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Abstract 

G protein-coupled receptors (GPCRs) are the largest family of membrane receptors in humans and 

play a role in nearly all physiological processes. Among GPCRs, metabotropic glutamate receptors 

(mGluRs) are a structurally distinct family of synaptic receptors that are essential in regulating 

neurotransmission and synaptic plasticity. Due to their important regulatory role in the central 

nervous system, mGluRs have emerged as promising targets for treating a range of neurological 

and psychiatric disorders. The overall objective of this thesis dissertation is to characterize the 

mechanisms of mGluR activation and modulation. 

mGluRs function as constitutive dimers and possess large extracellular domains composed of a 

ligand binding Venus flytrap (VFT) domain and a linker cysteine-rich domain (CRD). In addition, 

the highly conserved 7 transmembrane (7TM) domain forms an allosteric pocket that can be 

targeted by synthetic modulators. Thus, mGluR function is dependent on a complex and 

coordinated transmission of conformational dynamics among three structural domains and two 

ligand-binding sites. At the beginning of this thesis work, our understanding of mGluR 

conformational dynamics was fragmented and incomplete. Moreover, how the spatially separated 

domains and ligand binding sites were conformationally coupled was unclear. 

Here, we used a combination of single-molecule fluorescence resonance energy transfer 

(smFRET), cell-based FRET, and functional calcium imaging to quantify the conformational 

dynamics underlying mGluR2 activation and modulation. During mGluR2 activation, we show 

that CRDs are in dynamic equilibrium among four distinct conformations, two of which were 

previously unknown, and that transitions between the conformations occur in an ordered and 

sequential manner. The intermediate states were identified to act as critical checkpoints for 
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receptor activation. Finally, comparing the VFT domain rearrangement during activation with that 

of the CRD and 7TM domain revealed dramatically different structural dynamics, providing direct 

evidence for loose coupling in mGluRs 

Our four-state activation model provided us with a framework to interpret and describe the effects 

of both synthetic and endogenous allosteric modulators on mGluR2 conformational dynamics. We 

identified novel mechanisms for positive and negative allosteric modulation that are dependent on 

the intrinsic dynamics of the CRD and the two intermediate states. Furthermore, examination of 

the VFT domain, CRD, and 7TM domain demonstrated that the allosteric modulators tested affect 

the overall dimeric rearrangement of mGluR2. Lastly, we show that solubilizing agents strongly 

influence the structural and dynamic properties of mGluRs, emphasizing the importance in 

optimizing components of the hydrophobic scaffold.  

Collectively, the findings presented in this thesis established and refined a dynamic framework for 

mGluR2 activation and modulation that likely extends to other mGluRs and other dimeric 

multidomain membrane receptors. 
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Chapter 1: Introduction 

 

 

The ability of a cell to rapidly sense and respond to environmental cues is a central tenet of biology 

and is vital for cellular survival, homeostasis, and propagation of genetic material (Smock & 

Gierasch, 2009). In vertebrates, G protein-coupled receptors (GPCRs) are the largest family of 

membrane receptors, with over 800 members, and are central to the sensory-response process in 

effectively all tissues and organ systems (Regard et al., 2008). Based on their sequence and 

structure homology, GPCRs are divided into six classes, designated A-F. Metabotropic glutamate 

receptors (mGluRs) and the class C GPCRs in general, are unique members of the GPCR 

superfamily as they possess large extracellular domains and function as obligate dimers 

(Niswender & Conn, 2010). mGluRs are integral in regulating neuronal excitability in the central 

nervous system in response to glutamate. While mGluRs represent a promising target for treating 

a range of neurological and psychiatric disorders,  lack of knowledge about their activation 

mechanism has been a roadblock in drug development. To address these shortcomings, the work 

in this thesis focuses on characterizing and identifying mechanisms underlying mGluR activation 

and modulation in response to both endogenous and exogenous ligand. 
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1.1 G protein-coupled receptors 

GPCRs are responsible for detecting a range of stimuli that includes light, mechanical force, 

peptides, amino acids, lipids, and ions. Upon stimulation, GPCRs couple to and activate 

heterotrimeric G proteins by functioning as nucleotide exchange factors, initiating the exchange 

of GDP for GTP. Subsequently, activated G proteins regulate the levels of secondary messengers, 

cyclic adenosine monophosphate (cAMP) and calcium, as well as the activity of other proteins 

such as ion channels to induce a physiological response. (Wootten et al., 2018). The role of GPCRs 

in nearly all physiological processes, their wide expression patterns, and accessibility on cellular 

membranes has led to their emergence as the most sought-after therapeutic target, currently serving 

as targets for nearly 30% of all clinically approved pharmaceuticals (Hauser et al., 2017). 

GPCRs are characterized by a highly conserved seven α-helical domain structure linked by three 

extracellular (ECL) and three intracellular (ICL) loops and are subdivided into six classes based 

on sequence homology (Ciancetta et al., 2015). The different classes include the class A – 

rhodopsin-like receptors, class B – secretin and adhesion family of receptors, class C – 

metabotropic receptors, class D – fungal mating receptors, class E – cAMP receptors, and class F 

– frizzled and smoothened receptors (Lee et al., 2018). Among the six classes, the rhodopsin-like 

(class A) receptors are the best studied and largest subset.  

Class A GPCR activation is dependent on ligand binding at the cognate binding site located within 

the 7 transmembrane (7TM) domain bundle. Ligand binding initiates an outward shift of the 

cytosolic side of helix 6, enabling heterotrimeric G protein coupling and nucleotide exchange 

(Rasmussen et al., 2011). Using a combination of structural, computational, and functional 

analysis, a conserved activation mechanism for class A GPCRs, that linked key structural motifs 
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and placed them in the broader context of receptor activation, was established (Flock et al., 2015; 

Zhou et al., 2019). However, GPCRs are structurally diverse, possess a highly variable N-terminal 

domains, and employ distinct ligand-binding modalities, hence limiting the mechanism to class A 

receptors (Basith et al., 2018).  

Class C receptors are the most structurally distinct members of the GPCR superfamily as they 

function as obligate dimers and possess large extracellular domains that are composed of ~500 

amino acids and contain the ligand binding sites (Niswender & Conn, 2010). Thus, class C GPCR 

activation requires a combination of localized structural changes and global conformational 

coupling of domains. The class C receptors consist of mGluRs along with the GABAB receptor, 

calcium sensing receptor (CaSR), several taste receptors, and a few orphan receptors. 

 

1.2 Metabotropic glutamate receptors 

1.2.1 Discovery of mGluRs 

L-glutamic acid is the primary excitatory neurotransmitter in the mammalian central nervous 

system and is essential for initiating fast postsynaptic action potentials through the activation of 

ionotropic glutamate receptors (iGluRs) (Boulter et al., 1990; Moriyoshi et al., 1991; Hollmann et 

al., 1989). In addition to activating ligand-gated ion channels, glutamate was also found to 

stimulate inositol phospholipid metabolism, resulting in the formation of inositol 1,4,5-

triphosphate (IP3) and intracellular calcium mobilization (Nicoletti et al., 1986; Sladeczek et al., 

1985; Sugiyama et al., 1987). Intracellular IP3 and calcium levels demonstrated a GTP-

dependence, suggesting that glutamate may be acting through an unknown GPCR. The gene of 

this putative protein was cloned from Xenopus laevis oocytes and encoded for a heptahelical 
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domain-containing protein, identifying it as a GPCR (Houamed et al., 1991). Interestingly, the 

receptor lacked sequence homology with other known GPCRs, suggesting it belonged to a new 

class of GPCRs. Furthermore, this receptor had 1199 amino acids which was substantially larger 

than other known GPCRs, and had a unique topology, with the 7TM domain flanked by large 

amino- and carboxyl-terminal domains. Subsequent work cloned an additional seven genes, 

resulting in the identification of eight mGluRs in total (Abe et al., 1992; Duvoisin et al., 1995; 

Nakanishi, 1992; Okamoto et al., 1994; Tanabe et al., 1992). mGluRs are predominantly synaptic 

proteins in the central nervous system, where they are essential for regulating neurotransmission, 

except for mGluR6, which is primarily found in the retina where it mediates transmission between 

photoreceptor cells and bipolar cells (Niswender & Conn, 2010; Nakajima et al., 1993). 

1.2.2 Physiology of mGluRs 

mGluRs are subdivided into three groups, groups I (mGluR1/5), II (mGluR2/3), and III 

(mGluR4/6/7/8), based on sequence homology and G protein-coupling (Niswender & Conn, 

2010). Group I mGluRs primarily localize to post-synapses where they couple to Gαq/11 to activate 

phospholipase C, resulting in the hydrolysis of phosphoinositides. In contrast, group II and III 

mGluRs are primarily localized to pre-synapses where they couple to Gαi/o, resulting in the 

inhibition of adenylyl cyclase and reduction of cAMP levels. Group II and III mGluRs can also 

directly regulate activity of some ion channels such as G protein inward rectifying potassium 

channels (GIRKs), via the release of Gβγ subunits of the G protein. Interestingly, it is now 

recognized that mGluRs can signal through non-canonical transducers such as β-arrestins (Abreu 

et al., 2021; Eng et al., 2016) and several types of G proteins in a tissue and cell-type dependent 
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manner (Hermans & Challiss, 2001; Iacovelli et al., 2002), resulting in a far more complex 

signaling profile than initially perceived. 

Dimeric organization of mGluRs and diversity in subtypes enable an expanded array of potential 

signaling modalities. In addition to forming homodimers, mGluRs can also form heterodimers 

between group I receptors and between group II and III receptors, resulting in a total of 11 possible 

heterodimer combinations (Doumazane et al., 2011). Although mGluR heterodimer physiology is 

still an area of active research, work thus far has suggested that heterodimerization functions as a 

biological mechanism to diversify receptor signaling. Heterodimeric mGluRs demonstrate unique 

properties such as basal activity, transactivation, and altered glutamate sensitivity that were absent 

in their homodimeric counterparts (Habrian et al., 2019; Levitz et al., 2016; Liu et al., 2017). 

Furthermore, mGluRs homodimers themselves demonstrate a broad range of glutamate sensitivity, 

ranging from nanomolar to tens of millimolar, enabling glutamate detection in different biological 

context.  

Taken together, mGluR physiology is highly complex due to receptor subtype diversity, 

dimerization, and ability to couple to multiple transducers. To effectively leverage the therapeutic 

potential of mGluRs, we ultimately must develop a more comprehensive understanding of their 

physiology that accounts for these factors. 

 

1.3 Structure and dynamics of metabotropic glutamate receptors 

mGluRs are structurally distinct GPCRs that possess large extracellular domains and function as 

obligate dimers (Figure 1.1) (Niswender & Conn, 2010). The extracellular domain is composed of 

the Venus flytrap (VFT) domain which has the glutamate binding site, and the cysteine-rich 
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domain (CRD) that functions to propagate ligand-induced structural changes from the VFT domain 

to the 7TM domain. In addition to G protein-coupling, the 7TM domain also contains the allosteric 

ligand binding site (Lindsley et al., 2016). mGluR function thus requires complex and coordinated 

conformational coupling of three distinct structural domains. 

 

 

 

Figure 1.1 Schematic of mGluR structure 

mGluRs are obligate dimeric GPCRs that possess large extracellular domains. The extracellular 

domain is composed of a bilobate (LB1 and LB2) Venus flytrap (VFT) domain (blue) that contains 

the glutamate binding site, and a cysteine-rich domain (CRD; pink) which serves as a structural 

linker. The 7 transmembrane (7TM) domain (gray) functions as the G protein-coupling domain 

and contains an allosteric ligand binding site within the transmembrane bundle. Upon receptor 

activation, the VFT domains close and reorient themselves, resulting in a general compaction and 

reorientation of the CRDs and 7TM domains. Inactive mGluR2 (PDB:7EPA). Active mGluR2 

(PDB:7E9G). 
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1.3.1 Venus flytrap (VFT) domain 

After the discovery of the mGluR genes, sequence analysis revealed that the extracellular amino-

terminus shared significant homology with the bilobate bacterial periplasmic binding proteins that 

are responsible for binding and scavenging for amino acids (O'Hara et al., 1993). This domain was 

named as the Venus flytrap (VFT) domain. To verify that mGluR VFT domains contained the 

cognate ligand binding site, a subsequent study examined glutamate binding on soluble and 

truncated forms of the domain, and confirmed the VFT domain was necessary and sufficient for 

glutamate binding (Okamoto et al., 1998). Mutagenesis studies showed that glutamate binding is 

dependent on polar interactions, predominantly hydrogen bonds, with residues from both the upper 

(LB1) and lower (LB2) lobes (Figure 1.2A) (O'Hara et al., 1993; Hampson et al., 1999; Kunishima 

et al., 2000; Mølck et al., 2014). Specifically, residues Y74, R78, S165, T188, and D318 at the 

LB1-LB2 interface of mGluR1 were shown to be essential, as alanine mutations severely reduced 

glutamate affinity (Figure 1.2B). 

mGluR dimerization is predominantly mediated by a conserved intermolecular disulfide bridge 

(Ray & Hauschild, 2000; Romano et al., 2001; Romano et al., 1996; Tsuji et al., 2000), C140 in 

mGluR1 (Figure 1.3, pink), and hydrophobic interactions at the LB1-LB1 interface (Levitz et al., 

2016). Upon glutamate binding, the VFT domains undergoes two key conformational changes 

(Kunishima et al., 2000). First, glutamate binding triggers closure of the VFT domains, resulting 

in the LB2s coming closer into proximity. Potential conformations from this rearrangement include 

“open/open” (o/o), “open/closed” (o/c), and “closed/closed” (c/c) (Vafabakhsh et al., 2015). 

Second, the VFT domains undergo a 70° rotation on an axis perpendicular to the LB1 dimer 

interface (Kunishima et al., 2000). The inactive unrotated conformation is indicated as “Relaxed” 
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(R) and the rotated active conformation is indicated as “Active” (A). These two conformational 

changes can occur independent of each other and are the first steps in mGluR activation. In 

addition, the closure of both VFT domains is required for full mGluR activation (Kniazeff, Bessis, 

Maurel, Ansanay, Prézeau, et al., 2004).  

 

 

Figure 1.2 Key residues involved in glutamate binding at the orthosteric site 

(A) Schematic of key residues interacting with glutamate at cognate binding site. Residues labeled 

in blue and red indicate location in LB1 and LB2, respectively. Glutamate binding is achieved 

predominantly through hydrogen bonding interactions. (figure created by Kunishima, N. et al. 

2000) (B) Crystal structure (mGluR1; PDB:1EWK) of glutamate-bound VFT domain subunit. 

Purple residues indicate residues essential for glutamate binding. Glutamate is shown in red. 
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1.3.2 Cysteine-rich domain (CRD) 

The CRD is a common structural domain of all class C GPCRs (except for the GABAB receptor). 

The CRD contains nine conserved cysteine residues and is primarily composed of six β-hairpins 

flanked by flexible unstructured regions (Figure 1.3, gold) (Liu et al., 2004; Muto et al., 2007a). 

The CRD is C-terminal to the VFT domain and is linked to LB2 by a disulfide bond between C254 

and C543 in mGluR1 (Figure 1.3, cyan). This disulfide bond is an essential structural feature in 

mGluRs, serving as a fulcrum and enabling ligand-induced structural changes at the VFT domain 

to be propagated to the CRD and 7TM domain (Rondard et al., 2006). Importantly, conformational 

change of the CRD in response to ligand-binding is dependent on the ability of the VFT domains 

to not only close, but to reorientate to the active interface (Doumazane et al., 2013a). The 

remaining eight cysteines form intradomain disulfide bonds, providing some rigidity to the CRD 

(Figure 1.3, gold) (Muto et al., 2007a). Mutation of any of the cysteine residues in the CRD 

precludes receptor activation and illustrates the importance of this compact structural linker. 

The first mGluR CRD structure in addition to molecular modeling analysis suggested that the VFT 

domains initiate receptor activation by bringing the 7TM domains into closer proximity via the 

CRDs (Muto et al., 2007a). This hypothesis was proven correct by the first full-length mGluR 

structure (Koehl et al., 2019a). However, the simple translation of the 7TM domains by the CRDs 

alone is not sufficient for receptor activation. Crosslinking studies revealed that a specific 

arrangement of the CRDs relative to one another, is essential for receptor activation (S. Huang et 

al., 2011). This finding suggests that in addition to the general translation of the 7TM domain, the 

CRD is essential for establishing a specific signaling competent dimeric arrangement necessary 

for G protein-coupling. 
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Figure 1.3 mGluR structure highlighting key disulfide bonds 

Disulfide bonds in mGluRs are essential for maintaining receptor structural integrity and 

structurally linking the three domains. The intermolecular disulfide bond mediating dimerization 

is shown in pink and is located in the flexible loop at the LB1 interface. The disulfide bonds linking 

LB2s and the CRDs are colored in cyan. Disulfide bonds necessary to maintain structural integrity 

of the CRDs are colored in yellow. The disulfide bonds linking the CRDs and the 7TM domains 

are shown in red. (mGluR2; PDB:7EPA) 
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1.3.3 7 transmembrane (7TM) domain 

7TM domain compaction and reorientation upon receptor activation was first quantified directly 

in live-cells using fluorescence resonance energy transfer (FRET) (Tateyama et al., 2004). 

Intermolecular conformational sensors reported structural changes when fluorescent reporters 

were placed within intracellular loops 2 (ICL2), but not at the C-terminal tails of mGluR1, 

suggesting that a general rearrangement of the 7TM domain core was occurring. Based on the first 

crystal structures of truncated dimeric 7TM domains, extracellular loop 2 (ECL2) was 

hypothesized to be a key structural link between the extracellular domains and the 7TM domains 

due to its outward extension towards the extracellular space (Wu et al., 2014; Doré et al., 2014). 

Although most of the extracellular domain of the receptor was truncated, ECL2 still formed a 

strong interaction with the C-terminus of the CRD via a network of backbone and side-chain 

hydrogen bonds. These structures also revealed that ECL2 is covalently anchored to the top of 

helix 3 through a disulfide bond, helping establish a more rigid allosteric link between the CRD 

and 7TM domain (Figure 1.3, red). Interestingly, this anchor point was shown to be important in 

initiating activation in class A GPCRs as well (Xu et al., 2011). Structure determination of the first 

full-length mGluR (mGluR5) revealed an almost identical conformation for ECL2 and provided a 

more complete picture of its role in interdomain linkage (Koehl et al., 2019a). Two primary 

interaction interfaces were determined. The first interface involves hydrophobic interactions 

between residues 729-731 of ECL2 and 568-571 of the CRD. The second interface involves ionic 

or cation- interaction between a composite interface of the CRD composed of Glu539 and Trp557 

and the apical loop region of ECL2 composed of residues 725-727.  
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The 7TM domain dimer interface varies among mGluRs and a growing body of evidence is 

emerging that links this variation to signaling modulation. In the full-length mGluR5 structure, the 

7TM domains were well separated and a symmetric TM5-TM5 inactive interface was observed 

(Koehl et al., 2019a). In contrast, in the full-length mGluR2 structure, the 7TM domains were 

minimally separated and showed an asymmetric inactive TM3-TM4 interface (Seven et al., 2021). 

Minimal separation of the 7TM domains was also observed for mGluR7 which showed a TM3-

TM3 and TM5-TM5 inactive interface (Du et al., 2021). Live-cell FRET studies on group II 

mGluRs revealed that TM4 was essential in modulating dimerization propensity, orthosteric and 

allosteric activation, and basal activity in the receptors (Thibado et al., 2021). Interestingly, in 

crosslinking experiments on mGluR2, the inactive interface was identified to be either TM4-TM4 

or TM5-TM5, contrary to the asymmetric TM3-TM4 interface from structures (Xue et al., 2015a). 

Compared to the inactive receptors, the activated mGluRs (mGluR2/4/5) showed a consistent 

TM6-TM6 interface that may suggest a conserved mechanism necessary for G protein-coupling 

(Koehl et al., 2019a; Seven et al., 2021; Lin et al., 2021). 

1.3.4 G protein interactions 

Since the discovery of mGluRs, their lack of sequence homology with other GPCRs and dimeric 

structure have raised questions regarding their G protein-coupling mechanism. Rhodopsin-like 

GPCRs possess a conserved aspartate-arginine-tyrosine (DRY) tripeptide at the N-termini of ICL2 

(Franke et al., 1990; Ohyama et al., 1992) and long, highly variable ICL3s (Cotecchia et al., 1992; 

Kobilka et al., 1988) that are essential for G protein-coupling and specificity, respectively. In 

contrast, mGluRs lack DRY motifs and have short and highly conserved ICL3s. A mGluR1 

mutagenesis study revealed that conserved residues in ICL2 and ICL3 were necessary for G protein 
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signaling and selectivity (Francesconi & Duvoisin, 1998; Gomeza et al., 1996). Specifically, 

residues K690, T695, K697, P698, and S702 in ICL2 were important for G protein signaling while 

R775 and F781 in ICL3 played a role in G protein specificity. Thus, despite the distinct sequence 

homology of mGluR cytosolic regions, the intracellular loops still play an integral role in G 

protein-coupling. 

The hallmark of class A and B GPCR activation is the outward movement of the cytoplasmic end 

of TM6 and the subsequent insertion of α5 helix from the Gα subunit into the cleft between TM3, 

TM5, and TM6 (Rasmussen et al., 2011). However, this outward shift of TM6 is absent in full-

length structures of active mGluRs (Koehl et al., 2019a; Seven et al., 2021; Lin et al., 2021). 

Recently, several full-length mGluR structures with a single heterotrimeric G protein bound have 

been solved, verifying the lack of an outward shift in TM6 and highlighting novel G protein 

interactions with ICL2, ICL3, as well as the C-terminal tail of the receptor (Seven et al., 2021; Lin 

et al., 2021). In these structures, the α5 helix of Gα is stabilized in a pocket formed by TM3, ICL2, 

ICL3, and the C-terminal tail (Figure 1.4). ICL2 and the cytoplasmic tip of TM3 form half of the 

pocket and stabilize the α5 helix through various hydrophobic interactions and a polar interaction 

between R670 (mGluR2) and D350 (Gα). Opposite to ICL2, H828 and R829 of the C-terminal tail 

forms polar interactions with D341, Y320, and E318 of Gα. F756 on ICL3 forms a hydrophobic 

interaction with F354 on the Gα C-terminal. Comparison of the G protein-bound and -unbound 

subunits suggests that ICL3 is essential in initiating pocket formation. Specifically, an upward shift 

in TM6 results in a rearrangement of the hydrophobic residues in ICL3, which initiates 

hydrophobic packing with TM3, ICL2, and the C-terminus. 
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Aside from heterotrimeric G protein binding to a single monomer, these full-length mGluR 

structures highlight more subtle aspects of dimer asymmetry central to receptor activation (Seven 

et al., 2021; Lin et al., 2021). A notable difference between the G protein-bound and -unbound 

subunits is the orientation of W697 in TM4 and H723 in ECL2 in mGluR2 (Seven et al., 2021). In 

the G protein-bound subunit, W697 faces outward, while in the unbound subunit W697 projects 

into the 7TM domain core and interacts with H723. This W697-H723 interaction in the unbound 

subunit keeps TM5 and TM6 in closer proximity, reducing the size of the allosteric pocket and 

providing an explanation for why the positive allosteric modulator, ADX55164 (Addex 

Therapeutics), is bound to only a single monomer (Figure 1.4). Asymmetry is also apparent at the 

ECL2s. In the G protein-bound subunit, E712 and R714 in ECL2 point towards ECL3 while ECL2 

is unresolved in the unbound subunit. Subsequent mutagenesis analysis of these residues 

confirmed their importance in propagating conformational change from the VFT domain to the 

7TM domain. Currently, whether this asymmetric structure is established prior to or is the 

consequence of G protein coupling is still unclear. 
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Figure 1.4 mGluR-G protein coupling interface 

mGluR-G protein-coupling occurs using a mechanism distinct from rhodopsin-like GPCRs. 

Instead of the α5 helix of Gα inserting into the transmembrane bundle, the α5 helix is stabilized 

by a pocket formed by TM3, ICL2, ICL3, and the C-terminal tail. ICL3 is thought to initiate pocket 

formation via hydrophobic packing interactions. mGluR-G protein complex structure 

determination confirms mGluR coupling to individual heterotrimeric G proteins. mGluR2 shown 

in white, Gα in light green, Gβ in yellow, Gγ in pink, interacting mGluR2 residues in red, and 

interacting α5 helix residues in dark green. (PDB:7MTS) 
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1.3.5 Structural dynamics and conformational coupling of domains 

The recent influx of full-length mGluR structures has been invaluable in our understanding of the 

mGluR active conformation and G protein-coupling mechanism. However, it is accepted that 

mGluR activation and modulation are highly dynamic processes that static representations alone 

cannot sufficiently describe. Fortunately, there is a growing body of work utilizing FRET in both 

the cellular and single-molecule context to dissect mGluR structural dynamics. 

