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Abstract

Mechanisms of activation and modulation of homomeric and heteromeric metabotropic
glutamate receptors

Chris H. Habrian
Doctor of Philosophy in Biophysics
University of California, Berkeley

Professor Ehud Y. Isacoff, Chair

Synaptic plasticity underlies all learning and memory and is a cornerstone of neurological
function. The adaptive and flexible nature of these processes makes them complex and
challenging to define with the precision needed to develop quantitative models or effective
therapeutics. The main excitatory neurotransmitter in the mammalian nervous system is
glutamate which is also critical in setting synaptic strength and plasticity. Glutamate induces
synaptic changes through two classes of receptors, ionotropic glutamate receptors and
metabotropic glutamate receptors. lonotropic glutamate receptors are glutamate gated calcium
channels which can alter synaptic strength in the time scale of tens of milliseconds to 1
second. Metabotropic glutamate receptors (mGIuRs) are Class C G-protein coupled receptors
(GPCRs) which induce synaptic changes on the time scale of tens of seconds to minutes, hours
and even days. This makes mGIuRs critical to understanding the molecular induction of
synaptic plasticity and very attractive therapeutic targets. Despite much effort put towards
developing therapeutics that target mGIuRs none have been approved by the FDA. A deeper
understanding of mGIuR activation will aid in designing more effective therapeutics as well as
provide a more precise role of glutamate on synaptic changes.

mGIuRs are obligate dimers with large N-terminal domains. Each subunit contains a clamshell
like glutamate binding domain (LBD), a rigid cysteine rich domain (CRD) and the canonical
7-pass transmembrane domain that defines all GPCRs. Numerous studies of GPCRs have
pointed to the fact that these receptors are highly dynamic and that ligand binding changes the
time a receptor spends in several distinct conformational states. The last ten years has seen an
explosion in the number of high-resolution GPCRs structures. Unfortunately, these only
provide a snapshot of a subset of potential receptor conformations and the amount of
knowledge on the conformational dynamics of GPCRs has lagged behind.

One very promising technique to address the questions surrounding GPCR conformational
dynamics is single molecule fluorescence resonance energy transfer (SMFRET). SmFRET
allows for very precise measurement of receptor motions and compliments the wealth of
structural information to create a much more complete understanding of GPCRs.

To this end | used SmMFRET to measure and study the conformational motions associated with
activation of mGIluR homodimers and heterodimers. First | examined the effects of different
regions on mGIuR2 homodimer activation and mGIuR2/3 heterodimer activation which



demonstrated a functional role of a LBD interface and the cysteine loop. Next | examined
mGIuR7, which has an incredibly low glutamate affinity, and found that while mGIuR7
homodimers are virtually insensitive to glutamate, mGIuR2/7 heterodimers are present in
native tissue and are super sensitive to glutamate due to an apo state rotation demonstrating a
potential biologic and modulatory role of heterodimerization. Lastly, | examined regions of
mGIuR7 and find that the lower dimer interface is responsible for very low glutamate
sensitivity and that the cysteine bridge flexibility is responsible for the mGIuR2/7 super
sensitivity to glutamate.



This work is dedicated to my mother and father who provided me with the opportunity and
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Chapter I: Introduction

Synaptic Plasticity and the role of Glutamate

A fundamental feature of the central nervous system is the ability to change over time
which underlies all learning and memory2. Neuronal activity generated by an experience modifies
neural circuit function and in turn modifies thoughts, emotions and behavior®. These higher order
changes are manifested at specialized structures for neuronal communication called synapses which
use neurotransmitters as a medium for communication®. Synaptic plasticity refers to activity
dependent modification that alters the strength or efficacy of synaptic transmission-2. These
changes in synaptic strength determine if and where action potentials propagate and or terminate
ultimately controlling information flow throughout the nervous system. This has led to
understanding the mechanism of synaptic plasticity becoming a key topic in the field of
neuroscience with implications impacting our understanding of normal and pathological function.

Glutamate is the main excitatory neurotransmitter and a critical neuromodulator in the
mammalian central nervous system and plays a critical role in synaptic plasticity®. Glutamate exerts
these synaptic changes through two different receptor types, ionotropic glutamate receptors and
metabotropic glutamate receptors®. lonotropic glutamate receptors are ligand gated calcium
channels that act on the fast time scale’. Metabotropic glutamate receptors are class C G-protein
coupled receptors that enact changes through multiple cell signaling pathways and last from tens of
seconds to hours and even days®. This longer time scale and the modulatory nature of mGIuRs
makes them very attractive drug targets for several neurological disorders. Unfortunately, several
decades of intense effort has yet to yield any approved drugs. This shortcoming is most likely
dependent on a lack of molecular and kinetic characterization of these receptors.

G protein-coupled receptors

G-protein coupled receptors are the largest family of transmembrane proteins in the human
genome with over 800 different receptors divided into 6 classes (A through F). These receptors
play critical roles in virtually every cellular process and are by far the most successful drug targets
acting as targets to roughly 34% of all FDA approved drugs®. A defining structural feature of
GPCRs is a 7 pass transmembrane helix fold and canonically GPCRs activate heterotrimeric G-
proteins by catalyzing the release of GDP for GTP which dissociates the trimer into Ga and Gfy.
Upon dissociation Ga and Gy can activate downstream signaling molecules which can alter
phosphorylation state, gene expression and metabolic state of a cell*®. GTPase activity of Go.
terminates signaling along with regulatory molecules G-protein receptor kinases which
phosphorylate the C-term tail of receptors which recruits B-arrestins and other desensitization and
trafficking machinery!!. There are four species of G-proteins (Gs, Gq, Giro and Gi2:13) that receptors
can signal through®*. An overwhelming amount of data in the last decade has demonstrated that
GPCRs can not only signal through G-proteins but, can also induce cellular changes through f-
arrestins, giving rise to a phenomenon called biased signaling and direct interactions with kinases®2.
This diversity of signaling pathways is also complimented by the discovering of GPCR modulating
proteins called receptor activity modifying proteins(RAMPS) which are single pass transmembrane
proteins that can not only alter the rate of target activation by the receptor, but can also alter the Ga
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preference of the receptor®®. The elucidation of these receptor paradigms is complemented by the
atomic structure findings that receptors can have multiple inactive and active conformations and as
a result do not behave as bimodal on or off switch, but instead samples an ensemble of
conformations'#17,

The recent insights into these more subtle receptor behaviors began fifteen years ago with
the first crystallographic structures of B2-adrenergic receptor'®1®. These crystallographic structures
started a rapid rise of GPCR structures being published, which aided by the developments of single
particle reconstruction cryo-electron microscopy, has resulted in an explosion of structures in the
last 10 years. These structures have simultaneously greatly advanced the possibility of de novo
drug design and in turn painted a more complex picture of receptor activation. Instead of ligands
stabilizing a strictly active or strictly inactive conformation ligands change the rate at which
distinct conformations are explored*’. This behavior allows the receptors acute temporal
responses and in turn makes understanding the dynamics of these specific conformations critical to
understanding how these molecules control and interact with their effector molecules. While the
wealth of structural information provides atomic level understanding of molecular interactions they
only provide static snapshots of the receptors. Unfortunately the amount of insight on the
conformational dynamics of these receptors has greatly lagged behind the amount of structural
information.

GPCRs are divided into 6 classes, A through F. Class A and B are structurally the most
simple with A only containing the 7pass transmembrane domain (TMD) and B containing the
TMD and a short N-terminal domain®. These two classes make up the majority of studied
examples. On the other hand, Class C GPCRs are characterized by large N-terminal domains and
act as obligate dimers which is?®. mGIluRs make up an 8 member family within Class C GPCRs and
are expressed throughout the central nervous system in and around sites of synaptic transmission?L.

Metabotropic Glutamate Receptors

The mGIuR family contains 8 subtypes which are subsequently divided into three groups
based on homology, pharmacology and signaling profile®. Group I includes mGIluR1 and mGIuR5
which signal thought Gogq and are located on the post-synaptic side of synapses, where they
facilitate or induce long term depression or long term potentiation. Group Il is made up of mGIuR2
and mGluR3 which couple to Goj and can be found pre-, post- and peri-synaptically where they
typically suppress synaptic transmission. Group 111 contains mGluR4, mGIuR6, mGIuR7 and
mGIuR8 which are all found pre-synaptically and couple to Gai and suppress synaptic
transmission.

At the molecular level, each mGIuR subunit contains a clamshell shaped glutamate binding
domain followed by a rigid linker region containing several cysteine bridges called the cysteine
rich domain and finally the conical 7-pass transmembrane domain®’. mGIuRs are obligate dimers
with only a dimeric pair able to respond to glutamate and signal while a monomer is incapable of
activating a heterotrimeric G-protein?. Traditionally mGIluRs were considered to only assemble
into homodimeric complexes, but more recently it has been shown that mGIluRs can assemble into
specific heteromeric combinatinations in-vitro and in-vivo???7.

Although all mGluRs signal through one of two G-protein pathways studies have shown
that each subtype has a specific expression pattern within the brain which often overlaps with at
least one other subtype?’. In-vitro studies have also demonstrated that most receptors have
glutamate affinities around 1 puM?L. This raises the question as to why two receptors subtypes with
similar glutamate affinities and signaling pathways would be required in the same location?



Another feature of synaptic transmission that plays a role in mGIuR function is that the synaptic
cleft is exposed to wide concentrations of neurotransmitters with specific spatio-temporal
concentration profiles in small extracellular volumes?2°, The requirement of responding
appropriately to this environment requires tuning of the receptor responses. There is a wealth of
information characterizing individual mGIuR subtypes but, far fewer studies have investigated
modulation of mGIuRs.

Analysis of LBD interface mutants and mGluR2/3 heterodimers

Biochemical studies and multiple structures of mGluR LBDs have shown that LBDs
interact through multiple dimer interfaces and a cysteine bridge. In the second chapter we sought to
test the effects these interactions have activation of mGIluR2 homodimers using single molecule
fluorescence resonance energy transfer(smFRET). We found that the hydrophobic interface in
mGIuR2 stabilizes the active state and that the cysteine loop of mGIuR2 promotes activation
through stabilizing the closed-closed LBD conformation. We then sought to use SmFRET to
characterize mGluR2/3 heterodimers. mGIluR2 and mGIluR3 homodimers differ in that mGIuR3
undergoes basal activation. We find that S152 is responsible for mGIuR3 basal activation and that
mGIuR2/3 heterodimers basal activation is half the magnitude seen in mGIluR3 homodimers.

Heterodimerization gives rise to emergent properties in mGluR2/7

In the third chapter we turn our attention to mGIuR7. This Group Il member is unique
amongst all other mGIuRs in that it has a very low glutamate affinity, roughly 1mM as opposed to
the low micromolar affinity seen in all other subtypes. Yet, mGIuR7 is one of the most widely
expressed subtypes and mGIuR7 knock out mice show deficits in learning, memory consolidation
and develop absence epilepsy. Using SmFRET we find that glutamate affinity was in fact even
lower than previously reported, ~38mM, and that maximal efficacy reached with glutamate is only
10%. We subsequently find that mGIluR2 and mGIuR7 share overlapping expression patterns in the
hippocampus and using immunohistochemistry we see that mGluR2 and mGIuR7 assemble into
mGIuR2/7 heterodimers in native tissues. SMFRET of mGIuR2/7 reveals a higher glutamate
affinity than the mGIluR2/2 homodimer. Each subunit acts as a positive allosteric modulator to its
partner subunit and these enhancements to activation are caused by an apo state rotation mGIluR2/7
undergoes.

Allosteric mechanisms controlling affinity and efficacy of mGIluR homodimers and
heterodimers

In the fourth chapter I continue to examine the molecular determinants of mGIluR7’s
unusual glutamate insensitivity. mGluR4 serves as an ideal comparative model due to its much
higher glutamate affinity and high sequence similarity to mGIuR?7. | find that the ligand binding
residues of mMGIuR7 has very little effect on mGIuR7 affinity and efficacy and instead the lower
LBD interface is responsible for mGIuR7s insensitivity to glutamate. | then elucidate the
mechanism responsible for the unique properties mGIluR2/7. Using mGIuR2/4 as a comparison,
which does not see positive allostery upon heterodimerization. We see that mutating three glycine
residues within the mGIluR4 cysteine loop enables positive allostery of mGIluR2/4 and in turn very
closely resembles the emergent properties seen in mGIluR2/7. This leads us to conclude that the



cysteine loop is a critical path of allosteric communication between heterodimers and that the
flexibility of the loop is the determinant in positive allostery.
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Chapter I1: Mechanism of Assembly and Cooperativity of Homomeric and
Heteromeric Metabotropic Glutamate Receptors

This chapter was published as an article in Neuron volume 92, issue 1, pages 143-159 in October 2016 with me as
second author.

Introduction:

In order to understand the roles played by the ligand binding domain (LBD) we embarked
on an investigation of how assembly and cooperativity are differentially regulated in mGIluR2
homodimers and mGIuR2/3 heterodimers. A previous single molecule study demonstrated a
conformational pathway for mGIluR2 homodimers®. In this model activation occurs through a rate
limiting a single ligand binding event, followed immediately by a second ligand binding event.
Closure of both LBDs permits rearrangement of the LBDs relative to one another which
subsequently leads to TMD rearrangement and G-protein activation. To gain a more detailed
understanding of this activation pathway we performed mutations at the LBD interface and
cysteine loop revealing their individual contribution contributions to the glutamate induced LBD
rearrangement.

Assembly into homo- or hetero-oligomeric complexes has emerged as a potentially crucial
aspect of GPCR function, which can modulate sensitivity to stimuli, basal activity, effector
coupling, ligand bias, kinetics, and subcellular targeting®*. Breakthrough studies have provided
snapshots of GPCR structures in distinct conformations®’ and revealed that they are extremely
dynamic®!L. This has led to the emerging idea that conformational dynamics are central to ligand
recognition, activation and signaling by GCPRs. However, little is known about the impact of
oligomerization on GPCR conformational dynamics and whether or how this confers cooperativity
onto signaling.

Despite the interest in GPCR oligomerization, complexes have been difficult to observe and
analyze structurally or biophysically within the class A and B families of GPCRs*2. However, class
C GPCRs, which are characterized by a large extracellular ligand binding domain (LBD), have
been shown to assemble into stable dimers or higher order oligomers both in crystal structures of
isolated LBDs!** and biochemical or spectroscopic analyses of full length proteins®>18,

Metabotropic glutamate receptors (mGIuRs) are class C GPCRs that modulate synaptic
strength and serve as drug targets for neurological disorders'®. mGIuRs consist of three domains: an
N-terminal bi-lobed LBD, a 7 helix trans-membrane domain (TMD) and a cysteine rich domain
(CRD) that links the LBD to the TMD. Dimerization of full length mGIuRs is required for G
protein activation?® and has been shown to be partially mediated by an intersubunit disulfide bridge
between the LBDs?!. Biochemical and spectroscopic studies have shown that activation coincides
with intersubunit reorientation of both the extracellular and transmembrane domains of the
receptor?>2®, However, the mechanisms of dimerization and the role of dimer interfaces in
activation, intersubunit communication and mGIuR function are not clear.

In this study we use quantitative subunit counting to find that mGIuR homo- and hetero-
dimerization depends primarily on interactions at a hydrophobic interface in the upper lobe of the
LBD, with modest contributions from an intersubunit disulfide bridge and TMD interaction.



Fluorescence resonance energy transfer (FRET) enables us to quantify the contribution of interface
hot spots to global conformational dynamics. An approach to targeted, single subunit activation,
using photoswitchable tethered ligands in dimers of defined stoichiometry, enables us to unravel
the mechanism of cooperativity in mGIuR activation. We find that cooperativity in dimers gives
rise to boosted activity and that heterodimerization gives rise to the emergence of unique
biochemical properties. Our observations lead to a model of mGIuR gating that accounts for
cooperativity in basal activity in the absence of agonist as well as partial and full activation across
the concentration range of agonist in both homo- and heterodimers.



Results:

Dimerization is primarily mediated by interactions between ligand binding domains

Previous studies of mGIuR oligomerization employed classical biochemical methods to
assay denatured proteins in vitro 22627 or ensemble (macroscopic) time-resolved FRET on
receptors in the plasma membrane of live cells, which relies on theoretical models and is sensitive
to conformational changes®®. To analyze mGIuR stoichiometry, we used single molecule subunit
imaging of individual protein complexes to count photobleaching steps in green fluorescent protein
(GFP)-tagged receptors. We expressed a C-terminally GFP-tagged mGIuR2 (mGIuR2-GFP) in
Xenopus oocytes at low density to ensure that individual complexes would be spatially resolved as
individual fluorescent spots (Fig. 2.1A; Supplementary Fig. 2.1A). Using total internal reflection
(TIRF) microscopy to confine excitation to the plasma membrane, we observed GFP
photobleaching (Fig. 2.1B) and found that all spots bleached in one or two steps, with ~60%
bleaching in two steps (Fig. 2.1C, Supplementary Fig. 2.1A). This is consistent with mGIuR2 being
a dimer, with a probability of ~0.7 that its GFP is fluorescent (Supplementary Fig. 2.1A), due to
20-30% of GFPs which either mis-fold or fail to undergo chromophore maturation?2°,

Importantly, mGluR2-GFP proved to be functional, supporting glutamate-induced currents
from co-expressed G protein activated inward rectifier potassium (GIRK) channels (Supplementary
Fig. 2.1A). Similar photobleaching distributions were obtained with GFP-tagged versions of
mGIuR3 (group 1), mGIuR7(group I11), and mGIuR1 and mGIuRS5 (group I); and each of these was
also functional, producing glutamate-induced GIRK current (mGIuR3 and 7) or calcium-activated
chloride current (mGIuR1 and 5) (Supplementary Fig. 2.1B-E).

We next asked which domains mediate dimerization. We truncated mGIluR2-GFP by
removing only the LBD (ALBD-GFP) or the entire extracellular domain (AECD-GFP). In both
cases we observed a near-complete reduction in 2-step photobleaching (Fig 2.1C; Supplementary
Fig. 2.1F, G), indicating that the extracellular domain, particularly the LBD, is required for
efficient dimerization.

Subunit counting in Xenopus oocytes requires low expression levels in order to resolve
single molecules in the plasma membrane. To analyze stoichiometry under high density expression,
we expressed mGIuR2-GFP under the CMV promoter in HEK293T cells (Supplementary Fig.
2.1H) and isolated receptors in detergent using the SimPull technique to obtain a low density of
immune-purified protein on a passivated surface (Fig. 2.1D)%. Consistent with results from
oocytes, ~60% of mGIluR2-GFP spots bleached in two steps in SimPull (Supplementary Fig. 2.1H).
AECD-GFP expressed at lower levels and had poorer surface localization compared to mGIluR2-
GFP (Supplementary Fig. 2.11). Interestingly, although deletion of the extracellular domain
reduced 2-step photobleaching (Fig. 2.1F, Supplementary Fig. 2.11), this reduction was less
extreme than what was seen in Xenopus oocytes (Fig. 2.1C). AECD-GFP constructs for both
MGIuR3 and mGIuR1 showed a similar behavior (Supplementary Fig. 2.1J). These observations
suggest that, at the high expression density obtained in HEK293T cells, parts of the protein other
than the ECD contribute to dimerization. This interpretation was supported by the finding that
SimPull from oocytes injected with 100-fold higher levels of RNA for AECD-GFP leads to an
increase in the percentage of 2-step photobleaching spots (~30% vs.<5%) (Supplementary Fig.
2.1K).
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Figure 2.1, Dimerization of mGIuR2 is mediated primarily by ligand binding domain. A) Left, domain structure of
the mGIluR2-GFP construct. LBD=Ligand Binding Domain; CRD=Cysteine Rich Domain; TMD=Transmembrane
Domain. Right, schematic showing TIRF image of single mGluR2-GFP molecules in the plasma membrane of oocytes.
B) Representative photobleaching trace for a single mGluR2-GFP complex. Arrows show photobleaching steps. C)
Summary of photobleaching step analysis for mGluR2-GFP and truncations. ~60% 2- step photobleaching is consistent
with a strict dimer with ~75% GFP maturation. D) Left, Schematic showing SimPull technique for pulldown with an anti-
mGIuR2 antibody. Right, representative TIRF image of single mGIuR2-GFP molecules isolated from HEK293T cell
lysate. E) Representative photobleaching trace for a single mGluR2-GFP complex. F) Summary of photobleaching step
analysis for mGIuR2-GFP and AECD-GFP in SimPull. G-H)TIRF images of single GFP-LBD (G) or TMD-GFP (H)
subunits isolated using an anti-HA antibody in the presence or absence of full length HA-mGIuR2. 1) Summary of pull
down efficiency for GFP-LBD and TMD-GFP in the absence or presence of HA-mGIuR2. (Unpaired t-test, p=0.00003
between GFP-LBD with and without HA-SNAP; p=0.0001 between TMD-GFP with and without HA-SNAP; p=0.004
between GFP-LBD and TMD-GFP.) Error bars show S.E.M. calculated from multiple experiments (N>3).

To further probe the roles of the LBD and the TMD in dimerization, we examined the ability of
truncated domains to co-assemble with full length mGIluR2. Co-expression of either “GFP-LBD”
or “TMD-GFP” (AECD-mGIuR2-GFP) with full length HA-mGIuR2, followed by SimPull with
anti-HA antibodies led to immaobilization of GFP spots (Fig. 2.1G,H) with more efficient co-
assembly of mGIuR2 with the isolated LBD than with the isolated TMD (Fig. 2.11). Most spots
bleached in a single step confirming that one full length mGIuR2 subunit co-assembles with a
single isolated domain (92.4 + 0.1% for GFP-LBD and 89.6+ 0.8% for TMD-GFP). These



experiments confirm that the primary dimer interface is the LBD, with the TMD representing a
secondary interface.

Given the primary role of the LBD in dimerization, we investigated the inter-LBD dimer
interface by examining crystal structures of the isolated LBDs of mGIuRs (Fig. 2.2A)**3L, In both
the relaxed and active states, a cluster of conserved hydrophobic residues in helices B and C lie at
an interface between the upper LBD lobes (LB1) (Fig. 2.2A; Supplementary Fig. 2.2A, B). In the
active state, an additional interface is observed between conserved charged residues in the lower
LBD lobes (LB2), where Gd3+ has been shown to bind in mGIuR1* (Fig. 2.2A; Supplementary
Fig. 2.2C). Furthermore, a conserved cysteine (C121 in mGIluR2), located in the structurally
unresolved loop between helices B and C, has been shown to be crucial for dimerization in
denaturing gels®; (Fig. 2.2A; Supplementary Fig. 2.2A). We mutated residues at these potential
interfaces and found a major reduction in dimerization in the plasma membrane of Xenopus
oocytes with mutations at the LB1 interface, but only a minor reduction with a mutation of C121 to
alanine (Fig. 2.2B; Supplementary Fig. 2.2D; Unpaired T-tests, p=0.003 between C121A and
L103A, p=0.0003 between C121A and L154A, p=0.00006 between C121A and 3xLB1).
Consistent with the weak effect of C121, application of DTT, to reduce a potential inter-subunit
disulfide bond, did not alter receptor stoichiometry in wild type (WT) mGIuR2-GFP
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Figure 2.2, Mutational analysis of mGIuR2 dimer interface: assembly and function effects. A) Schematic, left, and
crystal structure of mGluR1 in the “active” state (PDB: 1EWK), right, showing 3 regions proposed to form the LBD
dimer interface. B-C) Summary of stoichiometry of dimer interface mutants in oocytes and SimPull from HEK293T cell
lysate “3x-LB1” is the construct containing L103A, L154A, and F158 A mutations. D) Representative FRET trace
showing glutamate-induced reductions in intersubunit FRET between LBDs for N-terminally SNAP and CLIP-tagged
versions of mGluR2-3xLB1. E) Summary of glutamate EC50 determinations from activation of GIRK channels (current)
versus LBD conformational change (FRET) in mGIuUR2WT (WT) and dimer interface mutants. Error bars show S.E.M.

calculated from multiple experiments (N>3).

(Supplementary Fig. 2.2E). However, in the background of the single mutation F158A to the
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hydrophobic LB1 interface, the additional mutation of C121A further reduced dimerization (Fig.
2.2B). In contrast, LB2 mutants E218A and K240A did not significantly alter dimerization (Fig.
2.2B). Under high-density expression in HEK293T cells, followed by SimPull purification,
dimerization was only reduced when all three LB1 mutations (“3xLB1”) were combined with the
C121A mutation (Fig. 2.2C). We also analyzed expression and surface targeting of dimer interface
mutants using confocal imaging. C-terminally GFP-tagged versions of mGluR2wt, 3xLB1, C121A,
and 3xLB1/C121A showed clear membrane enrichment and similar levels of fluorescence
(Supplementary Fig. 2.2F). We quantified surface targeting with membrane impermeable dye
conjugation to N-terminally SNAP-tagged variants and found similar levels for all variants tested
(Supplementary Fig. 2.2G,H). Together these experiments show that dimerization is mediated
primarily by the hydrophobic LB1 interface, along with a weak contribution from a covalent
intersubunit disulfide bridge, and little contribution from the LB2 interface.

