformational
changes within the transmembrane domain are associated with a negative FRET signal,
indicating that the distance between loop 2 and C-terminal domain is increased. This step was
notably slower compared to the first step, yielding ton of 25 + 7 ms (n=7). As the fast step
loses concentration dependence at ~1mM, our measurements at 1 mM with the A-sensor can
also be assumed to be limited by the molecular rearrangements in this case intramolecular

arrangements. So there is an activation process that happens in two steps.

To test the contribution of both binding sites in activation and deactivation of mGluR1, we
generated the YADA mutations (Kniazeff et al. 2004), which disrupts the binding of
glutamate to the binding site. Previously, it was shown that mGluRs with one binding are still
functional, but for a full effect, both binding sites are needed (Kniazeff et al. 2004). In E-
sensors bearing the YADA mutations, we did not notice any glutamate effect in the FRET
signal, while in sensors with one binding site free and one mutated, activation and
deactivation kinetics were slowed down about six times. This shows that both binding sites

are necessary for generating the fast kinetics.
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Deactivation time courses are substantially slower and presumably also happen in a stepwise
manner, the first step includes movement of monomers away from each other, a process that
occurs in 43 £ 1 ms (n=52) and matches the findings from the literature (Marcaggi et al.
2009), followed by a slower movement within the transmembrane domain of 900 + 60 ms

(n=6). As expectable, deactivation kinetics was not affected by changes in concentration.

Together, our data indicate that activation of mGluR1 begins with an intermolecular fast
conformational change, lasting ~1 ms, that is followed by a slower conformational change
within the transmembrane domains, lasting ~20 ms, to reach the fully active state.
Deactivation also proceeds in a two-step manner, a first step between the dimers at last ~40
ms which is followed by a slower step within the transmembrane domain of ~900 ms. For full
activation and deactivation speeds, both binding sites are needed, knocking out one of the

binding sites considerably slows down both processes (Scheme 3).
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Scheme 3: Cartoon illustration of the activation and deactivation kinetics in mGluR1.

Glutamate is indicated in green. The specified times are the time constants determined by the
fits. It is assumed that the ligand binding is not rate-limiting [i.e., the ligand concentration is
sufficiently high, and that ligand binding and closure of the VFT domain occur at sub-
millisecond speed (“fast”). A. WT receptor. B. YADA mutant in one subunit to eliminate

ligand binding (red crosses).
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5.3. Activation and deactivation Kkinetics of all other members of the

human mGluR family

To study the kinetics of human metabotropic glutamate receptors, we generated the respective
intermolecular FRET sensors. By placing either CFP or YFP in the intracellular loop 2 of
each monomer, dimerization was controlled by putting in the C-terminus either the C1 or C2
C-terminal tails of the GABAB receptor “quality control system” as described (Hlavackova et
al. 2012, Grushevskyi et al. 2019). Using these sensors, we measured activation and
deactivation kinetics in all eight homodimers. Furthermore, we tested the ability of each
member to form dimers with all other mGluRs and determined activation and deactivation

kinetics in the functional portion of the heterodimers.

First, we studied all homodimeric combinations in mGIluR1-8. For seven out of the eight
homodimers dimerization was observed. FRET efficiencies range from 18 % in mGIuR7 to 30
% in mGIluR3, confirming that the GABAg system helps to distinguish donor-acceptor
heterodimers from donor-donor or acceptor-acceptor homodimers. Only mGIluR6 was so
poorly expressed that it was not possible to investigate dimerization. Five out of seven
expressing homodimers showed glutamate jump evoked FRET changes between CFP and

YFP and where deemed functional.

16 out of 28 possible heterodimeric receptors gave FRET signals. The efficiencies ranged
from 13 % for mGluR4/8 to 35 % for three heterodimers of mGluR2 (mGIluR2/3, mGluR2/4
and mGluR2/8). The mean FRET efficiency of the heterodimers of 26.5+1.8% does not
significantly differ from that of the homodimers of 24.3%1.7 (t-test, p=0.46). 11 out of 15
heterodimers were functional upon glutamate application. Activation and deactivation kinetics

were analyzed by fitting with mono-exponential functions.
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5.3.1. Kinetics within homodimeric mGluRs

Activation kinetics of both members in group II are significantly slower compared to
members of group I (mGlul and mGIuRS5) as shown in Fig. 34A. mGIuR2 is the slowest
dimer measured, with an activation time constant of 30 ms. Deactivation kinetics of mGluR2
is faster than activation kinetics, whereas, deactivation kinetics of mGIluR3 is 115 ms,

significantly slower compared to mGluR2 (Fig. 34B).

In group III, kinetics could be measured only for mGIuRS8. The activation kinetics are in the
same range as for the members of the group II (mGIluR2 and mGluR3), but significantly
slower than for both members of group I. Deactivation kinetics are 51 ms. To sum up,
members of group I have activation kinetics significantly faster than members of group II and

II1, whereas deactivation kinetics are not consistent within the groups (Fig. 34).
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Figure 34: Comparison of the Kkinetics of all groups of homodimeric mGluRs. A.
Activation and, B. Deactivation time constants for the mGluRs. Three mGluRs did not show
evaluable time courses. n.d., not determinable. Significant differences are indicated (*p<0.05,

*#p<0.01). n.s. indicates that the difference is ‘not significant’.