Structural analysis of mGluRs revealed that the VFT domains undergo two major rearrangements: 

(1) closure of VFT domains and (2) rotation of VFT domains at the LB1 interface (Doumazane et 

al., 2013a). Both of these structural rearrangements are necessary to bring the LB2s together and 

initiate compaction of the CRDs and 7TM domains for receptor activation. Examination of group 

II mGluRs by single-molecule FRET (smFRET) led to the identification of three distinct VFT 

domain conformations (Vafabakhsh et al., 2015). These conformations were defined as relaxed-

open/open (R/o/o), relaxed-open/closed (R/o/c), and active-closed/closed (A/c/c). The R/o/c 

conformation represented a transient intermediate step towards activation. Activation was 

determined to require the closure of both VFT domains and their subsequent rotation to the active 

interface, however, spontaneous closure of VFT domains could result in basal activation. The VFT 

domain was found to occupy four conformations when examined using fluorescence correlation 

spectroscopy (FCS), a method with sub-millisecond time resolution (Cao et al., 2021; Olofsson et 

al., 2014). However, the additional conformational state is not present in structural data, nor does 

it significantly change occupancy upon receptor stimulation, casting doubt on its physiological 

relevance. 
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VFT domain structural dynamics are an accurate metric of both orthosteric and allosteric ligand 

efficacy despite its distal location from the G protein-coupling interface. Specifically, stability or 

dwell-time of the VFT domain active conformation is an accurate predictor of agonist efficacy 

(Vafabakhsh et al., 2015). Furthermore, VFT domain stability demonstrates strong positive 

correlation with allosteric modulators’ ability to regulate glutamate efficacy (Cao et al., 2021). 

While VFT domain dynamics have demonstrated strong predictive power in regard to ligand 

efficacy, whether VFT stability underlies ligand efficacy or is a mere byproduct of ligand-binding 

is unknown. Moreover, how pharmacological properties of compounds are represented at the CRD 

or 7TM domain is unclear.  

Single-molecule FRET (smFRET) has proven to be a powerful tool for dissecting the different 

contributions of the dimer interface on mGluR cooperativity and structure. The advantage of 

smFRET over traditional ensemble FRET is that by analyzing proteins one at a time, one can detect 

rare and brief conformational states and the time-ordering of transitions. mGluR dimerization is 

mediated primarily by hydrophobic interactions and an intermolecular disulfide bond in LB1. In a 

smFRET study of group II mGluRs, the hydrophobic interactions were found to preferentially 

stabilize the receptor in the R/o/o configuration (Levitz et al., 2016). In contrast, the intermolecular 

disulfide bond functioned in stabilizing the A/c/c conformation of the dimeric receptor and enabled 

cooperativity between monomers. Collectively, these findings suggest that interactions at the 

dimer interface may function to tune receptor activation.  

smFRET analyses on mGluR heterodimers have begun to reveal how functional diversity is 

enabled by heterodimerization. mGluR2/3 heterodimers demonstrated glutamate potency that was 

intermediate to their homodimeric constituents (Levitz et al., 2016). Furthermore, the presence of 
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a mGluR3 monomer in the heterodimer introduced moderate basal activity that was ~60% of the 

mGluR3 homodimer. While mGluR2/3 heterodimerization results in a receptor with physiological 

properties that are the average of its constituent components, this is not always the case. 

Interestingly, heterodimerization of mGluR2 and mGluR7 which have micromolar and millimolar 

glutamate potency, respectively, result in a hypersensitive receptor with sub-micromolar 

sensitivity in addition to basal activity (Habrian et al., 2019). The mGluR2/7 heterodimer also 

utilizes a novel activation pathway in which dimer reorientation occurs prior to closure of both 

VFT domains. Despite the wealth of information on the VFT domain provided by smFRET studies 

thus far, we have only begun to scratch the surface.  

Establishing an active TM6-TM6 interface between the 7TM domains require both translation and 

reorientation of individual subunits (Koehl et al., 2019a; Tateyama et al., 2004). However, the 

convolution of intramolecular and intermolecular conformational changes at the 7TM domain have 

obfuscated the steps towards an active interface. Fortunately, novel tools for selecting 

heterodimeric receptors and generating intramolecular FRET sensors have helped shed light on 

the activation process at the 7TM domain (Hlavackova et al., 2012; Maurel et al., 2008). Live-cell 

FRET studies revealed that activation at the 7TM domain requires at least two steps, first an 

interdomain translation, followed by an intradomain rearrangement (Hlavackova et al., 2012). 

Application of synchronous receptor stimulation and data acquisition strategies revealed that the 

intermolecular and intramolecular rearrangement of the 7TM domains occurs within ~1ms and 

~20ms, respectively (Grushevskyi et al., 2019). These studies also suggest that activation and 

deactivation follow a cyclic pathway with at least two metastable intermediate states. However, 
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due to the limitations of ensemble measurements, the identities of these intermediates are currently 

unknown. 

The conformational dynamics of the CRD, the key structure linking the ligand-binding and G 

protein-coupling domains, are poorly understood relative to the VFT domain and 7TM domain. 

This is due in part to the compact and flexible nature of the CRD, making it technically challenging 

to site-specifically label without perturbing its native structure. However, its medial location 

relative to the orthosteric and allosteric ligand binding sites make it a promising candidate to probe 

both mGluR activation and modulation. A major goal of the thesis work presented herein is to 

develop tools to probe CRD structural changes and characterize conformational dynamics that 

underlie receptor activation and modulation. 

 

1.4 Metabotropic glutamate receptor pharmacology 

GPCRs currently represent the most sought-after family of drug targets, with about 30% of all 

clinically approved pharmaceuticals acting upon them (Santos et al., 2017). However, these ~500 

therapeutic agents act on ~100 GPCRs, only a quarter of all the non-olfactory GPCRs (Hauser et 

al., 2017; Congreve et al., 2020). Furthermore, these compounds predominantly target the class A 

rhodopsin family of GPCRs, resulting in a saturated druggable space. mGluRs are major 

components of the glutamatergic pathway in the brain and thus represent a highly underutilized 

resource based on their potential for treating a range of neurological and psychiatric disorders 

(Lindsley et al., 2016; Conn & Jones, 2009; Conn, Lindsley, et al., 2009) that include Parkinson’s 

disease (Abd-Elrahman et al., 2020; Kumar et al., 2015; Hopkins et al., 2009; Renner et al., 2010), 

Autism (Aguilar-Valles et al., 2015), Fragile-X syndrome (Stoppel et al., 2021), Huntington’s 
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disease (Li et al., 2021), schizophrenia (Griebel et al., 2016), depression (Joffe et al., 2020), 

multiple sclerosis (Woo et al., 2021), and neuro-developmental disorders (Fisher et al., 2018; 

Palazzo et al., 2016), in addition to cancer (Pereira et al., 2017), congenital stationary night 

blindness (Varin et al., 2021), and pain (Mazzitelli et al., 2018). Underutilization of mGluRs stems 

in part from their unique architecture and complex activation mechanism. Thus, a central goal of 

this thesis is to develop mechanistic insight on mGluR activation and modulation by various 

therapeutic compounds. 

1.4.1 Orthosteric ligand binding site 

Initial drug development efforts for mGluRs focused on the orthosteric or cognate ligand-binding 

site (Niswender & Conn, 2010; Bräuner-Osborne et al., 2007). The development of subgroup 

specific ligands targeting the cognate site showed reasonable success due to the unique shape and 

bitopic nature among mGluR subgroups (Goudet et al., 2012). Group I mGluRs can form a unique 

π-π interaction using W100 and hydrogen bonds with Y64, K396, and R310 (mGluR5 residues) 

(Mølck et al., 2014). These interactions are absent in group II and III mGluRs, enabling group I 

specificity. In group II mGluRs, R64 (mGluR3 residue) in LB1 forms hydrogen bonds with 

carbonyl carbons in LB2, leading to a shift in lobes and expansion of the orthosteric site, allowing 

glutamate and other group II specific ligand to penetrate more deeply into the cavity (Mølck et al., 

2014). Lastly, group III mGluRs, like group II receptors, possess a deeper orthosteric pocket. 

However, group III receptors also possess distinct residues deeper in the pocket, enabling group 

III specific ligands to be designed (Niswender & Conn, 2010; Mølck et al., 2014; Bräuner-Osborne 

et al., 2007). While group selectivity can be achieved by targeting these divergent structural 

features in the cognate ligand binding pocket, full conservation of the cognate site among some 
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group members precludes the subtype specificity needed to leverage these sites for clinical 

application. To achieve subtype specificity, targeting the less conserved allosteric site became of 

interest. 

1.4.2 Allosteric ligand binding site 

The separation of the cognate binding site from the 7TM domain has removed the evolutionary 

constraints on the allosteric pocket, resulting in an increase in subtype specific contacts 

(Niswender & Conn, 2010; Wootten et al., 2013). Currently, there are no known native ligands 

that bind within the allosteric pocket, leaving it available for external manipulation.  

Residues forming contact sites within the allosteric pocket have been identified through structural 

and mutagenesis studies. The first mGluR 7TM domain structures were solved in the presence of 

negative allosteric modulators (NAMs) and demonstrated a similar ligand-binding modality as 

orthosteric ligand in rhodopsin-like GPCRs (Wu et al., 2014; Doré et al., 2014). The importance 

of the NAM-interacting residues, which are distributed across all 7TM domain helices, were 

verified in subsequent mutagenesis studies for mGluR2 employing high throughput functional 

screening (Figure 1.5) (Farinha et al., 2015; Lundström et al., 2011). Specifically, F780, H723, 

R636, and V798 were shown to be important for NAM function, while S688, G689, N735, F776, 

and L639 were found to be important for positive allosteric modulator (PAM) function. 

Interestingly, R635, F643, L732 were shown to be vital for mediating both PAM and NAM effects. 

An influx of new full-length mGluR structures further shed light on the residues that formed the 

PAM (PDB:7MTR, 7MTS, 7E9G) (Seven et al., 2021; Lin et al., 2021) and NAM binding pocket 

(PDB:7EPE, 7EPF) (Du et al., 2021). Many of the same residues were found to make contact with 

both PAMs and NAMs. The overlap of PAM and NAM binding sites suggests mGluR modulation 
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may involve subtle regulation of receptor structure that may facilitate or hinder entry into an active 

conformation (Figure 1.5). 

 

 

Figure 1.5 mGluR allosteric ligand binding site 

Positive (PAM) and negative (NAM) allosteric modulators bind the mGluR allosteric site using 

conserved residues. mGluR2 residues found to interact with modulators via structural or 

mutagenesis studies are shown as surface representations (PDB:7MTS). A PAM (PDB:7MTS) (A) 

and NAM (PDB:7EPE) (B) solved in complex with mGluR2 show a similar topology within the 

binding site. 
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1.4.3 Allosteric modulators as therapeutics 

Allosteric modulators possess broad functionality and subtype specificity, making them versatile 

therapeutic agents (Wootten et al., 2013; Feng et al., 2015; Thal et al., 2018; Urwyler, 2011). In 

contrast to orthosteric ligand that function by directly stimulating or inhibiting receptor activation, 

allosteric modulators can be designed to have no intrinsic effect when applied alone (Foster & 

Conn, 2017; Harpsøe et al., 2015). These so called “pure” modulators conserve the native 

spatiotemporal profile of receptors and have minimal overdose potential. In addition, allosteric 

modulators can also be engineered to have intrinsic agonist activity (ago-PAMs) (Conn, Lindsley, 

et al., 2009) or no activity (silent allosteric modulators; SAMs) (Gregory et al., 2015), making 

them useful tools to study the allosteric site.  

Despite the therapeutic potential of mGluRs, technical advantages of allosteric modulators, and 

sustained drug discovery efforts for over 25 years, there are currently no clinically approved 

pharmaceuticals targeting mGluRs (Urwyler, 2011; Annoura et al., 1996). While many candidates 

have progressed to clinical trials, none demonstrated significant efficacy in humans 

(https://clinicaltrials.gov/). This contrasts with the substantial pre-clinical success of mGluR 

allosteric modulators (Urwyler, 2011). The failure in clinical translation of mGluR allosteric 

modulators stems from an incomplete understanding of both mGluR signaling complexity and the 

structural basis for mGluR allosteric modulation. 

Improvements in tools for quantifying GPCR activation have shown mGluR signaling to be far 

more complex than previously anticipated, prompting the need for a more nuanced understanding 

of mGluR pharmacology (Sengmany et al., 2019; Sengmany et al., 2020; Sengmany et al., 2017). 

Specifically, mGluRs are now known to couple to multiple G proteins (Hermans & Challiss, 2001; 

https://clinicaltrials.gov/
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Iacovelli et al., 2002) and differentially interact with β-arrestin (Abreu et al., 2021; Eng et al., 

2016). In a recent study, group I mGluRs demonstrated a unique ability to mediate synaptic 

plasticity in both a β-arrestin2- and Gαq/11-dependent manner (Eng et al., 2016). While in a more 

general examination of mGluR subtypes, differential β-arrestin-mediated desensitization and 

internalization was observed among the family of receptors (Abreu et al., 2021). Furthermore, 

separate studies directly examining allosteric modulator effects on mGluR signaling demonstrated 

the potential for preferential pathway modulation (Sengmany et al., 2017). Collectively, these 

findings highlight the need for more comprehensive functional characterization of mGluR 

allosteric modulators. 

Crystallographic and cryo-EM structures of mGluRs have been invaluable in defining allosteric 

ligand binding modalities and visualizing modulator-induced conformations (Wu et al., 2014; Doré 

et al., 2014; Seven et al., 2021; Du et al., 2021; Lin et al., 2021). However, these structures 

represent only a small subset of the potential mGluR-modulator combinations. Futhermore, static 

structural representations of mGluRs do not provide information on receptor dynamics which are 

central to mGluR function. Thus, establishing a dynamic structural framework for interpretting 

mGluR function is an essential step towards the development of allosteric drugs. 

 

1.5 Metabotropic glutamate receptors in the lipid bilayer 

1.5.1 Lipid bilayer modulates membrane receptor activity 

Biological membranes are heterogenous and dynamic mosaics of lipids and proteins that provide 

the physiochemical environment necessary for GPCR function. Cholesterol is a unique lipid 

bilayer constituent that has demonstrated the ability to regulate GPCR function by altering the bulk 
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biophysical properties of the bilayer (Song et al., 2014; Allende et al., 2004; Anishkin et al., 2014) 

and through direct interactions (Song et al., 2014; Chini & Parenti, 2009; Gimpl, 2016). 

The plasma membrane contains diverse topologies and microdomains such as lipid rafts enriched 

with sphingolipids and cholesterol (Lingwood & Simons, 2010; Brown, 2006; Elson et al., 2010). 

These rafts are densely packed and thicker structures (Mouritsen & Bloom, 1984; Lundbaek et al., 

2003) with reduced elasticity (Rawicz et al., 2000; Needham & Nunn, 1990) and resistance to 

detergent solubilization (Allende et al., 2004; Gandhavadi et al., 2002; Brown & London, 2000) 

and are hypothesized to serve as signaling platforms, consolidating necessary machinery for GPCR 

signal transduction. These microdomains are highly transient nanoscopic structures and their 

mechanism for assembly is poorly understood. However, GPCR recruitment to these domains have 

shown dependency on cholesterol binding motifs such as the cholesterol consensus motif (CCM) 

(Hanson et al., 2008), the cholesterol recognition/interaction amino acid consensus (CRAC) motif, 

and the inverted CRAC (CARC) motif (Sarkar & Chattopadhyay, 2020). One goal of this thesis is 

to understand how cholesterol regulates mGluR conformational dynamics and function.  

1.5.2 Cholesterol and mGluR function 

mGluR recruitment to lipid rafts and activation have been directly linked to plasma membrane 

cholesterol. Studies on group I mGluRs (Kumari et al., 2013) and the drosophila mGluR 

homologue (dmGluR) (Eroglu et al., 2003) showed cholesterol dependence in glutamate binding 

affinity and receptor activation. In group I mGluRs specifically, disruption of lipid rafts by 

chemical or pharmacological approaches or mutation of the CRAC motif reduced mGluR signaling 

(Kumari et al., 2013). Similarly, cholesterol was also shown to directly interact and upregulate 

dmGluR glutamate affinity via chemical crosslinking studies (Eroglu et al., 2003). Collectively, 
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these findings suggest cholesterol functions as a PAM and is important for the recruitment of 

mGluRs to lipid raft signaling modules. 

Computational studies have also been conducted on mGluR2 to identify cholesterol binding sites 

(Kurth et al., 2020). These studies suggested that there are 2 to 7 cholesterol interaction sites on 

the exterior of the mGluR2 7TM domain that rely on surface matching interactions. In silico 

analyses of group I mGluRs revealed that cholesterol may preferentially locate to shallow pockets 

formed by protein ridges and do not generally localize to CRAC motifs (Lee, 2019; Sejdiu & 

Tieleman, 2020). These simulations indicate that cholesterol does not form stable contacts with 

mGluRs, which is aligned with a lack of cholesterol in any full-length mGluR structure. Similar 

cholesterol interactions with the exterior of the 7TM domain have also been observed for non-

class C GPCRs (Chini & Parenti, 2009; Gimpl, 2016; Sarkar & Chattopadhyay, 2020; Sejdiu & 

Tieleman, 2020). 

1.5.3 Cholesterol and phospholipids in mGluR structures 

The first crystal structure of the mGluR 7TM domain revealed cholesterol bound at the dimer 

interface (Wu et al., 2014). Specifically, six cholesterol molecules were found to interact with 

hydrophobic residues in TM1 of each monomer and were essential for 7TM domain crystallization. 

Whether this interface represents a biologically relevant inactive, active, or intermediate interface 

is unclear as the 7TM domains were truncated. Aside from mGluR1, cholesterol has also been 

identified in full-length structures of GPR158, another class C GPCR (Jeong et al., 2021; Patil et 

al., 2022). Interestingly, in these structures cholesterol not only binds at the dimer interface, 

leading to a more compact receptor, but also forms stable interactions with the exterior of the 7TM 

domain bundle. 
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In addition to cholesterol, phospholipids have also appeared to play a structural role in class C 

GPCRs. In both GABAB (Papasergi-Scott et al., 2020; Yang et al., 2022) and GPR158 receptors 

(Jeong et al., 2021; Patil et al., 2022), phospholipids were found deep within the 7TM domain 

bundle. In the case of the GABAB receptor, phosphatidylethanolamine was found to interact with 

ECL2, suggesting the phospholipid may serve as a key structural component to propagate 

conformational changes from the VFT domain to the 7TM domain. 

1.5.4 Detergents 

Detergents are indispensable tools for the isolation and purification of membrane proteins from 

biological membranes (Lin & Guidotti, 2009). Solubilization by detergents enabled membrane 

proteins to be studied using a range of physiochemical and kinetic methods in vitro (le Maire et 

al., 2000). However, detergents in many ways neglect the physicochemical complexity of the lipid 

bilayer that is necessary to maintain membrane protein structure and function (Charalambous et 

al., 2008). In this thesis, I will examine the effect of solubilizing detergents with diverse chemical 

structures on mGluR2 conformational dynamics – specifically focusing on n-Dodecyl-β-D-

Maltopyranoside (DDM), laurel maltose-neopentyl glycol (LMNG), and glycol-diosgenin (GDN).  

The synthesis and application of DDM and its derivatives revolutionized the field of membrane 

protein biology, enabling efficient isolation of a broad range of membrane proteins (VanAken et 

al., 1986). DDM is composed of a maltose hydrophilic headgroup and a 12-carbon alkyl 

hydrophobic tail.  DDM is characterized as a non-ionic and mild detergent and was integral in the 

initial purification and structure determination process of rhodopsin-like GPCRs (Newstead et al., 

2008).  
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A new class of non-ionic detergents containing maltose-neopentyl glycols (MNGs) in the 

hydrophilic region have shown great promise in maintaining structure and function of a broader 

array of membrane proteins as compared to DDM (Chae et al., 2010). LMNG specifically, is the 

double hydrocarbon tail counterpart of DDM. Based on molecular dynamics simulation studies, 

the larger size of LMNG results in a lower rate of tumbling and diffusion in solution. This reduced 

diffusion is hypothesized to result in more effective shielding of the hydrophobic domains from 

water penetration, improved membrane protein stability, and reduced protein denaturation (Lee et 

al., 2020; S. Lee et al., 2016). 

Over time, amphiphiles incorporating non-aliphatic structural elements in the hydrophobic region 

were synthesized and applied to membrane protein studies. The digitonin derivative, GDN, 

composed of a rigid steroid-based lipophilic group and a di-maltose hydrophilic headgroup has 

shown the ability to effectively solubilize membrane proteins from biological membranes and 

maintain protein function in a range of environmental conditions (Chae et al., 2012). This new 

class of detergent functions as a promising alternative to more traditional surfactants and may serve 

as a precursor to other amphiphiles employing a steroidal hydrophobic group. 

1.5.5 Membrane mimetics 

Membrane mimetics are essential for protein-lipid interaction studies in an in vitro context. The 

use of several lipid scaffolds have been shown to be useful for conserving membrane protein 

integrity and dynamics (Frey et al., 2017; Warschawski et al., 2011). Each scaffold type has unique 

strengths and limitations, and the choice depends on the question at hand. 

Liposomes (Akbarzadeh et al., 2013), bicelles (Dürr et al., 2012), and nanodiscs (Bayburt et al., 

2002; Denisov et al., 2004) enable tight control of scaffold components, allowing lipid 



44 

 

composition, cholesterol content, and other specific bilayer-centric questions to be addressed. 

However, these scaffolds require the time-consuming process of membrane protein purification 

and reconstitution. In addition to these processes, the use of these scaffolds requires the pre-

solubilization of proteins in detergent before insertion into lipid particles, which may contribute to 

protein denaturation. 

Hydrophobically associating polymers are novel tools for membrane protein extraction and 

solubilization that circumvent the challenges intrinsic to traditional membrane mimetic platforms 

(Knowles et al., 2009; Tonge & Tighe, 2001). The co-polymer styrene maleic acid (SMA) 

specifically has been shown to effectively extract and solubilize membrane proteins directly from 

biological membranes into SMA lipid particles (SMALPs), precluding the need for protein pre-

solubilization, purification, and reconstitution (S. C. Lee et al., 2016). Furthermore, the synthesis 

of these polymers is straightforward and amenable to change, enabling them to be adapted for 

different applications (Kopf et al., 2022; Yasuhara et al., 2017). In this thesis, I will examine 

SMALP-solubilized mGluR2 structural dynamics, facilitating comparison between lipid- and 

detergent-solubilized receptors. 

 

1.6 Single-molecule fluorescence resonance energy transfer (smFRET) 

microscopy 

mGluRs are large membrane bound proteins whose function is dependent on the complex 

conformational coupling of three distinct structural domains. Studying mGluR conformational 

dynamics using traditional biophysical methods such as nuclear magnetic resonance (NMR) and 

double electron-electron resonance (DEER) spectroscopy would be technically challenging due to 
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the large amount of protein required for these approaches. Furthermore, these ensemble 

measurements do not provide information on temporal ordering of conformations or transient 

intermediates. To overcome these weaknesses, the work in this thesis applies single-molecule 

fluorescence resonance energy transfer (smFRET) microscopy to study mGluR2 conformational 

dynamics. 

1.6.1 Fluorescence resonance energy transfer (FRET) 

Resonance energy transfer (RET), or more specifically fluorescence resonance energy transfer 

(FRET), is an optical process in which excess energy from one molecule, donor, is transferred to 

another molecule, acceptor (Figure 1.6A) (Cleg, 2006; Jones & Bradshaw, 2019). This energy is 

derived from the relaxation of an electron from a higher energy state to a lower energy state, with 

the excess energy being transferred to the acceptor as non-radiative energy in the form of virtual 

photons. This form of energy transfer was theorized to occur through dipole interactions and was 

posited by J. Perrin (Perrin, 1932). This theoretical interpretation was expanded upon by Förster, 

who found the two main parameters governing this energy transfer to be (1) spectral overlap and 

(2) intermolecular distance between donor and acceptor (Förster, 1948, 1965). The famous R-6 

distance relation in FRET efficiency calculations 

𝐸 =
1

1 + (
𝑅
𝑅0

)6
 

was verified by S.A. Latt (Latt et al., 1965), and ultimately applied to the concept of a 

“spectroscopic ruler” (Sahoo, 2011; Stryer & Haugland, 1967). 

smFRET is a powerful technique for studying the conformational distribution and dynamics of 

biological molecules (Figure 1.6A). By examining single particles, the need to synchronize 
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molecules can be bypassed and rare and transient conformations can be visualized (Figure 1.6B) 

(Gopich & Szabo, 2010; Ha, 2001; Schuler, 2013). Furthermore, smFRET allows for detailed 

quantification of kinetic rates of individual molecules. Conformational distribution can also be 

effectively approximated by the summation of FRET efficiency histograms estimated as Gaussian 

distributions (Figure 1.6C) (Gopich & Szabo, 2010). 

The first smFRET experiment was conducted by T. Ha, which demonstrated that fluorescence 

from single donor-acceptor pairs could be measured (Ha et al., 1996). Since its inception, smFRET 

has been adapted for solution based studies, providing high resolution mechanistic insight on a 

wide range of biological phenomena that include DNA replication, recombination, transcription, 

translation, RNA folding and catalysis, non-canonical DNA dynamics, protein folding and 

conformational changes, various motor proteins, membrane fusions proteins, ion channels, and 

signal transduction to name just a few (Michalet et al., 2006; Sasmal et al., 2016; Seidel & Dekker, 

2007; Smiley & Hammes, 2006; Weiss, 1999; Zhuang, 2005). Furthermore, as smFRET became 

more widespread, detailed instructions and tutorials have become available to guide individuals in 

microscope builds and smFRET experimental design and data analysis (Ha, 2001; Joo & Ha, 2012; 

Lerner et al., 2021; Roy et al., 2008). 
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Figure 1.6 Single-molecule fluorescence resonance energy transfer (smFRET) 

Fluorescence resonance energy transfer (FRET) between donor and acceptor molecules is a 

distance-dependent phenomenon and useful tool for probing structural changes in biomolecules. 