Role of mGIluR2 homodimer LBD interface in conformational dynamics and activation

We next asked how the LBD dimer interfaces affect receptor function by recording
glutamate-evoked currents from HEK293T cells co-expressing WT or mutant versions of mGIluR2
along with the GIRK channel. Interestingly, we found that the mGluR2-C121A mutation reduced
apparent glutamate affinity (Supplementary Fig. 2.21), whereas weakening of the LB1 interface
with the triple mutant 3XxLB1 increased apparent glutamate affinity (Supplementary Fig. 2.21). To
directly measure the activation-associated conformational changes of the LBDs, we performed an
ensemble intersubunit FRET assay in HEK293T cells using mGIluRs that were fused at their N-
terminus to SNAP- or CLIP-tags and conjugated to acceptor (Alexa-647) or donor (DY-547)
fluorophores??, respectively. As shown earlier, glutamate binding induces closure and reorientation
of the LBD that increase distance between the fluorophores, thus reducing FRET?2. Consistent with
the GIRK assay, glutamate dose-response curves of the conformational changes associated with
activation revealed that the C121A mutant reduces apparent affinity and the 3xLB1 triple mutant
increases apparent affinity (Fig. 2.2D, E; Supplementary Fig. 2.2J). Neutralization of charged
residues on helix F in the LB2 interface also had an effect: K240A strongly decreased the apparent
glutamate affinity, as recently reported?®, while E213A, E218A, and E222A weakly increased
apparent affinity (Fig. 2.2E; Supplementary Fig. 2.2K, L) (Unpaired T-test with mGIuR2;
p=0.0034 for E213A, p=0.0037 for E218A, and p=0.28 for E222A).

To better understand the role of the dimer interfaces in activation, we turned to single
molecule FRET (SmFRET), which recently revealed that group Il mGIuRs transition between three
states with distinct FRET efficiencies: ~0.45 (“high”), ~0.35 (“medium”), and ~0.2 (“low”), with
the low FRET state corresponding to the active conformation?3. As seen before, in the absence of
glutamate mGIUR2WT shows few transitions out of the high FRET state, and in saturating
glutamate few transitions out of the low FRET state, but at intermediate concentrations it shows
rapid dynamics (Supplementary Fig. 2.3A- C). In contrast, in the absence of glutamate, mGIluR2-
3xLB1 showed transitions from the inactive high FRET state to the intermediate and low FRET
states (Fig. 2.3A), with predominant occupancy of the activated state (Fig. 2.3B). Glutamate
application further increased occupancy of the low FRET state (Fig. S3D), fully occupying it at
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Figure 2.3, sSmFRET analysis of mGIuR2 LBD interface mutants. A) SmFRET traces of mGIluR2-3xLB1 showing
spontaneous dynamics in the absence of glutamate. Top, donor (green) and acceptor (red) fluorescence for a single
mGIuR2-3xLB1 dimer. Bottom, SmFRET calculated from donor and acceptor fluorescence values in top traces. Dotted
gray lines show the 3 FRET states obtained from Gaussian fits of SmMFRET histograms. B) Histogram showing smFRET
distributions for mGluR2-3xLB1. Distributions for mGIuR2WT in 0 (grey) or 1 mM glutamate (black) are shown as solid
lines for comparison. C) Representative SmFRET traces of mGIluR2-C121A, in the absence of glutamate (top) and for
mGIuR2-C121A showing transitions to resting conformation in the presence of saturating 10 mM glutamate (bottom). D)
Histogram showing smFRET distributions for mGluR2-C121A. Note the small increase in high FRET population for
C121A in the presence of saturating glutamate compared to WT. E) Representative SmFRET trace for WT, 3xLB1, and
C121A showing the level of dynamics in the presence of saturating DCG-1V (100 uM for C121A; 300 uM for WT,
3xLB1). F) Histogram showing smFRET distributions for WT, 3xLB1, and C121A in the presence of saturating DCG-IV.
G) Cross-correlation plots showing relative dynamics for WT, 3xLB1, and C121A in the presence of saturating DCG-IV.
Error bars show S.E.M. calculated from multiple experiments (N>3).
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measured by donor and acceptor cross-correlation (Fig. S3E). Interestingly, this lowest FRET state
of mGIluR2(3xLB1) was lower in FRET than what was observed in mGIuR2WT (Fig. 2.3B,
Supplementary Fig. 2.3F), suggesting that 3xLB1 stabilizes a state with increased degrees of LBD
closure and/or dimer reorientation. These observations suggest that the hydrophobic LB1 interface
provides energy to prevent spontaneous LBD closure and dimer reorientation in the absence of
agonist.

In contrast, in the absence of glutamate, mGIuR2(C121A) displayed minimal dynamics and
was shifted to a higher peak FRET of the inactive conformation (~0.6 vs. ~0.45; Fig. 2.3C, D).
Application of glutamate increased the population of the low FRET conformation, but with a lower
apparent affinity than seen in WT mGIuR2 (Fig. 2.3D; Supplementary Fig. 2.3G, H). Even in
saturating glutamate (10 mM) mGIuR2(C121A) showed dynamics out of the low FRET state (Fig.
2.3C, bottom; Supplementary Fig. 2.31). These observations suggest that the intersubunit disulfide
bridge primes the resting conformation for the activation rearrangement and stabilizes the active
state.

To further examine the differences between the hydrophobic LB1 (“3xLB1”) and covalent
(“C121A”) interfaces, we performed smFRET experiments with the partial agonist DCG-1V which
we previously showed to have partial efficacy due to partial active state occupancy at saturating
concentrations®. Compared to mGIUR2WT, at saturating DCG-I1V, mGIuR2(C121A) showed a
much reduced occupancy of the low FRET state, while mGIluR2(3xLB1) showed a greater low
FRET state occupancy (Fig. 2.3E, F). Consistent with this, dynamics at saturating DCG-1V were
abolished in mGIuR2(3xLB1) and increased in mGIuR2(C121A) (Fig. 2.3E, G). These results
support the interpretation that the active state is stabilized by the 3xLB1 mutation and destabilized
by the C121A mutation.

We also measured SmFRET from the mGluR2(3xLB1/C121A) quadruple mutant. Similar to
mGIuR2(3xLB1), the quadruple mutant showed spontaneous dynamics, including visits to the
active state (Supplementary Fig. 2.3J, K), indicating that an intact disulfide bond is not required for
the introduction of basal conformational dynamics by the 3xLB1 mutant. However, like
mGIuR2(C121A), the quadruple mutant showed an increase in FRET values associated with
inactive states, as well as incomplete population of the active state in saturating glutamate
(Supplementary Fig. 2.3J, K). In saturating DCG-1V, mGIuR2(3xLB1/C121A) populated the low
FRET state at a level intermediate between that of the 3xLB1 or C121A mutant alone
Supplementary Fig. 2.3M), and had a slight decrease in low FRET peak value, similar to 3xLB1
(Supplementary Fig. 2.3M). Together these observations indicate that mutations to LB1 and the
disulfide interface have effects that do not occlude one another, suggesting that they act through
distinct mechanisms. Having established the roles of dimer interfaces in the assembly and
activation of mGIluR2, we next turned to an analysis of heteromeric combinations of mGIuR2.

Heterodimerization of mGIuR2: preference for mGIluR3 and role of the LBD

Initial biochemical studies did not find evidence for mGIuR heteromerization between
subtypes®®, but recent spectroscopic and biochemical studies have indicated that mGIuRs can
heteromerize, although there has not been complete agreement about which combinations are
possible3233, To assess the ability of mGIuR2 to heteromerize with other subtypes, we turned again
to single molecule subunit counting. We first co-expressed mGIluR2-GFP with excess untagged
mGIluRs and measured the ability of the untagged mGIuR to assemble with mGluR2-GFP to create
heterodimers with only one GFP. For example, co-expression of mGIluR2-GFP with untagged
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Figure 2.4, mGIuR2 heterodimerizes with Group 11/111 mGIluRs and prefers intra- over inter- group assembly. A-
B) Coexpression of excess untagged group Il or 111 mGIuRs decreases 2-step photobleaching of mGIuR2-GFP in Xenopus
oocytes. C) Co-expression of chimeras between mGIuR1 and mGIuR2 (left) decreases 2-step photobleaching with a
stronger effect when the ECD is from mGIuR2 rather than mGIuR1 (right). * indicates statistical significance (unpaired t-
test, p=.0002). Dotted line shows the level of 2-step bleaching observed for mGIuR2-GFP alone. D) Images (left)
showing colocalization between mGluR2-mCherry and mGIuR3-GFP and representative trace (right) showing 1-step
photobleaching in red and green. E) Photobleaching step analysis showing primarily 1-step GFP photobleaching for
MGIUR3-GFP in complex with mGIluR2-mCherry. F) Summary of colocalization analysis for mGluR2-mCherry with
either mGIuR2-GFP, mGIuR3-GFP, or mGIuR7-GFP. * indicates statistical significance (unpaired t-test, p=0.0003
between mGluR2 and mGluR7 and p=0.0007). Error bars show S.E.M. calculated from multiple experiments (N>3).

mGIuR3 (Fig. 2.4A) reduced 2-step photobleaching as drastically as did co-expression with
untagged mGIuR2 (Fig. 2.4B). Untagged mGIuR7 was nearly as potent, but group I members
mGIluR1 and 5 had almost no effect (Fig. 2.4B). These observations agree with recent findings that
indicated that group I11/I11 mGIuRs cannot co- assemble with group | mGIuRs'®. Consistent with
this, in SimPull, mGIuR2 pulled down mGIuR3-GFP but not mGIuR1-GFP (Supplementary Fig.
2.4A, B). Moreover, the mGIuR3-GFP spots pulled down by mGIluR2 showed single-step
photobleaching (Supplementary Fig. 2.4C), confirming the strict heterodimerization.

To identify the domains that mediate heterodimer specificity, we made chimeras between
mGIuR2 and mGIuR1 which contain the ECD of one and the TMD (and C-terminal) of the other
(Fig. 2.4C). In oocytes and SimPull, both chimeras remained strict dimers (Supplementary Fig.
2.4D, E). When co-expressed in excess with mGluR2-GFP in Xenopus oocytes, both chimeras
decreased the 2-step photobleaching of mGIluR2-GFP, but this effect was significantly stronger for
the construct containing the mGIluR2 ECD (Fig. 2.4C). Consistent with this, in SimPull, mGluR2
was able to pull down both chimeras, but was significantly more efficient at pulling down the
chimera with the mGluR2 ECD (Supplementary Fig. 2.4F-H).

To directly visualize heterodimers and assess their relative affinities, we performed 2-color
photobleaching experiments in Xenopus oocytes. We co-expressed mGIluR2-mCherry with either
mMGIuR2-GFP, mGIuR3-GFP, or mGIuR7-GFP at similar surface densities, identified co-localized
red and green spots (Fig. 2.4D) and counted photobleaching in the green channel (Fig. 2.4E).
mGIluR2-mCherry co-localized with all 3 variants to form strict heterodimers (Fig. 2.4E) but a
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higher percentage of co-localized spots were found with mGIluR2-GFP or mGIluR3-GFP compared
to mGIuR7-GFP (Fig. 2.4F). Together, these experiments show that mGIluR2 can heterodimerize
with equal affinity with the other group Il mGIuR, mGIuR3, as with itself, as well as with a group
Il mGIuR, albeit with a lower preference.

The importance of the dimer interface in receptor activation (Fig. 2.2, 2.3), suggests that
subunit interaction and cooperativity may operate in mGIluR2. Furthermore, while SmFRET
analysis has revealed three intersubunit conformations, it remains unclear how occupancy by zero,
one or two ligands in a dimer drives occupancy of those states.

Photoswitchable tethered ligands and linked dimers reveal cooperativity of mGIluR2

Having seen that mGIuRs dimerize via inter-subunit LBD interactions, and that these
interactions are important for activation, we asked whether LBD-LBD interaction introduces
cooperativity into the activation process. Initial work with radioligand binding and native
tryptophan fluorescence suggested negative cooperativity of glutamate binding in isolated mGIluR1
LBDs3*. Ensuing work suggested that binding of glutamate to one subunit can activate mGIuRs,
but that binding to both subunits activates more efficiently®®, although another study suggested that
activation does not occur until 2 ligands bind®®. These studies faced the difficulty of confining
ligand binding to one subunit by using mutations to lower agonist affinity in the other subunit.
However, it was not possible to exclude the possibilities that low affinity mutants permit short-
lived binding, that the affinity or gating of the mutant subunit is influenced by co-assembly with a
wildtype subunit, or that the mutation could itself alter conformational energetics. For these
reasons, we turned to the photoswitchable tethered ligand (PTL) approach in which, a cysteine
residue on the outer, solvent facing surface of the LBD covalently anchors a “ligand on a string,”
which can be rapidly and reversibly photoisomerized to place the ligand in the orthosteric binding
pocket and thereby agonize or antagonize only that subunit. This approach has been used in a
variety of neurotransmitter receptors®”-*°, including mGIluRs***,

The glutamate-presenting PTL D-MAG-0 (“MAG”) (Fig. 2.5A) can be covalently attached
to a cysteine substituted onto the solvent exposed surface of the LBD of mGIuR2
(mGIluR2(L300C)) to form “LimGluR2” (Fig. 2.5B)*, which is activated rapidly, and with high
efficacy by light, as seen by the induction of GIRK current in HEK293 cells (Fig. 2.5C). A similar
MAG PTL has been shown in an ionotropic glutamate receptor to function as a high occupancy
agonist with a high local concentration. To test if this is the case with mGIuR2, we lowered the
glutamate affinity of LimGIuR2 with the mutation R57A (Supplementary Fig. 2.5A) and still
observed large photocurrents with similar efficacy compared to saturating glutamate (Fig. 2.5D;
Supplementary Fig. 2.5B). LimGIuR2(R57A) also showed a reduced affinity for the antagonist
LY 341495, but retained block by a negative allosteric modulator (NAM) which binds in the TMD
(Supplementary Fig. 2.5E-J). The efficient photoactivation of LimGluR2(R57A) confirms that
MAG operates as a high efficacy, high occupancy agonist that makes it well-suited to study
receptor cooperativity.
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Figure 2.5, Photoactivation of tether ligands reveals cooperative activation by mGIluR2. A) Chemical structure of the
D-MAG-0 photoswitchable tethered ligand. Irradiation with 500 nm light (green arrow) induces the trans-configuration
and 380 nm light (violet arrow) induces the cis-configuration. B) Schematic of photoactivation of mGIuR2 that is
conjugated to D-MAG-0 (“LimGluR2”). C) Representative HEK293T whole-cell recording where LimGIuR2 is co-
expressed with GIRK1(F137S) as a reporter. 380 nm light (violet bar) induces an inward current that is turned off by 500
nm light (green bar), compared to current evoked by 100uM glutamate. D) Low affinity LimGIuR2(R57A) shows large
photocurrents and diminished glutamate response. E) Partial D-MAG-0 labeling yields weak LimGIuR2 photocurrent that
is potentiated by a low concentration of glutamate. F) Summary of photocurrent potentiation (y-axis) by 10 uM glutamate
as a function of degree of D-MAG-0 labeling (photoswitch efficiency; x-axis). Red line shows linear fit. G) Summary of
accelerating effect of 10 uM glutamate on photocurrent kinetics. Individual cells (gray) in two conditions connected by
lines, with average (red). * indicates statistical significance (paired t-test, p=0.007). H-1) Concentration-dependence of
glutamate-mediated photocurrent potentiation for LimGIuR2 and LimGIuR2(R57A), showing representative trace from
cell expressing LimGIluR2 (H) and average relation (I). Error bars show S.E.M. calculated from multiple experiments
(N=3).
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attached MAGs, we under-labeled LimGIuR2. Under these conditions, glutamate at or below the
dissociation constant is expected to bind a fraction of the subunits, whether their LBDs are attached
to MAG or not. In contrast, light will only induce liganding in MAG-labeled subunits and dimers
with no labeled subunits will not respond. We found that photoswitching to the activating cis state
evoked a small photocurrent, consistent with sparse MAG conjugation, but that the photocurrent
was usually potentiated by prior application of a sub-saturating concentration of glutamate (Fig.
2.5E). The magnitude of photocurrent potentiation by glutamate depended on the extent of MAG
labeling, which we determined from a measure of photoswitch efficiency, with lower MAG
labeling giving greater potentiation (Fig. 2.5F). Photocurrent amplitude potentiation was
accompanied by an increase in the speed of photocurrent activation (Fig. 2.5G). Since photo-
agonism by MAG is equipotent to activation by glutamate*°, MAG-conjugated LBDs that bind
glutamate should maintain the same occupancy when MAG is photoswitched into the binding site,
displacing free glutamate, with no effect on GIRK activation. At the same time, dimers with neither
LBD labeled with MAG will not respond to light. Thus, the potentiating effect of sub-saturating
glutamate on the photocurrent must be due to receptors in which only one subunit is labeled with
MAG, and must occur when glutamate binds to the unlabeled subunit while MAG photo-agonizes
the labeled subunit. Consistent with this, photocurrent potentiation in LimGIuR2 and
LimGIuR2(R57A) was highly concentration- dependent with the largest effects between ~EC10-
EC50 and the relation was shifted to higher concentrations for the R57A mutation, (Fig. 2.5H, I;
Supplementary Fig. 2.5G). Together these data suggest a supra-linear activation of mGIuR2 by two
agonists versus one.

We next aimed to determine directly if agonist binding in only one subunit can activate
mGIuR2 and to quantify the relationship of ligand occupancy to activation. To clearly define the
stoichiometry of label-able and unlabel-able subunits we adapted a tandem dimer approach used
previously for microbial opsins®3, in which a transmembrane linker connects the C-terminus of a
first copy of mGIuR2 to the N-terminus of a second (Fig. 2.6A, Supplementary Fig. 2.6A). The
tandem dimer had the expected size on a western blot (Supplementary Fig. 2.6A), expressed
reasonably well (Supplementary Fig. 2.6B), displayed normal apparent glutamate affinity
(Supplementary Fig. 2.6C), and showed photobleaching patterns consistent with the predicted
assembly (indicating the presence of two GFPs within each complex) (Supplementary Fig. 2.6D,
E). We introduced the L300C MAG attachment site into the LBD of one subunit or both subunits
within a tandem, labeled maximally with MAG and analyzed photoswitch efficiency. Tandem
300C-WT and WT-300C dimers showed weak, but clear photocurrents that were <10% in
amplitude compared to the current evoked by 1 mM glutamate (Fig. 2.6B). We confirmed that
these small currents were mGluR2-dependent through blockade with LY 341495 (Supplementary
Fig. 2.6F). These photocurrents were not dependent on ambient glutamate in our bath solution
because they persisted in the low affinity 300C(R57A) mutant (Supplementary Fig. 2.6G).
Consistent with the behavior described above for incomplete MAG labeling of homo-dimeric
LimGIuR2(L300C) (Fig. 2.5C), a low concentration (1 uM) of glutamate potentiated the
photocurrent of 300C-WT (Fig. S6H). 300C-300C tandem dimers showed > 5-fold larger
photoactivation than when only one subunit has a cysteine (300C-WT or WT-300C), and this level
was the same as seen in homo-dimers formed by assembly of mGluR2-L300C monomers (Fig.
2.6C, D). 300C-300C tandem dimers also had faster photocurrents compared to 300C-WT tandem
dimers (Supplementary Fig. 2.61), indicating that increased occupancy increases both the amplitude
and speed of activation.
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Figure 2.6, Photoactivation analysis of receptor cooperativity in tandem dimers and dimer interface mutants. A)
Schematic of mGIuR2 tandem dimer. Transmembrane linker contains two GFPs (green) and the transmembrane segment
of the H+,K+ ATPase (beige). B-C) Representative traces showing that, compared to saturating glutamate, docking of
glutamate of D-MAG-0 in a single subunit within a tandem dimer weakly activates mGIuR2 B), whereas docking in both
subunits strongly activates C). Tethering of D-MAG-0 to subunits is via introduced cysteine in one (300C-WT) or both
(300C-300C) subunits. D) Summary of photoactivation relative to 1 mM glutamate for various conditions. Activation
with 2 agonists is >5x as efficient as 1 agonist. All constructs are tandem dimers except for “300C,” which is the standard
non-tandem LimGIuR2 construct. The numbers of cells tested for each condition are shown in parentheses. E) Model of
occupancy-dependent activation of mGIuR2, where LBD is either open (O) or closed (C) and the receptor is either resting
(R) or activated (A). F) Schematic of SNAP-mGIuR2 photoactivation by BGAG12,460. G-H) Representative traces
showing photoactivation of SNAP-3xLB1 (G) or SNAP-C121A (H). I) Summary of photoactivation relative to 1 mM
glutamate for dimer interface mutants. The numbers of cells tested for each condition are shown in parentheses. Error
bars show S.E.M. calculated from multiple experiments (N.>3).

Based on prior evidence that the activated state of the receptor has both LBDs closed and 1g



reoriented (CC/A)?, these findings suggest that one agonist weakly activates the receptor during
rare spontaneous closures of the un-liganded subunit and that when two ligands are bound the
receptor stably occupies this conformation and is fully activated (Fig. 2.6E).

We next sought to determine the role of the LBD interfaces in the cooperativity of mGIuR2
activation by analyzing the photo-activation properties of the interface mutants with the largest
effects on function, 3xLB1 and C121A. Because these mutants expressed poorly combined with the
L300C substitution, we turned to an alternative approach for attachment of the photoswitchable
glutamate ligand in which to an N-terminal SNAP domain is covalently labeled by benzylguanine-
azobenzene-glutamate (“BGAG”) to enable photo- activation in cis (Fig. 2.6F)*, similar to what is
observed with MAG. We used a BGAG variant, BGAG12,460, which, following maximal labeling,
acts as a full agonist when bound, but provides partial activation due to incomplete
photoisomerization** and, thus, should produce a population with a mix of receptors where 0, 1, or
2 subunits are liganded within a dimer. Thus, photoswitch efficiency relative to saturating
glutamate should provide a measure of the relative activation efficiency of partially liganded
dimers. Consistent with smFRET experiments, SNAP-mGIuR2(3xLB1) showed enhanced
photoactivation while SNAP-mGIuR2(C121A) showed a major decrease in photoactivation (Fig.
2.6G-J). These results argue that weakening of the hydrophobic LB1 interface promotes
intersubunit cooperativity while removal of the intersubunit disulfide (C121A) weakens the ability
of subunits to communicate and produce activation of receptors liganded in only one subunit.

MGIuR2/3 heterodimers: conformational dynamics, basal activity, and cooperativity

Since mGIuR2 and mGIuR3 readily heterodimerize in heterologous cells (Fig. 2.4,
Supplementary Fig. 2.4) and have overlapping native expression patterns*’ that make them likely
candidates for in vivo heterodimerization, we wondered if mGluR2/mGIluR3 (“mG2/mG3”)
heterodimers form functional glutamate receptors. Because there are no agonists that fully
distinguish mGIluR2 from mGIuR3, we again turned to subunit selective activation with MAG. We
first asked if LimGIuR2 activation can cross-activate mGIuR3. To focus our analysis on the freely
assembled mG2/mG3 heterodimer, without interference from mGIluR2 and mGIuR3 homodimers
that are formed in the same cells, we targeted mGIluR2 for photo-control by MAG using LimGIuR2
and also introduced the mutation F756D into the same subunit, to prevent G protein coupling®.
This photo-activatable but non- functional LimGIuR2(F756D) subunit was co-expressed with a
non-photo-activatable (no MAG attachment site) but functional subunit to enable GIRK
photocurrent to be generated only by the heterodimeric combination of the two. First, we
confirmed the expected lack of photocurrent when LimGIluR2(F756D) was expressed alone (Fig.
2.7A, left). When mGIuR2WT was co-expressed with LimGIuR2(F756D), photocurrent was
observed, suggesting cross-activation to the intact G protein-coupling site of the WT subunit from
the MAG-liganded LimGIuR2(F756D) subunit (Fig. 2.7A, center). When mGIuR3WT was co-
expressed with LimGIluR2(F756D), photocurrent was also observed (Fig 2.7A, right), suggesting
that cross-activation also occurs between mGIuR2 and mGIuR3, setting the stage for experiments
on heteromeric cooperative interaction.
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expressed with mGIuUR2WT (middle) or mGIUR3WT (right). B) Representative trace showing glutamate-induced
decreases in ensemble FRET between co-expressed CLIP-mGIuR3 (labeled with donor) and SNAP-mGIuR2 (labeled
with acceptor) in a HEK293T cell. Inset shows cell donor (CLIP-mGIuR3) and acceptor (SNAP- mGIluR2) fluorescence
images. C) Summary of glutamate EC50 determinations from measurement of GIRK activation (current) versus LBD
conformational change (FRET) for mGluR2, mGluR3, and mGluR2/ mGluR3 (“mG2/mG3”). FRET for mG2/mG3
obtained from co-expression, as in (B); GIRK current from tandem linked mGIuR2-mGluR3 (“mG2-mG3”). D) GIRK
current traces showing single-subunit photoactivation of linked mG2-mG3 heterodimers via photoactivation of only
mGIuR2 (top) or only mGIuR3 (bottom). E) Summary of photoactivation (from left to right) with 1 subunit liganding of
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mGIuR2, linked mG2-mG3 or unlinked mGIuR3. * indicates statistical significance (unpaired t-test, p=0.003 between
mG2(300C)-mG2(WT) and mG2(300C)- mG3(WT); p=0.004 between mG2(300C)-mG3(WT) and mG2(WT)-
mG3(306C). The numbers of cells tested for each condition are shown in parentheses. Error bars show S.E.M. calculated
from multiple experiments (N>3).