5.3.2. Kinetics in heterodimeric mGluRs

5.3.2.1. Heterodimeric mGluRs within the same group

Based on amino acid alignment and the degree of sequence homology which is from 61.8-
75.0 % within the groups, heterodimerization of members of the same groups could be

expected and was also reported previously (Doumazane et al. 2011). However, these authors
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reported only information about the assembly of the two heterodimers without testing for
function. They used the SNAP and CLIP technology and measured time-resolved FRET.
Another study reported heterodimerization within members of group II (mGluR2/3) by using
a single-molecule approach (Levitz et al. 2016). We confirmed previous findings, and
furthermore, we show kinetic evidence of heterodimerization within groups for two

combinations, one in group I, and the other in group II.

In group I, mGluR1 forms a functional heterodimer with mGluRS5. Activation kinetics in this
heterodimers are as quick as with the respective homodimers, mGluR1 and mGluRS5.
Deactivation kinetics, on the other hand, exhibits a major contrast with respect to the mGluR 1
homodimer. Combination of mGluR1 with mGIuRS5 causes a deceleration in deactivation by
roughly ten times compared to mGluR1 alone. Deactivation kinetics of mGIluR1/5

heterodimer are similar to mGluR5 homodimer, suggesting that mGIuRS determines this step.

Furthermore, to test if swapping fluorophores and the GABAg “quality control system”
between the subunits of the mGluR1/5 combination affects kinetics, we replaced CFP and C1
in mGluR1 subunit with YFP and C2, whereas YFP and C2 in mGluRS5 are replaced with CFP

and C1. Both activation and deactivation kinetics were not affected by this swap (Fig. 35).
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Figure 35: Activation and deactivation Kkinetics in heterodimers with swapped
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Within group II we confirmed heterodimerization of mGluR2 and mGIluR3. Combination of
mGIluR2 with mGIuR3 significantly accelerates activation kinetics of the mGluR2 subunit.
The opposite effect is seen in deactivation kinetics, mGIluR3 significantly decelerates
deactivation kinetics of the mGIluR2 subunit. Both activation and deactivation kinetics of

mGIluR3 do not encounter a significant change as a result of the combination with mGIuR2.

In both cases of heterodimerization within the group I and II, the slow subunit determines the
kinetics of the heterodimer, except for mGluR2/3: Here activation kinetics was accelerated

with respect to mGIuR2.

A summary of the kinetics of heteromeric combinations within the group I and group II is

shown in Fig. 36.
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Figure 36: Activation and deactivation Kinetics in heterodimers within groups. A. 7
for two heterodimers in group I and II. B. 7, for two heterodimers in group I and II.

Significant differences are indicated (*p<0.05, **p<0.01). n.s. indicates that the difference is

‘not significant’.
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5.3.2.2. Heterodimeric mGluRs between different groups

For the first time, we show heterodimerization between members of group I and II, for two of
the heterodimers we could also analyze the kinetics. As predicted from literature (Doumazane
et al. 2011), heterodimerization between II and III was present in many cases. On the other

hand, no functional heterodimers were noticed between the group I and III (Doumazane et al.

2011).

Two cases of heterodimerization were identified between group I and II, mGluR1 with either
mGIuR2 or mGluR3. Activation kinetics in mGluR1/2 and mGluR1/3 were dominated by the
slower subunit mGluR2 or mGluR3 over mGluR1. Regarding deactivation kinetics,
mGIluR1/2 is not changed significantly because deactivation kinetics for mGluR1 and
mGIluR2 homodimers are similar. In case of mGluR1/3 slower mGluR3 subunit dominates the

rate.

A striking feature was observed for mGluR7. Whereas homodimeric mGIuR7 did not produce
any evaluable kinetic response (tested with up to 10 mM glutamate), it accelerated activation
in the heterodimer mGIluR2/7 with respect to homodimeric mGluR2 by nearly an order of
magnitude. A similar effect of mGluR7 was observed in mGIluR3/7. This suggests an essential

biological role of the mGluR7 as an accelerator for members of group II subunits (Fig. 37A).

Regarding deactivation kinetics, two out of the four heterodimers generating effects on
activation kinetics also produced significantly changed deactivation kinetics: mGluR7, the
strong accelerator of activation relative to mGluR2 and mGluR3, also slows deactivation in

mGIluR3/7 (Fig. 37B).
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Figure 37: Kinetics in heterodimers involving group II and III. A. 7 and, B. 7 ; for two
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Since the interventions made by generating FRET sensors, as well as by introducing the
GABAB “quality control system” are located at the intracellular site of the constructs, and the
primary dimer interface in mGluRs is in the extracellular ligand-binding domain (Levitz et al.
2016), we assume that the functional interactions identified in our study are representative

also for the wild type receptors.