(A) FRET has a linear range, where R0 represents the distance at which energy transfer is 50%. 

smFRET experiments conducted in this thesis specifically utilize an objective-based system. (B) 

Donor, acceptor, and corresponding FRET signal can be captured for individual receptors with up 

to millisecond time resolution, enabling kinetic analysis to be conducted. (C) Aggregation of data 

from many individual molecules can be used to generate FRET histograms that highlight the most 

common conformations of the protein of interest. 
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1.6.2 Fluorescent reporters, oxygen scavenging systems, and bioconjugation strategies 

The choice of fluorescent reporter is central to all smFRET experiments (Roy et al., 2008). 

Generally, an ideal reporter is bright, possessing an extinction coefficient (ɛ) > 50,000 M-1cm-1 

and quantum yield (QY) > 0.1, and photostable, showing minimal response to photophysical or 

chemical aggregation (Roy et al., 2008). In addition, an ideal FRET pair should have (1) large 

spectral separation between donor and acceptor emissions, (2) possess similar quantum yields, and 

(3) be small and water soluble with multiple options for bio-conjugation chemistries.  

Fluorescent proteins have been applied to smFRET studies, however, their poor photostability 

have hindered their broader application (Brasselet et al., 2000). In contrast, semiconductor 

quantum dots (QDs) demonstrate good photostability, but lack monovalent conjugation schemes 

and are limited due to their large size (> 20nm in diameter) (Hohng & Ha, 2004, 2005). Thus, the 

most popular smFRET fluorophores have been and remain small organic dyes (< 1nm) (Kapanidis 

& Weiss, 2002). Although Cy3 and Cy5 remain the favorite FRET pair, alternatives to Cy3 with 

similar quality are available (Roy et al., 2008). Improvements in near infrared dyes such as Cy5.5 

and Cy7 have also provided new ways to conduct 3-color FRET experiments (Hohng et al., 2004). 

Lastly, the recent invention of cell-permeable organic dyes has helped streamline the workflow for 

labeling intracellular proteins and protein domains (Grimm et al., 2017). 

Reactive oxygen species in imaging buffer results in reduced photostability and increased 

photobleaching (Hübner et al., 2001). The oxygen scavenging system traditionally used to address 

this employ a mix of glucose oxidase, catalase, and β-D-glucose (Benesch & Benesch, 1953). 

However, an alternative option has emerged over time that uses protecatechuic acid and 

protocatechuate-3,4-dioxygenase, which has shown a ~40% improvement over the glucose 
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oxidase system (Aitken et al., 2008). Furthermore, the vitamin E derivative Trolox is now 

commonly used as an additive, functioning as an excellent quencher of unfavorable triplet states 

in fluorophores (Rasnik et al., 2006). 

In conformational FRET sensor design, tag location and conjugation method are the most 

important considerations. Fluorescent tags should be in locations that stay within a 2-8nm 

proximity throughout the biological process of interest and ideally transition through the R0 value 

(Wu & Brand, 1994). This is the linear range of FRET between Cy3 and Cy5 and will provide the 

greatest dynamic range in signal. There are various options for conjugating FRET pairs onto 

proteins of interest, each with their own distinct drawbacks. Large genetic tags such as HALO-, 

SNAP-, and CLIP-tags result in efficient labeling but are typically limited to the termini of proteins 

due to their size (~25KDa) (Cole, 2013; Los et al., 2008). Enzyme catalyzed reactions such as 

those by the acyl carrier protein (ACP) (Johnsson et al., 2005) or bacterial sortase (Guimaraes et 

al., 2013) use smaller genetic tags (~10KDa) but require the site of interest to be accessible to 

enzymes to catalyze the conjugation of the fluorescent substrate. Cysteine-labeling by maleimide-

based reactions is a popular choice as the low occurrence of cysteines in proteins make them ideal 

for specific labeling (Braman, 2002; Higuchi et al., 1988). However, the function and stability of 

some proteins, such as mGluRs, are dependent on the presence of cysteines and corresponding 

disulfide bridges. Thus, cysteine-maleimide reactions are limited to certain proteins with minimal 

native cysteines present. 

Unnatural amino acid (UAA) incorporation into proteins is a versatile approach to introduce a 

range of novel chemical groups into the protein of interest, enabling bio-orthogonal labeling 

reactions to occur (Lang & Chin, 2014). This strategy relies on the use of engineered translational 
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machinery composed of tRNA and complementary tRNA-synthetase to incorporate UAAs. The 

primary weakness of UAA-incorporation is the reduction in protein expression. However, through 

optimization of translational machinery, cell-lines, and expression schemes, expression of UAA-

containing proteins has been greatly improved (Elsässer et al., 2016). In the work presented herein, 

I use UAA incorporation to generate novel mGluR2 conformational sensors to probe receptor 

activation and modulation (Huber et al., 2013a; Noren, Anthony-Cahill, et al., 1989; Serfling & 

Coin, 2016). 

1.6.3 smFRET experimental setup and data analysis 

Total internal reflection (TIR) microscopy creates an evanescent field that extends 100-200nm 

from the imaging interface which greatly reduces potential background (Axelrod, 1990; Axelrod, 

2003). There are two types of TIR, the prism-type (PTIR) and the objective-type (OTIR). PTIR 

uses an inverted microscope and is dependent on a prism fused above the sample, while OTIR is 

reliant on a high numerical aperture oil objective to create and capture the evanescent field. OTIR 

has the advantage of not requiring expensive quartz slides and opens up extra space above the 

microscope setup enabling more commercial options all while achieving comparable signal-to-

noise as PTIR. All TIR microscopy data presented here was acquired using an OTIR microscope. 

The microscope should be coupled to a 532nm solid-state laser, which is appropriate for the Cy3-

Cy5 FRET pair, along with a 640nm laser to excite acceptors to confirm single donor-acceptor 

labeling of sample (Roy et al., 2008). TIR microscopy has gained popularity due to the emergence 

of electron-multiplying charge-coupled device (EM-CCD) cameras that are highly sensitive and 

enable fast detection (Michalet et al., 2007). These devices have extremely high quantum 

efficiency in the visible spectrum (85-95%) and low readout noise. Collectively these tools enable 
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large areas to be imaged (~0.05mm2) resulting in the acquisition of hundreds of fluorescent signals 

in parallel. 

For smFRET protein studies, minimizing unspecific protein adsorption on the imaging surface is 

imperative. To prevent non-specific protein binding, a passivating agent is used, with polyethylene 

glycol (PEG) being the most popular and effective choice (Sofia et al., 1998). PEG passivated 

imaging surfaces are prepared by treating a surface-activated slide or coverslip with aminosilane 

then conjugating PEG via a N-hydroxysuccinimide (NHS) ester reaction (Ha, 2001). Small 

amounts of biotinylated-PEG can be added during surface conjugation to enable specific tethering 

of antibodies to the surface via a streptavidin (or neutravidin)-biotin interaction allowing for 

immune-purification of protein of interest during the experiment. Several methods to improve 

surface passivation have been developed (Cai & Wind, 2016; Heyes et al., 2007; Heyes et al., 

2004; Pan et al., 2015). In addition, the process of chamber assembly and regeneration as well as 

general considerations for experimental corrections have been thoroughly outlined (Roy et al., 

2008; Hellenkamp et al., 2018; Paul & Myong, 2022). 
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Figure 1.7 smFRET experimental setup 

Objective-based total internal reflection (OTIR) fluorescence microscopy was used to acquire the 

data presented within this thesis. mGluRs were immune-purified onto the PEG passivated surface 

using a FLAG-tag antibody. FRET was then initiated via excitation by a 532nm laser, followed by 

excitation by a 640nm laser to ensure single donor-acceptor labeling. Fluorescence intensity of 

donor and acceptor from hundreds of individual molecules were measured simultaneously using 

an electron-multiplying charge-coupled device (EM-CCD) camera. (figure created by Banerjee, 

C. et al. 2022) 
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As the popularity of smFRET grew, several software packages have been developed for data 

acquisition and analysis that include SPARTAN (Juette et al., 2016), DeepFRET (Thomsen et al., 

2020), and smCamera (http://ha.med.jhmi.edu/resources/). Furthermore, smFRET experiments 

can now be conducted in different formats such as confocal microscopy (Ha et al., 1997; 

Sabanayagam et al., 2004) or via FCS (Yu et al., 2021). In conclusion, this technique which probes 

protein rearrangement with high spatiotemporal resolution is ideal for characterizing the 

conformational dynamics underlying mGluR activation and modulation (Gopich & Szabo, 2010; 

Ha, 2001; Schuler, 2013). 

 

1.7 Specific Aims 

Aim 1 – Characterize mechanisms of mGluR2 activation. We hypothesize that mGluR2 activation 

requires the progression through multiple intermediate states and that domains are loosely coupled. 

Using single-molecule fluorescence resonance energy transfer (smFRET) microscopy, the 

structural dynamics of mGluR2 can be measured with high spatial and temporal resolution. By 

adopting and optimizing an unnatural amino acid (UAA) incorporation strategy, we can generate 

conformational FRET sensors of mGluR2. 

 

Aim 2 – Identify mechanisms for mGluR2 allosteric modulation. We hypothesize that allosteric 

modulators affect receptor activity by modulating the occupancy and stability of intermediate 

conformational states. Furthermore, we hypothesize that allosteric modulators affect the 

conformation of each domain of mGluR2. Using UAA incorporation, we can generate sensors to 
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probe conformational rearrangement of each structural domain of mGluR2 using total internal 

reflection fluorescence (TIRF) microscopy. 

 

Aim 3 – Characterize modulatory effects of lipids, cholesterol, and detergents on mGluR2. We 

hypothesize that choice of solubilizing scaffold shapes mGluR2 conformational dynamics. Using 

smFRET microscopy and conformational sensors developed for mGluR2, we will be able to 

quantify the effects of different detergents, lipids, and cholesterol on receptor structural dynamics. 

 

 

 

Figure 1.8 Schematic outline of thesis 

This thesis consists of three major sections that address the topic of metabotropic glutamate 

receptor (mGluR) activation and modulation in response to both endogenous and synthetic 

compounds. Chapter 2 describes the activation mechanism of mGluRs that is dependent on the 

loose allosteric coupling of structural domains. Chapter 3 builds upon the activation framework 

established in Chapter 2 to describe novel mechanisms of mGluR modulation by allosteric 

modulators. Finally, Chapter 4 dissects the contributions of the hydrophobic environment on 

mGluR structural dynamics by examining the effects of different detergents, lipids, and 

cholesterol. 
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1.8 Description of Thesis 

Metabotropic glutamate receptors (mGluRs) are multidomain dimeric G protein-coupled receptors 

(GPCRs) that require complex and coordinated coupling of three spatially separated but 

conformationally linked domains to function. While the recent influx in structures for full-length 

receptors has been invaluable in delineating the structure-function relationship in mGluRs, these 

static representations are insufficient in describing the activation and modulation processes of 

these highly dynamic receptors. This thesis is composed of 5 chapters that describe mechanisms 

for mGluR activation and modulation.  

At the outset of this thesis work, little was known about how structural changes were propagated 

from the Venus flytrap (VFT) domains to the 7 transmembrane (7TM) domains. In Chapter 2, I 

describe a novel activation mechanism for the cysteine-rich domain (CRD) of mGuR2. I find that 

the CRD is intrinsically dynamic and transitions in a sequential manner between four 

conformational states, including two novel intermediate states. In addition, this chapter provides a 

detailed protocol for unnatural amino acid (UAA) incorporation and labeling. This protocol was 

essential for the site-specific and non-perturbative labeling of the mGluR2 CRDs and can be 

broadly applied to a range of proteins to introduce novel chemical moieties. The activation 

framework established in this chapter is applied in Chapter 3 to provide mechanistic insight on 

mGluR allosteric modulation. 

mGluR allosteric modulators are challenging to study due to their unique mechanisms of action, 

lack of intrinsic functional effects, and the inherent complexity of the mGluR activation 

mechanism relative to other GPCRs. In Chapter 3, I describe the effects of different positive 

(PAM) and negative (NAM) allosteric modulators on each mGluR2 domain conformation. 
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Allosteric modulators were found to have a conserved effect on receptor structure based on their 

characterization as PAMs or NAMs. In addition, novel mechanisms for positive and negative 

modulation are described and found to function within the novel 4-state activation model.  

In addition to pharmacological agents, the hydrophobic environments in which mGluRs reside also 

have the potential to regulate receptor structural dynamics. Chapter 4 describes the effects of 

detergents with distinct hydrophobic moieties, lipids, and cholesterol on mGluR conformational 

dynamics. Receptor conformation was found to be highly dependent on the detergent of choice. 

The digitonin derivative, glycol-diosgenin (GDN), was found to function as a potent NAM of 

mGluR2. In contrast, cholesterol demonstrated a biphasic effect on mGluR2 conformation, 

functioning as a NAM at low concentrations and PAM at high concentrations. Lastly, the 

conformational profile and function of lipid-solubilized mGluR2 could be recapitulated using an 

optimized detergent-cholesterol mixture. Collectively, these findings emphasize the importance of 

the hydrophobic environment in shaping membrane protein structure and dynamics. 

Finally, Chapter 5 describes the conclusions and implications of this work along with a general 

outlook of the field. It is accepted that the complex pharmacology of GPCRs generally and mGluRs 

specifically are dependent on their ability to dynamically sample a diverse ensemble of 

conformations. However, compared to the wealth of structural information made available in 

recent years, our collective understanding of GPCR dynamics is relatively small, especially for 

large multidomain receptors. This thesis provides a robust and dynamic structural framework, 

consisting of multiple intermediate states, for interpreting mGluR activation and modulation by 

various therapeutic compounds and solubilizing agents. 
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Central question – What are mechanisms for mGluR activation and modulation? 

 

Motivation - mGluRs are promising targets for treating a range of neurological and psychiatric 

disorders. However, due to their complex structure we have a poor understanding of how mGluRs 

are activated and modulated, making the design of effective therapeutics challenging. 

 

Hypothesis – mGluR function is dependent on its structural dynamics and ability to sample an 

ensemble of distinct conformations. 
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Chapter 2: Characterizing mGluR2 conformational dynamics 

during activation 

 

 

A previous version of this chapter has been published as: 

Liauw, B.W.*, Afsari, H.S.*, Vafabakhsh, R. Nature Chemical Biology. 2021. 

 

2.1 Abstract 

G protein-coupled receptors (GPCRs) relay information across cell membranes through 

conformational coupling between the ligand-binding domain and cytoplasmic signaling domain. 

In dimeric class C GPCRs, the mechanism of this process, which involves propagation of local 

ligand-induced conformational changes over 12 nm through three distinct structural domains, is 

unknown. Here, we used single-molecule FRET (smFRET) and live-cell imaging and found that 

metabotropic glutamate receptor 2 (mGluR2) interconverts between four conformational states, 

two of which were previously unknown, and activation proceeds through the conformational 

selection mechanism. Furthermore, the conformation of the ligand-binding domains and 

downstream domains are weakly coupled. We show that the intermediate states act as 
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conformational checkpoints for activation and control allosteric modulation of signaling. Our 

results demonstrate a mechanism for activation of mGluRs where ligand binding controls the 

proximity of signaling domains, analogous to some receptor kinases. This design principle may be 

generalizable to other biological allosteric sensors.  

 

2.2 Introduction 

Cells use membrane receptors to dynamically sense and interpret chemical and physical signals 

from their environment (Smock & Gierasch, 2009). A key design principle of many membrane 

receptors is that sensing is energetically passive, and no external energy is required. That is, the 

energetics of ligand binding is converted to a local conformational change and into the output 

signal. This process is often allosteric in nature and involves coupling of conformational dynamics 

between the ligand binding “sensory domain” and the cytoplasmic “signaling interface” 

(Changeux & Christopoulos, 2016). 

In humans, G protein-coupled receptors (GPCRs) are the largest family of membrane receptors 

and have become key targets for drug development due to their involvement in nearly all 

physiological processes (Thal et al., 2018; Dorsam & Gutkind, 2007). A deeper understanding of 

the activation and modulatory mechanisms used by GPCRs would be invaluable for developing 

new therapeutics as well as designing synthetic receptors and sensors. Significant advances in 

structural methods have identified ligand and ion binding sites in many GPCRs (Thal et al., 2018; 

Zarzycka et al., 2019) as well as atomic-level details of different steps of signal transduction by 

GPCR complexes (Hilger et al., 2018; Latorraca et al., 2017). Moreover, improved understanding 

of the conformational dynamics of GPCRs by computational, nuclear magnetic resonance (NMR) 
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spectroscopy, double electron-electron resonance (DEER) spectroscopy and fluorescent based 

assays demonstrated that the two-state on–off model of GPCRs cannot account for their signaling 

versatility and complex pharmacology and GPCRs are highly dynamic proteins that sample 

multiple conformational states (Vafabakhsh et al., 2015; Ye et al., 2016; Nygaard et al., 2013a; 

Wingler et al., 2019a). Collectively, these approaches have started to provide a structural 

framework to understand multiple facets of GPCR pharmacology such as basal activity, partial 

agonism, biased signaling and allosteric modulation (Latorraca et al., 2017; Gusach et al., 2020; 

Gregorio et al., 2017a; Suomivuori et al., 2020). However, how large-scale conformational 

changes propagate during the activation process of GPCRs and ligands modify the structure and 

dynamics of GPCRs to tune their functional outcomes, especially for many large multidomain 

GPCRs is poorly understood. 

Among all GPCRs, class C GPCRs are structurally unique in that they are multi-domain with a 

large extracellular domain and function as obligate dimers. Metabotropic glutamate receptors 

(mGluRs) are class C GPCRs that are responsible for the slow neuromodulatory effects of 

glutamate that are essential for tuning synaptic transmission and excitability (Niswender & Conn, 

2010; Pin & Bettler, 2016). Structural (Kunishima et al., 2000; Wu et al., 2014; Koehl et al., 2019b) 

and spectroscopic studies (Hlavackova et al., 2012; Doumazane et al., 2013b) have shown that 

unlike the activation process of most class A GPCRs which is associated with subtle motions in 

the extracellular domain (ECD) of the receptor, the activation of mGluRs involves local and global 

conformational changes that propagate through the three structural domains of the receptor, over 

12 nm, to reach the intracellular G protein-binding interface (signaling interface) (Vafabakhsh et 
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al., 2015; Hlavackova et al., 2012; Koehl et al., 2019b) (Figure 2.1A). The molecular details, 

timescales and sequence of conformational changes during this process are unclear.   

Here, we used single-molecule FRET (smFRET) (Roy et al., 2008) and in vivo FRET imaging to 

visualize the propagation of conformational changes during the activation of mGluR2. To 

circumvent limitations of common site-specific fluorescent labeling approaches that requires 

generation of cysteine-less mutants or insertion of large protein tag, we adopted and optimized an 

unnatural amino acid incorporation strategy (Noren, Anthonycahill, et al., 1989). Using this assay, 

we found that the dimeric arrangement of mGluR2 adopts four distinct conformational states that 

are visited sequentially, in contrast to the two-state model deduced from the atomic structures 

(Kunishima et al., 2000; Koehl et al., 2019b). Using mutations and crosslinking approaches, we 

characterized the functional property and significance of the conformational states for the receptor 

signaling and modulation. This sequential four-state activation model provides a structural 

framework for understanding ligand efficacy and allosteric modulation of mGluRs and possibly 

other class C GPCRs. 

 

2.3 Results 

According to the current activation model for mGluRs, glutamate binding at the Venus flytrap 

(VFT) domain (sensory domain) closes the VFT lobes and results in the rearrangement of the VFT 

domains’ dimer interface from “relaxed” to “active” (Kunishima et al., 2000; Vafabakhsh et al., 

2015) (Figure 2.1A). Next, this conformational change is thought to bring the adjacent cysteine-

rich domains (CRDs) closer together to activate the G protein-binding interface (Hlavackova et 

al., 2012; Koehl et al., 2019b) (Figure 2.1A). The CRD is the allosteric structural link that relays 
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the incoming signal (that is the conformation of the VFT domains) to the signaling site (7TM 

domains) (Figure 2.1A). We therefore hypothesized that the arrangement of the CRDs in the dimer 

reports how the VFT domains allosterically regulate the conformation of the 7TM domains, 

independent of intradomain movement of transmembrane helices. To test this, we applied smFRET 

and live-cell ensemble FRET imaging to visualize the conformational changes of the CRD of 

mGluR2 during activation, in real-time (Vafabakhsh et al., 2015; Roy et al., 2008; Doumazane et 

al., 2013b). 
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Figure 2.1 Design and characterization of the FRET-based CRD conformational sensor 9  

(A) Cartoon illustrating the arrangement of the three structural domains of mGluR5 in the inactive 

(RCSB Protein Data Bank (PDB) accession 6N52) and active (PDB accession 6N51) states. (B) 

Representative donor and acceptor intensities and corresponding FRET signal from a cell in 

response to glutamate application. (C) Dose-response curves from live-cell FRET titration 

experiments for glutamate (grey), LY379268 (red), DCG-IV (blue) or glutamate +10 µM Ro64-

5229 (green) in HEK293T cells. Each titration curve is normalized to the 1 mM glutamate 

response. Data represent mean ± s.e.m. of N=26, 20, 10 and 13 cells for glutamate, LY379268, 

DCG-IV and glutamate +10 µM Ro64-5229, respectively, examined over 3 independent 

experiments. (D) Maximum FRET change in the presence of saturating LY379268 (red), DCG-IV 

(blue) and glutamate +10 µM Ro64-5229 (green) normalized to the 1 mM glutamate response 

(grey) in HEK293T cells. Data represent mean ± s.e.m. of N=21, 19 and 9 cells for LY379268, 

DCG-IV and glutamate +10 µM Ro64-5229, respectively, examined over 3 independent 

experiments. 
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2.3.1 Design and validation of CRD conformational FRET sensor 

To site-specifically attach donor and acceptor fluorophores, with minimal perturbation to the 

receptor structure, we adopted and optimized an unnatural amino acid incorporation strategy 

(Serfling & Coin, 2016; Huber et al., 2013b) and introduced a 4-azido-L-phenylalanine at amino 

acid 548 of mouse mGluR2 (hereafter, 548UAA) (Figure S2.1A-B). We expressed 548UAA in 

HEK293T cells and site-specifically labeled the cell-surface population of receptors with FRET 

donor (Cy3) and acceptor (Cy5) fluorophores, through a copper-catalyzed azide-alkyne click 

reaction (Presolski et al., 2011a) (Figure S2.1A-B). Because mGluRs are strict dimers any FRET 

signal is exclusively from the receptors that are labeled with a single donor and a single acceptor 

fluorophore. Total cell lysate from labeled cells on a non-reducing polyacrylamide gel showed a 

single band corresponding to the size of the full-length dimeric mGluR2 (Figure S2.1C), verifying 

that the receptor population on the plasma membrane are full-length.  

We observed that glutamate induced a concentration-dependent increase in the FRET signal in 

labeled cells expressing 548UAA (Figure 2.1B, S2.1D), confirming a general decrease in the 

distance between the CRD domains upon activation and consistent with previous structural and 

crosslinking experiments (Koehl et al., 2019b; Muto et al., 2007b; S. L. Huang et al., 2011). This 

glutamate-dependent increase in ensemble FRET had an EC50 of 11.8 ± 0.5 μM (Figure 2.1C), 

consistent with the concentration-dependence of GIRK current activation in HEK293T cells 

(Vafabakhsh et al., 2015). Similar dose-dependent increase in the FRET efficiency was obtained 

with other orthosteric agonists LY379268 (hereafter, LY37) and DCG-IV with respective EC50 

of 12.8 ± 0.5 nM and 1.2 ± 0.2 µM (Figure 2.1C, S2.2A), matching the published range for mGluR2 

(Doumazane et al., 2013b). On the other hand, the mGluR2-specific negative allosteric modulator 
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(NAM) Ro64-5229 reduced the glutamate efficacy (max response 77% ± 1%  of glutamate) (Fig. 

1d) and potency (EC50 = 17.2 ± 1.1 μM) (Figure 2.1C, S2.2A), consistent with the notion that the 

CRD is the allosteric linker between ligand binding and signaling. Therefore, the 548UAA FRET 

sensor allows unperturbed quantitative analysis of ligand-induced conformational changes of the 

CRD in live cells. Importantly, the efficacy of ligands as characterized by signaling assays or VFT 

domain FRET sensors (Vafabakhsh et al., 2015; Doumazane et al., 2013b) correlate with the 

ligand-induced FRET change at the CRD with DCG-IV being a partial agonist and LY37 > 

glutamate > DCG-IV (Figure 2.1D, S2.2B). 

2.3.2 CRD is in dynamic equilibrium between 4 states 

To perform smFRET imaging, cells expressing 548UAA with a C-terminal FLAG tag were labeled 

with donor and acceptor fluorophores and then lysed. The cell lysate was applied onto a 

polyethylene glycol (PEG) passivated coverslip functionalized with anti-FLAG tag antibody to 

immunopurify the receptors (SiMPull) (Vafabakhsh et al., 2015; Jain et al., 2011) for total internal 

reflection fluorescence imaging (Figure S2.3A). In the absence of glutamate (inactive receptor), 

the CRD of individual mGluR2 receptors displayed rapid transitions between multiple FRET states 

(Figure 2.2A, S2.3B), in stark contrast to the previously reported behavior of the VFT domains 

that were stable in a single conformation (Vafabakhsh et al., 2015) (Figure S2.3C). Histogram of 

smFRET data from many single receptors revealed four conformations with smFRET efficiency 

peaks at: 0.31, 0.51, 0.71 and 0.89 (labeled as states 1-4) (Figure 2.2B, top histogram). The 

smFRET histogram was unchanged in the presence of saturating competitive antagonist LY341495 

(Figure 2.2B), confirming that the observed dynamics is independent of the orthosteric agonist 

binding.  
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Figure 2.2 Single-molecule FRET reveals four conformational states of mGluR2 CRD 10 

(A) Example single-molecule time trace of 548UAA in the absence of glutamate showing donor 

(green) and acceptor (red) intensities. Corresponding FRET (blue) is overlaid with predicted state 

sequence (red, bottom). (B) smFRET population histograms in the presence of competitive 

antagonist (LY341495) and a range of glutamate concentrations. Data represent mean ± s.e.m. of 

N=3 independent experiments. Total molecules examined for LY341495 and 0 µM, 2 µM, 5 µM, 
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10 µM and 1 mM glutamate conditions were 440, 250, 378, 879, 726 and 152, respectively. 