We first asked how the ~10-fold higher glutamate affinity of mGIuR3%34°® would influenceyg



the behavior of mMGIuR2 in the mG2/mG3 heterodimer. To determine glutamate affinity, we
measured ensemble inter-LBD FRET between an acceptor fluorophore on SNAP-mGIuR2 and a
donor fluorophore on CLIP- mGIuR3 in HEK293T cells. Glutamate induced large FRET decreases,
with an ECsg that was intermediate between that of homodimers of mGIluR2 and mGIuR3 (Fig.
2.7B, Supplementary Fig. 2.7A). To confirm this functionally we turned to a measure of GIRK
channel activation. We obtained a pure population of mG2/mG3 heterodimers through tandem
heterodimers (“mG2-mG3”) which showed an intermediate apparent glutamate affinity for GIRK
current activation (Fig. 2.7C, Supplementary Fig. 2.7B,C). We next asked how ligand occupancy to
mGIuR2 or mGIuR3 subunits within a heterodimer mediates receptor activation.

To directly measure subunit interaction between mGIluR2 and mGIuR3, we complemented
photo-agonism of mGluR2 (“LimGluR2”), with photo-agonism of mGIuR3 (i.e. LIimGIuRS3:
MGIuR3(Q306C) + D-MAG-0). We previously observed enhanced photoactivation of LimGIuR3
relative to LimGluR2*, which made us wonder if mGIuR2 cooperativity is altered in mG2/mG3
heterodimers. Strikingly, photoactivation of only mGIluR2 within a mG2(300C)-mG3(WT)
heterodimer elicited robust photocurrents of ~30% amplitude relative to saturating glutamate (Fig.
2.7D, E). This photoactivation was more than 3-fold larger than what was seen when only one
mGIuR2 subunit was activated in an mGIluR2 homodimer (Fig. 2.6B, 2.7E). In contrast,
photoactivation of only the mGIuR3 subunit in an mG2(WT)-mG3(306C) heterodimer showed an
efficiency of ~10%, similar to single- subunit activation in the mGIluR2 homodimer (Fig. 2.7D, E).
Thus, unexpectedly, activation of mGIluR2/3 heterodimers is asymmetric. In addition, mG2(300C)-
mG3(306C) heterodimers showed intermediate photoactivation relative to LimGIuR2 or LimGIuR3
(Fig. 2.7E, Supplementary Fig. 2.7D). To probe the molecular mechanism of this asymmetric
subunit cooperativity, we turned to inter- subunit FRET.

Whereas mGIuR2 displays minimal spontaneous LBD dynamics in the absence of
glutamate, mGIuR3 shows rapid LBD dynamics, due primarily to partial agonism by Ca2+, which
produce basal activity?. We asked whether the presence of mGIuR3 in a mG2/mG3 heterodimer
would confer basal dynamics by measuring basal FRET in the mG2/mG3 heterodimer in
physiological (2 mM) Ca2+ and zero glutamate by measuring the increase in inter-subunit FRET
that is induced by the competitive antagonist LY341495. Unlike in the mGIluR2 homodimer, whose
basal FRET was insensitive to LY 341495, the basal FRET of the mG2/mG3 heterodimer was
substantially reduced by LY 341495 to ~60% of that seen in the mGIuR3 homodimer (Fig. 2.8A,B).
The mutation S152D, which targets a site implicated in Ca2+ binding®® and reduces basal dynamics
in mGIuR3 homodimers?, also reduced basal FRET in the mG2/mG3 heterodimer (Fig. 2.8B).
Interestingly, introduction of S152D into just one subunit of mMGIuR3 reduced basal FRET to a
level similar to that seen in mG2/mG3 (Fig. 2.8B). These results support a model whereby Ca2+
binds to each subunit within a dimer to produce basal activity by inducing LBD closure.

To obtain a quantitative view of mG2/mG3 conformational dynamics we performed
SmFRET experiments following SimPull isolation. mG2/mG3 transitioned between three distinct
FRET states, with peak values similar to those observed in mGIluR2 and mGIluR3 homodimers. In 2
mM Ca2+ and zero glutamate, mG2/mG3 displayed rapid dynamics with frequent visits to the
active, low FRET state (Fig 2.8C, top). The occupancy of the low FRET state was ~20%,
intermediate between what was seen in mGIluR2 and mGIluR3 homodimers and consistent with
ensemble FRET results (Fig. 2.8B). Both mG2/mG3 basal dynamics and low FRET occupancy
were reduced either by application of LY341495, removal of Ca2+, or introduction of the S152D
mutation (Fig. 2.8C-F; Supplementary Fig. 2.8A, B). Application of glutamate to mG2/mG3
heterodimers increased the occupancy of the low FRET state in a dose-dependent manner and
decreased dynamics (Supplementary Fig. 2.8A). We also applied DCG-1V to see if this would
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uncover differences in the stability of the active conformation. Compared to mGIuR2, saturating
DCG-IV in mG2/mG3 showed more complete occupancy of the low FRET state as well as
decreased dynamics (Supplementary Fig. 2.8C, D). Together these data show that mG2/mG3
heterodimers visit the same three conformations as their parent homodimers and possess properties
of mGIuR3, including Ca2+-dependent basal dynamics and a stabilized active state relative to
mGIuR2.

We hypothesized that the enhanced single subunit activation by mGIluR2 within the
mG2/mG3 heterodimer is due to spontaneous closure of the mGIuR3 subunit, which enhances
population of the low FRET (C-C/A) state when only mGIuR2 is liganded. To test this we
introduced the S152D mutation into the mGIuR3 subunit and measured the ability of mGIuR2 to
activate the mG2(WT)/mG3(S152D) receptor via D-MAG-0. As expected, photoactivation of
mG2(300C)-mG3(S152D) was weaker than in mG2(300C)-mG3(WT) (Fig. 2.8G, H). Consistent
with a role for receptor dynamics in determining ligand efficacy, LimGIuR3(S152D) also showed
reduced photocurrent efficacy compared to LimGIuR3 (Fig. 2.8H; Supplementary Fig. 2.8E, FB).
Together, these data support a role for basal conformational dynamics in determining ligand
efficacy.
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Discussion:

Dimerization has long been viewed as a defining feature of class C GPCRs. However, the
molecular determinants of dimerization have been only partly defined and the function of
dimerization has remained opaque. We used single molecule subunit counting in the plasma
membrane of living cells and in isolated receptors to identify determinants of mGIuR assembly. We
confirm earlier work?? that, unlike the formation of tetramers or higher ordered complexes in the
related GABAB receptor®->2, mGIuRs from all three groups form strict homodimers, and show that
this applies at both low and high expression densities. By comparing low density conditions in
oocytes to high density conditions in HEK293T cell lysate, we found that dimerization is mediated
by high affinity LBD interactions and lower affinity TMD interactions. In contrast to an earlier
report?°, the TMD interface alone, in the absence of the entire extracellular domain, permits the
formation of stable dimers at high expression densities. Analogous interactions may be relevant to
Class A and B GPCRs, whose oligomerization has been the subject of ongoing debate>3>*.
Interestingly, the recent crystal structure of the TMD of mGIuR1 identified an interface between
TM1 helices®, while a structure of the TMD of mGIuR5 was obtained as a monomer®®. In contrast,
a recent cross-linking study suggested that activation reorients a TMD interface involving TM4,
TM5 and TM6° and other studies have indicated that mGIuR2 can interact with the 5-HT2A
serotonin receptor via TM4%5°,

The LBD interface in assembly and function

We focused our analysis on LBD interfaces, which deletion analysis showed to play a
dominant role in receptor dimerization. At low expression density, mutation of the intersubunit
disulfide bridge (C121 in mGIluR2) compromises dimerization without eliminating it, whereas
mutation of the hydrophobic LB1 interface results in complete monomerization. Thus, the
conserved disulfide bond does not ensure dimerization when other interfaces are sufficiently
weakened and the LB1 interface accounts for the dominant role of the LBD in dimerization.
Consistent with this, the mGIuR2 LBD alone efficiently dimerizes with full-length mGIuR2, as
previously observed with mGIuR1%°.

In contrast to the requirement of trafficking to the plasma membrane on heteromerization in
GABABRs®, we find that monomerized mGIuRs do traffic to the cell surface. Based on these
findings, as well as the observations that mGIuR? is stationary in the plasma membrane and that
application of high concentrations of DTT do not dissociate dimers, it appears that dimerization of
mGlIuRs likely occurs in the endoplasmic reticulum, and that receptor reaches the plasma
membrane as a stable dimer.

We used single molecule analysis to determine that mGIuR2 readily heterodimerizes with
the other group Il mGIuR, mGIuR3, as well as with the group 11l mGIuR, mGIuR7, but not with
either of the group 1 mGluRs, mGIluR1 and mGIuRS5, consistent with earlier work?2. When surface
expression levels are matched, mGIuR2 heterodimerizes with a preference for the same group
(equally well with itself as with mGIuR3) over group I11. Chimeras between mGIluR1 and mGIluR2
revealed that determinants of heterodimer specificity exist in both the LBD and the TMD. Because
of its dominant role in assembly, we focused on the role of LBD interactions in activation.

Strikingly, weakening of the LB1 dimer interface increased the apparent affinity of
mGIuR2 for both glutamate and the partial agonist DCG-IV and increased DCG-1V efficacy. These
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effects were accompanied by spontaneous activation rearrangements in the absence of glutamate
and by two changes to in the presence of glutamate: increased active state occupancy and a
startling shift to a lower FRET level than seen in wildtype. These effects suggest that the LB1
mutations result in a larger than normal activation motion that produces a more stable activated
conformation. This suggests that the normal function of the LB1 interface is to stabilize the resting
conformation and, thereby, prevent basal activity in absence of glutamate, while at the same time
limiting the sensitivity to glutamate.

In contrast, mutation to prevent the formation of an intersubunit disulfide bond (C121A)
had the opposite effect: it decreased the apparent affinity for agonists and decreased the stability of
the active state. Moreover, this mutation also increased the FRET level of the resting state
suggesting that the function of the intersubunit disulfide bond is to set the resting conformation and
stabilize the active state. Interestingly, LB1 interface mutations in the background of C121A still
introduced basal dynamics, but did not prevent the increase in basal FRET values or the
destabilization of the active state, suggesting that these interfaces work in concert via distinct
mechanisms.

Subunit cooperativity in mGIuR activation

The importance to activation of the dimer interface is consistent with earlier evidence that a
coordinated rearrangement of the subunits within a dimer takes place upon ligand binding42224,
This raises a fundamental question about the activation mechanism: How does activation change
when agonist binds to only one versus to both subunits in either a homodimer or heterodimer?
Previous work that addressed this question in dimers composed of a wildtype subunit and a mutant
subunit with a lower glutamate affinity showed that the wildtype subunit appeared to increase the
affinity of the mutant subunit?35¢, However, there remained a concern that mutations of the
orthosteric binding pocket that lowered affinity might have also altered activation in unforeseen
ways. To overcome this complication, we turned from soluble ligands to the fast and reversible
light-driven liganding of a specific LBD that is enabled by a “photoswitchable glutamate on a
string,” D-MAG-0, that is anchored to a cysteine introduced into the LBD of a particular subunit.
We showed D-MAG-0 to function as a high efficacy agonist, even in the low-affinity R57A,
indicating that in its cis state its effective concentration is very high. Unique to a PTL, high ligand
occupancy could be achieved and reversed rapidly but in only the fraction of subunits to which
MAG is conjugated.

To precisely define ligand occupancy within a dimer, we developed a tandem dimer
approach that allowed for the expression of heterodimeric mGIluRs of defined stoichiometry. The
ability to reversibly and repeatedly photoisomerize D-MAG-0, and the high signal-to- noise and
reproducibility of GIRK current readout, allowed us to quantify activation even when it was weak.
By targeting D-MAG-0 conjugation to one subunit within the linked dimer we found, definitively,
that binding of agonist to one subunit is able to activate mGIluR2. However, when two agonists
were made to bind, we found that activation is ~5x larger, indicating substantial cooperativity.

Model of dimer interaction and cooperativity in mGIuR activation

In order to reconcile our finding of non-linear occupancy-dependent activation with the 3
conformations observed in SmMFRET, we adapted earlier models of mGIuR activation, in which the
LBD is open (O) in absence of agonist and the receptor is in a resting intersubunit orientation (R)
and the LBD is closed (C) when agonist binds, leading to a secondary reorientation rearrangement
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(A) that activates the receptor?® (Fig. 2.5E). In this updated model, spontaneous closure of the
unliganded subunit is required for the receptor to enter the C-C/A state when only one ligand is
bound. The ability of unliganded LBDs to close is consistent with our observation that, in the
absence of glutamate, mGIluR2 occasionally visits the medium FRET state. Furthermore, we
hypothesize that closure of one LBD allosterically shifts the dynamic equilibrium of the unliganded
subunit. This model can explain the biphasic dose response curve observed for a heterodimer
between mGIUR2WT and a subunit with diminished binding (“mGluR2-YADA”), when the
respgglse is effector activation®® or smFRET measurement of occupancy of the active, low FRET
state*”.

Cooperativity experiments with tandem mGIluR2/mGIluR3 (“mG2/mG3”) heterodimers
were particularly illuminating for understanding activation cooperativity. Single subunit activation
of the mGIluR2, but not the mGIuR3, subunit displayed efficient photoactivation compared to what
was observed in mGIluR2 homodimers. Consistent with this, SmFRET analysis of mG2/mG3
conformational dynamics revealed mGluR3-like basal dynamics that could be diminished by the
introduction of mutation S152D or removal of Ca2+. Supporting the notion of a central role for
receptor dynamics in the cooperative response to ligands, introduction of S152D into mG2-mG3
tandem dimers reduced the activation via the mGIluR2 subunit. The observed asymmetric activation
cooperativity argues that the basal dynamics of mG2/mG3 are not distributed throughout the
receptor, but are confined to the mGIuR3 subunit. This suggests that Ca2+ binding occurs in a
subunit autonomous manner to stabilize LBD closure rather than to directly induce dimer
reorientation. Furthermore, S152 is located at the hinge between the upper and lower lobes of the
LBD indicating that it may provide energy for LBD closure. Finally, experiments with the partial
agonist DCG-IV revealed increased low FRET occupancy for mG2/mG3, implying that the active
state is more energetically favorable in the mG2/mG3 heterodimer than in the mGIluR2 homodimer.

Together these experiments allow us to propose a conformational model that describes the
asymmetrical activation of mG2/mG3 heterodimers where the properties of the un-liganded subunit
determine efficacy (Fig. 2.81). mG2/mG3 may provide an advantageous combination of its two
parent receptors by combining the basal activity of mGIuR3, which may provide a useful inhibitory
tone, with the non-linear response of mGIuR2 (since physiologically the mGIuR3 subunit is likely
to bind glutamate first due to its higher affinity), which may sharpen the response to ligand
compared to mGIuR3. Its unique combination of basal activity, cooperativity, and glutamate
affinity, indicates that mG2/mG3 may be uniquely tuned to distinct spatiotemporal synaptic
glutamate profiles. In situ hybridization studies have revealed a significant overlap in expression of
mGIuR2 and mGIuR3 in a number of brain regions and cell types, including golgi cells of the
cerebellum, dentate gyrus granule cells, the olfactory bulb and many parts of the thalamus and
cortex*’_ suggesting that the cooperative gating that we describe is likely to be physiologically
relevant. The finding that mGIuR2 and 3 readily heterodimerize also provides an important
cautionary note for the interpretation of pharmacological and immunohistochemical studies, which
often struggle to specifically target mGluR2 and mGIuR3.

Use of smFRET to begin unraveling the molecular determinants of mGIuR activation in this
chapter lays the foundation of investigative work in the following chapters. mGluR2 homodimer
behavior is used as a comparative model to build an understanding of mGIuR7. The finding in this
chapter that mGIluR2/3 heterodimers exhibit an intermediate glutamate sensitivity between
mGIuR2 and mGIuR3 homodimers respectively also serves to inform the interpretation of
MGIuR2/7 heterodimers examined in chapter I11.
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Methods:

Cloning

mGIuR constructs were tagged with a C-terminal or N-terminal monomeric eGFP via a
flexible 16 aa linker (TSGGSGGSRGSGGSGG). All mutations were introduced via a quick change
mutagenesis kit (Stratagene). Truncated mGIuR clones were produced by modifying vectors with
full length mGluRs using 5° phosphorylated PCR primers to amplify the remaining sequences with
the vector and re-ligate. mGIuR2-ALBD contains aa 1-18 and 497-end, mGIluR2-LBD contains aa
1-496, and mGIuR2-AECD contains aa 1-18 and 558-end. mGluR3-AECD contains aa 1-23 and
566-end and mGIuR1-AECD contains aa 1-30 and 583-end. The mGluR2-mGIuR1 chimera
contains aa 1-557 of mGIluR2 followed by aa 583-end of mGIluR1, while the mGIluR1-mGIluR2
chimera contains aa 1-582 mGIluR1 and aa 559-end of mGIluR2. N-terminal SNAP-mGIuR
constructs were first described by Doumazane et al, 2011. The tandem dimer constructs were
produced using PCR-based methods. The first mGIuR subunit (Cterminally
GFP tagged) was connected to the second subunit (N-terminally GFP tagged and no signal
peptide) by a 105-amino acid transmembrane domain from the H-K-ATPase as previously
described (Kleinlogel et al., 2011) and a linker (same as used for GFP-tags). To characterize the
molecular weight of the mGIluR2 tandem construct, western blots were performed in a 6% SDS-
PAGE gel. Protein was transferred to a nitrocellulose membrane and probed with an anti-mGIluR2
antibody.

Single Molecule Subunit Counting and Pulldown

For subunit counting in Xenopus oocytes RNA for the construct of interest was injected and
~18-24 hours later cells were imaged using a 100x objective on a TIRF microscope and recorded at
20 Hz with a backilluminated EMCCD camera (Andor iXon DV-897 BV). Colocalization was
performed by sequentially imaging the red and the green channels and was calculated as (# of
colocalized spots/total spots). For SiMPull single molecules were imaged with a 60x objective
(Olympus) using the same TIRF microscope as for subunit counting in Xenopus oocytes. For both
Xenopus oocyte subunit counting and SimPull, multiple independent experiments were performed
for each condition. Data analysis was performed using house-made software Representative data
sets are presented to quantitatively compare conditions tested on the same days. For
photobleaching experiments, error bars were calculated using counting statistics as described in
(Reiner et al., 2012).

Dye labeling and ensemble FRET measurements

Cells were briefly washed with an extracellular solution containing (in mM): 135 NacCl,
5.4 KClI, 2.5 CaCly, 1 MgCly, 10 Hepes, pH 7.4 and then labeled sequentially with 2.5 uM
benzylguanine Alexa-647 (Invitrogen) for 45 minutes and 5 uM benzylcytosine DY-547
(Invitrogen) for 45 minutes. The dyes were diluted in extracellular solution and were washed in
between labeling with acceptor and donor. Following labeling cells were mounted on an upright,
scanning confocal microscope (Zeiss LSM 780) and imaged with a 20x objective. Excitation was
performed using a 561 nm laser and images were taken in the donor and acceptor channels at 1hz.
Clusters of cells were analyzed together and FRET was calculated as FRET=(1acceptor)/(Ibonor
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+lacceptor) Where | is intensity. FRET changes calculated for dose-response curves were normalized
to saturating glutamate (1 mM or 10 mM) and dose-response curves were obtained from multiple
cell clusters and averaged from multiple experiments. Fitting of dose-response curves was
performed using Prism (Graphpad). All drugs were purchased from Tocris and delivered with a
gravity-driven perfusion system.

Single Molecule Pulldown of mGIuRs

For single molecule experiments, cells were recovered from the coverslip by incubating
with Ca?*free PBS followed by gentle pipetting. Cells were then pelleted and lysed in lysis buffer
consists of 10mM Tris, 150 mM NaCl, 1 mM EDTA, Protease inhibitor cocktail and 1% IGEPAL.
Glass coverslips were coated with PEG and PEG-biotin at a ratio of ~100:1 as descibred in Jain et
al, 2011. Prior to each experiment, coverslips were treated with neutravidin, followed by a
biotinylated secondary antibody. Next, an mGluR2 or mGIluR3-specific primary antibody was
conjugated. Between each conjugation step, washing was performed to remove unlabeled
compounds from coverslips. Lysate was then diluted in the same high potassium buffer used for
functional experiments (ranging from 20x to 100x) and applied to coverslips.

Fluorescence was monitored in real time to confirm sufficient receptor attachment. Once a
sufficient number of receptors had immobilized on the surface, the coverslips were washed to
remove excess, unbound fluorescently-tagged receptors from solution.

SMFRET measurements

Following conjugation of receptors to antibodies, single molecule imaging was performed
with an inverted microscope in TIRF mode using a 60x objective. To reduce photobleaching,
imaging buffer consisting of 3 mM Trolox (Sigma) and an oxygen scavenging system (of glucose
oxidase (165 U/ml), catalase (2,170 U/ml) and B-D glucose (0.4% wt/wt)) was supplied in the high
potassium buffer. Excitation was performed with a 532 nm laser and emission was monitored in
both donor and acceptor channels using a CCD camera. Fluorescence signal was recorded in real
time using home-written Visual C++software either in 8 bit or 16 bits. The movies were analyzed
using either a custom-written IDL or a C++ program. In brief, an average image is created by
averaging few frames from the movie (5 to 12 frames). This averaging removes the noise and
increases the detection accuracy. Then the fluorescent molecules that exhibit a Gaussian intensity
profile are selected in the averaged image. These molecules are then tracked over time and their
fluorescent intensity is recorded to build the intensity time trace for each molecule. The traces were
then analyzed in MatLab. In brief, traces that showed single step donor and acceptor
photobleaching and a constant total intensity were selected and filtered as previously described .
Traces from many selected molecules were compiled to build FRET histograms (200-500
molecules in each case). Cross correlation was calculated using the following formula:

Whole Cell Patch Clamp and Two Electrode Voltage Clamp Electrophysiology

HEK?293 cells were maintained in DMEM with 5% fetal bovine serum (vol/vol) on poly- L-
lysine—coated glass coverslips. Dissociated hippocampal neurons were obtained from postnatal rats
(PO-1) and plated at 75,000 cells per coverslip on poly-L-lysine—coated glass coverslips (12 mM).
For autapse experiments, low density cultures of 25,000 cells per coverslip were used.
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Neurons were maintained in media containing MEM supplemented with 5% FBS, B27 (Invitrogen)
and GlutaMAX (Invitrogen).

HEK293 and 293T whole-cell patch-clamp electrophysiology was performed 24-48 h
after transfection in high potassium solution containing 60 mM KCI, 89 mM NaCl, 1 mM MgCI2,
2 mM CaCl2 and 10 mM HEPES, pH 7.4. Glass pipettes of resistance between 3 and 6 MQ were
filled with intracellular solution containing 140 mM KCI, 10 mM HEPES, 3 mM Na2ATP, 0.2 mM
Na2GTP, 5 mM EGTA and 3 mM MgCI2, pH 7.4. Cells were voltage clamped to —60 to -80 mV
using an Axopatch 200A (Molecular Devices) amplifier.
Hippocampal neuron whole-cell patch-clamp electrophysiology was performed 3-6 d after
transfection (12-15 d in vitro). For voltage-clamp recordings, a high potassium extracellular
solution containing 79.5 mM NaCl, 60 mM KCI, 1.2 mM MgCI2, 2.5 mM CaCl2, 10 mM glucose
and 5 mM HEPES, pH 7.4 was used. For all other experiments, extracellular solution contained
138 mM NaCl, 1.5 mM KClI, 1.2 mM MgCI2, 2.5 mM CaCl2, 10 mM glucose and 5 mM HEPES,
pH 7.4. Intracellular solution contained 140 mM potassium gluconate, 10 mM NaCl, 5 mM EGTA,
2 mM MgCI2, 1 mM CaCl2, 10 mM HEPES, 2 mM MgATP and 0.3 mM
Na2GTP, pH 7.2. For current-step experiments, cells were adjusted to —-50 mV with current
injection before current steps were initiated to normalize spike count comparisons between cells.
Only cells with a resting potential <45 mV were analyzed. For autapse experiments, cells were
voltage clamped to —70 and stepped to 0 mV for 2 ms. Postsynaptic currents were delayed by 3 ms,
which confirmed autaptic origins of transmission. Inter-stimulus intervals were >12 s.
EPSCs and IPSCs were identified on the basis of the kinetics of decay with EPSCs approximately
ten times faster than IPSCs (~5 ms versus 50 ms), as has been described previously®. All
pharmacological compounds were obtained from Tocris and dissolved in extracellular buffers
before application using a gravity-driven perfusion system.
For most experiments, illumination was applied to the entire field of view using a Polychrome V
monochromator (TILL Photonics) through a 20+ objective or a Lambda DG4 high-speed
wavelength switcher (Sutter Instruments) with 380-nm and 500-nm filters through a 40+ objective.
For bistable switching the DG-4 was coupled to the microscope through a 40
objective. Ultrafast, submillisecond photo-switching was achieved using a laser spot illumination
system, for which the output of a 375/488-nm dual laser diode module (Omicron LDM) was cou-
pled into a multi-mode fiber (10 um, NA 0.1). The light exiting from this fiber was collimated and
directed to the back aperture of the objective (Olympus 40+, NA 0.6). Intensities in the sample
plane were >40 W mm-2.
pClamp software was used for both data acquisition and control of illumination. To conjugate
MAG, cells were incubated in 50-100 uM MAG for 30-60 min in the dark at 23-27
°C in standard extracellular cell buffers. For RO4 experiments cells were labeled with 1 pM 11- cis
retinal for 40 min and experiments were performed under dark room conditions.