Helices B and C of the sequence (Fig. 37) in ligand binding-domain 1 have been shown to be
essential for dimerization (Levitz et al. 2016). Notably, group I and II subunits share
numerous identical positions in this region, whereas in group III at least one position is
different. A similar pattern is noticed if comparing group II and III, then in group I at least
one position is different. In contrast, there is only one identical position in comparison with
group I and III, when in group II at least one position is different. This might provide an
explanation for the experimental result that between group I and II and between group II and
111, but not between group I and III, functional heterodimers were found. On may speculate
that heterodimers containing one group II subunit and either one group I or one group III
subunit, presumably play an essential role for multiple functions in neurons, both at the pre-

and postsynaptic membrane.
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Figure 38: Full-length human mGluR1 to mGluRS8 in the sequence given by the
phylogenetic tree (Fig. 19). Secondary structures are represented by helices (a helices A-Y),
arrows (B strands a-y), straight lines (loops, combining elements between secondary
structures etc.), dotted lines (no information available). Symbols: blue - ligand binding
domain 1, red - ligand binding domain 2, green - cysteine rich domain, orange -
transmembrane domains, yellow box - amino acids involved in binding, bright green vertical
line - position of the E-sensor, red vertical line - cutting sites for the constructs. Conserved
residues are labelled according to the indicated color code. The following entries were used:
mGluR1, Q14832; mGIluR2, Q14416; mGluR3, Q14832; mGIluR4, Q14833; mGIuRS,
P41594; mGluR6, Q15303; mGIluR7, Q14831; mGluRS8, 000222. (Figure prepared by Dr.

Christian Sattler). 66



6. Conclusions

1.

Speed of the solution exchange system at the tip of the patch pipette was measured to
be in the range of 200 ps. In combination with high-resolution LSM, we could

measure any FRET change in the range of activation kinetics of rhodopsin.

Activation and deactivation kinetics in mGluR1 happen in a stepwise manner. The
first step of activation includes subunit movement towards each other, and this step
occurs in a notably fast speed, at about 1 ms, faster than data reported before for
mGIluR1 (Marcaggi et al. 2009), and was not limited by the technique. Activation
continues with a slower step which consists of an intramolecular conformational
change within subunits, and the speed is about 20 times slower compared to the first
step.

In comparison with rhodopsin, a dimeric GPCR has a more complicated activation
process, intermolecular movements between monomers happen in rhodopsin speed.
However, the second step of activation in mGluRs, which is comparable with the
conformational rearrangement occurring during activation of rhodopsin, is about 20
times slower.

Fast activation speed, which consists of inter-subunit movements, is not
concentration-dependent. Even at concentrations up to 10 mM, the speed remains the
same, indicating that the kinetics presented here represent the maximum speed.
Deactivation kinetics are slower than activation kinetics. The process also happens in
two steps, inter-subunit movement away from each other requires about 40 ms,

followed by a conformational change within the monomers of about 1 s.

We confirm that one binding site is enough to cause intermolecular movements in the
mGluR1 E-sensor. However, the activation and deactivation kinetics are slowed down
by factor six. It is still not clear, and remains to be clarified in the future, if one
binding site is enough to cause movements of both transmembrane domains or one

binding site causes a conformational change in only one transmembrane domain.

We were able to generate intermolecular FRET sensors for all eight members of
metabotropic glutamate receptors by fusing CFP and YFP in each monomer, also

adding the GABAg “quality control system” as described before for mGIluR1 rat
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(Hlavackova et al. 2012). All mGluR members, except mGluR6, expressed on the
membrane as homodimers as confirmed by acceptor photobleaching and donor
dequenching. FRET efficiencies vary from 18 % for mGluR7 to 30 % for mGIluR3.
mGIuR1 expresses at the highest levels in the membrane. Five out of seven mGluR
sensors that form dimers in the membrane are functional when testing with glutamate
jumps: mGluR1 and mGIuR5 in group I, mGluR2 and mGluR3 in group II, and only
mGIuR8 in group III.

. Both members of the group I (mGluR1 & mGIluRS) activates very fast, thereby
approximate the technical limitations, and are significantly different compared to
activation kinetics of the members of group II (mGluR2 & mGluR3) and group III
(mGluR8). Deactivation kinetics varies, mGluR1 has significantly faster deactivation
kinetics compared to mGIluRS. A similar pattern is noticed in group II, deactivation
kinetics of mGIluR2 is significantly slow compared to mGluR3. Whereas for mGluRS,
deactivation kinetics has deactivation kinetics are between those of mGluR2 and

mGIluR3.

. We could detect heterodimerization between members of each group, and also
between members of different groups. Group I forms functional dimers with group II
and group II forms dimers with group III. However, no functional heterodimerization
was identified between group I and II. For mGluR1/2, mGluR1/3, mGluR1/5,
mGluR2/3 and mGluR3/8 activation and deactivation kinetics are dominated by the
slower subunit compared to the respective homodimers. A remarkable finding is that
mGIluR7 in combination with mGluR2 and mGluR3 causes acceleration in the
activation kinetics of heterodimers in comparison with mGluR2 or mGIluR3

homodimers.
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