Histograms were fitted (red) to 4 Gaussian distributions (blue) centered around 0.31 (state 1), 0.51 

(state 2), 0.71 (state 3) and 0.89 (state 4), denoted with dashed lines. (C) Example single-molecule 

time trace of 548UAA in the presence of 1 mM glutamate showing donor (green) and acceptor 

(red) intensities. Corresponding FRET (blue) is overlaid with predicted state sequence (red, 

bottom). (D)Glutamate dose-response curve of state 4 occupancy. State 4 occupancy is defined as 

area of Gaussian distribution centered at 0.89 as a fraction of total area. Data represent mean ± 

s.e.m. of N=3 independent experiments. Total molecules examined as in (B) (216 total molecules 

for 20 µM glutamate). (E) smFRET population histogram of the cross-linked constitutively active 

548UAA (L521C; 176 total molecules) construct in the absence of glutamate. Data represent mean 

± s.e.m. of N=3 independent experiments. Four FRET states are denoted with dashed lines.  

 

 

In the presence of glutamate, receptors remained dynamic and showed transitions between the 

same four FRET states but with shifted occupancy to the higher states, in a glutamate-dependent 

manner (Figure 2.2B, S2.4A), and in qualitative agreement with the live-cell FRET experiment 

(Figure 2.1B). Notably, even at saturating glutamate (1 mM) receptors showed significant 

dynamics between states 3 and 4 (Figure 2.2C, S2.4B). A similar overall behavior was observed 

when examining mouse mGluR3 at the analogous position (A557) (Figure S2.5). The atomic 

structures of the inactive conformations of mGluR5 and mGluR3 have resolved the CRDs at a 

large distance apart (68.3 Å at position D560 in human mGluR5) (Koehl et al., 2019b; Muto et al., 

2007b). Therefore, the lowest FRET peak at 0.31 (state 1), which is the predominant population in 

the absence of an agonist, corresponds to the crystallographic inactive conformation of the 

mGluR2. In this conformation the VFT domain lobes are “open” (oo) and the dimer interface is in 

the “relaxed” (R) state (R/oo) (Kunishima et al., 2000; Doumazane et al., 2013b). On the other 

hand, the highest FRET peak at 0.89 (state 4) corresponds to an approximate distance of 38 Å 

which agrees with the distance at our labeling position based on the recent structure of the ligand 

bound mGluR5 (Koehl et al., 2019b) (35.9 Å at position D560 in human mGluR5). The occupancy 

of this FRET peak showed a glutamate concentration-dependence with the EC50 of 10.2 ± 1 μM 
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(Figure 2.2D), matching the EC50 measured from signaling assays in live cells. Therefore, we 

hypothesized that the FRET state 4 is the crystallographic active CRD conformation of mGluR2. 

To test this, we performed a smFRET experiment on the intersubunit CRD cross-linked 

mGluR2(L521C) construct which was previously shown to result in a constitutively signaling 

active receptor (S. L. Huang et al., 2011).  

Consistent with this, live-cell measurements with this construct showed no FRET change upon 

application of glutamate (Figure S2.6). smFRET experiments with this construct in the absence of 

glutamate showed a dominant peak at FRET 0.89 (Figure 2.2E). Together, these results confirm 

the assignment of state 4 as the active CRD conformation of mGluR2. 

In the presence of other mGluR2 orthosteric agonists LY37 and DCG-IV, the CRD populated the 

same four FRET states (Figure 2.3A, S2.7A). Importantly, at saturating concentrations, LY37 

showed 21% higher occupancy of the active state conformation than glutamate while DCG-IV 

showed 23% lower occupancy, consistent with their respective efficacy (Figure 2.3B, S2.7B). We 

further examined the nature and time-ordering of transitions using a four-state hidden Markov 

Model (HMM) (Bronson et al., 2009a; Zhang et al., 2018). The results of HMM analysis as a 

transition density plot (TDP) at different glutamate concentrations demonstrate three distinct sets 

of bidirectional transitions between the four FRET states (Figure 2.3C). Importantly, this analysis 

showed that transitions are sequential, happening between adjacent FRET peaks (0.31 ↔ 0.51 ↔ 

0.71 ↔ 0.89). Together, these findings confirm the existence of four CRD conformations in the 

presence or absence of orthosteric agonists and support a stepwise compaction of mGluR2 during 

activation, consistent with a conformational selection mechanism(Nussinov et al., 2014). 
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Figure 2.3 Activation of mGluR2 is a stepwise process 11 

(A) smFRET population histogram of 548UAA sensor in the presence of intermediate 

concentrations of orthosteric agonists DCG-IV (top; 166 total molecules) and LY379268 (bottom; 

220 total molecules). Data represent mean ± s.e.m. of N=3 independent experiments. Histograms 

are fitted (red) to 4 Gaussian distributions (blue) centered on 0.31 (state 1), 0.51 (state 2), 0.71 

(state 3) and 0.89 (state 4), as denoted by dashed lines. (B) State 4 (active state) occupancy at 

saturating concentrations of mGluR2 orthosteric agonists. State 4 occupancy is defined as area of 

Gaussian distribution centered at 0.89 as the fraction of total area. FRET peak fitting and area 

calculations were performed on average histograms. (C) Transition density plots (TDPs) of 

548UAA. Dashed lines represent 4 distinct FRET states. Transitions are from two independent 

measurements. (D) Cross-correlation plots comparing the dynamics of the CRDs and VFT 

domains of mGluR2 at 0 and 1 mM glutamate. Data are from three independent measurements. 

Data was fitted to a single exponential decay function. (E) Schematic of mGluR2 receptor 

constructs for the 548UAA YADA/WT heterodimer experiment. (F) smFRET population 

histogram of 548UAA YADA/WT heterodimer in the presence of 20 µM glutamate (55 total 

molecules), compared to 548UAA WT (250 and 216 total molecules for 0 µM and 20uM 

glutamate). Data represent mean ± s.e.m. of N=3 independent experiments. Dashed lines represent 

4 distinct FRET states. Heterodimer data was acquired at 100 ms time resolution. 
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2.3.3 Conformations of CRDs and VFT domains are loosely coupled 

Our observation that in the presence of saturating full agonist (1 mM glutamate) or absence of 

ligand the CRD is dynamic (Figure 2.2A,C, S2.8), is in stark contrast with the behavior of the VFT 

domains of mGluR2 which adopt a distinct stable conformation in these conditions (Vafabakhsh 

et al., 2015) (Figure S2.3C). Quantification of receptor dynamics using the cross-correlation of 

donor and acceptor signals also showed similar contrast between the dynamic behavior of the two 

adjacent domains (Figure 2.3D). Consistent with the reduction of VFT domains’ dynamics in zero 

or saturating glutamate (1 mM), the amplitude of anti-correlation between donor and acceptor 

fluorophores for the VFT domain sensor (Figure S2.3C) vanished (Figure 2.3D). However, the 

CRD sensor showed strong amplitude in both these conditions (Figure 2.3D). Together, these 

results indicate that the conformation of the VFT domains and CRD are allosterically loosely 

coupled. Such loose coupling was previously observed in molecular dynamics (MD) simulations 

and nuclear magnetic resonance (NMR) experiments of beta2-adrenergic receptor (β2AR) 

(Manglik et al., 2015; Dror et al., 2011). Our findings extend this notion to the multi-domain class 

C GPCRs suggesting that loose allosteric coupling might be a more general feature of GPCRs and 

allosteric receptors as a whole, and is consistent with observations of distinct inter and intradomain 

rearrangement timescales in mGluR1 (Grushevskyi et al., 2019). Finally, the loose allosteric 

coupling that we uncovered here suggests that the CRD conformation, and not VFT domain 

conformation, is the more accurate metric to report the activation of mGluRs and perhaps class C 

GPCRs. 
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2.3.4 State 2 results from the closure of a single VFT domain 

We further examined the correlation between the VFT domain lobe closure and the CRD 

conformation by performing smFRET experiments on receptors with a single glutamate-binding 

defective monomer (Kniazeff, Bessis, Maurel, Ansanay, Prezeau, et al., 2004) (548UAA-YADA 

with Y216A and D295A mutations). This was achieved by co-expressing the C-terminal FLAG 

tagged 548UAA-YADA construct and a N-terminal SNAP tagged 548UAA construct (Figure 

2.3E). Following the expression, the cell surface population was labeled with BG-ATTO488 

(SNAP-tag substrate) as well as Cy3 and Cy5 as before (supplementary materials and methods). 

Particles that were pulled down with the anti-FLAG antibody and showed the ATTO488 signal 

plus FRET donor and acceptor signals were analyzed. smFRET analysis showed that at 20 µM 

glutamate the CRD of the YADA/WT heterodimer predominantly occupies state 2 (Figure 2.3F, 

S2.9) with brief visits to higher FRET states, supporting the assignment of state 2 to a configuration 

in which one VFT domain is “closed” and the other is “open”(co) with the VFT domain interface 

in the “relaxed” (R) form and the receptor in the inactive state (R/co).     

2.3.5 State 3 represents a pre-active receptor conformation 

To investigate the identity of state 3 in mGluR2 activation we quantified the occupancy of all 4 

states as a function of increasing glutamate (Figure 2.4A). While the occupancy of the active state 

4 continuously increased with increasing glutamate concentration, state 3 occupancy initially 

increased and then plateaued around the EC50 concentration of glutamate. This observation and 

the fact that in saturating agonist the VFT domains are locked in a single active (Acc) conformation 

(Figure S2.3C), while the CRDs dynamically transition mostly between states 3 and 4 (Figure 

2.2B-C, S2.8), suggest that state 3 represents a pre-active conformation of the receptor. In this 
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conformation the VFT domains are in the active arrangement (A/cc) (Vafabakhsh et al., 2015), yet 

the receptor is inactive. Existence of such pre-active state could be the consequence of a rate 

limiting step during the activation process such as intrasubunit conformational changes that 

contribute to formation of the active receptor. This interpretation is consistent with recent 

experiments which showed that activation of mGluR1 involves a fast and a slow time constant 

(Grushevskyi et al., 2019). Finally, cross linking and structural studies have shown that in the 

active state of mGluRs, the 7TM domains interact along the TM6 helix(Xue et al., 2015b). Thus, 

it is likely that the pre-active state 3 is a conformation in which the 7TM domains are brought into 

close proximity through the VFT domain closure (Acc conformation of the VFT domains) yet have 

not adopted the signaling competent configuration of the 7TM domain. Consistent with this 

interpretation, the active state 4 is transient (Figure 2.2C, S2.4). 
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Figure 2.4 Conformational state 3 is a pre-active conformation of mGluR2 12 

(A) Occupancy of the 4 conformational states of the CRD in the presence of increasing glutamate 

concentrations. Values represent area under each FRET peak from smFRET population 

histograms, centered at 0.31 (state 1), 0.51 (state 2), 0.71 (state 3) and 0.89 (state 4) and as the 

fraction of total area. (B) The PAM mutation (C770A, red spheres) on the structure of mGluR5 

(PDB accession 6N61). TM6 is colored in pink. (C) Dose-response curves from live-cell FRET 

glutamate titration experiments for the 548UAA WT and C770A PAM receptor. Each curve is 

normalized to the 1 mM glutamate response. Data represent mean ± s.e.m. of N=26 and 13 cells 

expressing 548UAA WT or C770A PAM receptors, respectively, examined over 3 independent 

experiments. (D) smFRET population histograms of 548UAA WT receptors (grey) at 5 µM (879 

total molecules) and 10 µM glutamate (726 total molecules) and C770A PAM receptors (red) at 5 

µM (689 total molecules) and 10 µM glutamate (370 total molecules).  Data represent mean ± 

s.e.m. of N=3 independent experiments. Dashed lines represent the 4 FRET states. Bar graphs 

represent area of FRET states 3 (FRET=0.71) and state 4 (FRET=0.89) as the fraction of total area 

for WT and PAM mutant receptor. (E) Dwell-times of states 3 and 4 for the WT receptor at 5 µM 

(147 total molecules) and 10 µM glutamate (140 total molecules) and PAM mutant receptor at 5 



74 

 

µM (128 total molecules) and 10 µM glutamate (142 total molecules). Average dwell-time was 

calculated by fitting a single exponential decay function to dwell-time histograms for each 

condition. Dwell-times represent mean ± s.e.m. of N=3 independent experiments at 100 ms. FRET 

peak fitting and area calculations were performed on averaged histograms.  

 

 

To investigate the significance of the pre-active state 3 for receptor signaling, we studied the 

conformational dynamics of mGluR2 containing mutation C770A (Figure 2.4B). This mutation is 

shown to enhance mGluR signaling in a manner similar to a positive allosteric modulator (PAM) 

(Doumazane et al., 2013b; Yanagawa et al., 2009). Live-cell ensemble experiments for 548UAA 

with this PAM mutation showed increased mGluR2 sensitivity to glutamate (EC50 = 4.9 ± 0.8 μM 

compared to 11.8 ± 0.5 μM for the WT receptor) suggesting that the PAM effect of this mutation 

in the TMD is allosterically detectable at the CRD (Figure 2.4C). We next performed smFRET 

analysis of this construct and observed the same 4 states as the wildtype receptor (Figure S2.10A). 

However, at each glutamate concentration tested, the occupancy of the active state (state 4) was 

increased for the mutant compared to the wildtype receptor (Figure 2.4D), consistent with the 

expected response from a PAM and further confirming that the immobilized receptors retain 

functional properties of the TMD. To test whether this effect is due to increased lifetime of the 

active state or increased visits to the active state, we performed dwell-time analysis of states 3 and 

4 with the PAM construct. Remarkably, while the lifetime of active state 4 was similar between 

WT and the PAM mutant, the lifetime of state 3 was reduced about 3-fold for the PAM mutant 

(Figure 2.4E, S2.10B). TDP analysis revealed that there were more transitions from state 3 to state 

4 for the PAM mutant compared to the WT (Figure S2.10C).  

Considering that only state 3 exhibits a substantially altered lifetime for the PAM mutant while 

the lifetimes of other states remain mostly unchanged (Figure S2.10D) and the fact that the major 
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FRET histogram population change is the shift from state 3 to state 4 occupancy, our results show 

that the C770A PAM mutation confers its modulatory effect allosterically by increasing transitions 

from the pre-active state 3 to the active state 4. Therefore, the stability of the pre-active state 3 is 

a critical tuner for setting the receptor activation threshold.  

 

2.4 Discussion 

GPCRs are evolved to transduce signals across the membrane through energetically passive 

allosteric mechanisms that involve communication between spatially separated and 

conformationally linked domains of the receptor (Thal et al., 2018). For many multi-domain 

GPCRs the mechanism of such conformational coupling and the dynamic interaction of the 

receptor domains during the allosteric process of activation are generally unknown. In this study, 

we successfully applied a novel smFRET and live-cell ensemble FRET approach to visualize the 

temporal sequence of conformational changes of the cysteine-rich domain in mGluR2. The CRD 

is a unique semi-rigid structural domain, conserved among class C GPCRs (except GABAB 

receptors) that relay the conformational information of the ligand binding domain to the 7TM 

domains. The CRD has a compact structural fold with nine cysteines. Therefore, conventional site-

specific labeling approaches such as cycteine labeling (Gregorio et al., 2017a) or insertion of 

genetic tags (Vafabakhsh et al., 2015) are not applicable. We adopted an unanatural amino acid 

labeling approach (Serfling & Coin, 2016) combined with the single-molecule pulldown (Jain et 

al., 2011) to cirvumvent this limitatoin. We found that the CRD in mGluR2 is in equilibrium 

between four conformations. An agonist “loosely” controls the conformation of the ectodomains 

of the receptor that in turn results in redistribution of the conformational ensemble and the 
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compaction of the receptor in a stepwise manner (Figure 2.5). We observed the same 4-state model 

for mGluR3, suggesting that this model could be general for all mGluRs (Figure S2.5). A recent 

cryo-electron microscopy study identified four conformations of the GABAB receptor (Shaye et 

al., 2020), further suggesting that this four-state model could be the general activation model for 

all class C GPCRs. More broadly, other bi-lobed, clamshell LBD-containing proteins, such as the 

ionotropic neurotransmitter receptors (NMDA, AMPA), may have evolved to utilize a similar 

activation mechanism. 

 

 

 

Figure 2.5 Schematic of the stepwise activation model for mGluR2 13 

Four-state stepwise model for the mechanism of allosteric activation of mGluRs with receptors 

shown in green and ligand in red. Darker shading of CRDs and TMDs represent greater occupancy 

of a given conformation. State 1 (FRET=0.31) represents the most common CRD conformation of 

an unliganded receptor, where the CRDs are farthest apart. State 2 (FRET=0.51) represents the 

CRD conformation resulting from ligand binding to a single VFT domain. State 3 (FRET=0.71) 

represents the CRD conformation resulting from ligand binding to both VFT domains and prior to 

the formation of a stabilizing TMD interaction. State 4 (FRET=0.89) represents the CRD 

conformation resulting from ligand binding to both VFT domains and a stabilizing TMD 

interaction. State 4 is the active conformation of the receptor. PAM mutations can function by 

increasing transitions from state 3 to 4. 
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Our model (Figure 2.5) has several implications for the activation and modulation of mGluRs. 

First, we demonstrated that the activation proceeds through a conformational state where the LBD 

of only one subunit is active (state 2). Stalling the receptor in this state, which we achieved by 

mutations in the LBD of one subunit within the dimer, significantly hinders the progression of 

conformational changes of the receptor towards activation. Second, signaling of GPCRs in general 

and mGluRs specifically can be modulated by endogenous or exogenous allosteric modulators 

(such as lipids or PAMs and NAMs) (Thal et al., 2018; Foster & Conn, 2017). While synthetic 

allosteric modulators are attractive therapeutic approaches, due to their superior specificity and 

tunability (Foster & Conn, 2017), their mechanism of action in class C GPCRs is unknown. Our 

analysis revealed that the PAM mutation, C770A, confers positive allosteric modulation by 

decreasing the lifetime of the novel state 3 and by increasing transitions from state 3 to the active 

state 4, resulting in a greater overall occupancy of the active state (Figure 2.4D-E, S2.10B,D). Due 

to the stepwise compaction required for mGluR activation, several energetic barriers must be 

overcome to achieve receptor signaling. While each of these transitions may be modulable, we 

show that the C770A mutation specifically functions to reduce the barrier between states 3 and 4. 

Furthermore, the location of this mutation in TM6, the active TMD interface (Koehl et al., 2019b; 

Xue et al., 2015b), supports the possibility that a stabilizing TMD interaction is necessary for the 

active receptor conformation (state 4). Together, the novel intermediate states act as critical 

conformational checkpoints for regulating mGluR activation and signaling. These insights have 

the potential to accelerate development of drugs and modulators for mGluRs.  

Third, we found that the active conformation of the receptor at the CRD is transient and dynamic, 

even in the presence of saturating full agonist (Figure 2.2C, 3D, S2.4B). This is in contrast to the 
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behavior of the ligand-binding domain of the receptor which is very stable in saturating agonist 

(Vafabakhsh et al., 2015) (Figure 2.3D, S2.3C). This could explain why while there are several 

active structures of the extracellular domain of class C GPCRs available (Kunishima et al., 2000; 

Koehl et al., 2019b; Muto et al., 2007b), obtaining the active structure of the TMD in intact 

mGluRs has been challenging (Koehl et al., 2019b). Finally, our results collectively suggest that 

mGluRs adopt a single active conformation, the stability of which is determined not only by ligand 

binding and closure of the VFT domains, but also by the propensity of the TMDs to interact within 

the dimer.  

GPCR dimerization and oligomerization in vivo and in a ligand-dependent manner has been a 

subject of extensive research (Mijares et al., 2000; Stoneman et al., 2019) and formation of GPCR 

dimers are shown to be transient and depend on agonist binding (Hern et al., 2010; Calebiro et al., 

2013; Moller et al., 2020). Our model raises the interesting possibility that class C GPCRs are 

evolved to use this intrinsic property to control their activation. In this framework, agonist binding 

effectively brings the 7TMs into close proximity to facilitate their interaction and promote 

formation of the signaling active configuration of the G protein binding interface. This mechanism 

is in essence similar to many receptor tyrosine kinases (RTKs) (Endres et al., 2013), where ligand 

binding effectively controls the proximity of signaling or enzymatic domains and may be the 

design principle underlying many biological allosteric switches.  
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2.5 Materials and Methods 

2.5.1 Molecular cloning 

The C-terminal FLAG-tagged mouse mGluR2 and mGluR3 constructs in pcDNA3.1(+) 

expression vector were purchased from GenScript (ORF clone: OMu19627D and OMu17682D) 

and verified by sequencing (ACGT Inc). The mutation of amino acid A548 in mGluR2 and A557 

in mGluR3 to an amber codon (TAG) was performed using the QuikChange site-directed 

mutagenesis kit (Qiagen). The same approach was used to introduce point mutations in mGluR2 

(Y216A, D295A, C770A, and L521C) for other experiments.  For the YADA/WT mGluR2 

(548UAA) heterodimer experiment, a SNAP-tag (pSNAPf, NEB) was inserted at position 19, 

flanked by GGS linkers, using HiFi DNA Assembly Master Mix (NEB). Finally, site directed 

mutagenesis was done to remove the C-terminal FLAG-tag on this construct. All plasmids were 

sequence verified (ACGT Inc). DNA restriction enzymes, DNA polymerase and DNA ligase were 

from New England Biolabs. Plasmid preparation kits were purchased from Macherey-Nagel. 

2.5.2 Cell culture conditions 

HEK293T cells were purchased from Sigma and were maintained in DMEM (Corning) 

supplemented with 10% (v/v) fetal bovine serum (GE Healthcare), 100 unit/mL penicillin-

streptomycin (Gibco) and 15 mM HEPES (pH=7.4, Gibco) at 37 °C under 5% CO2. The cells were 

passaged with 0.05% trypsin-EDTA (Gibco). For unnatural amino acid-containing protein 

expression, the growth media was supplemented with 0.6 mM 4-azido-L-phenylalanine (Chem-

Impex International).  All media was filtered by 0.2 µM PES filters (Fisher Scientific). 
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2.5.3 Transfection and protein expression 

24 hours before transfection, HEK293T cells were cultured in 10 cm cell culture dishes (Corning) 

or polylysine-coated 18 mm glass coverslips (VWR). One hour before transfection, media was 

changed to growth media supplemented with 0.6 mM 4-azido-L-phenylalanine. mGluR plasmids 

as described above and pIRE4-Azi plasmid (pIRE4-Azi was a gift from Irene Coin, Addgene 

plasmid # 105829) were co-transfected (1:1 w/w) into cells using Transporter 5 (Polysciences) or 

Lipofectamine 3000 (Invitrogen) (total plasmid: 1.5 µg/18 mm coverslip). For YADA/WT 

heterodimer experiments, SNAP-548UAA(WT), pIRE4-Azi and 548UAA-YADA were co-

transfected (1:1:1 w/w/w) using Transporter 5 (Polysciences) (total plasmid: 2 µg/18 mm 

coverslip). The growth media containing 0.6 mM 4-azido- L-phenylalanine was refreshed after 24 

hours and the cells were grown for another 24 hours (total 48 hours expression). On the day of the 

experiment, 10 minutes before labeling, supplemented growth media was removed and cells were 

washed twice by extracellular buffer solution containing (in mM): 128 NaCl, 2 KCl, 2.5 CaCl2, 

1.2 MgCl2, 10 sucrose, 10 HEPES, pH=7.4 and were kept in growth medium without 4-azido-L-

phenylalanine. Before the addition of labeling solution (below), cells were washed once with 

extracellular buffer solution. 

2.5.4 SNAP-tag labeling in live cells 

SNAP labeling of the N-terminus VFT domain (Figure S2.3C) was done by incubating the cells 

with 4 µM of benzylguanine Alexa-647 (NEB) and 4 µM of benzylguanine DY-549P1 (NEB) in 

extracellular buffer for 30 minutes at 37 °C. SNAP labeling for the WT/YADA heterodimer 

experiments (Figure 2.3E-F, S2.9) was done at 37 °C with 4 µM of SNAP-Surface ATTO488 
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(NEB) in extracellular buffer for 30 minutes. After labeling, coverslip was gently washed twice in 

extracellular buffer to remove excess dye.  