Two Electrode Voltage Clamp Electrophysiology

Oocyte two-electrode voltage clamp electrophysiology was performed 48-96 hours after
RNA injection with two microelectrodes (~2.5 M resistance) filled with 3 M KCI and maintained
under voltage clamp at -80 mV using a Dagan TEV 200 amplifier. For Gi-coupled mGIuRs (2, 3,
and 7) GIRK1 and 2 RNA was injected and recordings were performed in high potassium ND96
containing (in mM): 60 KCI, 38 NaCl, 2 KCI, 1.8 CaCl2, 2 MgC12, 5 Hepes, pH 7.4. For Gg-
coupled mGIluRs (mGIuR1 and 5) recordings were performed in standard ND96 solution
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containing (in mM): 96 NaCl, 2 KClI, 1.8 CaCl2, 2 MgClI2, 5 HEPES, pH 7.4). Glutamate was
applied using a gravity-driven perfusion system.
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images of complexes immobilized on a passivated surface at low density. Right, photobleaching step distributions.
Error bars represent the counting uncertainty. J) Summary of photobleaching step distributions from (H-I) for full-
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Xenopus oocyte lysate with high level of expression. Error bars represent the counting uncertainty.
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(A) Figure S2.2, Further analysis of mGIuR dimer interfaces A) Sequence alignment for the upper lobe (LB1) LBD
interfaces of mGIuRs. Residues mutated to alanine for counting experiments are shown in red. * indicates sequence
conservation across all mGIuR subfamily members. B) Crystal structure of mGluR1 in the unliganded “relaxed” (O-
O/R) state (PDB: 1EWT) showing the location of residues homologous to those mutated in mGIluR2. C) Sequence
alignment for the lower lobe (LB2) LBD interface of mGIluRs. Residues mutated to alanine for counting experiments
are shown in orange. mGIuR2(C121A)-GFP partially reduces dimerization. Left, cartoon and representative TIRF
image showing single mGIuR2(C121A)-GFP complexes in Xenopus oocytes. Right, photobleaching step distribution.
Error bars represent the counting uncertainty. E) Summary of photobleaching for mGluR2-GFP in the absence or
presence of 10 mM DTT. Error bars show S.E.M. calculated from multiple experiments (N>5 movies). F-H) Analysis
of expression of mGIuR2 dimer interface mutants in HEK 293T cells. Confocal images show similar expression of
either C-terminally GFP-tagged (F) or N-terminally SNAP-tagged and BG- Alexa-647 labeled (G) mGIuR2
constructs. Quantification of Alexa-647 fluorescence is shown in (H). I-J) Glutamate dose-response curves for
mGIuR2(3xLB1) and mGIuR2(C121A), compared to mGIUR2(WT), with the response as either activation of GIRK
current (A) or reduction in ensemble FRET with SNAP and CLIP-tagged receptors labeled with acceptor and donor
fluorophores, respectively, (B) in HEK 293T cells. K-L) Glutamate dose-response curves for LB2 interface mutants,
with the response as either activation of GIRK current (C) or reduction in ensemble FRET (D) in HEK293T cells.
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Figure S2.3, smFRET analysis of mGIuR2 dimer interface mutants. A) Representative SmFRET traces for wild
type mGIuR2 (SNAP and CLIP-tagged) in the absence (top) or presence of glutamate at a concentration near the ECso
(middle) or at saturation (bottom). B) Histogram showing smFRET distributions for mGluR2wt. Red dotted lines mark
the three FRET peaks. C) Schematic of 3-state model of LBD activation that involves intra- (open vs. closed) and
intersubunit (relaxed vs. active) conformational changes. D)Representative SmFRET traces for mGIuR2(3xLB1) shows
primarily low FRET state occupancy in a low (top) or saturating (bottom) concentration of glutamate. E) Cross-
correlation analysis for mGIuR2(3xLB1) shows enhanced spontaneous dynamics in the absence of glutamate that are
eliminated by saturating glutamate. F) FRET histograms in saturating glutamate show a left shift in low FRET peak
location for mGIuR2(3xLB1) compared to WT. G) Representative SmFRET trace for mGIuR2(C121A) shows rapid
dynamics in intermediate glutamate. H) SmFRET histograms for mGIuR2(C121) in a range of glutamate
concentrations. Note a substantial occupancy of the medium and high FRET states even in saturating (1 or 10 mM)
glutamate. I) Cross-correlation analysis for mGluR2(C121A) shows elevated dynamics even in saturating glutamate. J-
L) smFRET analysis of mGIuR2(3xLB1/C121A) shows spontaneous dynamics in the absence of glutamate that are
similar to 3xLBI (J), altered high and medium FRET peaks and incomplete low FRET occupancy that are similar to
C121A (J, K), and intermediate low FRET occupancy in the presence of DCG-I1V compared to 3xLB1 and C121A (L).
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Figure S2.4, Further single molecule analysis of mGIuR2 heterodimerization. A) Representative TIRF images
show that pulldown of mGIuR2 efficiently co-immunoprecipiates mGIuR3 (left), but not mGIuR1 (right), in SimPull
from HEK293T cells. B) Summary of co-pulldown of mGIuR3-GFP or mGIluR1-GFP by mGIuR2. Error bars show
S.E.M. calculated from multiple experiments (N>5 movies). C) Photobleaching step distribution analysis showing that
mGIuR3-GFP spots immobilized via pulldown of mGIuR2 primarily bleach in one step, consistent with the formation
of mGIuR2/mGIuR3 heterodimers. D-E) mGIuR1(ECD)-mGluR2(TMD) (“mG1(ECD)-mG2(TMD)-GFP”) (D) and
MGIUR2(ECD)- mGluR1(TMD) (“mG2(ECD)-mG1(TMD)-GFP”) (E) chimeras form dimers in Xenopus oocytes.
Error bars represent the counting uncertainty. F-H) SimPull analysis shows that, in HEK293T cells, HA-mGIuR2 co-
assembles with either mG1(ECD)-mG2(TMD)-GFP or mG2(ECD)-mG1(TMD)-GFP, but does so more efficiently
with mG2(ECD)-mG1(TMD)-GFP. Error bars show S.E.M. calculated from multiple experiments (N>5 movies)
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Figure S2.5, D-MAG-0 is a high-efficacy, high-affinity tethered photo-agonist of mGIuR2. A) Glutamate dose-
response curves for LimGIluR2 (mGIuR2(300C) + D-MAG-0) and low affinity mutant LimGIuR2(R57A) using
GIRK current in HEK293 cells as a readout. B) Summary of photoactivation (photocurrent amplitude/saturating
glutamate current amplitude) for LimGIuR2 and LimGIuR2(R57A). The numbers of cells tested are shown in
parentheses. C-D) 1 uM of the competitive antagonist LY 341495, which binds to the orthosteric glutamate binding
site (C), blocks photocurrent in LimGIuR2, but not LimGIuR2(R57A) (D). E-F) 1 uM of the negative allosteric
modulator RO64-2259, which binds at an allosteric site in the TMD (E), blocks photocurrent in both LimGIuR2 and
LimGIuR2(R57A). G) Photoactivation in the presence of a range of glutamate concentrations in LimGIuR2(R57A)
shows photocurrent potentiation at 100 uM glutamate. Error bars show S.E.M. calculated from multiple experiments
(N>3 cells)
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Figure S2.6, Analysis of tandem mGIuR dimers and ligand occupancy-dependent cooperativity. A) Western
blot analysis using an anti-mGIuR2 antibody shows that the mGIuR2-mGIuR2 tandem dimer (tandem) has the
expected molecular weight, which is similar in size to the dimer band observed for mGluR2-GFP (~270 kDa). B)
Confocal image of mGIluR2-mGIuR2 tandem dimers in HEK 293T cells. C) Glutamate dose-response curves, using
GIRK current readout in HEK293T cells, shows similar glutmate sensitivity for mGIluR2(WT) and mGIluR2-
mGIuR2 tandem dimers. Error bars show S.E.M. calculated from multiple experiments (N>4 cells). D-E) Single
molecule subunit counting analysis in Xenopus oocytes (D) or SimPull from HEK293T cell lysate (E) shows the
expected distribution for mGluR2-mGIuR2 tandem dimers. Error bars represent the counting uncertainty. F)
Representative GIRK current trace shows that single subunit photoactivation in mGIuR2(300C)- mGIluR2(wt)
tandem (300C-wt) is blocked by the competitive antagonist, LY341495. G) Representative trace showing that single
subunit activation of 300C-WT tandem dimers is maintainedwhen the WT subunit is mutated to R57A to lower
glutamate affinity. This indicates that single subunit activation is not due to binding of ambient glutamate to the WT
subunit. H) Single subunit photoactivation of 300C-WT tandem dimers is potentiated by 1 uM glutamate, a
concentration below the ECs (see Fig. S4A). 1) Summary of photoactivation kinetics, as determined from single
component exponential fits, for 300C-WT (“1 agonist”) and 300C-300C (‘2 agonists”) tandem dimers. * indicates
statistical significance (unpaired t-test, p=0.04). Error bars show S.E.M. calculated from multiple experiments(N>4
cells).
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Figure S2.7, Characterization of mMGluR2-mGIuR3 heterodimers. A-B) Glutamate dose-response curves show
an intermediate glutamate affinity for heterodimer of mGIluR2 and mGIuR3 compared to homodimer of mGIluR2
or mGIuR3. Activation measured as intersubunit LBD FRET using SNAP-mGIuR3 (labeled with BG-Alexa-647
acceptor) co-expressed with CLIP-mGIuR2 (labeled with BC-DY-547 donor) (A) or GIRK current using the
mGIuR2-mGIuR3 tandem dimer (B). C) Representative GIRK current trace shows robust glutamate activation of
mGIuR2-mGIuR3 tandem dimer. D) Representative trace shows photoactivation of mGIuR2(300C)-
mMGIuR3(306C) tandem dimer using D-MAG-0. Error bars show S.E.M. calculated from multiple experiments

(N>3).
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Figure S2.8, Further analysis of conformational dynamics and cooperativity in mGluR2/3 and mGIuR3. A-
B) sSmFRET histograms for mG2/mG3 (A) and mG2/mG3(S152D) (B) heterodimers. SNAP-mGIuR3is labeled
with BG-Alexa-647 acceptor and co-expressed CLIP-mGIuR?2 is labeled with BC-DY-547 donor. Application of
competitive antagonist LY 341495 or introduction of the S152D mutation (to eliminate the agonist effect of calcium)
into the mGIuR3 subunit abolishes basal dynamics in mG2/mG3. C) smFRET histogram reveals enhanced
occupancy of the low FRET (activated) state in saturating DCG-1V for mG2/mG3 compared to mGIuR2, consistent
with stabilization of the activated state. D) Cross-correlation analysis shows decreased dynamics for mG2/mG3
compared to mGIuR2 in the presence of saturating DCG-1V, consistent with stabilization of the activated state. E-
F) Representative traces showing photoactivation of LimGIuR3 (mGIuR3(306C) + D-MAG-0) (E) and
LimGIuR3(S152D) (F). Error bars show S.E.M. calculated from multiple experiments (N>3)
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Chapter I11: Conformational Pathway Provides Unique Sensitivity to a
Synaptic mGIuR

This chapter was published as an article in Nature Communications volume 10, article number 5572 in December
2019 with me as first author.

Introduction:

Building upon the observations made in Chapter Il regarding mGIuR2 homodimers we
investigated a unique mGIuR subtype named mGIuR7 in a comparative fashion. We see that
compared the mGIluR2 mGIuR7 displays very low glutamate affinity and efficacy. Also using
findings from Chapter Il involving mGIluR2/3 heterodimers we have a point of reference to
interpret findings of mGIuR2/7 heterodimers which display much higher glutamate affinity
compared to their respective homodimers.

G-protein—coupled receptors (GPCRS), the largest class of membrane signaling proteins,
respond to a wide array of extracellular stimuli to initiate intracellular signaling via G proteins and
arrestins®. Recent studies have provided snapshots of GPCR structures in distinct conformations®
5 and revealed that they are extremely dynamic®*. The conformational dynamics appear to be
central to ligand recognition, activation and signaling by GCPRs%!#415,

Membrane receptors have evolved to respond to precise spatio-temporal concentration
profiles of extracellular ligands. In the nervous system, neurotransmitter receptors encounter a
wide range of neurotransmitter concentrations and spatio-temporal profiles. Key factors
contributing to these dynamics are the small extracellular volume of the synaptic cleft, pumps
and/or enzymes that remove neurotransmitter and diffusion. Additionally, neurotransmitter
receptors can be localized within the synapse both pre- and postsynaptically as well as
extrasynaptically where they can encounter different sources of neurotransmitter released either
locally, which briefly reaches low millimolar levels within a synaptic cleft, and spillover from
nearby synapses, which reaches lower concentrations®. Thus, receptor activation by transmitter
needs to be tuned to suit its localization and sensitivity to transmitter. GPCRs have evolved to
respond to diverse signal types at various cellular locations and produce a large variety of
responses. Structural and functional diversity in receptor families can provide unique responses in
ligand activation and localization, as can specialized post-translational modification or interaction
with regulatory proteins®178,

Most synaptic receptors have apparent affinities (EC50s) in the low micromolar range, or
lower!®2!, One intriguing outlier is metabotropic glutamate receptor 7 (mGIuR7). This receptor,
one of an 8-member family of class C GPCRs??, has been reported, based on effector activation,
to have an apparent affinity that is much lower than that of the other mGIuRs?%. These properties
have led to the idea that mGIuR7 may only function at locations very near the site of glutamate
release®®, and best at synapses with high repetitive activity and enclosed extracellular volumes?.
Even under these conditions, it is not clear how effectively mGIuR7 is activated.
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mGIuRs are verified targets of numerous neurological disorders and are considered to
contain great potential as therapeutic targets?®28, unfortunately many years of work have resulted
in no mGIuR targeting drugs approved for medical use at the present time. Recent work has, for
the first time, revealed structures of the active and inactive conformations allowing for more
detailed understanding and interpretation of the molecular mechanism of mGIuR activation?®.
mGIuRs are strict dimers®®3! and dimerization is required for efficient G protein activation®.
Heterodimerization can occur between group | members mGIuR1 and 5 and within and between
members of group Il (MGIuR2 and 3) and group 111 (mGIuR4, 6, 7 and 8)*°3!, Functional analysis
of one such potential combination, mGluR2/mGIuR3 (mGIuR2/3), showed that heterodimerization
can impart unique functional properties resulting in distinct basal activity®!. We wondered if
heterodimerization of mGIuR7 would increase its activation by glutamate. While, overlapping
expression suggests that mGIuR7 may be co-expressed with other mGIluRs and therefore might
heterodimerize in the brain, only one example of heterodimer formation has been demonstrated to
date in neurons, that of mGIuR2/4%34 But the mGIuR2/4 heterodimer resembles its parents
functionally, not surprisingly since they themselves have similar activation in response to
glutamate*.

To analyze the activation of the mGIuR7/7 homodimer, we fluorescently labeled with
donor and acceptor Foster resonance energy transfer (FRET) dyes a protein tag fused to the
mMGIuR7 N-terminal, immediately before the ligand binding domain (LBD). We measured FRET
changes between the LBDs of the dimer, which result from the conformational rearrangements of
activation, in which the receptor dimer transitions from a state with both LBDs empty and open
and the receptor at rest (Roo) to a state in which both LBDs are occupied by agonist and closed
and the receptor is activated (Acc)*13303L35  Measurements in live HEK 293T cells and at the
single-molecule level on immune-purified dimers®3! confirm very low affinity?® and efficacy®°.
We confirm and extend these findings measuring a apparent affinity of 38 mM and a max efficacy
of 10%, values too low, it would appear, to support activation by the concentrations estimated for
synaptic glutamate®”*®, However, we find that mGIuR7 associates with mGIuR2 in hippocampus
and that the mGIluR2/7 heterodimer has even higher affinity and efficacy than mGIuR2/2, a wider
dynamic range, showing that heterodimerization can alter the glutamate response of an mGIuR.
The boosted properties are associated with a special heteromeric cooperativity that boosts the
affinity and efficacy of each subunit in the dimer, and which primes the receptor for activation
even in absence of agonist through a unique tendency of the LBDs to enter the rotated activated
conformation even when they are in the open, Apo state. Combined with unusually fast kinetics,
these properties appear to make mGIuR2/7 uniquely suited to activate in response to synaptic
glutamate.
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Results:
MGIuR7 activates with very low affinity and efficacy

To understand the unusually low apparent glutamate affinity of mGIuR7/7 observed
earlier?®, we compared the ligand-induced conformational rearrangement of mGIuR7/7 with that
of mGIuR2/2. As previously described®3°, N-terminally SNAP-tagged mGIuR2 expressed in
HEK293T cells and labeled with Alexa-647 (acceptor) and DY-547 (donor) fluorophores (Forster
radius 52A) showed a robust glutamate-induced FRET decrease, which increased with glutamate
concentration between 1 uM and 1 mM (Fig. 3.1a), with an EC50 of 18.7 + 0.6 uM (Supplementary
Fig. 3.1a). A similarly N-terminally SNAP-tagged mGIuR7, expressed at comparable levels, as
assessed from SNAP dye staining, showed no detectable FRET change at up to 1 mM glutamate,
and a barely measurable FRET decrease at 10 mM glutamate (Fig. 3.1b), which was >30-fold
smaller than that observed at 1mM glutamate in mGIuR2 (Fig. 3.1c). To test whether interaction
with a signaling complex affected activation, Gpy-activated GIRK1 inward rectifier potassium
channel was co-expressed with the receptor. We observed no change in the glutamate-induced
FRET response of either SNAP-mGIuUR2 (Supplementary Fig. 3.1a) or SNAP-mGIuR7 in the
presence of GIRK channels (Supplementary Fig. 3.1b). Nor did a switch to another donor/acceptor
dye pair, which gave robust glutamate-induced FRET responses in SNAP-mGIuR2 make for
detectable responses in SNAP-mGIuR7 (Supplementary Fig. 3.1c). In contrast to SNAP-mGIuR?7,
a SNAP-tagged version of another group 111 mGIuR, mGIuR4, which has been shown to have low
micromolar apparent glutamate affinity (Thomsen et al., 1993), showed glutamate-induced FRET
decreases that were similar in amplitude and concentration dependence to those of mGIuR2
(Supplementary Fig. 3.1d), and similar to those reported earlier for several of the other
mMGIuRs3%,

In HEK293T cells it was not possible to go to glutamate concentrations above 10 mM. We
therefore turned to isolated receptors. Receptors expressed in HEK293T cells were labeled with a
mixture of SNAP-reactive donor and acceptor fluorophores, detergent solubilized, immune-
purified and tethered by biotinylated secondary antibodies at low density to coverslips that were
passivated with a lawn of polyethylene glycol*®. We used single-molecule FRET (SmFRET) in
order to measure the absolute FRET levels and dynamic changes associated with ligand-induced
conformational changes in the LBDs. We imaged the donor and acceptor dyes using total internal
reflection fluorescence (TIRF) microscopy®*! (Supplementary Fig. 3.1e).

Our baseline for comparison was mGIuR2. As previously observed®?, in zero glutamate,
the two unliganded LBDs of mGIuR2 are both open and in the resting configuration (Roo) and the
inter-subunit distance between donor and acceptor SNAP dyes is relatively small, giving a high
FRET level of ~0.45, which can be seen in single-molecule trajectories from an individual dimer
(Fig. 3.1d, left top) and in histograms that compile measurements from many dimers (Fig. 3.1e,
solid grey line). At 1 mM glutamate, the LBDs of mGIuR2 are maximally bound, closed and
rotated into the activated conformation (Acc) to yield a low FRET level of ~0.2 (Fig. 3.1d, left
bottom; Fig. 3.1e, dashed grey line). At an intermediate glutamate concentration of 10 puM, near
the EC50 of the ensemble concentration-response FRET measured both in live HEK293T cells
(Supplementary Fig. 3.1a) and on isolated protein in smFRET (Fig. 3.1f, red symbols), mGIuR2
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transitions between the high and low FRET states (Fig. 3.1d, left middle), yielding high
conformational dynamics, as measured by donor-acceptor cross-correlation (Supplementary Fig.
3.1f, left).
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Figure 3.1, Glutamate activate mGIluR7/7 with low affinity and low efficacy. a, b) Homodimers of SNAP-
tagged mGIuR2/2 (a) and mGIuR7/7 (b). Left) Schematics (top) and images of expressing HEK293 cells labeled
with a mixture of donor (green) and acceptor (red) dyes. Right) Live-cell FRET traces show responses to
ascending concentrations of glutamate. Scale bars are 5 um. ¢) Mean + S.E.M. fractional change in FRET of
SNAP-mGIuR2/SNAP- mGIuR2 (1 mM glutamate, n = 3) and SNAP-mGIuR7/SNAP-mGIuR7 (10 mM
glutamate, n = 3, *p< 0.05). Individual data points (black dots) and s.e.m. (error bars). d) Representative SMFRET
traces of SNAP-mGIuR2/SNAP-mGIuR2 (left) and SNAP-mGIuR7/SNAP-mGIuR?7 (right) at different glutamate
concentrations. e) Histogram of smFRET distributions of SNAP-mGIUR7/SNAP-mGIuR7 in 0 (5 movies, 288
molecules), 10 mM (6 movies, 215 molecules), 100 mM (5 movies, 261 molecules) and 250 mM (5 movies, 253
molecules) glutamate concentrations (colored symbols and interpolation lines, error bars are s.e.m.) and of SNAP-
mGIuR2/2 in 0 (5 movies, 230 molecules) and 1 mM (4 movies, 197 molecules) glutamate (solid and broken gray
lines, respectively). f) Titration curve of low sSmFRET (activated state) peak in histograms of SNAP-
MGIuUR2/SNAP-mGIUR2 (red circle) and SNAP-mGIUR7/ SNAP-mGIuR7 (black triangle; normalized as black
dashed line). Donor (BG-DY-547) and acceptor (BG-Alexa 647) dyes imaged at 10 Hz for ensemble FRET in

Similar to mGluR2, mGIuR7 in zero glutamate had a stable FRET level of ~0.45 (Fig. 3.1d,
right top; Fig. 3.1e, black symbols). Remarkably, at 10 mM glutamate (10-fold higher than the
saturating concentration tested in mGIuR2), only rare transitions were seen in mGIuR7 from the
high FRET state to a low FRET state of ~0.2 (Fig. 3.1d, right middle). While the low FRET level
was similar to that of mGIuR2, in mGIuR7 these events were so short-lived and infrequent that a
low FRET peak was barely observable in the pooled histogram (Fig. 3.1e, red symbols). The low
FRET peak increased with increasing concentration, reaching a maximum between 100 and 250
mM (Fig. 3.1d, right bottom; Fig. 3.1e, blue and cyan symbols; Fig. 3.1f; Supplementary Fig.
3.1g,h). The EC50 of the mGIuR7 low FRET peak concentration-response was 38.3 mM, an
apparent glutamate affinity that is ~4,000-fold lower than that of mGIuR2 (Fig. 3.1f). Single-
molecule trajectories showed that, although at saturating glutamate (> 100 mM) transitions to the
low FRET state occurred more frequently than at 10mM glutamate, the maximal occupancy of the
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glutamate activated state only reached ~10% (Fig. 3.1f). The low degree of maximal activation
indicates that glutamate is a low efficacy partial agonist of mGIuR?7.

Increasing mGIuR?7 efficacy

To pursue the surprising observation that glutamate is such a low efficacy agonist of
mGIuR7, we asked whether a point mutation in the LBD agonist binding pocket, N74K, which has
been shown to increase apparent affinity of mGluR6 and mGIuR7%¢, would also affect efficacy.
Measurements in SmFRET showed that 10 mM glutamate induces more frequent activation
transitions in mGIuR7(N74K) (Fig. 3.2a, top) and greater occupancy of the activated low FRET
(~0.2) state (Fig 3.2a, bottom) than seen in wildtype mGIuR7 at > 10X higher glutamate (Fig.
3.1e). This reflects an increase in the stabilization of glutamate binding within the LBD.