2.5.5 Unnatural amino acid labeling in live cells by azide-alkyne click chemistry 

A modified version of previously reported protocols (Serfling & Coin, 2016; Hong et al., 2010) 

was used to fluorescently label the incorporated 4-azido-L-phenylalanine in live cells. Stock 

solutions were made as follows: Cy3 and Cy5 alkyne dyes (Click Chemistry Tools) 10 mM in 

DMSO, BTTES (Click Chemistry Tools) 50 mM, copper sulfate (Millipore Sigma) 20 mM, 

aminoguanidine (Cayman Chemical) 100 mM, and (+)-sodium L-ascorbate (Millipore Sigma) 100 

mM in ultrapure distilled water (Invitrogen). In 656 µL of extracellular buffer solution, Cy3 and 

Cy5 alkyne dyes were mixed to a final concentration of 18 µM of each dye. To this mixture, a 

fresh pre-mixed solution of copper sulfate and BTTES (1:5 molar ratio) was added at the final 

concentration of 150 µM and 750 µM, respectively. Next, aminoguanidine was added to the final 

concentration of 1.25 mM and (+)-sodium L-ascorbate was added to the mixture to a final 

concentration of 2.5 mM. Total labeling volume was 0.7 mL. The labeling mixture was kept at 4 

°C for 8 minutes followed by 2 minutes at room temperature before addition to cells. Cells were 

washed prior to addition of labeling mixture. During labeling, cells were kept in the dark at 37 °C 

and 5% CO2. After 10 minutes, L-glutamate (Sigma) was added to the cells to a final concentration 

of 0.5 mM and cells were incubated for an additional 5 minutes. After labelling, cells were washed 

twice by extracellular buffer. For the gel electrophoresis experiment, only Cy5 alkyne dye was 

used with the final concentration of 35 µM.  
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2.5.6 Gel electrophoresis  

After labelling, cells from three 10 cm dishes were washed by extracellular buffer and detached 

from the plates by incubating with Ca2+-free DPBS (Thermo Scientific) buffer followed by a gentle 

pipetting. Cells were then pelleted by a 4,000 g centrifugation at 4 °C for 10 minutes. The pellet 

was lysed in 1.5 mL lysis buffer (pH=7.2) consisting of 200 mM NaCl, 50 mM HEPES, 1 mM 

EDTA, protease inhibitor tablet (Thermo Fisher Scientific) and 1% DDM-CHS (10:1, Anatrace). 

After 1 hour of gentle mixing at 4 °C, cells were centrifuged at 20,000 g at 4°C for 20 minutes and 

the supernatant was collected and concentrated to 150 µL by 100kDa centrifugal filters (Millipore) 

at 4 °C. 10 µL of this solution was mixed with 10 µL of 50% glycerol and loaded into a precast 4-

20 % gradient non-reducing polyacrylamide gel (Biorad) and ran at 100 V for 45 minutes. 2 µL of 

precision plus protein standard (Biorad) was used as a ladder. The gel was washed two times in 

ultrapure water and the image was captured using a Typhoon 9400 fluorimager (GE Healthcare) 

with 633 nm excitation wavelength and 670-BP30 emission filter.  

2.5.7 Confocal microscopy 

Live-cell images were acquired using an inverted confocal microscope (Zeiss, LSM-800) with a 

40X oil-immersion objective, equipped with 561 and 640 nm lasers, with 2 GaAsP-PMT detectors 

with detection wavelengths of 540-617 nm and 645-700 nm for Cy3 and Cy5 channels 

respectively. 

2.5.8 Live-cell FRET measurements 

After labeling, coverslip was assembled in a flow chamber (Innova Plex) and attached to a gravity 

flow control system (ALA Scientific Instruments) to control buffer application during 

experiments. Buffers were applied at the rate of 5 mL/min. Labeled cells were imaged on a home-
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built total internal reflection fluorescence (TIRF) microscope equipped with a 20X objective 

(Olympus, oil-immersion) in the oblique illumination mode and using an excitation filter set with 

a quad-edge dichroic mirror (Di03-R405/488/532/635, Semrock) and a long-pass filter (ET542lp, 

Chroma). 

Cy3 (donor) was excited with a 532 nm laser (RPMC Lasers) and emissions from Cy3 and Cy5 

fluorophores were simultaneously recorded with an electron multiplying charge-coupled device 

(EMCCD, iXon Ultra, Andor). All data was recorded at 4500 ms time resolution. In the emission 

path a quad-notch filter (NF01-405/488/532/635, Semrock) was used to block lasers and a dichroic 

beamsplitter (FF640-FDi01, Semrock) was used to split the emission into donor and acceptor 

signals. 

Movies were analyzed in Fiji (Schindelin et al., 2012) by manually drawing an ROI around the 

membrane of each analyzed cell. Built-in Fiji functions were used to calculate the mean grey 

intensity within the ROIs in both donor and acceptor channels and over all the frames. Donor and 

acceptor intensities were corrected for background which was measured from a region in the same 

field of view and without cells. The acceptor intensity was corrected for bleed-through of the Cy3 

donor signal into the Cy5 acceptor channel which we measured to be 8.8% of Cy3 intensity in our 

setup. Apparent FRET efficiency was calculated as FRET= (IA − 0.088× ID) / (ID + IA), where ID 

and IA are the background-corrected donor and acceptor intensities. Cells and ROIs were inspected 

for lack of substantial drift, lateral movement, and the presence of anti-correlated behavior of donor 

and acceptor signals. 

During the titration experiments the wash buffer or buffers containing the specified ligand were 

continuously applied long enough for the FRET curve to stabilize and plateau. To calculate the 
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FRET change (ΔFRET) for each ligand application, the average of FRET efficiency for 6 

datapoints before the application of ligand was calculated and assigned as FRET_before. The 

average FRET efficiency for 6 datapoints after the application of ligand and after the FRET curve 

has plateaued was calculated and assigned as FRET_after. FRET change (ΔFRET) was calculated 

as ΔFRET = FRET_after - FRET_before. Dose response equation  𝑦 (𝑥) = 𝐴1 +
𝐴2−𝐴1

1+ 10(𝐿𝑜𝑔𝑥0−𝑥)𝑃
  

was used for fitting ΔFRET data to calculate EC50. 

DCG-IV and Ro64-5229 were purchased from Tocris. LY379268 was purchased from Cayman 

Chemical. All curve fittings were done in Origin Pro (OriginLab). 

2.5.9 Structural analysis 

Distances were measured in Chimera (Pettersen et al., 2004). Based on the spectral overlap of Cy3 

alkyne and Cy5 alkyne, a Förster radius (R0) of 55 Å was used to convert raw FRET efficiency (F) 

to an approximate distance using FRET=1/(1+(R/ R0)
6). Figure 1a was created using Illustrate 

(Goodsell et al., 2019). 

2.5.10 Single-molecule FRET measurements 

Single-molecule FRET experiments were done in flow cells that were prepared using glass 

coverslips (VWR) and slides (Thermo Fisher Scientific) passivated with mPEG (Laysan Bio) and 

1% (w/w) biotin-PEG to prevent unspecific protein adsorption, as previously described 

(Vafabakhsh et al., 2015; Jain et al., 2012). Prior to experiments, flow cells were first incubated 

with 500 nM NeutrAvidin (Thermo Fisher Scientific) for 2 minutes followed by 20 μM 

biotinylated FLAG antibody (A01429, GenScript) for 30 minutes. Unbound NeutrAvidin and 
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biotinylated FLAG antibody were removed by washing. Washes and protein dilutions were done 

with T50 buffer (50 mM NaCl, 10 mM Tris, pH 7.4). 

After labeling, cells were recovered from a single 10 cm plate by incubating with Ca2+-free DPBS 

followed by a gentle pipetting. Cells were then pelleted by a 4000 g centrifugation at 4 °C for 10 

minutes. The cell pellet was lysed in 350 µL lysis buffer consisting of 200 mM NaCl, 50 mM 

HEPES, 1 mM EDTA, protease inhibitor tablet (Thermo Fisher Scientific) and 1% DDM-CHS 

(10:1, Anatrace), pH 7.2. After 1 hour of gentle mixing at 4 °C, lysate was centrifuged at 20,000 

g for 20 min at 4 °C. The supernatant was collected and diluted (5 to 10-fold dilution depending 

on the concentration) and was then added to the flow chamber to achieve sparse surface 

immobilization of labeled receptors by their C-terminal FLAG-tag. Sample dilution and washes 

were done using a dilution buffer consisting of 200 mM NaCl, 50 mM HEPES and 0.1% DDM-

CHS (10:1, Anatrace), pH 7.2. After optimal receptor coverage was achieved, flow chamber was 

washed extensively with dilution buffer to remove unbound proteins (> 20× chamber volume). 

Finally, labeled receptors were imaged in imaging buffer consisting of (in mM) 4 Trolox, 128 

NaCl, 2 KCl, 2.5 CaCl2, 1.2 MgCl2, 40 HEPES, 0.05% DDM-CHS (10:1) and an oxygen 

scavenging system consisting of 4 protocatechuic acid (Sigma) and 1.6 U/mL bacterial 

protocatechuate 3,4-dioxygenase (rPCO) (Oriental Yeast Co.), pH 7.35. All reagents were 

prepared from ultrapure-grade chemicals (purity > 99.99%) and were purchased from Sigma. All 

buffers were made using ultrapure distilled water (Invitrogen). 

Samples were imaged with a 100X objective (Olympus, 1.49 NA, Oil-immersion) on a total 

internal reflection fluorescence (TIRF) microscope, as described above, with 30 ms time resolution 

unless stated otherwise (Figure S2.3A). 532 nm and 638 nm lasers (RPMC Lasers) were used for 
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donor and acceptor excitation, respectively. For the YADA/WT mGluR2 heterodimer 

experiments, a 488 nm laser was used to excite receptors labeled by SNAP (BG-ATTO488), prior 

to excitation with lasers 532 nm and 638 nm (Figure S2.9).  

2.5.11 smFRET data analysis 

Analysis of single molecule fluorescence data was performed using smCamera 

(http://ha.med.jhmi.edu/resources/), custom MATLAB (MathWorks) scripts and OriginPro 

(OriginLab). Particle selection and generation of raw FRET traces were done automatically within 

the smCamera software (Figure S2.3A). For the selection, particles that showed acceptor signal 

upon donor excitation, with acceptor brightness greater than 10% above background and had a 

Gaussian intensity profile, were automatically selected and donor and acceptor intensities were 

measured over all the frames. Out of this pool, particles that showed a single donor and a single 

acceptor bleaching step during the acquisition time, stable total intensity (ID + IA), anti-correlated 

donor and acceptor intensity behavior without blinking events and lasted for more than 4 seconds 

were manually selected for further analysis (~20-30% of total molecules per movie). All data was 

analyzed by three individuals independently and the results were compared and showed to be 

identical. In addition, a subset of data was blindly analyzed to ensure no bias in analysis.  Apparent 

FRET efficiency was calculated as (IA − 0.088×ID) / (ID + IA), where ID and IA are raw donor 

and acceptor intensities, respectively. For the YADA/WT mGluR2 heterodimer experiments, 

identity of heterodimers was confirmed by observing a single photobleaching event upon 488 nm 

laser excitation. All experiments were repeated at least three times independently to ensure 

reproducibility of the results. Population smFRET histograms were generated by compiling at least 

200 FRET traces from individual molecules unless otherwise stated. Before compiling traces, 
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FRET histograms of individual molecules were normalized to 1 to ensure that each trace 

contributes equally, regardless of trace length. Error bars on histograms represent the standard 

error of at least six independent movies. 

Peak fitting on population smFRET histograms was performed using OriginPro and using four 

Gaussian distributions as 𝒚(𝒙) = ∑
𝑨𝒊

𝒘𝒊√
𝝅

𝟐

𝒆
−𝟐

(𝒙−𝒙𝒄𝒊)𝟐

𝒘𝒊
𝟐𝟒

𝒊=𝟏 , where A is the peak area, xc is the FRET 

peak center and w is the peak width for each peak. Peak centers (xc) were constrained as mean 

FRET efficiency of a conformational state ± 0.02. The mean FRET efficiencies of the four 

conformations were determined based on the most frequent FRET states observed in transition 

density plots. This analysis is further described below. Peak widths were constrained as 0.1 ≤ w ≤ 

0.24. Peak areas were constrained as A > 0. Probability of state occupancy was calculated as area 

of specified peaks relative to the total area which is defined as the sum of all four individual peak 

areas.  

Raw donor, acceptor and FRET traces were idealized by fitting with a Hidden Markov Model 

using vbFRET software (Zhang et al., 2018; Bronson et al., 2009b). Transition density plots were 

then generated by extracting all the transitions where ΔFRET > 0.1, from the idealized traces. 

Occasional traces for which the HMM fit did not converge (for example due to long blinking 

events or large non anti-correlated intensity fluctuations) were omitted from downstream analysis. 

The idealized FRET traces were also used to calculate the dwell times for each of the four states. 

147, 140, 128 and 142 molecules from three independent measurements were used for dwell-time 

analysis of states 3 and 4 for UAA548 (5uM and 10uM glutamate) and mGluR2 C770A (5uM and 

10uM glutamate), respectively. 86, 83, 91 and 72 molecules from two independent measurements 
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were used for dwell-time analysis of states 1 and 2 for the same respective constructs and 

conditions. Reported values represent mean and error bars represent s.e.m. At least 350 transitions 

were analyzed for each condition. The dwell times were plotted as cumulative count histograms 

and were fit with a single-exponential decay function 𝑦(𝑥) =  𝑦0 + 𝐴1𝑒−𝑥/τ by OriginPro 

(OriginLab). 

The cross-correlation (CC) of donor and acceptor intensity traces at time τ is defined as CC(τ) = 

δID(t)δIA(t + τ)/(<ID(t)> + <IA(t)>), where δID(t) = ID(t) − <ID(t)>, and δIA(t) = IA(t) -<IA(t)>. 

<ID(t)> and <ID(t)> are time average donor and acceptor intensities, respectively. Cross-correlation 

calculations were performed on the same traces used to generate the histograms. Cross-correlation 

data were fit to a single exponential function. 
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Chapter 3: Identifying mechanisms for mGluR2 allosteric 

modulation 

 

 

A previous version of this chapter has been published as: 

Liauw, B.W., Foroutan, A., Schamber, M.R., Lu, W., Afsari, H.S., Vafabakhsh, R. eLife. 2022. 

 

3.1 Abstract  

Activation of G protein-coupled receptors (GPCRs) is an allosteric process. It involves 

conformational coupling between the orthosteric ligand binding site and the G protein binding site. 

Factors that bind at non-cognate ligand binding sites to alter the allosteric activation process are 

classified as allosteric modulators and represent a promising class of therapeutics with distinct 

modes of binding and action. For many receptors, how modulation of signaling is represented at 

the structural level is unclear. Here, we developed FRET sensors to quantify receptor modulation 

at each of the three structural domains of metabotropic glutamate receptor 2 (mGluR2). We 

identified the conformational fingerprint for several allosteric modulators in live cells. This 

approach enabled us to derive a receptor-centric representation of allosteric modulation and to 
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correlate structural modulation to the standard signaling modulation metrics. Single-molecule 

FRET analysis revealed that a NAM increases the occupancy of one of the intermediate states 

while a PAM increases the occupancy of the active state. Moreover, we found that the effect of 

allosteric modulators on the receptor dynamics is complex and depend on the orthosteric ligand. 

Collectively, our findings provide a structural mechanism of allosteric modulation in mGluR2 and 

suggest possible strategies for design of future modulators. 

 

3.2 Introduction 

G protein-coupled receptors (GPCRs) are the largest family of membrane receptors in humans and 

are key drug targets due to their role in nearly all physiological processes (Thal et al., 2018; 

Dorsam & Gutkind, 2007). Compounds that bind to the defined, endogenous ligand binding pocket 

in GPCRs are called orthosteric ligands. Many such orthosteric agonists or antagonists have been 

developed as successful therapies (Lindsley et al., 2016). Despite this success, achieving target 

specificity in closely related receptors has been a long-standing challenge due to high conservation 

of the orthosteric binding site. Moreover, tolerability and safety of orthosteric drugs in therapeutic 

applications have been difficult to achieve for some GPCRs (Lindsley et al., 2016).  

Recently, allosteric modulators have emerged as a promising class of therapeutic compounds for 

fine-tuning physiological response of GPCRs with high receptor specificity and pathway 

specificity. Allosteric modulators bind to allosteric sites which are structurally distinct from the 

orthosteric pocket, to indirectly tune the response to the orthosteric ligand (Foster & Conn, 2017). 

Major advances in design, synthesis, and screening of small molecule compounds have produced 

multiple selective and potent allosteric modulators for many GPCRs (Lindsley et al., 2016). In 
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addition, improvements in techniques for measuring GPCR activity have helped reveal the 

complex pharmacological properties of allosteric modulators (Christopoulos, 2014; Leach & 

Gregory, 2017) such as probe and cell-type context dependence (Sengmany et al., 2019), biased 

allosteric agonism, and biased modulation (Sengmany et al., 2017; Makita et al., 2007). Generally, 

functional characterization of allosteric modulators is done using assays that quantify changes at 

specific steps of the signaling cascade, downstream of receptor, such as intracellular Ca2+ levels, 

IP1 accumulation, cellular cAMP levels, ERK1/2 phosphorylation levels, or using energy transfer 

methods to quantify dissociation of signaling proteins. Collectively, these approaches have 

provided a pharmacological framework for characterizing and profiling allosteric modulators. 

However, as functional assays measure the effect of modulators downstream of the receptor, they 

are unable to provide direct mechanistic insight on allosteric modulation at the receptor level. 

Advances in methods for structure determination of membrane proteins have yielded atomic 

structures of many GPCRs bound to different allosteric modulators and provided insight into 

different ligand binding modalities and distinct modulator-induced conformations (Seven et al., 

2021; Shaye et al., 2020; Bueno et al., 2020; Kruse et al., 2013; Liu et al., 2019; Srivastava et al., 

2014). However, despite these advances, for many receptors, structures of only a small subset of 

receptor-modulator combinations have been determined. Moreover, receptor activation and 

modulation are dynamic processes, and dynamic information is not achievable by structural 

representations alone. While progress has been made towards understanding the dynamics of 

allosteric modulation in class A GPCRs (Wootten et al., 2013; Thal et al., 2018; Gentry et al., 

2015), more comprehensive mechanisms, especially for large multi-domain GPCRs, are lacking. 
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Among all GPCRs, the class C GPCRs are distinct as they are structurally modular, possessing a 

large extracellular domain and functioning as obligate dimers. Notably, the orthosteric ligand-

binding site that is typically found within the 7 transmembrane (7TM) domain bundle in class A 

GPCRs is in the extracellular Venus flytrap (VFT) domain of class C GPCRs. The VFT domain is 

linked to the 7TM domain via the cysteine-rich domain (CRD) which is a semi-rigid linker domain. 

Thus, receptor activation is inherently an allosteric process that involves inter-subunit and inter-

domain cooperativity. In the class C family, metabotropic glutamate receptors (mGluRs) are 

responsible for mediating the slow neuromodulatory effects of glutamate to tune synaptic 

excitability and transmission (Niswender & Conn, 2010; Pin & Bettler, 2016), making them 

promising therapeutic targets for treating a range of neurological and psychiatric disorders (Foster 

& Conn, 2017; Conn, Christopoulos, et al., 2009; Mantas et al., 2021). Based on structural (Wu et 

al., 2014; Doré et al., 2014; Seven et al., 2021; Du et al., 2021) and mutagenesis (Farinha et al., 

2015; Lundström et al., 2011; Gregory & Conn, 2015) studies, the primary mGluR allosteric 

binding sites were determined to be located within the 7TM domain bundles. Previous work 

examining allosteric modulation of mGluR conformational dynamics generally used ensemble 

methods and was focused on the dimeric rearrangement of either the 7TM domain (Gutzeit et al., 

2019; Nasrallah et al., 2021) or the extracellular ligand-binding domain (Cao et al., 2021). While 

these studies of individual domains provide insights into how allosteric modulators affect mGluR 

structure and dynamics, they are not conducive for the broader fingerprinting of the modulator 

effect across multiple domains of the receptor. Specifically, how key pharmacological parameters 

such as efficacy and potency of different orthosteric and allosteric ligands, are manifested 
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structurally at different domains and how positive and negative allosteric modulators achieve their 

modulatory effect through modifying the receptor’s energy landscape are not known.  

Here, we used live-cell fluorescence resonance energy transfer (FRET) and single-molecule FRET 

(smFRET) imaging with non-perturbing site-specific labeling, to explicitly examine and quantify 

the effects of orthosteric agonists and allosteric modulators on mGluR2 conformation and 

dynamics at the three structural domains of the receptor (Figure 3.1A). Comparing live-cell 

imaging results between the domains, we found that the effect of positive or negative allosteric 

modulators is represented at every domain of the receptor, but to different levels. The effect of 

modulators on the glutamate efficacy and potency as quantified by the compaction and 

rearrangement at each receptor domain via the FRET sensors matches with the known functional 

classification of the compounds. Interestingly, positive allosteric modulators (PAMs) generally 

increased glutamate efficacy to a greater extent when measured at the CRD and 7TM domains 

compared to the VFT domain. A similar trend was observed for orthosteric agonists. Our results 

illustrate that the conformation of the CRD and 7TM domain are more accurate metrics for 

quantifying ligand efficacy than that of the VFT domain, possibly due to the loose conformational 

coupling between mGluR2 domains (Grushevskyi et al., 2019; Liauw et al., 2021). Further 

examination of the CRD sensor by smFRET revealed that the PAM compound BINA, biases more 

compact intermediate CRD conformations even in the absence of glutamate and further stabilizes 

the intrinsic CRD dynamics in the presence of glutamate. In contrast, we found that MNI-137 

which is a NAM, blocked receptor activation by impeding CRD progression to the active 

conformation and preventing glutamate-induced stabilization of the domain. Collectively, the 
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work presented here provides a dynamic receptor centric model of allosteric modulator effects on 

mGluR2 conformation and dynamics as well as mechanisms for positive and negative modulation. 

 

3.3 Results 

3.3.1 CRD and 7TM domain conformation are sensitive measures of mGluR2 activation 

According to the general model for mGluR activation, binding of an orthosteric agonist induces a 

local conformational change that causes global receptor rearrangement to activate the G protein-

binding interface 10 nm away, through stabilization of an asymmetric 7TM domain interface 

(Seven et al., 2021). Therefore, activation involves coordinated conformational coupling of the 

three receptor domains. Structurally, the VFT domain, CRD, and 7TM domain undergo unique 

dynamics during receptor activation (Cao et al., 2021; Grushevskyi et al., 2019; Liauw et al., 2021). 

Moreover, how each domain within mGluRs contribute to the overall receptor regulation and 

activation is now better understood (S. Huang et al., 2011; Thibado et al., 2021; Goudet et al., 

2004). Thus, the three domains can be viewed as modular units that are linked to form a complex 

and conformationally coupled signaling machine. To gain further insight into mGluR activation 

and allostery, a better understanding of the dynamics of individual domains and their relation to  

one another is essential. 
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Figure 3.1 Agonist-induced structural change measured at each domain using 

conformational FRET sensors 14 

(A) Full-length cryo-EM structures of inactive (7EPA) and fully active (7E9G) mGluR2 (human) 

and schematic illustrating fluorophore placement for each inter-domain sensor. (B) Representative 

normalized live-cell FRET trace from glutamate titration experiment on HEK293T cells 

expressing azi-ECL2. Data was acquired at 4.5 s time resolution. Dose-response curves from live-

cell FRET orthosteric agonist titration experiments using (C) azi-ECL2, (D) SNAP-m2, and (E) 

azi-CRD. Data is acquired from individual cells and normalized to 1 mM glutamate response. Data 

represents mean ± s.e.m. of responses from individual cells from at least three independent 

experiments. Total number of cells examined, mean EC50, mean max response, and errors are listed 

in Table 1-2. 
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Here, we used inter-subunit FRET sensors to measure the dimeric rearrangement of each structural 

domain within full-length mGluR2 in real-time and in vivo to obtain a more comprehensive picture 

of receptor activation (Figure 3.1A). Specifically, to study inter-7TM domain conformational 

change, we created a novel sensor based on an unnatural amino acid (UAA) incorporation strategy 

(Huber et al., 2013a; Noren, Anthony-Cahill, et al., 1989; Serfling & Coin, 2016; Liauw et al., 

2021) to site-specifically label extracellular loop 2 (ECL2). We also utilized well established 

conformational sensors to examine the VFT domain and CRD (Doumazane et al., 2011; 

Vafabakhsh et al., 2015; Liauw et al., 2021). To generate the inter-7TM domain sensor, we inserted 

an amber codon between E715 and V716 which, after expression in HEK293T cells, was labeled 

with 4-azido-L-phenylalanine (hereafter, azi-ECL2). This sensor allowed us to precisely probe 

conformational changes at ECL2, which have been shown to be essential in coordinating structural 

transitions between the VFT domain and 7TM domain of not only mGluR2 (Seven et al., 2021; 

Du et al., 2021), but other class C GPCRs as well (Koehl et al., 2019a; Shen et al., 2021). We 

observed a glutamate concentration-dependent increase in FRET signal in cells expressing azi-

ECL2, confirming a general reduction in distance between ECL2s during mGluR2 activation and 

consistent with structural studies (Seven et al., 2021; Du et al., 2021) (Figure 3.1B, S3.1A).  

This glutamate-dependent increase in ensemble FRET had a half-maximum effective 

concentration (EC50) of 5.1 ± 0.6 μM, consistent with the concentration-dependent activation of 

GIRK currents (Vafabakhsh et al., 2015) (Figure 3.1C, Table 3.1). These results validate the 

sensitivity and accuracy of this new FRET sensor. Next, we measured the concentration-dependent 

increases in ensemble FRET signals for other orthosteric ligands DCG-IV, LY379268, and 

(2R,4R)-APDC and measured EC50 values of 0.9 ± 0.1 μM, 10.2 ± 2.4 nM, and 6.7 ± 1.3 μM, 
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respectively, in agreement with the published range of EC50 values for these compounds 

(Doumazane et al., 2013a) (Figure 3.1C, S3.1B, Table 3.1). Importantly, azi-ECL2 accurately 

reports that DCG-IV is less efficacious than glutamate, consistent with its characterization as a 

partial agonist. Likewise, this sensor was able to accurately report on LY379268 and (2R,4R)-

APDC which are known to be more efficacious agonists than glutamate (Figure 3.1C, S3.2, Table 

3.2). 
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Sensor Ligand N Mean EC50 S.E.M. Hill Slope Standard Error 

SNAP-m2 Glutamate 9 11.9 1.5 -1.44 0.08 

SNAP-m2 DCG-IV 6 0.4 0.1 -1.26 0.11 

SNAP-m2 LY379268 6 30.6 9.3 -1.12 0.07 

SNAP-m2 (2R,4R)-APDC 6 6.9 3.1 -1.10 0.05 

SNAP-m2 Glutamate + 10μM BINA 23 1.2 0.4 -1.24 0.09 

SNAP-m2 Glutamate + 5μM LY487379 4 3.8 0.9 -1.43 0.11 

SNAP-m2 Glutamate + 0.5μM JNJ-42153605 5 4.2 1.9 -0.95 0.05 

SNAP-m2 Glutamate + 10μM MNI-137 4 17.2 2.8 -1.61 0.06 

SNAP-m2 Glutamate + 10μM Ro 64-5229 3 19.6 2.6 -1.52 0.04 

azi-CRD Glutamate 26 11.6 0.5 1.19 0.03 

azi-CRD DCG-IV 10 1.1 0.2 0.94 0.10 

azi-CRD LY379268 20 12.1 0.5 1.36 0.05 

azi-CRD (2R,4R)-APDC 36 6.5 1.2 1.10 0.05 

azi-CRD Glutamate + 10μM BINA 10 1.6 0.3 1.16 0.05 

azi-CRD Glutamate + 5μM LY487379 22 4.5 0.6 0.91 0.04 

azi-CRD Glutamate + 0.5μM JNJ-42153605 10 4.7 1.3 0.84 0.03 

azi-CRD Glutamate + 10μM MNI-137 27 13.8 0.7 1.10 0.04 

azi-CRD Glutamate + 10μM Ro 64-5229 13 16.9 1.2 1.05 0.06 

azi-ECL2 Glutamate 15 5.1 0.6 0.96 0.07 

azi-ECL2 DCG-IV 24 0.9 0.1 1.05 0.06 

azi-ECL2 LY379268 9 10.2 2.4 1.03 0.04 

azi-ECL2 (2R,4R)-APDC 13 6.7 1.3 1.14 0.05 

azi-ECL2 Glutamate + 10μM BINA 16 2.5 0.2 1.06 0.07 

azi-ECL2 Glutamate + 5μM LY487379 22 3.5 0.2 0.98 0.05 

azi-ECL2 Glutamate + 0.5μM JNJ-42153605 17 2.2 0.1 0.97 0.06 

azi-ECL2 Glutamate + 10μM MNI-137 8 14.4 1.7 1.32 0.06 

azi-ECL2 Glutamate + 10μM Ro 64-5229 5 17.4 2.4 1.07 0.09 

*All EC50s and errors values are in micromolar, except for LY379268 (nanomolar). 

 

Table 3.1 Live-cell FRET titration experiment data and statistics 
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Sensor Ligand N Mean Max 

Response 

S.E.M. 

SNAP-m2 Glutamate - 1 - 

SNAP-m2 DCG-IV 25 0.79 0.01 

SNAP-m2 LY379268 23 1.01 0.01 

SNAP-m2 (2R,4R)-APDC 14 0.96 0.01 

SNAP-m2 Glutamate + 10μM BINA 7 1.02 0.01 

SNAP-m2 Glutamate + 5μM LY487379 14 1.07 0.01 

SNAP-m2 Glutamate + 0.5μM JNJ-42153605 22 1.01 0.01 

SNAP-m2 Glutamate + 10μM MNI-137 22 0.85 0.02 

SNAP-m2 Glutamate + 10μM Ro 64-5229 35 0.87 0.01 

azi-CRD Glutamate - 1 - 

azi-CRD DCG-IV 19 0.69 0.01 

azi-CRD LY379268 25 1.06 0.02 

azi-CRD (2R,4R)-APDC 13 1.02 0.01 

azi-CRD Glutamate + 10μM BINA 9 1.12 0.05 

azi-CRD Glutamate + 5μM LY487379 19 1.56 0.07 

azi-CRD Glutamate + 0.5μM JNJ-42153605 8 1.43 0.08 

azi-CRD Glutamate + 10μM MNI-137 18 0.86 0.02 

azi-CRD Glutamate + 10μM Ro 64-5229 18 0.59 0.03 

azi-ECL2 Glutamate - 1 - 

azi-ECL2 DCG-IV 25 0.64 0.02 

azi-ECL2 LY379268 22 1.14 0.04 

azi-ECL2 (2R,4R)-APDC 56 1.05 0.01 

azi-ECL2 Glutamate + 10μM BINA 14 1.42 0.07 

azi-ECL2 Glutamate + 5μM LY487379 7 1.25 0.09 

azi-ECL2 Glutamate + 0.5μM JNJ-42153605 13 0.99 0.02 

azi-ECL2 Glutamate + 10μM MNI-137 58 0.78 0.03 

azi-ECL2 Glutamate + 10μM Ro 64-5229 8 0.84 0.05 

*All max response values are normalized to 1mM glutamate. 

 

Table 3.2 Live-cell FRET max normalization experiment data and statistics 
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Receptor rearrangement and activation requires local ligand-induced structural change to 

propagate from the VFT domain through the CRD to the 7TM domain. Thus, we next compared 

the orthosteric agonist-induced FRET change of azi-ECL2 with that of the VFT domain FRET 

sensor (N-terminal SNAP-tag labeled mGluR2; hereafter, SNAP-m2) and CRD FRET sensor 

(labeled via 4-azido-L-phenylalanine insertion at position 548; hereafter, azi-CRD). We found that 

all three sensors accurately predict the relative efficacy of tested orthosteric ligands (Figure 3.1C-

E, S3.2A, Table 3.2). Specifically, the three sensors rank the four agonists from most to least 

efficacious as LY379268 > (2R,4R)-APDC > glutamate > DCG-IV. However, the maximum 

response by highly efficacious agonists LY379268 and (2R,4R)-APDC are larger when measured 

at the CRD and 7TM domain compared to the VFT domain (Figure S3.2, Table 3.2). In contrast, 

maximum response by partial agonist DCG-IV is smaller at the CRD and 7TM domain as 

compared to measurements at the VFT domain. These findings are consistent with results from 

our functional calcium imaging assay that utilizes a chimeric G protein (Conklin et al., 1993) 

(Figure S3.3). For example, DCG-IV shows 79% of glutamate efficacy via the VFT domain FRET 

sensor, while it shows 69% efficacy via CRD sensor and 64% efficacy via the ECL2 sensor, 

compared to 69% efficacy via the functional assay. Collectively, the results show that the novel 

ECL2 sensor accurately report the activation of mGluR2. Moreover, conformation of the CRD and 

7TM domain are a more sensitive measures of receptor activation compared to the VFT domain 

and consistent with the loose coupling between mGluR domains (Grushevskyi et al., 2019; Liauw 

et al., 2021).  
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3.3.2 Allosteric ligands modulate glutamate potency and efficacy at each structural domain  

Establishing general principles to predict physiological outcome of mGluR allosteric modulators 

has been challenging due to their high context dependence and variability in functional 

measurements (Thal et al., 2018; Leach & Gregory, 2017). For example, many mGluR5 PAMs 

exhibit biased agonism when used in a panel of different functional assays and tested mGluR5 

NAMs showed different effects between heterologous and endogenous systems (Sengmany et al., 

2019; Sengmany et al., 2017). To overcome the inherent limitations due to convolution of 

responses of multiple components in the signaling pathway, we directly quantified the effects of a 

series of modulators on glutamate-induced rearrangement of mGluR2 using the three FRET 

sensors described above. This unique approach provides a conformational fingerprint of allosteric 

modulators, complementing available pharmacological and structural data.  

We focused on three PAMs, BINA (Bonnefous et al., 2005), LY487379 (Johnson et al., 2003), 

and JNJ-42153605 (Cid et al., 2012), and two NAMs, MNI-137 (Hemstapat et al., 2007) and Ro 

64-5229 (Kolczewski et al., 1999). We examined the ability of these compounds to modulate 

glutamate-induced FRET change of SNAP-m2, azi-CRD, and azi-ECL2 FRET sensors. 

Specifically, to quantify modulation of glutamate potency (EC50), we performed glutamate 

titrations using each sensor in the presence of a different allosteric modulator. Next, in separate 

experiments, we derived maximum responses (efficacy) to 1 mM glutamate with and without each 

of the modulators (Figure S3.4-6, Table 3.2). First, glutamate titrations in the presence of all tested 

PAMs resulted in increased glutamate potency and efficacy at every domain, as measured via 

FRET (Figure 3.2A, C, D, F, G, I, Table 3.1-2). Therefore, the positive and negative allosteric 

modulation, which is defined through signaling assays, are generally manifested consistently at 
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every structural domain of mGluR2. We found that PAMs generally increase glutamate efficacy 

to a greater extent as probed at the CRD and 7TM domain compared to the VFT domain (Figure 

3.2J, Table 3.2). This is similar to the effects we observed for highly efficacious orthosteric 

agonists LY379268 and (2R,4R)-APDC. Specifically, glutamate efficacy in the presence 10 μM 

BINA as reported by azi-CRD and azi-ECL2 and not SNAP-m2 are more consistent with our 

functional analysis, suggesting that the CRD and 7TM domain are better metrics of ligand efficacy 

(Figure S3.7). Interestingly, JNJ-42153605 showed no change in efficacy as quantified by the 

FRET signal at ECL2 while it showed changes at VFT domain and CRD (Figure 3.2G, I, J, Table 

3.2). The ability of different mGluR2 PAMs to alter glutamate potency and efficacy as probed at 

each domain and to different degrees suggests that PAMs may utilize distinct mechanisms to 

achieve allosteric modulation of mGluR2, with each domain distinctly affected by each PAM.  
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Figure 3.2 Positive and negative allosteric modulation of mGluR2 structural domains 15 

SNAP-m2 glutamate dose-response curves in the presence of (A) PAMs or (B) NAMs. (C) 

Changes in glutamate potency and efficacy for SNAP-m2. azi-CRD glutamate dose-response 

curves in the presence of (D) PAMs or (E) NAMs. (F) Changes in glutamate potency and efficacy 
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for azi-CRD. azi-ECL2 glutamate dose-response curves in the presence of (G) PAMs or (H) 

NAMs. (I) Changes in glutamate potency and efficacy for azi-ECL2. (J) Changes in glutamate 

efficacy in response to PAMs and NAMs as measured by each conformational sensor. ΔPotency 

defined as (([modulator + glutamate]EC50 – [glutamate] EC50)/[glutamate] EC50) × 100. ΔEfficacy 

defined as ([1 mM glutamate + modulator] - [1 mM glutamate]) × 100. Data is acquired from 

individual cells and normalized to 1 mM glutamate response. Data represents mean ± s.e.m. of 

responses from individual cells from at least three independent experiments. Total number of cells 

examined for titration and normalization experiments, mean EC50, mean max response, and errors 

are listed in Table 1-2. 

 

 

Next, glutamate titration in the presence of NAMs resulted in the overall reduction of glutamate 

potency and efficacy probed at each of the three domains, as expected for a NAM (Figure 3.2B, 

C, E, F, H, I, Table 3.1-2). These results are consistent with our functional calcium imaging assay 

as well (Figure S3.7). Interestingly, at NAM concentration used for FRET imaging (10 μM) we 

observed robust glutamate-induced conformational change (Figure 3.2B, E, H, S3.4-6) but could 

not detect receptor activation in the presence of glutamate, consistent with previous reports that 

high concentration of NAMs block mGluR2 signaling. (Hemstapat et al., 2007; Kolczewski et al., 

1999). This shows that MNI-137 and Ro 64-5229 can block receptor activation without blocking 

glutamate-induced conformational change at every domain, even at the 7TM domain where the 

NAMs bind. Whether this is due to induction of novel conformational states upon NAM binding 

or due to interruption in existing conformational changes that precede receptor activation, cannot 

be addressed using ensemble assays.  

Together, the results show that the tested allosteric modulators affect glutamate-induced 

compaction and activation of mGluR2 in a manner consistent with their functional 

characterization. Interestingly, while having overlapping binding pockets that share key residues, 

PAMs and NAMs modulate glutamate-induced conformational change in different ways (Figure 

S3.8). Despite the overall trend for PAMs and NAMs, the general variability in the change of 
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glutamate potency and efficacy between domains in response to individual modulators provides 

evidence for the existence of multiple pathways to achieve allosteric modulation of mGluR2.  

3.3.3 BINA can function independently of glutamate and stabilizes receptor during 

activation 

Live-cell FRET experiments revealed the general conformational fingerprint of mGluR2 

modulators, which are defined as changes in glutamate potency and efficacy as measured by 

rearrangement of different domains. However, the ensemble method cannot provide mechanistic 

information such as receptor conformation, state occupancy, and state transitions. For example, 

whether the modulators stabilize novel states or alter transition rates between existing states is not 

directly deducible from the ensemble characterization. To overcome this limitation, we performed 

single-molecule FRET (smFRET) using the CRD FRET sensor. We selected azi-CRD because our 

live-cell FRET analysis showed that quantification of modulator effects on the CRD was very 

consistent with our functional results. Moreover, we previously showed azi-CRD to be a sensitive 

reporter of mGluR2 allosteric modulation via smFRET analysis (Liauw et al., 2021). 

To perform smFRET imaging, HEK293T cells expressing azi-CRD containing a C-terminal 

FLAG-tag were labeled using mixture of donor (Cy3) and acceptor (Cy5) fluorophores, then lysed. 

Cell lysate was then applied to a polyethylene glycol (PEG) passivated coverslip, functionalized 

with anti-FLAG-tag antibody to immunopurify the receptors (SiMPull) for total internal reflection 

fluorescence (TIRF) imaging (Jain et al., 2011; Liauw et al., 2021) (Figure 3.3A). In the absence 

of glutamate, the CRD primarily occupied the inactive state and intermediate state 1, 

corresponding to open and inactive conformations of the VFT domains or the conformation where 

an individual VFT domain is closed, respectively (Liauw et al., 2021) (Figure 3.3B, H, S3.9A, 
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Table 3.3). Importantly, the receptor showed dynamics between these states. A glutamate 

scavenging system was added for 0 μM glutamate conditions to ensure no glutamate 

contamination. Interestingly, in the absence of glutamate and presence of 10 μM BINA, we 

detected a small increase in FRET, primarily through increased occupancy of intermediate state 2, 

a conformation in which the 7TM domains are hypothesized to have not formed a stabilizing 

interaction with one another that is necessary for receptor activation (Liauw et al., 2021) (Figure 

3.3E, H, S3.10A, Table 3.3). Upon the addition of intermediate (15 μM) and saturating (1 mM) 

concentrations of glutamate, a concentration-dependent increase in the active state occupancy was 

observed (Figure 3.3C, D, H, S3.9, Table 3.3). The four conformational states and glutamate-

dependent increase in FRET agree with previous work (Liauw et al., 2021). Specifically, addition 

of 15 μM glutamate in the presence of 10 μM BINA resulted in a FRET distribution similar to 

saturating glutamate alone (1 mM), consistent with the effect of PAM on increasing glutamate 

potency. Finally, 1 mM glutamate plus 10 µM BINA resulted in a further increase in active 

conformation occupancy, consistent with the effect of PAM on increasing glutamate efficacy 

(Figure 3.3F, G, H, S3.10, Table 3.3). Interestingly, examination of CRD dynamics, as measured 

by cross-correlation between donor and acceptor intensities, showed that in the presence of 

intermediate (15 μM) and saturating (1mM) glutamate concentrations, addition of 10 μM BINA 

reduced receptor dynamics (Figure 3.3I). Together, these observations suggests that PAMs may 

increase agonist efficacy by effectively increasing occupancy of the active conformation of the 

receptor. Moreover, these single-molecule measurements demonstrated that the effect of BINA on 

mGluR2 conformation and dynamics depends on the presence or absence of glutamate. In the 

absence of glutamate, BINA increased receptor dynamics and FRET by increasing the occupancy 
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of intermediate state 2 (Figure 3.3E, H, S3.10, Table 3.3). While in the presence of intermediate 

(15 μM) and saturating (1 mM) glutamate, BINA reduced the dynamics of the CRD and increased 

the occupancy of the active state (Figure 3.3F, G, H, I, S3.10, Table 3.3). Interestingly, even in the 

presence of 1 mM glutamate and BINA, the receptors remained dynamic with the CRDs not fully 

stabilized in a single conformation.  
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Figure 3.3 smFRET analysis of BINA effects on CRD conformational dynamics 16 

(A) Schematic of SiMPull assay (left) and representative image of donor and acceptor channels 

during data acquisition (right). Green circles indicate molecules selected by software for analysis. 

Scale bar, 3 μm. smFRET population histograms of azi-CRD in the presence of 0 μM, 15 μM, and 

1 mM glutamate without (B-D) or with (E-G) 10 μM BINA. Histograms were fitted (black) to four 

Gaussian distributions centered around 0.24 (inactive; purple), 0.38 (intermediate 1; blue), 0.70 

(intermediate 2; cyan), and 0.87 (active; red) FRET. Error bars represent s.e.m. Histograms (B-G) 

were generated from 332, 366, 253, 252, 418, and 367 individual particles, respectively. (H) Mean 

occupancy of four conformational states of azi-CRD in varying ligand conditions. Values represent 

area under each FRET peak from smFRET histogram as a fraction of total area. Mean and s.e.m. 

values are reported in Table 3. (I) Mean cross-correlation of donor and acceptor intensities in the 

presence of intermediate (15 μM) and saturating (1 mM) glutamate with and without 10 μM BINA. 

Data was acquired at 50 ms time resolution. All data represents mean from three independent 

experiments. 
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Modulator Glut (μM) State (#) Mean Occupancy S.E.M. 

None 0 1 0.36067 0.048 

None 0 2 0.56526 0.02692 

None 0 3 0.06615 0.02385 

None 0 4 0.00792 0.00792 

None 15 1 0.01932 0.01049 

None 15 2 0.27699 0.06688 

None 15 3 0.29899 0.01579 

None 15 4 0.4047 0.09147 

None 1000 1 0.00642 0.00292 

None 1000 2 0.07841 0.01209 

None 1000 3 0.31131 0.02404 

None 1000 4 0.60386 0.01743 

10μM BINA 0 1 0.30527 0.02468 

10μM BINA 0 2 0.51994 0.04492 

10μM BINA 0 3 0.14826 0.04699 

10μM BINA 0 4 0.02653 0.01748 

10μM BINA 15 1 0.01424 0.00761 

10μM BINA 15 2 0.11217 0.01526 

10μM BINA 15 3 0.3367 0.07918 

10μM BINA 15 4 0.53688 0.07621 

10μM BINA 1000 1 0.00296 0.00154 

10μM BINA 1000 2 0.03751 0.00782 

10μM BINA 1000 3 0.21791 0.01663 

10μM BINA 1000 4 0.74162 0.01093 

5μM MNI-137 0 1 0.74861 0.02014 

5μM MNI-137 0 2 0.22198 0.01316 

5μM MNI-137 0 3 0.02038 0.01004 

5μM MNI-137 0 4 0.00903 0.00541 

5μM MNI-137 15 1 0.10387 0.02484 

5μM MNI-137 15 2 0.74937 0.01688 

5μM MNI-137 15 3 0.12724 0.01026 

5μM MNI-137 15 4 0.01952 0.00254 

5μM MNI-137 1000 1 0.00207 0.000954 

5μM MNI-137 1000 2 0.5597 0.02561 

5μM MNI-137 1000 3 0.33098 0.03204 

5μM MNI-137 1000 4 0.10725 0.00734 

 

Table 3.3 smFRET state occupancy data and statistics 
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3.3.4 MNI-137 prevents CRD progression to the active conformation and glutamate-induced 

stabilization 

Some mGluR2 NAMs that bind at the 7TM domain function as non-competitive antagonists and 

can prevent glutamate-dependent activation of the receptor (Hemstapat et al., 2007). To investigate 

the molecular mechanism underlying this phenomenon, we next performed smFRET analysis to 

directly visualize the effect of MNI-137 on the CRD sensor. In the absence of glutamate, 5 μM 

MNI-137 resulted in a decrease in FRET and increase in occupancy of the inactive conformation 

of the CRD as compared to unliganded receptor (Figure 3.4A, D, S3.11A, Table 3.3). The increase 

in inactive state occupancy was accompanied by a stabilization of the CRD, demonstrating that 

MNI-137 reduces intrinsic CRD dynamics in the absence of glutamate, which contrasts with the 

effects of BINA alone (Figure S3.12A). Upon the addition of intermediate (15 μM) and saturating 

(1 mM) glutamate concentrations and in the presence of 5 μM MNI-137, occupancy of 

intermediate states 1 and 2 substantially increased with minimal change in the active conformation 

observed (Figure 3.4B-D, S3.11, Table 3.3). To examine which specific state transitions are being 

hindered by MNI-137, we performed Hidden Markov modeling analysis on the smFRET time 

traces. Examination of the transition density plots (TDPs) obtained from this analysis showed that 

at 1mM glutamate alone the dominant transitions occur between intermediate state 2 and the active 

conformation for the CRD (Figure 3.4E). This is consistent with the intermediate state 2 being the 

“pre-active” conformation (Liauw et al., 2021). In contrast, in the presence of both 1 mM glutamate 

and MNI-137, the CRD primarily transitions between intermediate states 1 and 2, with few 

transitions to the active state. This suggests that MNI-137 effectively prevents the formation of the 

stabilizing 7TM domain interaction necessary for mGluR2 activation. Together, these results 
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directly show that MNI-137 prevents receptor activation by blocking the last step towards receptor 

activation and effectively trapping the receptor in constant transition between the existing 

intermediate states.  

Interestingly, examination of the CRD dynamics by cross-correlation analysis revealed that the 

effect of MNI-137 on receptor dynamics is dependent on whether glutamate is present or not. In 

the absence of glutamate, MNI-137 reduced CRD dynamics (Figure S3.11A). In contrast, when 

glutamate and MNI-137 were both present, we observed a glutamate concentration-dependent 

increase in the CRD dynamics (Figure 3.4F). This effect is the opposite to the effect of BINA, a 

PAM (Figure 3.3I, S3.12B). Thus, in addition to impeding progression of the CRD to the active 

conformation, MNI-137 also effectively prevents glutamate-induced stabilization of the 7TM 

domain. Together, these results provide a mechanistic understanding of how MNI-137, a NAM, 

can block receptor activation. This reduction of CRD stability and blocking of entry into the active 

conformation also provides insight into why glutamate-induced conformational change can still be 

observed, both in live-cell and single-molecule imaging, despite the presence of inhibiting MNI-

137 concentrations. Finally, the mechanisms of action for both MNI-137 and BINA highlights the 

importance of structural dynamics for mGluR activation and modulation. 
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Figure 3.4 smFRET analysis of MNI-137 effects on CRD conformational dynamics 17 

(A-C) smFRET population histograms of azi-CRD sensor in the presence of 0 μM (372 particles), 

15 μM (560 particles), and 1 mM (479 particles) glutamate and 5 μM MNI-137. Histograms were 

fitted (black) to four Gaussian distributions centered around 0.24 (inactive; purple), 0.38 

(intermediate 1; blue), 0.70 (intermediate 2; cyan), and 0.87 (active; red) FRET. Error bars 

represent s.e.m. (D) Mean occupancy of four conformational states of azi-CRD in varying ligand 

conditions. Values represent area under each FRET peak from smFRET histogram as a fraction of 

total area. Mean and s.e.m. values are reported in Table 3. (E) Transition density plots of azi-CRD 
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at 1 mM glutamate with and without MNI-137. Dashed lines represent four distinct FRET states. 

(F) Mean cross-correlation of donor and acceptor intensities in the presence of 0 μM, 15 μM, and 

1 mM glutamate and 5 μM MNI-137. Data was acquired at 50 ms time resolution. Data represents 

mean from three independent experiments.  

 

 

3.4 Discussion 

A fundamental design principle for many receptors is that activation is allosteric in nature. 

Moreover, ligand “sensing” and receptor activation is driven by the energy from ligand binding 

and cellular energy cost in the form of ATP or GTP hydrolysis occurs after sensing and receptor 

activation. In GPCRs, activation involves conformational coupling between the ligand binding 

domain and the G protein binding interface. Recent experiments have shown that GPCRs are 

dynamic (Nygaard et al., 2013b) and undergo transition between multiple conformational states, 

including multiple intermediate states. For class A GPCRs, studies using conformational 

biosensors based on nuclear magnetic resonance (NMR) spectroscopy (Huang et al., 2021), double 

electron-electron resonance (DEER) spectroscopy (Wingler et al., 2019b), smFRET (Gregorio et 

al., 2017b), and fluorescent enhancement (Wei et al., 2022) have revealed the importance of 

conformational dynamics for receptor activation, ligand efficacy, and biased signaling. 

Specifically, activation of mGluRs involves coordinated movement between three structural 

domains. In this case, local conformational changes result in major conformational rearrangement 

that propagate from the ligand binding site to the active site, consistent with the “domino” model 

of allosteric signal transduction. Within this framework, allosteric modulators act on sites that are 

distinct from the orthosteric ligand binding site and affect the function of the receptor. Due to their 

potential to achieve subtype specificity, allosteric modulators have become a major focus for drug 

development. Common physiological characterization of GPCR allosteric modulators is often 
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pathway specific and rely on the use of functional assays that quantify the output of the receptor 

along the signaling cascade. In this work we aimed to develop a receptor-centric view of allosteric 

modulation by quantifying the relationship between allosteric modulation and protein structural 

dynamics. Potential sources of heterogeneity arising from differences in post-translational 

modifications or differences in the local lipid environment, may affect receptor conformation. 