We next asked if it was possible to increase agonist binding and occupancy at the binding
site of wildtype mGIuR7 using a synthetic agonist. We turned to a new synthetic group Il selective
agonist, LSP4-2022, which is highly selective for mGIuR4, activating it efficiently at nanomolar
concentration®*4%, We found that LSP4-2022 is a potent activator of mGIuR7 at higher
concentrations. At 20 uM LSP4-2022, smFRET traces showed frequent transitions to the low
FRET activated conformation, and occupancy of the low FRET conformation reached ~65% at 3
mM LSP4-2022 (Figs. 3.2b and Supplementary Fig. 3.2a), the highest concentration we could test,
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Figure 3.2, Increasing mGIuR?7 efficacy. a—c) Representative SMFRET traces (top) and SmFRET histograms
(bottom) of homodimers of SNAP-mGIuR7(N74K) (0 Glu: 4 movies, 124 moleucles, 10 mM Glu: 4 movies, 140
molecules, s.e.m. error bars) compared to SNAP-mGIuR2 in glutamate (a); SNAP-mGIuR7 in LSP4-2022 (0: 4
movies, 145 molecules, 1 uM: 5 movies, 197 molecules, 20 uM: 5 movies, 128 molecules, 1 mM: 5 movies, 122
molecules, 3 mM LSP4: 6 movies, 206 molecules, s.e.m. error bars) (b); and SNAP-mGIuR7(K319C) conjugated
to D-MAG-0 in the trans configuration (8 movies, 230 molecules, s.e.m error bars), in the presence of 100 uM
LY341495, and unconjugated SNAP-mGIuR7(K319C) (6 movies, 256 molecules, s.e.m. error bars) (c, and

cartoon insert). Donor (BG-DY-547) and acceptor (BG-Alexa 647) dyes imaged at 10 Hz.

indicating an at least 6-fold greater efficacy than that of glutamate (compare Figs. 3.1e and 3.2b).
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We next asked whether glutamate itself could be turned into a more potent agonist of
mGIuR?7 if the glutamate were lodged stably into the LBD binding pocket. To achieve this, we
used a photoswitchable tethered glutamate, maleimide-azobenzene-glutamate D-MAG-0
(Supplementary Fig. 3.2b), which attaches covalently to the LBD and docks its glutamate into the
agonist binding pocket in mGIuRs in one of the photo-isomeric configurations of azobenzene,
achieving a high effective concentration®>*+42, When conjugated to an engineered cysteine on the
lower lobe of the mGIuR7 LBD (K319C), D-MAG-0 activated mGIuR7 in the trans configuration
of azobenzene (in the dark and under ~500 nm light), and deactivated in the cis configuration
(~380 nm light), as measured by activation of the G protein activated inward rectifier potassium
channel, GIRK1(F137S) (Supplementary Fig. 3.2c,d). The K319C mutation did not alter the
apparent affinity of mGIuR7 for glutamate (Supplementary Fig. 3.2e). Thus, D-MAG-0 is an
agonist of mGIuR7 in the trans configuration of azobenzene. This enabled us to perform FRET
experiments to monitor the activation rearrangement of the LBD and photoswitch D-MAG-0. We
used illumination at 532 nm to simultaneously excite the FRET donor and photo-isomerize D-
MAG-O0 into the agonistic trans state.

SMFRET was performed on purified SNAP-mGIuR7(K319C) homodimers that were
labeled with donor and acceptor dyes on the SNAP and D-MAG-0 on K319C in the D-MAG-0
activated state. The sSmFRET trajectories showed frequent transitions into the low FRET activated
state (Fig. 3.2c, top). Histograms that pooled the behavior of many dimers showed that the
occupancy of the activated low FRET state was ~50% (Fig. 3.2c, bottom). Addition of the high
affinity orthosteric antagonist L'Y341495 caused a nearly complete disappearance of the low FRET
peak (Fig. 3.2c, bottom), consistent with displacement of the glutamate of D-MAG-0 from the
orthosteric binding site. These observations show that the tethered glutamate of D-MAG-0
stabilizes the activated conformation of mGIuR7 approximately 5-fold more effectively than does
saturating free glutamate. This suggests that the low efficacy of glutamate in mGIuR7 may result
from a mismatch between the kinetics of glutamate binding and unbinding and the kinetics of LBD
closure / activation rotation, which are overcome when trans D-MAG-0 jams its glutamate into
the ligand binding pocket.

MGIuR7 heterodimerization with mGIluR2

Our observations, so far, suggest that mGIuR7 has an active state conformation that is
similar to that of other mGIuRs, that this conformation is only weakly stabilized by glutamate, and
that pointing glutamate into the binding pocket on a stiff tether boosts efficacy, indicating that
mGIuR?7 is capable of strong activation by glutamate. We wondered whether some modification
of mGIuR7 could change its properties so that it would be more strongly activated by glutamate.

It is known that mGIuR7 can heterodimerize with other mGIuRs® and earlier work
suggests that mGIuR7 expression may overlap with that of other mGIuRs in the mammalian
brain*®, We wondered, therefore, if mGIuUR7 heterodimerization occurs in neurons and, if so,
whether a heterodimer containing mGIuR7 would have stronger activation by physiological levels
of glutamate. mGIuR7 is expressed strongly in the hippocampus, olfactory bulb and tubercule, and
cortex*. In the hippocampus, other mGIuRs are also expressed, including group I members
mGIuR1 and 5 and group Il members mGIuR2 and 3, with the highest expression of mGIuR5 and
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2%, Earlier studies showed that mGIluRs co-assemble within and between groups Il and Il
members, but that these do not assemble with group | members, which only heterodimerize within
group 13931, This led us to consider possible assembly of mGIuR2 with mGIuR7. We found that
mGIuR2 expression overlaps with that of mGIuR7 (Supplementary Fig. 3.3a-c). We used anti-
mGIuR7 antibody to immune-precipitate mGIuR7 from adult rat hippocampi and found that
mGIuR2 co-precipitates with mGIuR7 (Supplementary Fig. 3.3d). To further test the potential for
mGIuR7 heterodimerization in native tissue, we asked whether mGIuR3 and mGIuR7 interact in
rat cortex. We find that we mGIuR3 co-precipitates with mGIuR7 (Supplementary Fig. 3.3d).
These results suggest that mGIuR7 either heterodimerizes with mGIuR2 in the hippocampus and
with mGIuR3 in the cortex, or potentially associates with these proteins indirectly.
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Figure 3.3, mGIuR2/7 heterodimer has a biphasic glutamate concentration-response in HEK293 cells. a)
mGIuR2/7 heterodimer formed by CLIP-mGIuR2 and SNAP-mGIuR7 heterodimer. Schematic (top) and images of
HEK?293 cells (bottom, scale bars 5 pum) labeled with donor (BC-549) on CLIP-mGIuR2 and acceptor (BG-Alexa-
647) on SNAP-mGIuR7. HEK293 cells expressing SNAP-mGIuR7 and CLIP-mGIuR2. b) Representative live-cell
FRET trace of CLIP- mGIuR2/SNAP-mGIuR7 heterodimers in response to ascending concentrations of glutamate.
¢) Glutamate concentration-response relation of normalized FRET in CLIP-mGIuR2/SNAP-mGIuR7 heterodimer
(red, n = 3, s.e.m. error bars) compared to SNAP-mGIuR2/2 (gray, n = 3, s.e.m. error bars).

mMGIuR2/7 has high glutamate affinity

Having found that mGIuR7 associates with mGIuR2, we examined the functional
properties of the mGIuR2/7 heterodimer. We co-expressed SNAP-mGIuR7 and CLIP-mGIuR2 in
HEK 293 cells and labeled SNAP-mGIuR7 with the SNAP-selective acceptor dye BG-Alexa 647
and CLIP-mGIuR2 with the CLIP-selective donor dye BC-DY-547 (Fig. 3.3a). Dye labeling was
specific for SNAP or CLIP and labeling of SNAP-mGIuR7 and CLIP-mGIuR2 was comparable
(Supplementary Fig 3.3f,q), indicating that they expressed at comparable levels. The co-expression
of SNAP-mGIuR7 and CLIP-mGIuR2 is expected to yield three dimer stoichiometries: the
homodimeric SNAP-mGIuR7/SNAP-mGIuR7; the homodimeric CLIP-mGIuR2/CLIP-mGIuR?2,
and the heterodimeric SNAP-mGIuR7/CLIP-mGIuR2. Of these, only the heterodimer combines
the donor and acceptor and produces a FRET signal®*.

Live-cell ensemble FRET experiments on SNAP-mGIuR7/CLIP-mGIuR2 revealed large
glutamate-induced concentration-dependent decreases in FRET for mGIluR2/7 (Fig. 3.3b). The
behavior of mGIuR2/7 differed greatly from that of the mGIuR7/7. mGIuR2/7 had responses to
low micromolar glutamate, whereas mGIuR7/7 required 10 mM glutamate to give a measurable
response (compare Figs. 3.3b to Fig. 3.1b). The reverse protein tagging--CLIP-mGIuR7/SNAP-
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mGIluR2--showed a similar high apparent affinity for glutamate (Supplementary Fig. 3.3h). The
glutamate concentration-response relation of mGIuR2/7 was biphasic, consisting of a major
component (~80% of total AFRET) with high affinity (EC50nigh = 2.7 uM SEM: 3.8 uM), which
is 7 fold lower than mGIluR2/2, and a minor component (~20% of total AFRET) with lower affinity
(EC50i0w = 2.5 mM SEM: 0.58 mM) (Fig. 3c).

Live cell assays face challenges at both low and high glutamate concentrations. Unhealthy
cells may release glutamate and interfere with detection of responses to low micromolar glutamate,
and it is not possible to go above 10 mM glutamate. We therefore turned to single-molecule
analysis on the purified protein, where glutamate concentration could be accurately defined
throughout the concentration range and where we measure absolute FRET. Individual SmFRET
trajectories showed that in zero glutamate mGIluR2/7 heterodimers spend most of the time at a
FRET level of ~0.4, whereas at 10 mM glutamate they were mainly at a low FRET level of ~0.2,
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Figure 3.4, The mGluR2/7 heterodimer has high glutamate affinity and high efficacy. a) Representative
SmFRET traces of CLIP-mGIuR2/SNAP-mGIuR7 labeled with BC-549 (donor) and BG-Alexa-647 (acceptor), in
different glutamate concentrations, imaged at 10 Hz. b) smFRET histograms of CLIP-mGIuR2/SNAP-mGIuR7
labeled with BC-549 and BG-Alexa-647 at 0 (5 movies, 191 molecules, s.e.m. error bars), 10 uM (7 movies, 267
molecules, s.e.m. error bars), 10 mM (6 movies, 167 molecules, s.e.m. error bars), and 100 mM (4 movies, 120
molecules, s.e.m. error bars) glutamate concentrations. Gray traces represent histograms of SNAP-
MGIUR2/SNAP-mGIUR2 in 0 and 1 mM glutamate (solid and broken lines, respectively). c) Glutamate
concentration-response relations of low FRET (activated state) peak of SmFRET histograms of SNAP-
MGIUR2/SNAP-mGIuR?2 (gray dashed line single Boltzmann fit), CLIP-mGIuR2/SNAP-mGIuR7 (red triangles
and red solid double Boltzmann fit) and CLIP-mGIuR2/SNAP-mGIuR2(YADA) (black diamonds and black solid
double Boltzmann fit).

and at 10 uM glutamate they transitioned back and forth between these levels (Fig. 3.4a).
Occupancy histograms that pooled many mGIuR2/7 dimers showed ~50% occupancy of the low
FRET active state at 10 uM glutamate (Fig. 3.4b,c). At 10 mM glutamate, mGIuR2/7 mostly
occupied the low FRET activated state, but there remained a small high FRET shoulder, which
disappeared at 100mM glutamate (Fig. 3.4b). The low smFRET (activated state) concentration-
response relation for mGIuR2/7 was biphasic, consisting of a major (~80%) high affinity
component (EC50high = 8.4 uM) and a minor (~20%) low affinity component (EC501ow = 9.9 mM)
(Fig. 4c).

We wondered if the glutamate response of mGIuR3/7 heterodimers would also differ from
that of the respective homodimers. Samples were prepared in the same manner as for mGIuR2/7
heterodimers and imaged in sSmFRET. We found that, in absence of glutamate, mGIuR3/7 occupies
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the active state ~70% of the time (Supplementary Fig. 3.4a), significantly higher than what we
previously observed in the mGluR3/3 homodimer®3. In 10uM glutamate the active state occupancy
was ~95% (Supplementary Fig. 3.4a).

We wondered whether the distinct components of the FRET concentration-response in
mGIuR2/7 reflect the closure at the different LBDs, i.e. if the high affinity mGIuR2 LBD closes in
sub-100 uM range and the low affinity mGIuR7 LDB closes in the above-100 uM range. To
examine this, we tested the behavior of a heterodimer that co-assembles a wildtype mGIluR2 with
a binding site mutant version of mGIluR2, mGIuR2 (Y216A and D295A; known as the YADA
mutant). This YADA mutant was developed by J.P. Pin’s group in mGIUR5, where, as a
homodimer, it was shown to not be activated by 10 mM glutamate and was shown to have a
biphasic effector activation concentration-response as a heterodimer with a wildtype subunit of
mMGIuR5 [MGIUR5/MGIUR5(YADA)]*. The biphasic concentration-response was attributed to
binding glutamate at low concentration by the wildtype LBD and at higher concentration by the
YADA LBD, and closure of a single LBD was interpreted to be sufficient for only partial
activation. We co-expressed CLIP-mGIuR2 and SNAP-mGIuR2(YADA) and labeled with the
SNAP-selective acceptor dye BG-Alexa-647 and the CLIP-selective donor dye BC-DY-547. The
mGIuR2/mGIuR2(YADA) dimer had a biphasic FRET concentration-response relation (Fig. 3.4c),
confirming earlier observations'®, and supporting the notion that the biphasic concentration-
response relation of mGIuR2/7 does indeed represent the closure over different concentration
ranges of the high affinity mGIluR2 LBD and the low affinity mGIuR7 LBD. The high affinity
component of mGIuR2/mGIuR2(YADA) produced only a small fraction (~10%) of maximal
activation, and this stood in stark contrast to what we observed in mGIuR2/7 where the first
component was 10-fold larger (Fig. 3.4c). These findings indicate that closure of a single wildtype
mGIuR2 subunit is much more efficient in activating the receptor when partnered in the dimer with
an mGIuR7 than with another mGIuR2.

Enhanced efficacy of one-subunit liganding in mGIluR2/7

The above results suggest that the heterodimeric interaction between mGIluR2 and mGIuR7
more strongly favors the activated state than do homodimeric interactions. We explored this further
by examining trans-activation, whereby binding of ligand to one subunit activates G-protein
interaction in the partner subunit®®*’. To specifically activate only the mGIuR2 subunit of the
mGIuR2/7 heterodimer, we selectively attached a photoswitched tethered ligand to mGIluR2. We
used the photoswitchable tethered glutamate, benzylguanine azobenzene glutamate (BGAG12),
which attaches covalently to the N-terminal SNAP tag of SNAP-mGIuR2, where we conjugate
fluorophore for our FRET analysis. As shown earlier*®, this BGAG12-labeled SNAP-mGIUR?2 is
photo-activated by illumination at 380 nm. The tether of BGAG2 is short, so it only ligands and
activates the subunit to which it is attached®. To cripple G protein signaling of the photoswitch-
controlled SNAP-mGIuR2 subunit, we introduced the mutation F756D, which prevents G-protein
coupling®. SNAP-mGIuR2(F756D) was co-expressed with wild-type mGIuR7 along with the
GIRK1 channel. The co-expression was expected to yield three mGIuR dimer stoichiometries: the
homodimeric SNAP-mGIuR2(F756D)/SNAP-mGIuR2(F756D), where both subunits would be
conjugated to BGAG12 but neither could couple to G protein; the homodimeric mGIuR7/mGIuR?7,
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which would be non-responsive to light because of lack of an attached BGAGi2; and the
heterodimeric SNAP-mGIuR2(F756D)/mGIuR7, the only dimer potentially capable of signaling
if BGAG:, activation of the signaling-dead mGIuR2 were able to trans-activate mGIuR7
(Supplementary Fig. 3.4b).

Activation of BGAG12 on the SNAP-mGIuR2(F756D) subunit by illumination at 380 nm
induced an inward GIRK1 current that was reversed by illumination at 500nm, the wavelength that
causes unbinding (Supplementary Fig. 3.4c,d). As expected, cells expressing only the G-protein-
coupling-dead SNAP-mGIuR2(F756D) had no photocurrent (Supplementary Fig. 3.4d). These
results demonstrate that the mGIuR2/7 heterodimer possesses trans-activation. This result was
confirmed by activation of GIRK1 channels with free glutamate over a concentration range
corresponding to the high affinity activation rearrangement phase in mGIuR2/7 (Supplementary
Fig. 3.4e). As seen in the sSmFRET measure of the conformational change associated with
activation, the foot of the curve was shifted to the left compared to that of the mGIuR2/2
homodimer. The amplitude of the photocurrent was 19.7 + 1.5 % (n = 42 cells) that of the current
induced by 1 mM glutamate (Supplementary Fig. 3.4b).
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Figure 3.5, Enhanced agonism in the mGIuR2/7 heterodimer. Single subunit agonism in mGIuR2/7 drives
greater activated state occupancy (lower FRET values) than agonism of both subunits in either mGIluR2/2
or mGIuR7/7. a) Schematic of CLIP-mGIuR2/SNAP-mGIuR7 binds DCG-1V only in mGIuR2. b) smFRET
histograms of CLIP-mGIuR2/SNAP-mGIuR7 and SNAP-mGIuR2/SNAP-mGIuR2 show greater activation at 10
nM DCG-IV in mGIuR2/7 (red) (6 movies, 189 molecules, s.e.m. error bars) than in mGIuR2/2 (black) (4 movies,
119 molecules, s.e.m. error bars). mGluR2/2 in the presence of 100 uM DCG-1V (blue) (4 movies, 234 molecules,
s.e.m. error bars). ¢) Schematic of CLIP-mGIuR2/SNAP-mGIuR?7 binds LSP4-2022 only in mGIuR7. d) SmFRET
histograms of CLIP-mGIuR2/SNAP-mGIuR7 and SNAP-mGIuR7/SNAP-mGIuR7 show greater activation at 1
mM LSP4-2022 in mGIuR2/7 (red) than mGIuR7/7 (gray). CLIP-mGIuR2/SNAP-mGIuR?7 in the presence of 0 (6
movies, 187 molecules, s.e.m. error bars), 1 pM (6 movies, 175 molecules, s.e.m error bars) and 1 mM (6 movies,
189 molecules, s.e.m. error bars) LSP4. e) Schematic of CLIP-mGIuR2/SNAP-mGIuR7(K319C) with D-MAG-0
attached to K319C docking glutamate into the mGIuR7 LBD in the trans configuration. f) smFRET histograms of
CLIP-mGIuR2/SNAP-mGIuR7(K319C) and SNAP-mGIuR7(K319C)/ SNAP-mGIuR7(K319C), with trans D-
MAG-0 (6 movies, 158 molecules, s.e.m error bars), show greater activation in mGIuR2/7 (blue) than mGIuR7/7
(gray). 100 pM of the orthosteric antagonist LY341495 has little effect on activation by D-MAG-0 on mGIuR2/7
(magenta) (6 movies, 174 molecules, s.e.m. error bars), in contrast to the complete block seen in mGIluR7/7 (Fig.
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that could only activate mGIluR2 and antagonize mGIuR7. The concentration-response relation for
effector trans-activation by the group Il agonist DCG-1V measured in patch clamp recordings in
cells co-expressing the GIRK1 channel showed similar concentration-response relations for
MGIUR7/SNAP-mGIuR2(F756D) and SNAP-mGIuR2/SNAP-mGIuR2, but, once again, at the
foot of the concentration-response relation, the mGIuR2/7 heterodimer was more sensitive than
the mGIuR2/2 homodimer (Supplementary Fig. 3.4f), even though mGIuR2/2 possesses two
subunits that bind DCG-IV and two subunits capable of G-protein activation, whereas the
heterodimer has only one. The observation of higher apparent affinity of mGIuR2/7 in effector
activation by DCG-IV led us to ask whether we could detect a greater potency of DCG-IV in
inducing transition to the activated conformation in mGIluR2/7. In smFRET, 100 uM DCG-IV
induced near-complete (~90%) occupancy of the activated conformation (Fig. 3.5b), confirming
that mGIuR2/7 can be strongly activated by liganding only the mGIluR2 LBD and antagonizing
mGIuR7*°. At 10 nM DCG-1V, mGIuR2/2 had low (~5%) occupancy of the activated
conformation, but mGIuR2/7 had about 5-fold greater (~25%) activated conformation occupancy
(Fig. 3.5b). Together, these observations of activation rearrangement in the receptor and activation
of the effector show that liganding of an mGIuR2 LBD activates the receptor more potently when
mMGIuUR?7 is the partner subunit than when the partner is another mGIuR2 subunit.

Having seen that liganding of just the mGIuR2 subunit can strongly activate mGIluR2/7,
we examined the effect of agonist binding to only the mGIuR7 subunit. We isolated receptor
protein from cells co-expressing SNAP-mGIuR7 and CLIP-mGIuR2, where the group 111 selective
agonist LSP4-2022 could be used to bind only to the mGIuR7 subunit of mGIuR2/7 (Fig. 3.5c).
We observed two striking differences between LSP4-2022 activation of the mGIuR7/7 homodimer
and the mGIuR2/7 heterodimer. A first difference was that, whereas 1 mM LSP4-2022 produced
slightly more than 50% occupancy of the activated conformation in mGIuR7/7, activation was
almost complete in mGIuR2/7 (Fig. 3.5d). Indeed, even 1 uM LSP4-2022 was sufficient to shift
the smFRET distribution slightly more than half-way toward the activated low FRET state (Fig.
3.5d). This gives the mGIuR7 subunit an approximately 1000-fold higher apparent affinity for
LSP4-2022 when partnered with mGIluR2 than when partnered with another mGIuR7. A second
difference was that in mGIluR2/7 LSP4-2022 concentrations near the EC50 produced a single broad
distribution with a peak, which was intermediate between the high FRET resting and low FRET
activated states, as opposed to two resolved distributions of the high FRET resting and low FRET
activated states, as seen in mGIluR7/7 (Fig. 3.5d). This single broad smFRET distribution is similar
to what we have seen with glutamate activation of the mGIluR2/7 heterodimer and mGIluR2/2
homodimer, above (Fig. 3.4b). We examine this further below.

Having seen that synthetic agonists that are selective for either the mGIluR2 subunit or the
mGIuR7 subunit produce stronger activation in mGIluR2/7 than in either mGluR2/2 or mGIuR7/7,
we wanted to determine if the native agonist glutamate is also a stronger activator in mGIluR2/7.
To confine the glutamate to one of the subunits, we once again tethered the photoswitchable
tethered glutamate, D-MAG-0, to the mGIluR7 LBD (Fig. 3.5e). SmFRET analysis showed that
mGIuR2/7 with a tethered ligand only on the one mGIluR7 subunit spends ~90% of the time in the
activated low-FRET state of ~0.2, higher than the ~50% activation seen in the mGIuR7/7
homodimer in which both subunits had the tethered agonist (Fig. 3.5f). In addition, we found that,
whereas 100 uM of the competitive antagonist LY 341495 almost completely blocked activation
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of mGIuR7/7 by trans D-MAG-0 (Fig. 3.2c), it had little effect on activation by trans D-MAG-0
of mGIuR2/7 (Fig. 3.5f). The results suggest that D-MAG-0 binds with higher affinity to the
mGIuR7 LBD when it is partnered with mGIluR2 than when it is partnered with another mGIuR?7.

Together these experiments show that mGIuR7 enhances activation by mGIuR2 and
mGIuR2 enhances activation by mGIuR7, so that the heterodimer has greater sensitivity to
glutamate and synthetic agonists and stronger activation by single subunit agonism than seen in
either the mGIluR2/2 homodimer, or the mGIuR7/7 homodimer.

Spontaneous rearrangements and altered kinetics in mGIluR2/7

One striking property of the mGIluR2/7 heterodimer is the shape of the SmMFRET histogram
at intermediate concentrations. mGIuR7/7 had two well-resolved smFRET distributions—the
resting high-FRET state and the activated low-FRET state (Fig. 3.1e and Fig. 3.2) and the
occupancy of the former decreases as occupancy of the latter increases with a progressive rise in
agonist concentration, as also observed earlier in the mGluR2/2 and mGIuR3/3 homodimers and
the mGIuR2/3 heterodimer®3L, In contrast, the mGIluR2/7 heterodimer smFRET histogram is a
single, broadened distribution, which shifts progressively to lower FRET levels as agonist
concentration increased, whether the agonist was glutamate, which could bind to both the mGIluR2
and mBGIuR7 LBDs (Fig. 3.4b), or the group Il1-selective ligand LSP4-2022, which binds to only
the mGIuR7 LBD (Fig. 3.5d).

We examined this further and found that at zero glutamate the SmFRET distribution of
mGIuR2/7 was also broadened and left-shifted with respect to both mGIuR2/2 and mGIuR7/7 at
zero glutamate (Fig. 3.6a). One possible explanation for such behavior is spontaneous closure of
LBDs leading to basal activation. To test this, we applied 100 uM of the group Il and group Il
competitive antagonist LY341495. LY 341495 binds in the orthosteric site, holds the LBD in the
open conformation (Doumazane et al., 2012) and blocks the activation rearrangement that is
induced by glutamate bound in the orthosteric site of mGIuR2/2 and mGIuR3/3, as well as by
calcium ion binding at an allosteric site in mGIuR3/3%; PDB 3MQ4. However, LY 341495 did not
alter the smFRET distribution of the mGIuR2/7 heterodimer (Fig. 3.6c), indicating that the
broadening and shift to the left in mGIluR2/7 is not due to spontaneous LBD closure in the Apo
state.

mGIuRs respond to agonist in a sequence of steps: agonist binding favors closure of the
LBDs, the closed LBDs rotate, and this triggers a rotation of the transmembrane domain (TMD)
that opens the intracellular-facing G protein docking site?®®. We tested negative allosteric
modulators (NAMSs) of mGIuR7 (ADX-71743) and mGIuR2 (Ro 64-5229 and MNI-137), which
bind in the TMD and stabilize the resting state®>° and, so, would be expected to stabilize the open
and non-rotated (resting) conformation of the LBD. A combination of either of the mGluR2 NAMs
with the mGIuR7 NAM narrowed the SmFRET distribution and shifted it to the right (Fig. 3.6e),
as would be expected for a negative allosteric effect that pushes a partially activated receptor into
the resting state.

To understand the molecular motions underlying the shift in SmFRET distribution, we
analyzed single molecule trajectories in zero glutamate. We observed spontaneous transitions from
a high FRET resting state of ~0.45 to an intermediate FRET state of ~0.3 (Figs. 3.6b and
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Supplementary Fig. 3.5, top). These spontaneous transitions persisted in the presence of LY 341495
(Figs. 3.6d and Supplementary Fig. 3.5, second from top), but were eliminated by the NAMs,
which stabilized the receptors in the high FRET state (Fig. 3.6f, and Supplementary Fig. 3.5,
bottom two). These findings suggest that, in the Apo state, mGIuR2/7 spontaneously transitions
into a conformational intermediate on the activation pathway in which the LBDs are open but
rotated.
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Figure 3.6, Spontaneous conformational rearrangements of mGIluR2/7 in the Apo state. a, b) 0 glutamate
SmFRET histograms of SNAP-mGIuR2/SNAP-mGIuR2, SNAP-mGIuR7/SNAP-mGIuR7 and CLIP-
MGIUR2/SNAP-mGIUR7 show a shift to lower FRET values in mGIuR2/7 (a), associated with spontaneous
transitions to an intermediate FRET state of ~0.3. ¢, d) The left shift of the 0 glutamate CLIP-mGIuR2/SNAP-
mGIuR7 (5 movies, 191 molecules, s.e.m. error bars) SmFRET histogram relative to that of SNAP-
MGIuR2/SNAP-mGIUR2 (6 movies, 257 molecules, s.e.m. error bars) (c) and the spontaneous transitions to the
intermediate FRET state (d) are not altered by 100 uM of the orthosteric antagonist LY341495 in 0 glutamate (5
movies, 230 molecules, s.e.m. error bars). e, f) The left shift of the 0 glutamate CLIP-mGIuR2/SNAP-mGIuR7
SmFRET histogram (e) and the spontaneous transitions to the intermediate FRET state (f) are blocked by
combined negative allosteric modulators for mGIuR2 (either 11 uM Ro-5229 (6 movies, 160 molecules, s.e.m.
error bars) or 1.2 uM MNI-137 (6 movies, 154 molecules, s.e.m. error bars)) and mGIuR7 (125 uM ADX 71743)
in 0 glutamate. a—f BC-DY-547 or BG-DY-547 (donor) and BG- Alexa-647 (acceptor) imaged at 10 Hz. g, h)
Whole cell patch clamp recording (Vi = —60 mV; [K+]in = [K+]ouwt = 150 mM) in HEK293T cells co- expressing
mGIuR2, mGIuR7 and the GIRK1(F137S) channel have basal inward current, which is reversibly inhibited by the
GIRK pore blocker Ba2+, but not affected by the combined negative allosteric modulators for mGIuR2 (1 uM
MNI-137) and mGluR7 (3 uM ADX 71743) (g), even though these are sufficient to completely block activation

We next asked whether the Apo state intermediate of mGIuR2/7 represents the G protein
signaling state of the receptor. To this test this we co-expressed mGluR2 and mGIuR7 in HEK293T
cells along with the GIRK channel and measured GIRK current. Application of 1 mM barium, to
block the GIRK channels, elicited a reduction in standing inward current, which could be due to
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either or both basal activity of the receptor and excess free GPy (Fig. 3.6g). 1 mM glutamate
elicited a large inward current above this basal level and this was completely blocked (96.7 £ 2.1%,
n=4) by a combination of 3 uM ADX71743 (the mGIluR7 NAM) and 1 uM MNI-137 (the mGIuR2
NAM) (Fig. 3.6g, h). However, the combined NAMs on their own had no effect on basal current
(2.1 £7.3%, n=6, t-test p = 0.542). These results suggest that the intermediate conformation visited
in the Apo state is associated with a non-signaling state of the TMD.

An intermediate FRET state of ~0.3 has been observed previously in mGIuR2/2, but it was
very short-lived and could only be visualized as a low-incidence shoulder when large numbers of
transitions, acquired at a glutamate concentration near the EC50, were aligned temporally®®. We
examined the single-molecule activation-deactivation dynamics at near the glutamate EC50 for
mGIuR2/7. We performed these experiments with a more photo-stable donor/acceptor dye pair
(LD555/LD655, Forster radius 52A) and 10-times faster acquisition (100 Hz). We found that,
unlike mGIluR2/2, which toggles back and forth between the resting 0.45 and activated 0.20 FRET
states, with rarely resolved, brief occupancies at intermediate FRET levels (Figs. 3.7a and
Supplementary Fig. 3.6a), mGIuR2/7 divides its time between the ~0.45 FRET state, the ~0.20
FRET state and a ~0.30 intermediate FRET level, with short-lived occupancies of the resting and
activated conformations and substantial time spent in the intermediate conformation (Figs. 3.7b
and Supplementary Fig. 3.6b). The distinct activation/deactivation kinetics are reflected in a more
extended donor/acceptor cross-correlation in mGIluR2/7 (Fig. 3.7¢).

Thus, along with enhanced affinity and boosted single subunit activation, the mGIluR2/7
heterodimer displays a unique form of spontaneous partial activation, in absence of agonist and
with the LBDs open, as well as altered conformational dynamics.

a o.MGIuR2/2, 4 pM Glu LD555 LD655 100Hz o.MGIUR2/7, 4 yM Glu LD555 LD655 100Hz
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Figure 3.7, Fast glutamate-induced conformational dynamics in mGIuR2/7. SNAP-mGIUR2/SNAP-mGIuR2
(mGIuR2/2) and CLIP-mGIuR2/SNAP- mGIuR7 (m,GIuR2/7) at a glutamate concentration near the EC50 (4 uM)
imaged at 10x speed (100 Hz) with photobleaching resistant dyes (donor BC-LD555 or BG-LD555 and acceptor
BG-LD655). a, b) mGIluR2/2 and mGIuR2/7 transition between resting (high FRET) and activated (low FRET),
but CLIP-mGIuR2/SNAP-mGIuR7 spends much of the time at an intermediate FRET level. ¢) Donor/acceptor
cross-correlation decays over longer time in mGIuR2/7. Both samples fit with double exponential decay,
mGIuR2/2 R2 = 0.9120 (8 movies, 396 molecules, s.e.m. error bars) and mGIluR2/7 R2 = 0.9740 (8 movies, 384
molecules, s.e.m. error bars).
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Discussion:

The mGIuR7/7 homodimer is known, based on effector activation, to have unusually low
apparent affinity for glutamate®®. Our measure of the glutamate-induced structural rearrangement
of the LBDs reveals an EC50 of 38 mM, ~4,000-fold lower than that of the other mGIuRs. Along
with this, we find that maximal activation by glutamate only reaches ~10%, as determined from
occupancy of the activated conformation, where the LBD clamshells are both closed and rotated,
producing our measured low-FRET state. Despite this large difference in relative occupancy, the
absolute SmFRET levels of the resting and activated states in mGIuR7/7 are similar to those of
mGIuR2/2, mGIuR3/3 and mGIuR2/3133!  suggesting that mGIuR7/7 undergoes the same
activation rearrangements. We show that occupancy of the activated conformation is elevated by
a mutation that increases glutamate affinity, or by presentation of the glutamate on a stiff tethered
linker that docks it into the binding pocket, or by a group 111 selective synthetic agonist, indicating
that the problem with mGIuR7/7 is not is ability to activate, but the ability of free glutamate to
stabilize the activated conformation.

The very low affinity and low efficacy of activation by glutamate of mGIuR7/7 poses a
functional conundrum. Even within the low volume synaptic cleft, and immediately after
glutamate release, glutamate is estimated to reach a peak of only 1-3 mM peak and for less than
one millisecond®”, Spillover from nearby synapses is thought to reach much lower concentrations
56, Thus, the affinity and efficacy of mGIuR7/7 appear to be too low for significant activation under
physiological conditions. And yet, pharmacological and genetic knock-out studies suggest that
mGIuR7 does function at synapses®*°. Also, the pharmacological profile differs from what is
measured from mGIuR7 expressed alone in non-neuronal cell lines, and that which is measured in
neuronal tissue®® suggesting a biochemical difference between mGIuR7 in neurons and in non-
neuronal cells. We considered that heterodimerization, which is known to occur between mGIuR7
and other group 111 mGIuRs, as well as with group 1l mGIuRs, may yield a receptor that operates
in the range of physiological glutamate. We found that mGIuR7 expression overlaps with that of
mGIuR2 in the hippocampus, that mGIuR7 and mGIuR2 co-immune precipitate. Strikingly, the
mGIuR2/7 heterodimer has high affinity and efficacy. But heterodimerization with mGIluR2 does
more than simply bring mGIuR7 into the physiological range, it activates more efficiently and at
lower agonist concentration than even mGIuR2/2. This is associated with a form of cooperativity,
in which an unliganded mGIuR2 greatly enhances activation by agonist bound to mGIuR7, and
vice versa, and with a unique conformational pathway to activation, in which mGIluR2/7 partially
activates in the Apo state, even when its LBD is held open by antagonist.

mGIuRs must dimerize to signa®2®1%2 and, in the dimer, activation of only one subunit
produces low efficacy activation. This was originally shown in mGIuR5/5, where a wildtype
subunit was dimerized with one carrying the YADA binding site mutant subunit, which drastically
lowers affinity*®. The glutamate concentration-response curve of mGIUR5/mGIUR5(YADA) is
biphasic: a first low glutamate concentration component, where only the wildtype subunit is
expected to bind, yields ~20% of maximal activation achieved at much higher glutamate
concentration, which is expected to also bind the YADA subunit. Similar behavior has been
described for mGluR2/mGIuR2(YADA)® and we confirm that here. We find that maximal
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activation of mGluR2/mGIuR2(YADA) at high glutamate (where both the high affinity wildtype
and low affinity YADA subunits are both expected to be glutamate bound--only yields ~30%
occupancy of the low FRET activated conformation, in contrast to the full occupancy seen in the
wildtype mGIuR2/2 dimer.

mGIuR2/7 is expected to function similarly to mGIuR2/mGIuR2(YADA), with the
naturally very low affinity wildtype mGIuR7 subunit taking the place of the mutant
mGIuR2(YADA) subunit. However, mGIuR2/7 breaks expectation in two ways. First, compared
to mGIluR2/2, the mGIluR2/7 heterodimer activates at lower glutamate concentrations. Second, in
contrast to mGIuR2/mGIuR2(YADA), mGIluR2/7 has ~4-fold higher efficacy at 1mM glutamate,
the top of the first component of the biphasic concentration-response relation, when only the
wildtype mGIuR2 subunit is expected to be liganded (~80% of maximal activation) and achieves
full occupancy of the low FRET activated conformation at the top of the biphasic concentration-
response relation, ~3-fold better than the maximal activation of mGluR2/mGIuR2(YADA).

Compared to mGIuR7/7, the mGIuR2/7 heterodimer is activated with higher efficacy by
both the group Il selective agonist LSP4-2022 and by the tethered glutamate photoswitch D-
MAG-0, even though in mGIuR7/7 both subunits are bound by agonist, whereas in the mGIluR2/7
heterodimer only the mGIuR7 subunit has the agonist and the mGIluR2 subunit is in the Apo state.
This suggests that agonist-induced closure of the mGIuR7 LBD drives the empty mGIuR2 LBD to
also close and rotate. This cooperative effect works in the opposite direction also: The presence of
the mGIuR2 subunit enhances agonist binding by the mGIuR7 subunit. This is seen with the
competitive antagonist 100 uM LY 341495, which appears to completely displace D-MAG-0 from
the binding site in the mGIuR7/7 homodimer (shifting completely to the resting high FRET state),
whereas in the mGIluR2/7 heterodimer 100 uM LY 341495 has almost no effect, suggesting that D-
MAG-0 has a much higher affinity for mGIuR7 when it is paired in the heterodimer with mGIuR2.

a o MmGIuR2/7 b
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Figure 3.8, State diagram model of activation pathway. a) The transition of an mGIuR from the resting state
(Roo) to the active state (Acc) involves transition of the two LBDs from the open state (0) to the closed state (0),
and rotation (*) of the LBDs relative to one another. In absence of agonist, mGIuR2/2 is stable in Roo, and
previous work has shown that the main route of activation is Roo — Roc — Rcc — Rec*, although a small
amount of activation is possible from Roc. In contrast, we find that mGluR2/7 spontaneously enters a partially
activated (functionally inactive) conformation when both LBDs are held open by antagonist, which we propose as
Roo — Roo*. b) The energetic difference results in much higher occupancy of the fully active state in mGIluR2/7
in which only one subunit is liganded by agonist.
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Thus, mGIuR2/7 has a unique form of heteromeric cooperativity in which each subunit in its Apo
state acts as a positive allosteric modulator of its partner subunit.

While some GPCRs, such as rhodopsin, have very low basal activation, others activate in
absence of agonist®®, Basal activation in absence of glutamate occurs in some mGluRs, including
in mGIuR3/3 and mGIuR2/3, which are partially activated by calcium binding near the mGIuR3
orthosteric site*>5455, We see fundamental differences between basal activation of mGIluR2/7 and
examples described previously. mGIuR3/3 and mGIluR2/3 basal activation appears as FRET
transitions from ~0.45 FRET to ~0.2 FRET and this transition is mediated by LBD closure and
can be blocked by orthosteric antagonist LY 341495 which stabilizes the open conformation of the
LBD. However, the basal activity in mGIuR2/7 is characterized by transitions between ~0.45
FRET and intermediate ~0.3 FRET and is not affected by LY 341495, but is blocked by NAMs,
which stabilize the inactive conformation of the TMD.

Activation is thought to proceed from the resting state (R) to the active state (A), starting
with closure of the LBDs on the agonist (Roo—>Rcc), followed by LBD rotation (Rcc>Rcc*), and
by stabilization of a rearranged state of the TMD that includes a whole-TMD rotation and a tilt of
TM6 to open the G-protein binding pocket: Rcc*-> Acc* (Fig. 3.8a)%%%. Since spontaneous entry
into the intermediate state occurs with the LBDs held open by LY341495 in zero glutamate (so
that LBD closure does not contribute to the reduced FRET), and NAMs prevent entry into this
state, we propose that the intermediate FRET state reflects a partially activated conformation in
which the LBD is open but rotated. Our functional analysis indicates that this partially activated
conformation is signaling inactive (Roo*) (Fig. 3.8a). This unusual activation pathway in
mGIuR2/7 is associated with a unique potency of single subunit liganding, which achieves ~80%
of maximal activation as compared to only ~20% seen in mGluR2/mGIuR2(YADA) (Fig. 3.8b).

Near the EC50 glutamate concentration, where the receptor spends roughly equal time in
the resting and activated states, mGIuR2/7 is more dynamic than mGIluR2/2 and spends substantial
time in the partially activated state. Thus, the enhanced affinity and efficacy of mGIuR2/7 are
associated with a favored transition to a partially activated state where the LBD is rotated but the
TMD is in the non-signaling state. Recent work has provided the first structure of a full length,
dimeric mGIuR complex in the resting and active conformations? that are compatible with earlier
evidence for TMD rotation®’. Our observations indicate that the conformational pathway between
these states has several possible paths.

In conclusion, our study reveals a specialized heteromeric cooperativity in mGIuRs in
which an unliganded subunit confers on its dimer partner both enhanced glutamate affinity and the
ability of the single subunit bound state to fully activate the receptor. This cooperativity is
associated with a conformational pathway to activation that is not seen in other mGIuRs. Instead
of the canonical pathway of sequential LBD closure on agonist followed by LBD rotation, it
appears that the LBD rotates even when it is open, leading to a partially activated state even when
both members of the dimer are in the Apo state. Unusually too, while threshold sensitivity is
enhanced, the concentration-response relation of the mGIluR2/7 heteromer is shallower overall and
saturates at higher concentration, adding to the ability to respond to low concentration spillover
from a distance, a wider dynamic range to respond proportionately to particularly high glutamate
from nearby sources.
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Having observed the low glutamate affinity and efficacy of mGIuR7 in this Chapter we
further investigate the molecular underpinnings for this behavior in Chapter IV. This finding also
acts a foundation to use mGIuR7 homodimers as a gain-of function model which enables a much
more detailed characterization of LBD interactions which have more subtle effects on activation
properties. Results of mGIuR2/7 heterodimers in this chapter also provides a framework for
discovering the amino acids responsible for this modulation in Chapter IV. We find that just three
amino acids are permit the heterodimeric modulation and confirm these findings using the data
form Fig. 3.5 as a comparison.
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Methods:

Drugs

LSP4-2022 was obtained according to the general procedure following scheme 1 [Selvam
et al., JIMedChem 2018], with improvements to minimize the formation and discard L-AP4, a side
product with selective and potent group 11l mGIuR agonist activity: (i) The use of degassed solvent
during the formation of the second C-P bond dramatically reduces the presence of the
corresponding phosphonate; (ii) The purification of the crude LSP4-2022 by C-18
chromatography using a slow gradient (H20O + 0.1% HCO.H/MeCN + 0.1% HCOH: from 100/0
to 90/10), instead of successive cation- and anion- exchange resins, saves time and increases the
overall yield of the final compound.

Scheme 1: Improved synthesis of LSP4-20222

NHCbz NHCbz | OH NH,  OH
i i
Meozc/'\/\'F}—H A MeOQC/'\/\IIIDI e HOQC/'\/\IIIDI
OH OH
OH 0" >Co,H 0" >Co,H
LSP4-2022

4Reagents and conditions: (i) 4-(Carboxymethoxy)benzaldehyde, BSA, degassed CH.Cl,, RT, 16
h; (ii) @) 6 M aqueous HCI, reflux, 5 h; b) C-18 flash chromatography.

Abbreviations: BSA: N,O-bis(trimethylsilyl)acetamide; Cbz: benzyloxycarbonyl; L-AP4: L-2-
amino-4-phosphonobutyric acid; Me: methyl; RT: room temperature.
Cell culture and transfection

HEK293T cells were cultured in DMEM with 5% FBS on poly-L- lysine-coated glass
coverslips. HEK293T cells were obtained from the UC Berkeley MCB tissue culture facility,
authenticated by DDC Medical, and tested negative for mycoplasma contamination. Previously
described HA-SNAP and Flag—CLIP-tagged rat mGIluR cDNA were generously provided by J. P.
Pin. DNA plasmids were transfected into cells using lipofectamine 2000 (Thermo Fisher). For
electrophysiology experiments, cells were transfected with wild-type-mGIluR2 or wild-type-
mMGIuR7 or SNAP-mGIuR2(F756D), GIRK1-F137S, and yellow fluorescent protein (YFP) (as a
transfection marker) at a 7:7:1 ratio with 0.7 mg plasmid per well for receptor and channel. For
FRET experiments, cells were transfected with SNAP and CLIP-tagged constructs at a ratio of 1:2
with 0.3 mg of SNAP-mGIuR DNA per well.

Patch clamp electrophysiology

Whole-cell patch clamp recordings from single isolated cells were performed 24-48 h after
transfection, in a high potassium extra-cellular solution containing (in mM): 120 KCI, 29 NacCl, 1
MgCl, 2 CaCl; and 10 HEPES, pH 7.4. Cells were voltage clamped to -60 mV using an Axopatch
200B amplifier (Axon Instruments) and membrane currents were recorded. Glass pipettes of
resistance between 3 and 8 MQ were filled with intracellular solution containing (in mM): 140
KCI, 10 HEPES, 3 Na>ATP, 0.2 Na,GTP, 5 EGTA and 3 MgCl», pH 7.4. Data were acquired with
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a 2 kHz acquisition rate and low-pass filtered with a 4-pole Bessel filter at 1 kHz. Data acquisition
and analysis were performed using pCLAMP 10 software (Axon Instruments).

Photoswitching

[llumination was applied to the entire field of view using either a Polychrome V
monochromator (TILL Photonics) through a 20X objective, or a Lambda DG4 high-speed
wavelength switcher (Sutter Instruments) with 380 nm and 500 nm filters through a 40X objective.
pClamp software was used for both data acquisition and control of illumination. BGAG labeling
was done by applying 1.5 uM BGAG for 45 min at 37°C. To conjugate D-MAG-O0, cells were
incubated in 50-100 uM D-MAG-0for 30-60 min in the dark at 23-27°C in standard extracellular
cell buffer.

FRET pair fluorescent dye labeling of protein-tagged mGIuRs

Approximately 24-48 h after transfection, cells were labeled while attached to poly-L-
lysine-coated coverslips. Culture media was removed and coverslips were washed and transferred
to extracellular solution containing (in mM): 135 NacCl, 5.4 KCI, 2 CaCl;, 1 MgCl;, 10 HEPES,
pH 7.4. Cells were labeled at 37 °C with one or two SNAP-reactive (benzylguanine, BG) dyes at
1.5 uM for 45 minutes, and then, if a CLIP-tagged mGIuR was used, they were washed and labeled
with a CLIP-reactive (benzylcytosine, BC) dye at 3 uM for 45 minutes. For most of the
experiments (Figs. 3.1-3.6 and Supplemental Fig. 3.1-3.5, except Supplemental Fig. 3.1c) DY-547
(NEB) was used as a donor and Alexa-647 (NEB) as an acceptor (in Supplemental Figure 1c Atto-
488 was the donor and Atto-594 was the acceptor; Company). In Fig. 3.7 and Supplemental Fig.
3.6, LD-655 was the donor and LD-655 was the acceptor (Lumidyne). The fluorophores were
diluted in extracellular solution and coverslips were washed in between labeling with donor and
acceptor.

Ensemble FRET

After labeling, cells were mounted on an upright, scanning confocal microscope (Zeiss
LSM 780) and imaged with a 20X objective. Donor excitation was performed using a 561-nm laser
and images were taken in the donor and acceptor channels at 1 Hz. Clusters of cells were analyzed
together and FRET was calculated as FRET=(1a)/(Io+la), in which Ip is the fluorescence donor
intensity and la is the fluorescence acceptor intensity. For individual traces, FRET was normalized
to the basal FRET value observed before application of drugs. FRET changes calculated for dose—
response curves were normalized to the response to saturating glutamate (10 mM) and dose—
response curves were obtained from multiple cell clusters and averaged from at least three
experiments. Fitting of dose—response curves was performed using Prism (Graphpad). All drugs,
except LSP4-2022, which we synthesized, were purchased from Tocris. Drugs were delivered with
a gravity-driven perfusion system.

smPull receptor isolation and surface display
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To inhibit nonspecific protein adsorption, flow cells for single-molecule experiments were
prepared as previously described (Vafabhaksh et al,. 2015) using mPEG (Laysan Bio) passivated
glass coverslips (VWR) and doped with biotin PEG16. Before each experiment, coverslips were
incubated with NeutrAvidin (Thermo), followed by 10 nM biotinylated secondary antibody
(donkey anti-rabbit, Jackson ImmunoResearch). For receptor immunopurification, 10 nM anti-
mGIuR2 primary antibody (abcam, ab150387) or 10 nM anti-mGIuR7 antibody (abcam, ab53705),
or 15 nM anti-HA antibody (abcam, ab26228) was incubated in the chamber (Fig. 3.1€). Between
each conjugation step, the chambers were flushed to remove free reagents. The antibody dilutions
and washes were done in T50 buffer (50 mM NaCl, 10 mM Tris, pH 7.5). For single-molecule
experiments, fresh cells expressing tagged mGIuR constructs were labeled, as described above,
and recovered from coverslips by incubating with Ca®* free PBS buffer for 5-10 min followed by
gentle pipetting. Cells were then pelleted by spinning at 5,000g for 5 min and lysed in lysis buffer
consisting of 150mM NaCl, 1 mM EDTA, protease inhibitor cocktail (Thermo Scientific) and
1.2% IGEPAL (Sigma).After 1 h incubation at 4 C°, lysate was centrifuged at 16,0009 for 20 min.
and the supernatant was collected and kept on ice. To achieve sparse immobilization of labeled
receptors on the surface, the cell lysate was diluted (ranging from 5X to 50X dilution depending
on the expression and labeling efficiency) and applied to coverslips. After achieving optimum
surface immobilization (~400 molecules in a 2,000 pm? imaging area), unbound receptors were
washed out of the flow chamber and the flow cells were then washed extensively (up to 50X the
cell volume).