Therefore, our results represent the average of a heterogeneous population of such receptors. We 

identified the in vivo conformational fingerprint of multiple allosteric modulators of mGluR2 at 

three structural domains by using novel non-perturbing FRET sensors. This in vivo approach 

established a direct connection between the effect of allosteric modulators on receptor 

conformation at each domain and the physiological metrics of the modulator (i.e., efficacy and 

potency). Specifically, we found that modulators consistently affect the general trend of glutamate-

induced conformational change underlying activation at every structural domain of mGluR2 

(Figure 3.2). This result demonstrates the existence of a long-range allosteric pathway along the 

receptor and over a 10 nm distance. Interestingly, for the same modulator, the degree of 

conformational change was different among different domains (Figure 3.2J). In fact, we 

determined that the CRD and 7TM domain conformations are more accurate predictors of ligand 

efficacy as compared to the VFT domain conformation.  

Previous research showed that the activation of mGluR2 is a stepwise process with transitions 

between four states, including two intermediate states (Liauw et al., 2021). Our smFRET analysis 

with a PAM and NAM showed that allosteric modulators do not induce a new conformational 

state, within the resolution of smFRET measurements. Instead, they produce their modulatory 

effect by employing the inherent conformational flexibility of receptors to modify receptor 



116 

 

occupancy of the intermediate states. In the case of the PAM, BINA increases the efficacy and 

potency of glutamate by increasing the transitions from the intermediate state to the active state 

(Figure 3.3). On the other hand, previous work had shown that the mGluR2 NAM MNI-137 can 

block receptor signaling. Our analysis provides a mechanism for this observation where MNI-137 

blocks entry into the active conformation and increases the transitions into the intermediate states, 

thereby increasing the occupancy of the intermediate states (Figure 3.4). As a result, the receptor 

is effectively trapped in the intermediate states. Further studies are necessary to determine the 

atomic structure of these intermediate states. Interestingly, the regulation of intermediate state 

occupancy has recently been shown to be a mechanism of allosteric modulation for other classes 

of GPCRs as well. NMR studies on the μ-opioid receptor (Kaneko et al., 2022) and cannabinoid 

receptor 1 (Wang et al., 2021) revealed that PAMs and NAMs regulate receptor function by acting 

on intermediate conformations in a manner similar to our findings for BINA and MNI-137. 

Collectively, these results suggest that designing compounds that regulate intermediate state 

occupancy is a plausible strategy for the development of allosteric modulators for mGluR2 and 

other families of GPCRs.  

Protein allostery is intimately related to protein dynamics. Our results show that the effect of 

modulator binding at the 7TM domain on the receptor dynamics probed at the CRD, depends on 

the orthosteric agonist. In the absence of an orthosteric agonist, NAM stabilize the overall receptor 

dynamics while PAM increase receptor dynamics (Figure S3.12A). On the other hand, in the 

presence of saturating agonist, the PAM reduced receptor dynamics while the NAM increased 

receptor dynamics (Figure S3.12B). These results further highlight the roles of conformational 

dynamics in allosteric regulation. 
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In summary, our study provides a conformational fingerprint of diverse allosteric modulators of 

mGluR2 at different domains of the receptor. Classically receptors were thought of as two-state 

switches undergoing transition between on and off states. However, it is now clear that GPCRs’ 

ability to dynamically sample a repertoire of conformations is central to their overall function. Our 

findings highlight the significance of intermediate states in GPCRs for receptor modulation. 

Furthermore, our findings suggest that designing compounds that modulate the stability of 

intermediate states could be a promising direction for developing allosteric drugs. The tools we 

developed and applied here are not limited to mGluRs and can be extended to the study of other 

complex multi-domain proteins.  

 

3.5 Materials and Methods 

3.5.1 Molecular cloning 

The C-terminal FLAG-tagged mouse mGluR2 construct in pcDNA3.1(+) expression vector was 

purchased from GenScript (ORF clone: OMu19627D) and verified by sequencing (ACGT Inc). 

Full length mGluR2 construct with an amber codon (TAG) mutation of amino acid A548 (azi-

CRD) or N-terminal SNAP-tag (SNAP-mGluR2) were generated as previously reported (Liauw et 

al., 2021). The insertion of an amber codon (TAG) between E715 and V716 in mGluR2 (azi-

ECL2) was performed using the QuikChange site-directed mutagenesis kit (Agilent). SNAP-

mGluR2 constructs used for calcium imaging had C-terminal FLAG-tag removed by PCR-based 

deletion using phosphorylated primers. All plasmids were sequence verified (ACGT Inc). DNA 

restriction enzymes, DNA polymerase and DNA ligase were from New England Biolabs. Plasmid 

preparation kits were purchased from Macherey-Nagel. 
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3.5.2 Cell culture  

HEK293T cells (Sigma) were authenticated (ATCC) and tested for mycoplasma contamination 

(Lonza). HEK293T cells  were maintained in DMEM (Corning) supplemented with 10% (v/v) 

fetal bovine serum (Fisher Scientific), 100 unit/mL penicillin-streptomycin (Gibco) and 15 mM 

HEPES (pH=7.4, Gibco) at 37 °C and 5% CO2. The cells were passaged with 0.05% trypsin-EDTA 

(Gibco). For unnatural amino acid-containing protein expression, the growth media was 

supplemented with 0.6 mM 4-azido-L-phenylalanine (Chem-Impex International).  All media was 

filtered by 0.2 µM PES filter (Fisher Scientific). 

3.5.3 Transfection and Protein Expression  

24 hours before transfection, HEK293T cells were cultured on poly-L-lysine-coated 18 mm glass 

coverslips (VWR). For SNAP-mGluR2 used in FRET experiments, media was refreshed with 

standard growth media and transfected using Lipofectamine 3000 (Fisher Scientific) (total 

plasmid: 1 µg/18 mm coverslip). Growth media was refreshed after 24 hours and cells were grown 

for an additional 24 hours.  

For unnatural amino acid-containing protein expression, one hour before transfection, media was 

changed to the growth media supplemented with 0.6 mM 4-azido-L-phenylalanine. mGluR2 

plasmids with an amber codon (azi-CRD or azi-ECL2) and pIRE4-Azi plasmid (pIRE4-Azi was a 

gift from Irene Coin, Addgene plasmid # 105829) were co-transfected (1:1 w/w) into cells using 

Lipofectamine 3000 (Fisher Scientific) (total plasmid: 2 µg/18 mm coverslip). The growth media 

containing 0.6 mM 4-azido-L-phenylalanine was refreshed after 24 hours and cells were grown 

for an additional 24 hours. On the day of the experiment, 30 minutes before labeling, supplemented 

growth media was removed and cells were washed by extracellular buffer solution containing (in 
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mM): 128 NaCl, 2 KCl, 2.5 CaCl2, 1.2 MgCl2, 10 sucrose, 10 HEPES, pH=7.4 and were kept in 

growth medium without 4-azido-L-phenylalanine.  

For calcium imaging experiments, media was refreshed with standard growth media and cells were 

co-transfected with SNAP-mGluR2 (no FLAG-tag) and chimeric G protein (Gqo5, Addgene 

plasmid #24500) (1:2 w/w) using Lipofectamine 3000 (Fisher Scientific) (total plasmid: 1.5 µg/18 

mm coverslip). For calcium imaging using unnatural amino acid containing proteins (azi-CRD or 

azi-ECL2), we followed the transfection and growth protocol described above and included an 

additional 1 μg of chimeric G protein (Gqo5). Growth media was refreshed after 24 hours, and 

cells were grown for an additional 24 hours. Before the addition of labeling solutions, cells were 

washed with extracellular buffer solution. 

3.5.4 SNAP-tag labeling for FRET measurements 

SNAP-tag labeling of SNAP-mGluR2 was done by incubating cells with 2 µM of SNAP-Surface 

Alexa Fluor 549 (NEB) and 2 µM of SNAP-Surface Alexa Fluor 647 (NEB) in extracellular buffer 

for 30 minutes at 37 °C. After labelling, cells were washed by extracellular buffer solution to 

remove excess dye. 

3.5.5 Unnatural amino acid labeling by azide-alkyne click chemistry 

Unnatural amino acid labeling by azide-alkyne click chemistry was performed as previously 

reported (Liauw et al., 2021). Stock solutions were made as follows: Cy3 and Cy5 alkyne dyes 

(Click Chemistry Tools) 10 mM in DMSO, BTTES (Click Chemistry Tools) 50 mM, copper (II) 

sulfate (Sigma) 20 mM, aminoguanidine (Cayman Chemical) 100 mM, and (+)-sodium L-

ascorbate (Sigma) 100 mM in ultrapure distilled water (Invitrogen). In 656 µL of extracellular 

buffer solution, Cy3 and Cy5 alkyne dyes were mixed to a final concentration of 18 µM for each 
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dye. To this mixture, a fresh pre-mixed solution of copper (II) sulfate and BTTES (1:5 molar ratio) 

was added at the final concentration of 150 µM and 750 µM, respectively. Next, aminoguanidine 

was added to the final concentration of 1.25 mM. Lastly, (+)-sodium L-ascorbate was added to the 

mixture to a final concentration of 2.5 mM. Total labeling volume was 0.7 mL. The labeling 

mixture was incubated at 4 °C for 8 minutes, followed by a 2 minute incubation at room 

temperature before addition to cells. Cells were washed with extracellular buffer solution prior to 

addition of labeling mixture. During labeling, cells were kept in the dark at 37 °C and 5% CO2. 

After 10 minutes, L-glutamate (Sigma) was added to the cells to a final concentration of 0.5 mM 

and cells were incubated for an additional 5 minutes. After labelling, cells were washed by the 

extracellular buffer solution to remove excess dye.  

3.5.6 Labeling for calcium imaging 

Cells used for calcium imaging experiments were labeled using 1 µM SNAP-Surface Alexa Fluor 

647 (NEB) and 4 µM Oregon Green 488 BAPTA-1 (Fisher Scientific) in extracellular buffer for 

30 minutes at 37 °C. For cells expressing unnatural amino acid containing proteins, we labeled the 

cells with 4 µM Oregon Green 488 BAPTA-1. After labelling, cells were washed by extracellular 

buffer solution to remove excess dye. 

3.5.7 Live-cell FRET measurements  

The microscope and flow system setup used were as previously reported (Liauw et al., 2021). After 

labeling, coverslip was assembled in the flow chamber (Innova Plex) and attached to a gravity 

flow control system (ALA Scientific Instruments). Extracellular buffer solution was used as 

imaging buffer and applied at the rate of 5 ml min−1. Labeled cells were imaged on a home-built 

microscope equipped with a ×20 objective (Olympus, oil-immersion) and using an excitation filter 
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set with a quad-edge dichroic mirror (Di03-R405/488/532/635, Semrock) and a long-pass filter 

(ET542lp, Chroma). All data were recorded at 4.5 second time resolution for unnatural amino acid 

containing constructs and 4 seconds for SNAP-tag containing constructs. All experiments were 

performed at room temperature. Donor fluorophores were excited with a 532 nm laser (RPMC 

Lasers) and emissions from donor and acceptor fluorophores were simultaneously recorded.  

Analysis of live-cell FRET data was performed using smCamera 

(http://ha.med.jhmi.edu/resources/), ImageJ (http://imagej.nih.gov/ij/), and OriginPro 

(OriginLab). Movies were corrected for bleed-through of the donor signal into the acceptor 

channel. Donor bleed-through correction was done by measuring signals from 50 ROIs of Cy3 

labeled cells in both the donor and acceptor channels and was calculated to be 8.8%. ROIs used 

for analysis included the whole cell membrane for individual cells. Apparent FRET efficiency was 

calculated as FRET=(IA − 0.088× ID) / (ID + (IA − 0.088× ID)), where ID and IA are the donor and 

acceptor intensity after buffer-only background subtraction. ΔFRET was calculated as the 

difference between FRET signal during treatment condition and FRET signal before treatment. In 

each case, the fluorescence was averaged over 6 datapoints once the signal was stable. Dose-

response equation 𝑦(𝑥) = 𝐴1 +
𝐴2−𝐴1

1+10(log 𝑥0−𝑥)𝑃  was used for fitting FRET response to calculate 

EC50 values, where A1 is the lower asymptote, A2 is the upper asymptote, P is the Hill slope, and 

x0 is the EC50. Maximal responses were normalized to 1 mM glutamate response. All data is from 

at least three independent biological replicates. 

As analysis was limited to relative FRET changes between drug treatments rather than absolute 

FRET values, no further corrections, aside from the 8.8% bleed-through subtraction, were applied. 

A small artifact in Cy3 signal (decrease in fluorescence) was observed in response to modulator 

http://imagej.nih.gov/ij/
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application for donor-only labeled cells. However, this response showed the same relative 

amplitude and kinetics as FRET responses and were similar among all modulators tested, thus, 

was not corrected for. All analyzed FRET changes were verified showing anti-correlated behavior. 

Furthermore, analysis of acceptor signal in response to different modulator treatment qualitatively 

recapitulated results of FRET data. 

3.5.8 Calcium imaging 

After labeling, sample was assembled in the flow chamber (Innova Plex) and attached to the flow 

control system (ALA Scientific Instruments) in an identical manner to live-cell FRET experiments. 

Labeled cells were imaged using an inverted confocal microscope (Zeiss, LSM-800) with a ×40 

oil-immersion objective (Plan-Apochromat ×40/1.3oil DIC(UV) VIS-IR M27). Sample was 

illuminated using a 488 nm laser and fluorescence from Oregon Green 488 was measured by a 

GaAsP-PMT detector with detection wavelengths set to 410-617 nm. For cells expressing SNAP-

mGluR2 (no FLAG-tag), samples were excited using the 488 nm laser and a 640 nm laser 

simultaneously, and Cy5 fluorescence was measured with detection wavelengths set to 648-700 

nm. All calcium imaging data were recorded at 3 second time resolution and at room temperature.  

Analysis of functional calcium imaging data was performed using ImageJ 

(http://imagej.nih.gov/ij/) and OriginPro (OriginLab). All cells showing agonist-induced calcium 

response were selected for initial analysis, with those showing significant drift or photobleaching 

being omitted from downstream analysis. Fluorescence signal was measured for individual cells 

from a given movie, normalized from 0 to 1, and averaged. Changes in calcium signal were 

calculated from these averaged responses as the difference between max response during treatment 

and response before treatment. Baseline signal intensity was the average over 6 datapoints prior to 

http://imagej.nih.gov/ij/
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treatment application. Dose-response equation 𝑦(𝑥) = 𝐴1 +
𝐴2−𝐴1

1+10(log 𝑥0−𝑥)𝑃 was used for fitting 

calcium response to calculate EC50 values, where A1 is the lower asymptote, A2 is the upper 

asymptote, P is the Hill slope, and x0 is the EC50. Maximal responses were calculated as a fraction 

of 10 μM ionomycin-induced response, then normalized to 1 mM glutamate response. Direct 

activation of mGluR2 and subsequent intracellular calcium flux caused by the positive allosteric 

modulators LY487379 and JNJ-42153605 precluded analysis of the compounds ability to affect 

glutamate potency and efficacy. All data are from three independent biological replicates. 

3.5.9 Single-molecule FRET measurements 

Single-molecule experiments were conducted using custom flow cells prepared from glass 

coverslips (VWR) and slides (Fisher Scientific) passivated with mPEG (Laysan Bio) and 1% (w/w) 

biotin-PEG to prevent unspecific protein adsorption, as previously described (Vafabakhsh et al., 

2015; Jain et al., 2011). Prior to experiments, flow cells were functionalized with FLAG-tag 

antibody. This was achieved by first incubating flow cells with 500 nM NeutrAvidin (Fisher 

Scientific) for 2 minutes followed by 20 μM biotinylated FLAG-tag antibody (A01429, GenScript) 

for 30 minutes. Unbound NeutrAvidin and biotinylated FLAG-tag antibody were removed by 

washing between each incubation step. Washes and protein dilutions were done using T50 buffer 

(50 mM NaCl, 10 mM Tris, pH 7.4). 

After labeling, cells were recovered from an 18 mm poly-L-lysine coverslip by incubating with 

Ca2+-free DPBS followed by a gentle pipetting. Cells were then pelleted by a 4000 g centrifugation 

at 4 °C for 10 minutes. The supernatant was removed and cells were resuspended in 100 µL lysis 

buffer consisting of 200 mM NaCl, 50 mM HEPES, 1 mM EDTA, protease inhibitor tablet (Fisher 

Scientific), and 0.1 w/v% LMNG-CHS (10:1, Anatrace), pH 7.4. Cells were allowed to lyse with 



124 

 

gentle mixing at 4 °C for 1 hour. Cell lysate was then centrifuged for 20 min at 20,000 g and 4 °C. 

The supernatant was collected and immediately diluted 10-fold with dilution buffer consisting of 

200 mM NaCl, 50 mM HEPES, 1 mM EDTA, protease inhibitor tablet, and 0.0004 w/v% GDN 

(Anatrace), pH 7.4. The diluted sample was then added to the flow chamber to achieve sparse 

surface immobilization of labeled receptors by their C-terminal FLAG-tag. After optimal receptor 

coverage was achieved, flow chamber was washed extensively (> 20× chamber volume) to remove 

unbound proteins and excess detergent with wash buffer consisting of 200 mM NaCl, 50 mM 

HEPES, 0.005 w/v% LMNG-CHS (10:1, Anatrace), and 0.0004 w/v% GDN, pH 7.4. Finally, 

labeled receptors were imaged in imaging buffer consisting of (in mM) 128 NaCl, 2 KCl, 2.5 

CaCl2, 1.2 MgCl2, 40 HEPES, 4 Trolox, 0.005 w/v% LMNG-CHS (10:1), 0.0004 w/v% GDN, and 

an oxygen scavenging system consisting of protocatechuic acid (Sigma) and 1.6 U/mL bacterial 

protocatechuate 3,4-dioxygenase (rPCO) (Oriental Yeast Co.), pH 7.35. For glutamate-free 

conditions, imaging buffer contained 2 U/mL glutamic-pyruvic transaminase (Sigma) and 2 mM 

sodium pyruvate (Gibco) and was incubated at 37 °C for 10 minutes. All reagents were prepared 

from ultrapure-grade chemicals (purity > 99.99%) and were purchased from Sigma. All buffers 

were made using ultrapure distilled water (Invitrogen). Samples were imaged with a 100× 

objective (Olympus, 1.49 NA, Oil-immersion) on a custom-built microscope with 50 ms time 

resolution unless stated otherwise. 532 nm and 638 nm lasers (RPMC Lasers) were used for donor 

and acceptor excitation, respectively.  

3.5.10 smFRET data analysis 

Analysis of single-molecule fluorescence data was performed using smCamera 

(http://ha.med.jhmi.edu/resources/), custom MATLAB (MathWorks) scripts, and OriginPro 
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(OriginLab). Particle selection and generation of raw FRET traces were done automatically within 

the smCamera software. For the selection, particles that showed acceptor signal upon donor 

excitation, with acceptor brightness greater than 10% above background and had a Gaussian 

intensity profile, were automatically selected and donor and acceptor intensities were measured 

over all frames. Out of this pool, particles that showed a single donor and a single acceptor 

bleaching step during the acquisition time, stable total intensity (ID + IA), anti-correlated donor and 

acceptor intensity behavior without blinking events, and lasted for more than 4 seconds were 

manually selected for further analysis (~20-30% of total molecules per movie). All data was 

analyzed by three individuals independently and the results were compared and showed to be 

identical. In addition, a subset of data was blindly analyzed to ensure no bias in analysis.  Apparent 

FRET efficiency was calculated as (IA − 0.088×ID) / (ID + (IA − 0.088×ID)), where ID and IA are 

raw donor and acceptor intensities, respectively. Experiments were conducted on three 

independent biological replicates, to ensure reproducibility of the results. Population smFRET 

histograms were generated by compiling at least 250 total FRET traces of individual molecules 

from all replicates. Before compiling traces, FRET histograms of individual molecules were 

normalized to 1 to ensure that each trace contributes equally, regardless of trace length. Error bars 

on histograms represent the standard error of data from three independent biological replicates. 

Peak fitting analysis on population smFRET histograms was performed with OriginPro and used 

four Gaussian distributions as 𝑦(𝑥) = ∑
𝐴𝑖

𝑤𝑖√
𝜋

2

𝑒
−2

(𝑥−𝑥𝑐𝑖)2

𝑤𝑖
24

𝑖=1  ,where A is the peak area, w is the peak 

width, and xc is the peak center. Peak areas were constrained to A > 0. Peak widths were 

constrained to 0.1 ≤ w ≤ 0.25. Peak centers were constrained to ± 0.015 of mean FRET efficiency 
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of each conformational state. The mean FRET efficiencies of the inactive state, intermediate state 

1, intermediate state 2, and the active state were assigned to 0.24, 0.38, 0.70, and 0.87, respectively, 

based on the most common FRET states observed in transition density plots. This analysis is 

described in further detail below. State occupancy probability was calculated as area of specified 

peak relative to total area, which is defined as the sum of all four individual peak areas. 

Raw donor, acceptor, and FRET traces were idealized with a hidden Markov model (HMM) using 

vbFRET software (Zhang et al., 2018; Bronson et al., 2009b). Transitions, defined as ΔFRET > 

0.1, were extracted from idealized fits and used to generate transition density plots. In situations 

where the HMM fit does not converge to the data (for example, due to long fluorophore blinking 

events  

or large non-anticorrelated intensity fluctuations), traces were omitted from downstream analysis. 

The cross-correlation (CC) of donor and acceptor intensity traces at time τ is defined as 𝐶𝐶(𝜏) =

𝛿𝐼𝐷(𝑡)𝛿𝐼𝐴(𝑡+𝜏)

<𝐼𝐷(𝑡)>+<𝐼𝐴(𝑡)>
 , where 𝛿𝐼𝐷(𝑡) = 𝐼𝐷(𝑡)−< 𝐼𝐷(𝑡) >, and 𝛿𝐼𝐴(𝑡) = 𝐼𝐴(𝑡)−< 𝐼𝐴(𝑡) >. < 𝐼𝐷(𝑡) > 

and < 𝐼𝐴(𝑡) > are time average donor and acceptor intensities, respectively. Cross-correlation 

calculations were performed on the same traces used to generate the histograms and fit to a 

single exponential function, 𝑦(𝑥) = 𝐴𝑒
−𝑥

𝜏 + 𝑦0. 

3.5.11 Structural representation of allosteric binding site by Chimera 

Pairwise sequence alignment for PDB:7MTS, 7MTR, 7E9G, 7EPE, and 7EPF was performed 

using PDB:7MTS as the reference sequence. Alignment was based on best-aligning pair of chains 

and used the Needleman-Wunsch alignment algorithm. Unbound subunits and extracellular 

domains of mGluR2 were excluded prior to structure alignment. Specifically, residues L556-I816 
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(PDB: 7MTS, 7MTR, 7E9G) and G564-V825 (PDB:7EPE and 7EPF) were used for alignment. 

Allosteric pocket forming residues are from interacting residues in PDB:7MTS and previous 

mutagenesis studies (Seven et al., 2021; Farinha et al., 2015). 

3.5.12 Data availability 

All data generated or analyzed during this study are included in the manuscript and supporting 

files. The PDB accession codes for human mGluR2 structures used are 7MTS, 7MTR, 7E9G, 

7EPE, and 7EPF. 
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Chapter 4: Characterizing modulatory effects of lipids and 

detergents on mGluR2 
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4.1 Introduction 

The lipid bilayer is a complex and heterogeneous environment that is essential for maintaining 

membrane protein integrity and native function (Ingólfsson et al., 2014). However, biophysical 

analysis of membrane proteins often requires their isolation and solubilization from the cellular 

environment. Thus, tools enabling membrane protein manipulation in vitro, such as detergents and 

membrane mimetics, have been developed and improved rapidly over time (Anandan & Vrielink, 

2016). Although many of these tools have shown the ability to conserve native protein function, 

how they do so remains unclear.  

Detergents primarily function to shield the hydrophobic domains of membrane proteins from the 

aqueous environment while serving as a scaffold that supports native-like protein function 
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(Anandan & Vrielink, 2016). Detergents can form micelles with a range of morphologies (Goyal 

& Aswal, 2001; Lichtenberg et al., 2013). The major parameters determining micelle morphology 

are detergent shape and packing ability, which is a function of detergent volume (v), hydrocarbon 

chain length (l), optimal area per molecule (a). 

𝑃 =  
𝑣

𝑙 𝑎
 

These parameters are also important determinants of a detergent’s ability to maintain protein 

integrity and function, as they dictate the degree of water penetration into the hydrophobic core of 

the protein and lateral pressure exerted by the micelle (Anglin & Conboy, 2008). Here, I examine 

the effects of three non-ionic detergents, that are commonly used in membrane protein biophysical 

studies, on the conformational dynamics of metabotropic glutamate receptor 2 (mGluR2).  

I specifically focus on Dodecyl-ß-D-maltoside (DDM), Lauryl Maltose Neopentyl Glycol 

(LMNG), and Glyco-diosgenin (GDN) (VanAken et al., 1986; Chae et al., 2010; Chae et al., 2012) 

(Figure 4.1). DDM has functioned as the gold standard in membrane protein research for decades 

and is composed of a maltose headgroup and a single 12 carbon saturated alkyl tail (VanAken et 

al., 1986). While DDM has proven invaluable in structural and biophysical studies of a wide range 

of membrane proteins, its successful application to G protein-coupled receptors (GPCRs) is 

limited. In contrast, the two chain DDM analog, LMNG, has been essential in the structure 

determination and biophysical characterization of several GPCRs in recent years (Chae et al., 

2010). This success is attributed to LMNG’s two chain structure that shifts individual detergent 

molecules towards a cylindrical shape and increases the overall volume of the detergent (Anglin 

& Conboy, 2008; Bae et al., 2015). This more planar shape and increased volume results in reduced 

micelle curvature, increased lateral pressure, reduced detergent diffusion, and reduced solvent 
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penetration. Lastly, GDN is a synthetic digitonin derivative that possesses a di-maltose headgroup 

identical to LMNG and a steroidal moiety as the hydrophobic domain. Like LMNG, GDN has also 

shown recent success in the structure determination of GPCRs (Chae et al., 2012). 