SMFRET measurements

Receptors were imaged for smFRET in imaging buffer consisting of (in mM) 3 Trolox,
120 KCI, 29 NaCl, 2 CaCl2, 1 MgClI2, 50 HEPES, 0.04% IGEPAL and an oxygen scavenging
system (0.8% dextrose, 0.8 mg ml glucose oxidase, and 0.02 mg ml catalase), pH 7.4. Reagents
were purchased from Sigma and were all UltraPure grade (purity >99.99%). All buffers were made
in UltraPure distilled water (Invitrogen). For the experiments done in the absence of Ca?*, 10 mM
EGTA and 1 mM EDTA were added to the imaging buffer. Catalase was diluted in T50 buffer and
passed through a spin column 3X (BioRad).

Samples were imaged with a 1.65 na X60 objective (Olympus) on a total internal reflection
fluorescence microscope with 100 ms time resolution unless stated otherwise. Lasers at 532 nm
(Cobolt) and 632 nm (Melles Griot) were used for donor and acceptor excitation, respectively.
FRET efficiency was calculated as (1a-0.1Ip)/(Io+14), in which Ip and I are the donor and acceptor
intensity, respectively, after back-ground subtraction. Imaging was with 100 ms acquisition time
(10 Hz) with an Andor iXon 897 EMCCD camera (Figs. 3.1-3.6 and Supplemental Fig. 3.1-3.5)
or with 10 ms acquisition time (100 Hz) with a Photometrics Prime 95B cMOS camera (Figs 3.7
and Supplemental Fig. 3.6) using Lumidyne LD555 as donor and Lumidyne LD655 as acceptor
(Forster radius ~52A). Dyes were conjugated to benzyguanine and benzylecytosine to allow for
labeling of SNAP and CLIP proteins, respectively.

SmMFRET data analysis
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Single-molecule intensity traces showing single-donor and single-acceptor photobleaching
with a stable total intensity for longer than 5 s were collected (20-30% of total molecules per
imaging area). Individual traces were smoothed using a nonlinear filter (Haran et al., 2004) with
following filter parameters: window = 2, M = 2 and P = 15. Each experiment was performed >4
times to ensure reproducibility. SmFRET histograms were compiled from >100 molecules per
condition. (100 ms time resolution). Error bars in the histograms represent the standard error from
>4 independent movies. To ensure that traces of different lengths contribute equally, histograms
from individual traces were normalized to one before compiling. Gaussian fitting to histograms
was done in Origin Pro. SmFRET histograms were fit to two Gaussians, centered on high (~0.45)
and low (~0.2) FRET levels for mGIluR2/2 and mGIuR2/7 and a single Gaussian for mGIuR2/7
(center ranging from 0.2 to 0.45). For dose-response relations, the area underneath the low FRET
Gaussian was used as a measure of active state occupancy.

Immunostaining for brain sections

Mice were anaesthetized and perfused transcardially with 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (pH 7.4). The brains were removed, postfixed overnight at 4 °C and
sectioned at a thickness of 50 um. Free-floating sections were incubated in blocking solution (PBS
containing 10% normal sheep serum and 0.1% Triton X-100) overnight, followed by incubation
with primary antibodies(diuluted 1 to 500) for 3 days and, after extensive washing, with Alexa
488- or Alexa 647-conjugated secondary antibodies (Molecular Probes) overnight at 4° C.

Western blot analysis

Cells were scraped into lysis buffer (50 mM Tris- HCI, pH 7.5, and 150 mM NaCl )
containing 0.5% IGEPAL and protease inhibitor mixture (Roche) and incubated on ice for 20-30
min. The supernatant was separated from cell debris by centrifugation at 16,000X g for 10 min at
4°C. Aliquots of lysate were heated in SDS sample buffer (containing 10% SDS and 9.3% DTT)
at 95°C for 5 min. Samples were loaded on SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad). After transfer, membranes were blocked in TBST (25 mM Tris, 150 mM
NaCl, and 0.05% Tween 20) containing 5% nonfat milk at room temperature for 1 h. mGIluR2
antibodies, mGIluR7 and mGIuR3 (Novus Biologicals, cat. # NBP2-61843) antibodies were diluted
in blocking solution and incubated with the membranes at 4°C overnight. Membranes were then
washed with TBST and incubated with HRP-conjugated goat anti-rabbit 1gG secondary antibody
(Santa Cruz Biotechnology, catalog #sc-2004, 1:7500 diluted in blocking buffer or Jackson
ImmunoResearch Laboratories, catalog #111-035-144, 1:10,000 diluted in blocking buffer).

Co-immunoprecipitation from brain tissue

Brain samples were collected from Spraque Dawely rats, suspended in lysis buffer (50
mM Tris- HCI, pH 7.5, and 150 mM NacCl) containing protease inhibitor mixture (Roche). Tissue
samples were homogenized and sonicated. Cell membrane fractions were separated by

centrifugation at 100,000X g and cell pellet was resuspended in lysis buffer containing 1.5%
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IGEPAL and protease inhibitor mixture (Roche). Cell were rocked at 4 °C for one hour then
supernatant was cleared by centrifugation at 16,000X g for 20 min at 4 °C. Supernatant
precleared with Pierce Protein A/G magnetic beads (Thermo-Fisher) followed by incubation with
primary antibody conjugated protein A/G magnetic beads overnight at 4 °C. Beads were washed
and protein was eluted in SDS sample buffer (containing 10% SDS and 9.3% DTT) at 95°C for 5
min. Samples were run on western blot as described above.
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Figure S3.1: Glutamate—induiéed FRET response of mGluR2/2, mGIuR7/7 and

mGIuR4/4 homodimers. a-d) Live HEK293 cell ensemble FRET glutamate representative dose-response traces (a
and d, left; b and ¢) and dose-response relations (a and d, right) for SNAP-mGIuR2/2 coexpressed with GIRK, s.e.m
error bars. (a); SNAP-mGIuR7/7 co-expressed with GIRK (b); SNAP-mGIuR2/2 (left) and SNAP-mGIuR7/7 (right)
(c); and SNAP-mGIuR4/4, s.e.m. error bars (d). Receptors labeled with SNAP-selective, BG dyes: DY-547 (donor)
and Alexa 647 (acceptor) (a,b,d) or Atto-488 (donor) and Atto-594 (acceptor) (c), imaged at 10 Hz. e) Schematic of
individual dimer antibody pulldown and TIRF imaging of solubilized receptor. f) Donor/acceptor fluorescence
cross-correlation for SNAP-mGIuR2/2 (left) and SNAPmGIUR7/7 (right) at different glutamate concentrations
shows greater dynamics in mGluR2/2 at 4 uM glutamate (4 movies, 311 molecules), near the EC50 where receptors
transition most frequently between resting (high FRET) and activated (low FRET) states, than seen in 10 mM
glutamate, the foot of the mGIuR7/7 dose-response relation. g) Single molecule donor (green), acceptor (red) and
FRET (blue) traces of SNAPmMGIuR7/7 in 100 mM glutamate. h) Histograms from distinct data set from Fig. 1f of
SNAP-mGIuR7/7 in 0 (6 movies, 254 molecules, s.e.m. error bars) and 100 mM (6 movies, 308 molecules, s.e.m.
error bars) glutamate. f-h) smFRET donor (BG-DY-547) and acceptor (BG-Alexa 647) dyes imaged at 10 Hz.
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Figure S3.2: LSP4-2022 and D-MAG activation of mGIuR7/7. a) LSP4-2022 dose-response relation (red symbols
and single Boltzmann fit) compared to that for glutamate (grey single Boltzmann fit from Fig. 1f) of low FRET
(activated state) peak from smFRET histograms of SNAP-mGIuR7. Donor (BG-DY-547) and acceptor (BG-Alexa
647) dyes imaged at 10 Hz. b) Trans D-MAG-0 structure (top) and amino acid sequence in lower lobe of three
mGIluRs around site of cysteine substitution for D-MAG-0 attachment (bottom, red single letter amino acid code). ¢)
Schematic of mGIluR7(K319C) homodimer photoactivation in trans configuration of DMAG-0. d) Whole cell patch
clamp recording in HEK293 cell of GIRK current activated by photoisomerization of D-MAG-0 on
mGIuR7(K319C) to trans with 532 nm light (green bars) and deactivated with 380nm light (violet vertical bars). e)
Glutamate dose-response of GIRK current activation by wildtype mGIuR7 (wt) same as by mGIluR7(K319C), s.e.m.

error bars.
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Figure S3.3: mGIuR2 and mGIuR?7 associate in hippocampus and assemble into a functional heterodimer in
HEK?293 cells. a-c) Adult mouse hippocampus section labeled with antibodies against mGIuR7 (a and c, violet) and
mGIuR2 (b and c, green) with overlap indicated (c), white. Scale bar 200 pm. d) Immune precipitation from adult rat
hippocampus with either anti-mGIluR2 antibody (middle lane) or anti-mGIuR7 antibody (right lane) probed with
anti-mGIuR2 antibody shows that mGIuR?2 is associated with mGIuR7. The negative control (left lane) is immune
precipitation without primary antibody. e) Immune precipitation from adult rat cortex with either anti-mGIuR7
antibody (ab53705, middle lane) or anti-mGIuR3 antibody (NBP2-61843, right lane) probed with antimGIuR3
antibody shows that mGIuR3 is associated with mGIuR7. The negative control (left lane) is immune precipitation
without primary antibody. f) HEK293 cells expressing CLIP-mGIuR?2 are selectively labeled by donor BC-549
(green), whereas cells expressing SNAP-mGIuR?7 are selectively labeled by acceptor BG-Alexa-647 (red). Scale
bars 10 um. g) Donor and acceptor fluorescence intensities are similar in: SNAP-mGIUR2/SNAPMGIuR2 and
SNAP-mGIuR7/SNAP-mGIuR7 labeled with donor BG-549 (green) and acceptor BG-Alexa-647 (red), and CLIP-
MGIUR2/SNAP-mGIuUR? labeled with donor BC-549 (green) and acceptor BG-Alexa-647 (red). Individual data
points (black dots) and s.e.m. (error bars). h) Representative live-cell FRET trace of SNAP-mGIuR2/CLIP-mGIuR7

heterodimer in response to ascending concentrations of glutamate.
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Figure S3.4: mGIluR2/7 enhanced affinity in effector activation. a) SmFRET histograms of CLIP-
MGIUR3/SNAP-mGIuUR7 labeled with BC-549 and BGAlexa-647 at 0 glutamate (green symbols, 7 movies, 298
molecules, s.e.m. error bars), 10 uM glutamate (blue symbols, 7 movies, 217 molecules, s.e.m. error bars) and 100
uM LY 341495 (black symbols, 4 movies, 120 molecules, s.e.m. error bars). b) Schematic of mGIuR2/7 heterodimer
containing a signaling-dead SNAPmGIuR2(F756D) (containing a mutation at the G protein binding site, red X) and
a wildtype mGIuR7. The Photoswitched Orthogonal Remotely Tethered Ligand (PORTL) BGAG attaches to the
SNAP tag on mGIuR2(F756D) and signals to effector via transactivation of the signaling-competent mGIuR?. )
Whole cell patch clamp trace of SNAP-mGIuR2(F756D)/mGIuR7 co-expressed with GIRK1(F137S), which forms
homotetrameric channels, in HEK293. The SNAP tag of SNAP-mGIuR2(F756D) is labeled with BGAG and photo-
activated by 380 nm light (violet bars) and photo-deactivated by 532 nm light (green bars), yielding reversible
activation of inward GIRK current. d) No photocurrent detected in GIRK1(F137S) expressing HEK293 cells co-
expressing just SNAP-mGIuR2(F756D), but substantial photocurrent in cells co-expressing SNAPmMGIuUR2(F756D)
and mGIuR7. Numbers above bars indicate number of cells tested Individual data points (black dots) and s.e.m.
(error bars). e) Glutamate dose-response relation of SNAP-mGIuR2(F756D)/mGIuR7 (blue symbols and solid blue
single Boltzmann fit) is left-shifted compared to that of mGIuR2/2 (grey dashed single Boltzmann fit), s.e.m. error
bars. f) DCG-IV dose-response relation of SNAP-mGIuR2(F756D)/mGIuR7 (blue symbols and solid blue single

Boltzmann fit) is left-shifted compared to that of mGIuR2/2 (grey symbols and solid grey single Boltzmann fit),
s.e.m. error bars.
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Figure S3.5: Spontaneous rearrangements in mGIuR2/7. Representative SmFRET trace of CLIP-mGIuR2/SNAP-
mGIuR7 in 0 glutamate (top), 0 glutamate + 100 pM of the orthosteric antagonist LY341495 (middle), 0 glutamate +
1.2 uM MNI-137 + 125 uM ADX 71743, the mGluR2 and mGluR7 negative allosteric modulators, respectively
(bottom). BC-DY-547 (donor) and BG-Alexa-647 (acceptor) imaged at 10 Hz.
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Figure S3.6: Distinct LBD conformational dynamics in mGIluR2/2 and mGIluR2/7. SNAP-mGIuR2/SNAP-
mGIuR2 (mGIuR2/2) (a) and CLIP-mGIuR2/SNAP-mGIUR7 (mGluR2/7) (b) in 4uM glutamate show that
mGIuR2/2 toggles between long occupancy high and low FRET states and mGIuR2/7 spends most of the time in the
intermediate FRET state, with brief excursions to the high or low FRET states. Donor BC-LD555 or BG-LD555
(green traces), acceptor BG-LD655 (red traces) and FRET (blue traces) imaged at 100 Hz.
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Chapter IV: Allosteric mechanisms controlling affinity and efficacy of mGIuR
homodimers and heterodimers

Introduction:

G-protein-coupled receptors (GPCRs) are the largest class of membrane signaling
proteins and respond to a wide array of extracellular stimuli to initiate intracellular signaling
through G-proteins and arrestinst. There is a large and rapidly growing catalog of GPCRs
structures in stable distinct conformations?> which have revealed they are extremely dynamic®23,
Conformational dynamics appear to be central to ligand recognition, activation and signaling by
GPCRs*!*1° uUnfortunately the amount of information on the conformational dynamics of
GPCRs has lagged behind the amount of structural information.

The region of the mammalian system with the highest diversity of GPCRs is the central
nervous system (CNS)™. The structures within the CNS that see the highest concentration of
receptors are synapses with concentrations reaching up to 3 mM?*” . In the mammalian CNS
glutamate acts as the main excitatory neurotransmitter and synapses experience a wide spectrum
glutamate concentrations in very precise spatio-temporal profiles'®°. Appropriate responses to
these glutamate transients is critical to maintaining normal brain function and encoding changes
that underlie learning and memory. As a result receptors must be tuned to the different synaptic
environments that can be found in the central nervous system. mGIuRs contain a very large N-
terminal extracellular that houses multiple inter-molecular interaction surfaces?.

mGIuRs allow the central nervous system to sense and respond to the glutamate
environment subsequently enacting long-term cell signaling input?'. To deal with these varied
transients the mammalian CNS has 8 mGIuR subtypes responsible for proper spatio-temporal
responses?2. Two of the subtypes are expressed post-synaptically and signal through Gq. The
other six subtypes are expressed pre- or peri-synaptically and signal through Gi?L,
Characterization of the entire family has revealed that seven subtypes have glutamate
sensitivities that are very similar between 1-10 uM?24, This raises the question as to how this
family of receptors which seem very functionally similar in glutamate sensitivity has the capacity
for glutamate regulation in the CNS? One potential route to diversify the potential responses of
mMGIuR receptors is to modulate their activation by glutamate. It has been shown that
heterodimerization is one route to modulate mGIuR ligand sensitivity as well as kinetics of
activation?®. Interaction with other proteins has also been shown to modulate receptor
activation®®. As the evidence grows that mGIuRs can be modulated in multiple ways or specific
properties can emerge depending on protomeric composition the need to understand how
different molecular interactions effect or can give rise to these properties increases.

To better understand the molecular determinants that control mGIuR activation and
heterodimer modulation we designed chimeric receptors using mGluR2, mGluR4 and mGIuR?7.
MGIuR2 represents a Group Il high affinity mGIuR while mGIluR4 represents a Group 11 high
affinity mGIuR and mGIuR7 represents a Group 111 low affinity mGIuR?!. Domain swaps
between mGIluR2 and mGIuR?7 reveals that the low sensitivity observed in mGIuR?7 is critically
dependent on the ligand binding domain (LBD) while the mGIuR7 transmembrane domain
(TMD) does not affect mGIuR7 activation and the cysteine rich domain (CRD) of mGIuR7 has a
negative effect on glutamate activation. We next investigated what about the mGIuR7 LBD
results in the low glutamate sensitivity. Surprisingly we find that the ligand binding domain has
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almost no effect on glutamate sensitivity while the lower LBD dimer interface is responsible for
the very low glutamate affinity and sensitivity. We next investigated the source of heterodimer
modulation seen in mGIuR2/7. We find that the cysteine loop flexibility is key to heterodimer
modulation and mutation of three glycine residues within the mGIluR4 cysteine loop allows
mGIuR4 to mimic the emergent properties seen in mGIluR2/7. Finally we examine the
contribution of the CRD in mGIuR activation. Swapping CRDs between mGIluR2 and mGIluR4
we find that the Group 111 CRDs are responsible for the lower maximal efficacy seen in Group
I11 activation.
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Results:

LBD and CRD contributions to mGIluR7 glutamate activation

In order to understand how the three domains of mGIuR7 contribute to its glutamate
response we designed mGIuR7 mGIuR2 chimera where entire domains were swapped between
the two receptors. N-terminally SNAP-tagged mGIuR7 expressed in HEK293T cells and labeled
with Alexa-647 (acceptor) and DY-547 (donor) fluorophores (Férster radius 52 A). Cells were
labeled with and lysed in detergent to solubilize receptors. Receptors were then immune-purified
and tethered by biotinylated secondary antibodies at low density to coverslips that were
passivated with polyethylene glycol. We used single molecule FRET (SmFRET) to measure the
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Figure 4.1, LBD and CRD are responsible for mGIluR7 low glutamate sensitivity. a) Histograms of sSmFRET
distribution of SNAP-mGIuR2 in 0, 10 uM and 100 mM glutamate concentrations. b) Histograms of SmFRET
distribution of SNAP-mGIluR2(mGluR7 TMD) in 0, 10 uM and 100 mM glutamate concentrations. C)
Histograms of smFRET distribution of SNAP-mGluR2(mGluR7 LBD) in 0, 10 uM and 100 mM glutamate
concentrations. d) Histograms of smFRET distribution of SNAP-mGluR7(mGIuR2 LBD) in 0, 10 uM and 100
mM glutamate concentrations.

absolute FRET levels and dynamic changes associated with ligand induced conformational
changes in the LBDs using total internal reflection fluorescence (TIRF) microscopy. Imaging of
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SmFRET of SNAP-mGIuUR2 in zero glutamate produces a single peak at FRET value ~0.5 (Fig.
4.1a, black). At an intermediate glutamate concentration of 10 uM glutamate we see a bimodal
distribution with about 75% of the time spent at FRET value ~0.45 and 25% of time spent at
FRET value ~0.2 (Fig. 4.1a, blue). At a saturating concentration of 100 mM glutamate we see
complete occupation of the low FRET state ~0.2 (Fig. 4.1a, red). Swapping both the LBD and
CRD of mGIuR2 on the TMD of mGIuR7 produces 2-2-7 chimera. In zero glutamate 2-2-7
chimers produces a single peak at FRET value ~0.45 (Fig 4.1b, black). At 10 uM glutamate 2-2-
7 chimera produces a bimodal distribution with about 80% of the time spent at FRET value
~0.25 and about 20% occupancy of the high FRET state ~0.5 (Fig, 4.1b, blue). At 100 mM
glutamate 2-2-7 chimera gives a stable low FRET value of ~0.25 (Fig. 4.1b, red). These data
suggest that mGIluR7 TMD does not contribute negatively to activation by glutamate.

In order to test the contribution of the mGIuR7 LBD to glutamate activation we designed
a construct containing an mGIluR7 LBD followed by a mGluR2 CRD and TMD named 7-2-2
chimera. In zero glutamate 7-2-2 chimera produces a single histogram peak at FRET value ~0.5
(Fig. 4.1c, black). At 100 mM glutamate 7-2-2 chimera spends about 90% of the time at the high
FRET value ~0.5 (Fig. 4.1c, red). This data suggests that the mGIluR7 LBD is critical to the low
glutamate sensitivity observed for mGIuR?7.

We next swapped the mGluR2 LBD onto mGIluR7 CRD and TMD to examine how a
high sensitivity of glutamate alters subsequent steps of mGIuR7 activation. 2-7-7 chimera in zero
glutamate produces a stable FRET value of ~0.5 (Fig. 4.1d, black). At 10 uM glutamate 2-7-7
chimera produces a bimodal distribution with about 60% of time spent at FRET value ~0.45 and
40% of time spent at FRET value ~0.2 (Fig. 4.1d, blue). At 100 mM glutamate 2-7-7 chimera
spends about 80% of time at the low FRET value ~0.2 and about 20% of the time at the high
FRET value ~0.45 (Fig. 4.1d, red). These data combined with the observations of 2-2-7 chimera
suggest that the mGIuR7 CRD is decreasing both glutamate sensitivity and maximal efficacy.

Lower LBD interface controls affinity and efficacy of mGIuR7

To understand what region of mGIluR7 is responsible for it’s incredibly low glutamate
affinity and efficacy we designed a chimeric approach utilizing mGIluR4. mGIuR4 has 70%
homology and 42% identical to mGIuR7, yet mGIuR7 has a glutamate affinity of 4uM and
maximum efficacy of 60%. In zero glutamate had a stable FRET value ~0.50 (figure 4.2a, black)
representing the open-open/inactive conformation. SNAP-mGIuR7 in 100 mM glutamate
produces a small shift to lower FRET value ~0.2 (figure 4.2a, red) representing the closed/closed
active conformation demonstrating the low efficacy of glutamate on mGIuR7. N-terminally
SNAP-tagged mGIuR4 expressed in HEK293T cells and labeled with Alexa-647 and DY-547
fluorophores in zero glutamate had a stable FRET level ~0.45 (Fig. 4.2b, black), similar to
MGIuR7. mGIuR4 in an intermediate glutamate concentration of 10 uM produces a bimodal
distribution between ~0.2 and ~0.45 (Fig. 4.2b, blue) with about half the time spent in the active
state and half spent in the inactive state. In a saturating concentration of 100 mM glutamate
mGIuR4 again produced a bimodal distribution between ~0.2 and ~0.45 with about 60% of the
time spent in the ~0.2 FRET value (Fig. 4.2b, red). This data shows that mGluR4 is much more
sensitive and has a higher max efficacy in response to glutamate compared to mGIuR7. To
understand the molecular determinants that cause the very low glutamate sensitivity in mGIuR7
we designed gain-of-function chimeras of mGIuR7 containing amino acid changes to match that
found in mGIuRA4.
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Figure 4.2, Low glutamate affinity and efficacy of mGIuR7/7 is dependent on lower LBD dimer interface.
a Histograms of SmFRET distributions of SNAP-mGIUR7/SNAP-mGIuR7 in 0 and 100 mM glutamate
concentrations. b) Histograms of SmFRET distributions of SNAP-mGIuR4/SNAP-mGluR4 in 0, 10 uM and 100
mM glutamate concentrations. ¢) SMFRET histograms of chimeric SNAP-mGIuR7 with first 301 amino acids
replaced with sequence from mGIluR4 encompassing upper and lower dimer interfaces and thirteen amino acids
within the ligand binding pocket in 0, 4 uM, ImM and 10 mM glutamate. d) SMFRET histograms of SNAP-
mGIuR7 chimera with three binding sites residues changed to match that found in mGIluR4 binding site in 0, 4
uM, 1 mM and 10 mM glutamate. e) SmFRET histograms of SNAP-mGIuR7 chimera with first 163 amino acids
replaced with the sequence from mGluR4 encompassing upper dimer interface in 0, 4 uM, 1mM and 100 mM
glutamate. f) SmFRET histograms of SNAP-mGIuR7 chimera with amino acids 164 through 301 replaced with
the sequence from mGluR4 encompassing lower dimer interface in 0, 4 uM, ImM and 100 mM glutamate.

The first 300 amino acids encompass the upper and lower regions of the ligand binding
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domain which make up the dimer interfaces and thirteen residues that make up the ligand
binding pocket named mGIuR7 (Upper and lower interface). mGIuR (Upper and lower
interface) in zero glutamate produces one large peak at FRET value ~0.5 and a small peak at
FRET value ~0.3 (Fig. 4.2c, black). At an intermediate concentration of 4 uM glutamate
mGIuR7 (Upper and lower interface) shifts the distribution to roughly 80% of the time spent in
the active state of ~0.2 FRET and 20% of the time spent in the inactive ~0.45 FRET value (Fig.
4.2c, blue). At saturating glutamate concentrations of 1 mM and 10 mM glutamate mGIuR7
(Upper and lower interface) spends about 90% of time in the ~0.2 FRET value and 10% in the
~0.45 FRET value (Fig. 4.2c, green and red). These data provide evidence that the difference
between mGIuR7 and mGIuR4 glutamate sensitivity is determined by molecular interactions
within the first 300 amino acids. Since this region contains both dimer interface residues and
ligand binding residues we sought to test the contribution of only the ligand binding site. Three
of these thirteen residues within the ligand binding pocket differ between mGIluR4 and mGIuR?.
To test the contribution of these residues in mGIuR7 we mutated residue 74, 258 and 287 to
residues found in mGIuR4?’. mGIuR7 (K74, R258, E287) had a stable FRET value ~0.5 at 0, 4
uM and 1 mM glutamate (Fig. 4.2d, black, blue and green) and produces a very small shift to
~0.2 FRET in 10 mM glutamate (Fig. 4.2d, red). This suggests that the ligand binding pocket of
MGIuUR?7 contributes very little to mGluR7’s low sensitivity to glutamate.
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Figure 4.3, Multiple surfaces in lower LBD responsible for low affinity and efficacy of mGIuR7/7. a)
Amino acid sequence alignment of mGIluR4 and mGIuR7 minimal lower dimer interface region. b) sSmFRET
histograms of SNAP-mGIuR7 chimera containing 22 amino acid changes to residues found in mGIluR4 lower
dimer interface in 0 and 100 mM glutamate.

To further examine the effects of the upper and lower dimer interfaces we created
chimeras of mGIuR7 with each interface swapped for residues found in mGluR4. mGIuR7
(Upper interface) produces a stable FRET value ~0.55 in zero and 4 uM glutamate (Fig. 4.2e
cyan and orange). In 1 mM and 100 mM glutamate mGIuR7 (Upper interface) spends roughly
90% of the time at FRET value ~0.55 and 10% in the lower FRET value of ~0.3 (Fig. 4.2e, red
and blue) suggesting the upper dimer interface of mGIuR?7 is not critically responsible for
mGIluR7’s low glutamate sensitivity. Next we tested the lower interface of mGIuR7 by swapping
the residues with that of mGluR4. mGIuR7 (Lower interface) in zero glutamate produces a stable
FRET value of ~0.50 (Fig. 4.2f, cyan). In 4 uM glutamate mGIuR7 (Lower interface) spends
about 90% of the time in the high FRET value of ~0.50 and 10% of time in the lower FRET
value of ~0.25 (Fig. 4.2f, orange). In both 1 mM and 100 mM glutamate mGIuR7 (Lower
interface) spends about 60% of time in the FRET value of ~0.25 and 40% of time in the FRET
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value ~0.50. Together these data show that the lower dimer interface of mGIuR7 is responsible
for the low glutamate sensitivity.

To gain a more precise understanding of the residues in the lower LBD interface
responsible for mGIuR7’s low glutamate sensitivity we creates mGIUR7 (Minimal Lower
interface) chimera with swaps residues 202-273 in mGIuR7 for residues 202-271 in mGluR4
(Fig. 4.3a). This 71 amino acid section contains 48 identical residues, 21 residues that are not
identical and 2 residues inserted in mGIuR7. mGIuR7 (Minimal Lower interface) in zero
glutamate produces a single histogram peak at FRET value ~0.5 (Fig 4.3b, black). In 100 mM
glutamate we see a bimodal distribution with equal time spent at ~0.25 FRET and ~0.45 FRET.
This suggests that multiple residues within these 71 amino acids are the cause of the low
glutamate sensitivity we observe in mGIuR7. These residues most likely interact between
dimeric partners destabilizing the active state preventing occupation of the closed/closed LBD
confirmation.

Source of mGIuR heterodimer modulation

One other mutation we have seen that alters occupation of the active state is the C121A in
mGIuR2?%. This mutant reduces active state occupancy. We sought to use this observation to
begin to examine mGIuR2/7 heterodimers. Previously we reported that mGIuR2/7 displays
unique properties relative to mGIluR2/2 and mGIuR7/7 homodimers including a higher glutamate
sensitivity than mGIuR2/2, a much higher ability to occupy the fully active conformation while
only singly liganded and faster conformational dynamics than mGIuR2/2%. We also provided
evidence that the source of these properties was due to mGIluR2/7’s unique ability to undergo an
apo state rotation. To examine the molecular determinants of these properties we use mGIluR2/4
as a comparative example. We co-expressed CLIP-mGIuR2 and either SNAP-mGIuR7 or SNAP-
mGIuR4 in HEK 293T cells and labeled SNAP-mGIuR7 or SNAP-mGIuR4 with SNAP-selective
BG-LD655 and CLIP-mGIuR2 with CLIP-selective BC-LD555. Using this strategy only dimeric
combinations containing a single SNAP-acceptor and single CLIP-donor will produce a FRET
signal allowing us to only image heterodimer combinations. mGIuR2/7 in zero glutamate
produces a single peak with a FRET value ~0.4 (Fig. 4.4a, black). In 10 uM and 100 mM
glutamate most of the time is spent at FRET value ~0.25 (Fig 4.4a, blue and red). We next
imaged mGIuR2/4 heterodimers. In zero glutamate we see a stable FRET value of ~0.50 (Fig.
4.4b, black). At an intermediate glutamate concentration of 10 uM we see widening of the
histogram centering at around ~0.3 FRET (Fig. 4.4b, blue). At a saturating glutamate
concentration of 100 mM we see a bimodal distribution with about 75% of the time spent at ~0.2
FRET value and 25% of time spent at ~0.50 FRET value (Fig. 4.4b, red). These data show show
that while mGIuR2/7 is very sensitive to 10 uM glutamate and has almost 100% efficacy at
saturating glutamate, mGIluR2/4 is less sensitive to 10 uM glutamate and is only about 75% max
efficacy at saturating glutamate. This suggests that the mechanism responsible for making
mMGIuR2/7 more sensitive to glutamate than mGIuR2/2 is absent in mGluR2/4. We sought a gain-
of-function in mGIuR2/4 similar to that which we observe in mGIluR2/7. Comparing the cysteine
loops of mGIluR4 and mGIuR?7 there are four glycine residues in mGIluR4 and only one glycine
in mGIuR7. To test whether these glycines alter the behavior of the heterodimer we mutated the
three glycines within mGluR4’s cysteine loop to residues seen at matching positions within
mGIuR7. mGIluR2/4 (G131T, G137T, G140E) in zero glutamate produces a stable FRET value
~0.35 (Fig. 4.4c, black). At an intermediate glutamate concentration of 10 uM we see a wide
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histogram with a peak at FRET value ~0.25 (Fig. 4.4c, blue). At a saturating glutamate
concentration of 100 mM we see a single narrow gaussian at ~0.2 FRET value (Fig. 4.4c, red).
The glutamate response of mGIluR2/4 (G131T, G137T, G140E) closely resembles that
mGIuR2/7 suggesting that the flexibility in the cysteine loop is critical in determining
heterodimeric mGIuR properties.
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Figure 4.4, Cysteine loop flexibility controls heterodimer affinity and efficacy. a) SMFRET histograms of
CLIP-mGIuR2/SNAP-mGIuR7 labeled with BC-LD55 and BG-LD655 in 0, 10 uM 100 mM glutamate. b)
SmFRET histograms of CLIP-mGIuR2/SNAP-mGIuR4 labeled with BC-LD55 and BG-LD655 in 0, 10 uM 100
mM glutamate. ¢) SMFRET histograms of CLIP-mGIuR2/SNAP-mGIuR4(G131T, G137T, G140E) labeled with
BC-LD55 and BG-LD655 in 0, 10 uM 100 mM glutamate.
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Figure 4.5, Removal of cysteine loop glycines allows for increased single subunit activation. a) SmFRET
histograms of CLIP-mGIuR2/SNAP-mGIuR4 and CLIP-mGIuR2/SNAP-mGIuR4(G131T, G137T, G140E)
labeled with BC-LD55 and BG-LD655 in 100 uM DCG-IV. b) SmFRET histograms of CLIP-mGIuR2/SNAP-
MGIuR4 and CLIP-mGIuR2/SNAP-mGIuR4(G131T, G137T, G140E) labeled with BC-LD55 and BG-LD655 in
1 mM L-AP4. c) smFRET histograms of CLIP-mGIuR2/SNAP-mGIuR4 and CLIP-mGIuR2/SNAP-
mGIuR4(G131T, G137T, G140E) labeled with BC-LD55 and BG-LD655 in 100 uM DCG-1V and 1 mM L-
AP4,

After finding the increased sensitivity glutamate of mGIluR2/4 (G131T, G137T, G140E)
we next asked if this construct exhibits higher single ligand efficacy. DCG-1V is an Group Il
partial agonist. 100 uM DCG-IV on mGIuR2/4 produces a large peak at FRET value ~0.4 and
a smaller peak, roughly 20%, at ~0.2 FRET value (Fig. 4.5a, black). mGIluR2/4 (G131T, G137T,
G140E) in 100 uM DCG-IV spends about 75% of the time in the low FRET value ~0.2 and
about 25% of the time in the higher FRET value ~0.4 (Fig. 4.5a, red). L-AP4 is a Group IlI
specific agonist. mGIluR2/4 in 1 mM L-AP4 produces a histogram with about 40% of the time
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spent at FRET value ~0.4 and about 60% of the time spent at FRET value ~0.2 (Fig. 4.5b, black).
mGIluR2/4 (G131T, G137T, G140E) on the other hand in 1 mM L-AP4 produces a single peak at
~0.2 FRET value (Fig. 4.5b, red). The higher efficacy seen in mGIluR2/4 (G131T, G137T,
G140E) when singly liganded suggests that the cysteine loop can allosterically dictate whether a
liganded LBD can cause closure of an empty LBD partner. To examine the maximal efficacy we
imaged SmFRET samples in the presence of both DCG-IV and L-AP4. mGIluR2/4 in 100 uM
DCG-IV and 1 mM L-AP4 has shorter occupancy (~20%) at FRET value ~0.45 and spends
about 80% of the time at FRET value ~0.25 (Fig. 4.5¢c, black). mGIluR2/4 (G131T, G137T,
G140E) in 100 uM DCG-IV and 1 mM L-AP4 creates a single peak at FRET value ~0.2 (Fig. 5c,
red) display a higher maximal efficacy.

CRD effect maximal efficacy of Group Il and Group Il mGIluRs

Comparison of Group Il and Group 11l mGIuR glutamate activation using SMFRET
reveal that Group Il mGIuRs display a higher maximal efficacy. Compared to mGIuR4 under
saturating glutamate (Fig. 2b, red) which spends about 60% of time in the active state, mGluR2
displays complete maximal efficacy (Fig. 1a, red). Based on results seen with chimeric domain
swaps between mGIluR2 and mGIuR7 (Fig. 1), we suspected that the CRD may be playing a role
in the difference between these two groups. We designed CRD swaps between mGIuR2 and

0.12 q

a (mGIluR2 CRD) P mGIuR2
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Figure 4.6, CRD contributes to maximal efficacy. a) Histograms of sSmFRET distribution of SNAP-
mGluR4(mGIuR2 CRD) in 0, 10 uM and 100 mM glutamate concentrations. b) Histograms of SmFRET
distribution of SNAP-mGluR2(mGluR4 CRD) in 0, 10 uM and 100 mM glutamate concentrations.

MGIuR4 and imaged them using SmFRET. mGIluR4 (mGIluR2 CRD) in zero glutamate produces
a single peak at FRET value ~0.45 and a second very small peak (less than 5%) at FRET value
~0.2 (Fig 6a, black). Similar to mGIluR2, mGluR4 (mGIuR2 CRD) in 10 uM glutamate spends
about 50% of time at FRET value ~0.45 and 50% of time at FRET value ~0.2 (Fig. 6a, blue). At
saturating glutamate concentration of 100 mM mGIluR4 (mGIuR2 CRD) spends about 80% of
the time in the low FRET value ~0.25 and 20% of time at high FRET value ~0.45 (Fig. 6a, red).
This level of active state occupancy is higher than that seen in mGluR4 (Fig. 2b, red). mGIuR2
(mGIuR4 CRD) in zero glutamate produces a wide single peak at ~0.5 FRET value (Fig. 6b,
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black). At 10 uM glutamate mGIluR2 (mGIluR4 CRD) produces one large peak (~95%) at FRET
value ~0.45 and a small peak (~5%) at FRET value ~0.25 (Fig. 6b, blue). At 100 mM glutamate
mGIuR2 (mGIluR4 CRD) a bimodal distribution is seen with about 70% of the time spent in the
high FRET value of ~0.45 and about 30% of time spent in the low FRET value ~0.25 (Fig. 6b,
red). This is a lower maximal efficacy seen in mGIuR2 (Fig. 1a, red). The decrease in efficacy
measured with the mGluR4 CRD and increase in efficacy seen with the mGluR2 CRD suggests

that relative to the Group 111 CRD, the Group Il CRD confers a higher level of maximal efficacy.

84



Discussion:

A defining feature of mGIuRs is the large N-terminal extracellular domain (ECD), but
our understanding of how this domain shapes the glutamate activation profile or communicates
with its dimeric partner is lacking. In this work we address several aspects how the ECD can
shape a glutamate response first by finding that the low ligand sensitivity of mGIuR7 is caused
by the lower LBD dimer interface, then by showing that cysteine loop flexibility controls
heterodimeric modulation and finally demonstrating that Group Il mGIluR CRDs contribute to
the incomplete maximal efficacy observed in Group Il mGIuRs. These insights into how inter-
dimeric interactions alter glutamate sensitivity and efficacy provides new avenues to understand
the tuning of mGIuRs.

Observing that the lower LBD dimer-interface is critical to maximal activation suggests a
mechanism whereby stabilization of the active state by this interface is required for extended
occupation of the active state. This results in allosteric control of glutamate activation. This
combined with that observation that an mGIuR dimer can only signal through one TMD at a time
means that two mGIuR ECD act as allosteric sensors for glutamate.

mMGIuR7 homodimer lower LBD interface controls glutamate sensitivity

mGIuR7 has a very low glutamate affinity and efficacy?®>?°. This has led to the proposal
that mGIuR?7 acts as a low-pass filter for glutamate levels in the CNS® but, glutamate
concentrations in the CNS only reach 1-3 mM3. While there are potential avenues of modulation
of mGIuR7, understanding the molecular determinants for the low sensitivity of mGIuR7
homodimers provides an opportunity to deconstruct allosteric mechanisms within mGIuR
activation. We find that both the LBD and CRD of mGIluR7 contribute negatively to mGluR7’s
low glutamate affinity and efficacy while the TMD apparently provides a positive
contribution(Fig 4.6). mGIuR7 and mGIluR4 are both Group Il mGluRs and share 70%
homology and 42% identity yet, mGluR4 EC50 for glutamate is 10,000 fold lower and mGIluR4
maximal efficacy is ~10 fold higher than mGIuR72°. Surprisingly, these vastly different
sensitivities are not caused by the ligand binding pocket residues(Fig. 3.2b), but instead is
allosterically caused by the lower dimmer interface. This suggests that ligand activation is not a
single conformational change of clamshell closure and instead relies on a network of interactions
in the LBD.

mGIuR modulation through heterodimerization is dependent on cysteine loop flexibility

We show previously that heterodimerization between mGIluR2/7 enhances ligand
sensitivity for both subunits?. In this work we also we demonstrate that mGIuR2/4 does exhibit
ligand enhancement, but this property can be induced through mutation of three glycine residues
within the mGIuR4 cysteine loop to two threonines and one glutamic acid as is found in the
cysteine loop of mGIuR7. This suggests that the higher level of flexibility in the mGluR4
prevents mGIluR2/4 modulation and that decreasing the flexibility of the loop allows for
allosteric enhancement of both subunits. Due to the lack of structural information regarding the
cysteine loop it is difficult to know what specific interactions are made by these three residues in
both mGIluR4 and mGIuR7 which controls this enhancement. We can however hypothesize that
the cysteine loops act to limit the conformational freedom of the N-termi of dimeric LBDs. This

85



can apparently act as a conduit in a manner that allows closure of one subunit to force the partner
subunit closed while empty.

Group Il and Group 111 CRDs differentially stabilize the active conformation

Group Il and 11l mGIluRs both signal through Gi proteins, but tend to be found at different
synaptic sites?>?°, Group Il tend to be found peri-synaptically while Group 11 are found within
the pre-synaptic active zone. We show here that the most apparent difference between Group 11
and Group Il mGIuR activation profiles is that Group Il mGIuRs display much lower maximal
efficacy. We see this in Figs. 4.1 and 4.2 in mGIluR2 and mGIuR4. While the affinity to
glutamate is very similar between the mGIluR2 and mGIuR4, at saturating glutamate mGIluR4
spends almost half the time in the active state. This suggests that while glutamate binding is
similar between the two subtypes, some force is destabilizing the mGIluR4 active state. We see in
Fig. 4.6 that the CRD of mGIuR2 can improve the maximal efficacy of mGIluR4 and that the
CRD of mGIluR4 decreases the maximal efficacy of mGIuR2. We see a similar pattern when the
CRD of mGIuR7 is swapped into mGIluR2, Fig. 4.1. This leads us to conclude that while Group
II mGluR’s CRD allow indefinite occupation of the active state, Group III mGluR’s CRD cause
destabilization of the active state preventing indefinite occupation. One potential biological
explanation for this biophysical measurement is that the pre-synaptic active zone experiences
very large and fast glutamate transients and destabilization of the active state allows faster reset
of Group Il mGIluRs to the inactive state leading to faster potential readout rates of glutamate
transients. Together these observations of between group differences, allosteric pathways of
glutamate activation and allosteric modulation through heterodimerization improves our
understanding of exact biophysical differences between mGIluRs allowing improved models of
interactions and specific roles within the CNS.

Summary

Key questions about mGIuR signaling in the CNS are driven by the desire to construct a
spatial and temporal map of activation properties of each receptor subtype and downstream
signaling pathways. While technologies committed to in-vivo brain imaging have advanced
greatly in recent years, it is far from the resolution and imaging speed required to observe these
events directly and this technological accomplishment may never be reached due to physical
limitations of light and the optical properties of the brain. Due to the reality of this situation and
the immense value a glutaminergic spatio-temporal map would provide for advancing our
understanding of brain function and therapeutic design we must approach this question from the
perspective of the receptors and work upwards. SMFRET provides the ideal capabilities to study
these receptors in a highly controlled environment and enables highly detailed characterization
spatially and temporally of each receptor subtype and combination of receptors. Armed with the
very precise characterizations we can develop highly specific hypotheses of glutamatergic
signaling within the brain and design much more targeted experimental tests paired with more
informed interpretations allowing the potential to deconstruct the signaling map without direct
observation.

The findings of this chapter contribute to this ultimate goal of a detailed characterization
of different receptor subtypes, combinations and molecular interactions that can modulate ligand
response and activation. Understanding the molecular forces that differentiate Group Il and
Group 111 mGIuR activity is one of the most fundamental questions to address if we plan to
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assign specific roles for each receptor. We see that differences in the CRD between groups can
dictate active state occupancy which provides a molecular explanation to the expression pattern
that has been observed for many years. Several studies have shown mGIuRs heterodimerize with
native brain tissue and mGIuR2/7 heterodimers were the first to display emergent properties
through modulation giving us clues to a potential biological role of heterodimerization. We show
in this chapter that these properties are caused by the specific combinations of cysteine loops
suggesting that cysteine loops act as avenues for interprotomer communication dictating how
LBDs can affect one another. The observation of mGIuR7 having very low glutamate affinity
and efficacy led to the proposal of mGIuR7 acting as a low-pass filter for glutamatergic
transients. Our finding that the insensitivity of glutamate is caused by allosteric interactions
which destabilize the active state suggest that mGIuR7 is not simply a mGIuR with a diminished
capacity for glutamate binding, but a mGIuR with a unique activation energy landscape which
can be greatly modulated through heterodimerization.
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Methods:

Cell culture and transfection

HEK293T cells were cultured in DMEM with 5% FBS on poly-L- lysine-coated glass
coverslips. HEK293T cells were obtained from the UC Berkeley MCB tissue culture facility,
authenticated by DDC Medical, and tested negative for mycoplasma contamination. Previously
described HA-SNAP and Flag—CLIP-tagged rat mGIluR cDNA were generously provided by J.
P. Pin. DNA plasmids were transfected into cells using lipofectamine 2000 (Thermo Fisher). For
FRET experiments, cells were transfected with SNAP and CLIP-tagged constructs at a ratio of
1:2 with 0.3 mg of SNAP-mGIuR DNA per well.

FRET dye labeling of SNAP- and CLIP- tagged mGIuRs

Approximately 24-48 h after transfection, cells were labeled while attached to poly-L-
lysine-coated coverslips. Culture media was removed and coverslips were washed and transferred
to extracellular solution containing (in mM): 135 NaCl, 5.4 KClI, 2 CaCl;, 1 MgCl,, 10 HEPES,
pH 7.4. Cells were labeled at 37 °C with one or two SNAP-reactive (benzylguanine, BG) dyes at
1.5 uM for 45 minutes, and then, if a CLIP-tagged mGIuR was used, they were washed and labeled
with a CLIP-reactive (benzylcytosine, BC) dye at 3 uM for 45 minutes. For most of the
experiments DY-547 (NEB) was used as a donor and Alexa-647 (NEB) as an acceptor.
Heterodimer experiments were labeled using LD-655 as the donor and LD-655 as the acceptor
(Lumidyne). The fluorophores were diluted in extracellular solution and coverslips were washed
in between labeling with donor and acceptor.

smPull receptor isolation and surface display

To inhibit nonspecific protein adsorption, flow cells for single-molecule experiments
were prepared as previously described (Vafabhaksh et al,. 2015) using mPEG (Laysan Bio)
passivated glass coverslips (VWR) and doped with biotin PEG16. Before each experiment,
coverslips were incubated with NeutrAvidin (Thermo), followed by 10 nM biotinylated
secondary antibody (donkey anti-rabbit, Jackson ImmunoResearch). For receptor
immunopurification, 10 nM anti-mGIuR2 primary antibody (abcam, ab150387) or 10 nM anti-
mGIuR7 antibody (abcam, ab53705), or 15 nM anti-HA antibody (abcam, ab26228) was
incubated in the chamber (Fig. 1e). Between each conjugation step, the chambers were flushed to
remove free reagents. The antibody dilutions and washes were done in T50 buffer (50 mM NacCl,
10 mM Tris, pH 7.5). For single-molecule experiments, fresh cells expressing tagged mGIuR
constructs were labeled, as described above, and recovered from coverslips by incubating with
Ca?* free PBS buffer for 5-10 min followed by gentle pipetting. Cells were then pelleted by
spinning at 5,000g for 5 min and lysed in lysis buffer consisting of 150mM NaCl, 1 mM EDTA,
protease inhibitor cocktail (Thermo Scientific) and 1.2% IGEPAL (Sigma).After 1 h incubation
at 4 C°, lysate was centrifuged at 16,000g for 20 min. and the supernatant was collected and kept
on ice. To achieve sparse immobilization of labeled receptors on the surface, the cell lysate was
diluted (ranging from 5X to 50X dilution depending on the expression and labeling efficiency)
and applied to coverslips. After achieving optimum surface immobilization (~400 molecules in a
2,000 pm? imaging area), unbound receptors were washed out of the flow chamber and the flow
cells were then washed extensively (up to 50X the cell volume).
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SMFRET measurements

Receptors were imaged for smFRET in imaging buffer consisting of (in mM) 3 Trolox,
120 KClI, 29 NacCl, 2 CaCl2, 1 MgCl2, 50 HEPES, 0.04% IGEPAL and an oxygen scavenging
system (0.8% dextrose, 0.8 mg mI! glucose oxidase, and 0.02 mg ml! catalase), pH 7.4.
Reagents were purchased from Sigma and were all UltraPure grade (purity >99.99%). All buffers
were made in UltraPure distilled water (Invitrogen). For the experiments done in the absence of
Ca?", 10 mM EGTA and 1 mM EDTA were added to the imaging buffer. Catalase was diluted in
T50 buffer and passed through a spin column 3X (BioRad). Samples were imaged with a 1.65 na
X60 objective (Olympus) on a total internal reflection fluorescence microscope with 100 ms time
resolution unless stated otherwise. Lasers at 532 nm (Cobolt) and 632 nm (Melles Griot) were
used for donor and acceptor excitation, respectively. FRET efficiency was calculated as (1a-
0.11p)/(Io+14), in which Ip and 1 are the donor and acceptor intensity, respectively, after back-
ground subtraction. Imaging was with 100 ms acquisition time (10 Hz) with a Photometrics
Prime 95B cMOS camera using Lumidyne LD555 as donor and Lumidyne LD655 as acceptor
(Forster radius ~52A). Dyes were conjugated to benzyguanine and benzylecytosine to allow for
labeling of SNAP and CLIP proteins, respectively.

SMFRET data analysis

Single-molecule intensity traces showing single-donor and single-acceptor
photobleaching with a stable total intensity for longer than 5 s were collected (20-30% of total
molecules per imaging area). Individual traces were smoothed using a nonlinear filter (Haran et
al., 2004) with following filter parameters: window = 2, M = 2 and P = 15. Each experiment was
performed >4 times to ensure reproducibility. SmFRET histograms were compiled from >100
molecules per condition. (100 ms time resolution). Error bars in the histograms represent the
standard error from >4 independent movies. To ensure that traces of different lengths contribute
equally, histograms from individual traces were normalized to one before compiling. Gaussian
fitting to histograms was done in Origin Pro. SmFRET histograms were fit to two Gaussians,
centered on high (~0.45) and low (~0.2) FRET levels for mGIluR2/2 and mGIuR2/7 and a single
Gaussian for mGIluR2/7 (center ranging from 0.2 to 0.45). For dose-response relations, the area
underneath the low FRET Gaussian was used as a measure of active state occupancy.
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