In addition to detergents, this chapter also aims to examine the effects of cholesterol on mGluR2 

conformational dynamics. It has been established that cholesterol is important for the function of 

mGluRs and GPCRs in general. Previous studies on mGluR1 and the drosophila mGluR homolog 

(dmGluR) showed that cholesterol was essential for mGluR localization to lipid rafts and 

activation (Kumari et al., 2013; Eroglu et al., 2003). Further computational studies have also 

identified up to seven transient cholesterol interacting sites on mGluR2 (Kurth et al., 2020). In this 

chapter, I describe the direct effect of a cholesterol analog, cholesterol hemisuccinate (CHS), on 

mGluR2 structural dynamics to develop a receptor-centric understanding of cholesterol 

modulation (Figure 4.1). Moreover, this chapter will briefly discuss both detergent-dependent and 

concentration-dependent effects of cholesterol.  
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Figure 4.1 Solubilizing detergents and cholesterol analog 18 

Structure of solubilizing detergents used in mGluR2 studies discussed in thesis that include (A) n-

Dodecyl-ß-D-maltoside (DDM), (B) Lauryl Maltose Neopentyl Glycol (LMNG), (C) Glyco-

diosgenin (GDN), and (D) Cholesterol Hemiscuccinate (CHS).  

 

 

4.2 Results 

4.2.1 Conformational dynamics of lipid solubilized mGluR2 

smFRET experiments described in previous chapters examined detergent solubilized mGluR2. 

Although multiple detergent types yielded qualitatively similar results, whether the data accurately 

reflects the behavior of the mGluR2 CRD in the native lipidic environment is still unclear. To 

validate the conclusions drawn from detergent solubilized receptors, I examined lipid solubilized 

mGluR2 conformational dynamics using styrene maleic acid lipid particles (SMALPs). SMA is a 

self-assembling copolymer that spontaneously inserts into the plasma membrane to extract and 

solubilize receptors without detergents (S. C. Lee et al., 2016). SMA enables lipid solubilized 
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mGluR2 structural dynamics to be studied without the need for protein purification and 

reconstitution. 

In the absence of glutamate, SMALP solubilized mGluR2 CRD sensor, azi-CRD, showed a broad 

conformational profile with a dominant peak at ~0.25 FRET (Figure 4.2A). This broad distribution 

is in agreement with the intrinsic dynamics observed for the CRDs in detergent solubilized 

mGluR2 (Liauw et al., 2021; Liauw et al., 2022). Upon stimulation with intermediate (10 μM) and 

saturating (1 mM) glutamate, the conformational distribution shifts towards higher FRET, aligned 

with the compaction of the CRD with receptor activation (Figure 4.2B-C). Furthermore, a 

dominant peak at ~0.90 FRET is observed at 1 mM glutamate conditions which is well aligned 

with the putative active conformation defined in previous chapters.  

To test the integrity of the 7 transmembrane (7TM) domain, I treated SMALP solubilized mGluR2 

with saturating (10 μM) positive allosteric modulator (PAM) BINA. In the absence of glutamate, 

BINA increases occupancy of higher FRET states with dominant peaks at ~0.70 and ~0.90 FRET 

(Figure 4.2A). This qualitatively matches the results for detergent solubilized mGluR2 reported in 

Chapter 3. The addition of BINA to intermediate (10 μM) and saturating (1 mM) glutamate also 

resulted in a general shift towards higher FRET relative to untreated conditions, again verifying 

BINA’s ability to increase both glutamate potency and efficacy (Liauw et al., 2022) (Figure 4.2B-

C). Collectively, the FRET profile of SMALP solubilized mGluR2 corroborate the conclusions 

drawn from detergent solubilized receptor data. 
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Figure 4.2 CRD conformation of SMALP solubilized mGluR2 19 

SMALP solubilized azi-CRD conformational sensor demonstrates sensitivity to BINA and 

compaction in response to glutamate. Population smFRET histograms of azi-CRD in the presence 

of (A) no glutamate, (B) intermediate glutamate, and (C) saturating glutamate in the absence 

(black) or presence (red) of 10 μM BINA. Area under each histogram for FRET > 0.60 was 

calculated. Data was acquired at 50 ms time resolution. Data is from one independent experiment.  
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4.2.2 Detergent effects on mGluR2 structural dynamics 

The choice of solubilizing detergent is an important decision when working with membrane 

proteins. Fortunately, there is a growing number of chemically diverse detergent options that can 

maintain the integrity and function of a wide range of proteins (Kotov et al., 2019). However, 

whether these detergents interact with and stabilize proteins in a similar manner is unclear. Here, 

I examine the effects of DDM, LMNG, and GDN solubilization on mGluR2 conformational 

dynamics. 

In the presence of antagonist, azi-CRD shows a broad conformational distribution and dominant 

low FRET state when solubilized with each detergent (Figure 4.3A). However, GDN solubilized 

azi-CRD shows a substantially left shifted low FRET peak and general reduction in high FRET 

conformations relative to DDM and LMNG that are associated with receptor activation. This 

suggests that GDN may preferentially stabilize a less compact conformation of the CRD and may 

function as a negative allosteric modulator (NAM) of mGluR2. The NAM-like effect of GDN 

becomes more apparent at intermediate (10 μM) and saturating (1 mM) glutamate conditions 

(Figure 4.3B-C). While DDM and LMNG FRET profiles appear almost identical, demonstrating 

a gradual shift from low FRET to high FRET in a glutamate-dependent manner, GDN effectively 

prevents receptor compaction and entry into the active conformation defined as 0.89 FRET in 

Chapter 2.  
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Figure 4.3 Detergent effects on CRD conformation 20 

Detergents differentially modulate ligand-induced conformational change of the CRDs. Population 

smFRET histograms of the azi-CRD conformational sensor in the presence of (A) antagonist, (B) 

intermediate glutamate, and (C) saturating glutamate and DDM (black), LMNG (red), or GDN 

(blue). Area under each histogram for FRET > 0.60 was calculated. Data was acquired at 50 ms 

time resolution. Data is from one independent experiment.  

 



136 

 

Despite the separation of the ligand binding site from the 7TM domain, GDN’s NAM effects 

extend to the VFT domains (Figure 4.4). In both inactive and active conditions, GDN solubilized 

VFT domain sensors, mGluR2 possessing N-terminal SNAP-tags (henceforth SNAP-m2), show 

reduced occupancy of lower FRET states associated with VFT domain closure, reorientation, and 

activation. Interestingly, active low FRET peak positions are well aligned among detergents while 

inactive peaks are more variable, suggesting a conserved active conformation and detergent-

dependent inactive states.  

Based on the similarity in conformational dynamics between DDM and LMNG solubilized 

mGluR2 FRET sensors, I hypothesized that these detergents would maintain receptor integrity and 

function with equal efficacy (Figure 4.3, 4.4). However, previous work that demonstrated DDM 

is unable to maintain mGluR2 function for extended periods while LMNG and GDN can (Cao et 

al., 2021). This discrepancy in conformational dynamics and receptor function raises questions 

regarding which detergent most accurately recapitulates the lipid environment. Comparison of 

each detergent sample with SMALP solubilized mGluR2 indicates that no detergent alone fully 

mimics the lipid environment (Figure 4.2). 
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Figure 4.4 Detergent effects on VFT domain conformation 21 

Detergents differentially modulate ligand-induced conformational change of the VFT domains. 

Population smFRET histograms of the SNAP-m2 conformational sensor in the presence of (A) 

antagonist, (B) intermediate glutamate, and (C) saturating glutamate and DDM (black), LMNG 

(red), or GDN (blue). Area under each histogram for FRET < 0.35 was calculated. Data was 

acquired at 50 ms time resolution. Data is from one independent experiment.  
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Detergents usefulness as tools for membrane protein biophysical studies make the determination 

of an optimized detergent mixture a worthwhile goal. To identify an optimized detergent mixture 

for mGluR smFRET studies, I conducted a GDN titration in the presence of fixed concentrations 

of LMNG and cholesterol hemisuccinate (CHS), a cholesterol analog (Figure 4.5). Generally, a 

left shift in the FRET distribution and reduction in high FRET conformations occurs in a GDN 

concentration-dependent manner. GDN effects are not apparent below 0.0004 w/v%. In contrast, 

at high concentrations, 0.005 w/v%, GDN effects become dominant with the FRET profile 

becoming GDN-like (Figure 4.3). The SMALP solubilized mGluR2 distribution was best 

recapitulated by the addition of 0.0004 w/v% GDN (Figure 4.2). Interestingly, 0.0004 w/v% GDN 

was the threshold concentration necessary for allosteric modulator binding to occur, providing 

further evidence for this optimized mixture’s more native-like characteristics. Collectively, GDN-

induced stabilization of the inactive conformation was an unexpected finding and illustrated how 

detergent choice can substantially affect results of biophysical studies. 
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Figure 4.5 Optimized detergent mixture recapitulates lipid effects on CRD conformation 22 

GDN titration on azi-CRD conformational sensor demonstrates its NAM function. Population 

smFRET histograms of the azi-CRD solubilized with LMNG, CHS, and variable concentrations 

of GDN in the presence of (A) no glutamate, (B) intermediate glutamate, and (C) saturating 

glutamate. Area under each histogram for FRET > 0.60 was calculated. Data was acquired at 50 

ms time resolution. Data is from one independent experiment. 
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GDN’s steroidal hydrophobic domain distinguishes it from DDM and LMNG (Figure 4.1). I next 

investigated whether the NAM-like effect of GDN was a conserved characteristic of sterols. I 

specifically focused on the effect of CHS on mGluR2 conformational dynamics. When solubilized 

by DDM, SNAP-m2 reported no substantial conformational difference in the presence (10:1 w/v% 

DDM:CHS) or absence of CHS when treated with antagonist, intermediate glutamate (10 μM), or 

saturating glutamate (1 mM) conditions (Figure 4.6A, C, E). In contrast, when adding CHS to 

LMNG solubilized mGluR2, the NAM-like effect is apparent, especially at intermediate (10 μM) 

and saturating (1 mM) glutamate conditions where the inactive peak at ~0.45 FRET is still 

pronounced (Figure 4.6B, D, F). This is aligned with previous findings that showed CHS to have 

no effect when solubilized with DDM (Cao et al., 2021).  

The effect of CHS extends to the CRD as well. As with the VFT domain, the CRD conformation 

is nearly identical in the presence or absence of CHS when solubilized by DDM (Figure 4.7A, C, 

E). However, azi-CRD demonstrates a more complex phenotype when solubilized with LMNG 

and CHS, relative to the VFT domain. While a general left shift in the FRET profile occurs in the 

presence of LMNG and CHS (10:1 w/v%), a bimodal FRET distribution also emerges (Figure 

4.7B, D, F). Interestingly, the dominant peaks are at FRET states associated with the ground 

inactive and active conformation previously defined in Chapter 2. This suggests that CHS does not 

simply impede receptor compaction but may modulate the energic profile in a way that disfavors 

intermediate conformations. 
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Figure 4.6 Cholesterol effects on VFT domain conformation 23 

Cholesterol affects SNAP-m2 conformation in the presence of certain detergents. SNAP-m2 

solubilized in (A-C) DDM or (D-F) LMNG with and without cholesterol (10:1 detergent: 

cholesterol w/v% ratio) and in the presence of (A,D) antagonist, (B,E) intermediate glutamate, and 

(C,F) saturating glutamate. Detergent-only conditions (black) and detergent + cholesterol 

conditions (red). Data was acquired at 50 ms time resolution. Data is from one independent 

experiment.  
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Figure 4.7 Cholesterol effects on CRD conformation 24 

Cholesterol affects azi-CRD conformation in the presence of certain detergents. azi-CRD 

solubilized in (A-C) DDM or (D-F) LMNG with and without cholesterol (10:1 detergent: 

cholesterol w/v% ratio) and in the presence of (A,D) antagonist, (B,E) intermediate glutamate, and 

(C,F) saturating glutamate. Detergent-only conditions (black) and detergent + cholesterol 

conditions (red). Data was acquired at 50 ms time resolution. Detergent-only data is from one 

independent experiment while detergent + cholesterol data is from three independent experiment. 

Error bars represent s.e.m. 
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4.2.3 Cholesterol regulation of mGluR2 conformational dynamics 

Previously, functional analyses of other mGluRs revealed that cholesterol was important for both 

receptor recruitment to lipid rafts and activation (Kumari et al., 2013; Eroglu et al., 2003). To 

verify if cholesterol played a similar role in mGluR2 function, I conducted single-cell functional 

calcium imaging experiments on HEK293T cells transiently expressing mGluR2 (Figure 4.8). 

Specifically, a glutamate titration was conducted on cells depleted of cholesterol by Methyl-β-

cyclodextrin (MβCD) and untreated cells, resulting EC50s of 12.9 μM and 5.5 μM, respectively. 

Although this reduced glutamate sensitivity is in direct conflict with my smFRET results, I 

hypothesized this discrepancy was the result of vastly different cholesterol concentrations present 

in cell membranes and lipid rafts versus smFRET experiments (10:1 w/v% LMNG:CHS) (Sezgin 

et al., 2017). 
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Figure 4.8 Cholesterol-depletion reduces mGluR2 glutamate sensitivity 25 

Dose-response curves for SNAP-m2-induced calcium flux during glutamate titrations for (A) 

untreated HEK293T cells and (B) cholesterol-depleted HEK293T cells. The same region of 

interest was examined for both untreated and cholesterol-depleted conditions. Data is normalized 

to 1 mM glutamate response. Data represents results from one independent experiment. 

 

 

To address this discrepancy, smFRET experiments were conducted on mGluR2 solubilized by a 

1:1 w/v% LMNG:CHS mixture, an environment more representative of cholesterol-enriched lipid 

rafts (Figure 4.9).  Unexpectedly, in the presence of increased CHS, the NAM-like effects of CHS 

were reversed. This concentration-dependent bimodal behavior of CHS is particularly apparent in 

inactive antagonist treated and intermediate glutamate treated conditions (Figure 4.9A-B). While 

these results are preliminary, they demonstrate a potentially novel mechanism for regulating 

membrane protein structure and function. 
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Figure 4.9 Cholesterol analog demonstrates concentration-dependent biphasic effect on 

mGluR2 conformation 26 

Cholesterol hemisuccinate (CHS), a cholesterol analog, functions as a NAM when used at 10:1 

w/v% (LMNG:CHS) and functions as a PAM at 1:1 w/v% (LMNG:CHS). No cholesterol (black), 

10:1 w/v% cholesterol (blue), and 1:1 w/v% cholesterol (red) are shown in the presence of (A) 

antagonist, (B) intermediate glutamate, (C) and saturating glutamate conditions. 
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4.3 Conclusions and Discussion 

The membrane bilayer is a mosaic of lipidic and proteinaceous components that form a complex 

and heterogeneous physiochemical environment (Ingólfsson et al., 2014). Strategies have emerged 

that enable biophysical analysis of membrane proteins within their native environment, however, 

these approaches are technically challenging and are not widely available (Asher et al., 2021; Lučič 

et al., 2013). To support membrane protein studies, a broad array of surfactants and membrane 

mimetic scaffolds have been developed that enable effective extraction, solubilization, and 

stabilization of membrane proteins in vitro (Anandan & Vrielink, 2016). While these tools have 

proven invaluable, the nuanced effects of detergent choice on membrane protein structure and 

dynamics is generally underappreciated.  

The large size and multidomain architecture of mGluRs highlight the range of effects that detergent 

can have on membrane protein structure. Initial examination of the VFT domain and CRD revealed 

that DDM, LMNG, and GDN each shape mGluR conformational dynamics in a distinct manner 

(Figure 4.3, 4.4). Among the tested detergents, GDN demonstrated a unique and potent NAM-like 

effect, reducing CRD compaction and VFT domain closure and reorientation (Figure 4.5). 

Interestingly, although GDN solubilization of mGluR2 resulted in very distinct conformational 

profiles, GDN and LMNG are known to conserve mGluR function with similar efficacy (Seven et 

al., 2021; Lin et al., 2021). Typically, choice of detergent for membrane protein studies is governed 

by its ability to maintain protein function. This approach assumes that membrane protein function 

is maintained by stabilizing specific structural and dynamic properties in vitro. However, the 

discrepancy in GDN and LMNG conformational profiles suggest this may not be the case. This 

raises two questions. First, which conformational profile better reflects mGluR behavior on the 
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plasma membrane? Second, how does one select a solubilizing detergent, considering that they 

may differentially stabilize membrane proteins? 

To answer both these questions, the use of membrane mimetics is essential. Using SMALP 

solubilized mGluR2, I was able to identify an optimized detergent mixture that not only 

recapitulated the conformational profile of lipid solubilized receptors but also conserved the 

integrity of the allosteric ligand binding site (Figure 4.2, 4.5). Membrane mimetics effectively 

provide a baseline of comparison for different detergents. Furthermore, hydrophobic copolymer 

assemblies have emerged as a powerful tool for this purpose as their application bypasses 

membrane protein purification or reconstitution (S. C. Lee et al., 2016). The primary drawback of 

SMALP solubilization is the heterogeneity in extracted lipids which precludes specific questions 

on lipid-protein interactions to be addressed. 

In addition to revealing unique detergent-induced conformational fingerprints, smFRET 

experiments also uncovered concentration-dependent effects of cholesterol (Figure 4.9). Cell 

stiffness or deformability is highly dependent on membrane cholesterol content which regulates 

lipid ordering and ultimately membrane fluidity (Song et al., 2014; Lingwood & Simons, 2010; 

Sezgin et al., 2017). Cholesterol modulation of membrane fluidity is biphasic in nature and a 

function of temperature (Subczynski et al., 2017). Cholesterol’s temperature dependence enables 

it to serve as a buffer and effectively maintain membrane fluidity. Here, I demonstrate that 

cholesterol modulates membrane protein structural dynamics and function in a concentration-

dependent manner (Figure 4.9). While these results are still preliminary, this finding provides 

context on how cholesterol-enriched domains such as lipid rafts modulate membrane protein 

function. 
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4.4 Materials and Methods 

4.4.1 Molecular cloning 

The C-terminal FLAG-tagged mouse mGluR2 construct in pcDNA3.1(+) expression vector was 

purchased from GenScript (ORF clone: OMu19627D) and verified by sequencing (ACGT Inc). 

Full length mGluR2 construct with an amber codon (TAG) mutation of amino acid A548 (azi-

CRD) or N-terminal SNAP-tag (SNAP-mGluR2) were generated as previously reported (Liauw et 

al., 2021). SNAP-mGluR2 constructs used for calcium imaging had C-terminal FLAG-tag 

removed by PCR-based deletion using phosphorylated primers. All plasmids were sequence 

verified (ACGT Inc). DNA restriction enzymes, DNA polymerase and DNA ligase were from New 

England Biolabs. Plasmid preparation kits were purchased from Macherey-Nagel. 

4.4.2 Cell culture  

HEK293T cells (Sigma) were authenticated (ATCC) and tested for mycoplasma contamination 

(Lonza). HEK293T cells  were maintained in DMEM (Corning) supplemented with 10% (v/v) 

fetal bovine serum (Fisher Scientific), 100 unit/mL penicillin-streptomycin (Gibco) and 15 mM 

HEPES (pH=7.4, Gibco) at 37 °C and 5% CO2. The cells were passaged with 0.05% trypsin-EDTA 

(Gibco). For unnatural amino acid-containing protein expression, the growth media was 

supplemented with 0.6 mM 4-azido-L-phenylalanine (Chem-Impex International).  All media was 

filtered by 0.2 µM PES filter (Fisher Scientific). 

4.4.3 Transfection and protein expression  

24 hours before transfection, HEK293T cells were cultured on poly-L-lysine-coated 18 mm glass 

coverslips (VWR). For SNAP-mGluR2 used in FRET experiments, media was refreshed with 
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standard growth media and transfected using Lipofectamine 3000 (Fisher Scientific) (total 

plasmid: 1 µg/18 mm coverslip). Growth media was refreshed after 24 hours and cells were grown 

for an additional 24 hours.  

For unnatural amino acid-containing protein expression, one hour before transfection, media was 

changed to the growth media supplemented with 0.6 mM 4-azido-L-phenylalanine. mGluR2 CRD 

sensor (azi-CRD) and pIRE4-Azi plasmid (pIRE4-Azi was a gift from Irene Coin, Addgene 

plasmid # 105829) were co-transfected (1:1 w/w) into cells using Lipofectamine 3000 (Fisher 

Scientific) (total plasmid: 2 µg/18 mm coverslip). The growth media containing 0.6 mM 4-azido-

L-phenylalanine was refreshed after 24 hours and cells were grown for an additional 24 hours. On 

the day of the experiment, 30 minutes before labeling, supplemented growth media was removed 

and cells were washed by extracellular buffer solution containing (in mM): 128 NaCl, 2 KCl, 2.5 

CaCl2, 1.2 MgCl2, 10 sucrose, 10 HEPES, pH=7.4 and were kept in growth medium without 4-

azido-L-phenylalanine.  

For calcium imaging experiments, media was refreshed with standard growth media and cells were 

co-transfected with SNAP-mGluR2 (no FLAG-tag) and chimeric G protein (Gqo5, Addgene 

plasmid #24500) (1:2 w/w) using Lipofectamine 3000 (Fisher Scientific) (total plasmid: 1.5 µg/18 

mm coverslip). Growth media was refreshed after 24 hours, and cells were grown for an additional 

24 hours. Before the addition of labeling solutions, cells were washed with extracellular buffer 

solution. 

4.4.4 SNAP-tag labeling for FRET measurements 

SNAP-tag labeling of SNAP-mGluR2 was done by incubating cells with 2 µM of SNAP-Surface 

Alexa Fluor 549 (NEB) and 2 µM of SNAP-Surface Alexa Fluor 647 (NEB) in extracellular buffer 
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for 30 minutes at 37 °C. After labelling, cells were washed by extracellular buffer solution to 

remove excess dye. 

4.4.5 Unnatural amino acid labeling by azide-alkyne click chemistry 

Unnatural amino acid labeling by azide-alkyne click chemistry was performed as previously 

reported (Liauw et al., 2021). Stock solutions were made as follows: Cy3 and Cy5 alkyne dyes 

(Click Chemistry Tools) 10 mM in DMSO, BTTES (Click Chemistry Tools) 50 mM, copper (II) 

sulfate (Sigma) 20 mM, aminoguanidine (Cayman Chemical) 100 mM, and (+)-sodium L-

ascorbate (Sigma) 100 mM in ultrapure distilled water (Invitrogen). In 656 µL of extracellular 

buffer solution, Cy3 and Cy5 alkyne dyes were mixed to a final concentration of 18 µM for each 

dye. To this mixture, a fresh pre-mixed solution of copper (II) sulfate and BTTES (1:5 molar ratio) 

was added at the final concentration of 150 µM and 750 µM, respectively. Next, aminoguanidine 

was added to the final concentration of 1.25 mM. Lastly, (+)-sodium L-ascorbate was added to the 

mixture to a final concentration of 2.5 mM. Total labeling volume was 0.7 mL. The labeling 

mixture was incubated at 4 °C for 8 minutes, followed by a 2 minute incubation at room 

temperature before addition to cells. Cells were washed with extracellular buffer solution prior to 

addition of labeling mixture. During labeling, cells were kept in the dark at 37 °C and 5% CO2. 

After 10 minutes, L-glutamate (Sigma) was added to the cells to a final concentration of 0.5 mM 

and cells were incubated for an additional 5 minutes. After labelling, cells were washed by the 

extracellular buffer solution to remove excess dye.  

4.4.6 Labeling for calcium imaging 

Cells used for calcium imaging experiments were labeled using 1 µM SNAP-Surface Alexa Fluor 

647 (NEB) and 4 µM Oregon Green 488 BAPTA-1 (Fisher Scientific) in extracellular buffer for 
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30 minutes at 37 °C. After labelling, cells were washed by extracellular buffer solution to remove 

excess dye. 

4.4.7 Calcium imaging 

The microscope and flow system setup used were as previously reported (Liauw et al., 2022). After 

labeling, coverslip was assembled in the flow chamber (Innova Plex) and attached to a gravity 

flow control system (ALA Scientific Instruments). Extracellular buffer solution was used as 

imaging buffer and applied at the rate of 5 ml min−1. Cells were imaged using an inverted confocal 

microscope (Zeiss, LSM-800) with a ×40 oil-immersion objective (Plan-Apochromat ×40/1.3oil 

DIC(UV) VIS-IR M27). Samples were excited using both a 488 nm and a 640 nm laser and Oregon 

Green 488 and Cy5 fluorescence were measured simultaneously with a GaAsP-PMT detector with 

detection wavelengths set to 410-617 nm and 648-700 nm. All calcium imaging data were recorded 

at 3 second time resolution and at room temperature.  

Analysis of functional calcium imaging data was performed using ImageJ 

(http://imagej.nih.gov/ij/) and OriginPro (OriginLab). All cells showing agonist-induced calcium 

response were selected for initial analysis, with those showing significant drift or photobleaching 

being omitted from downstream analysis. Fluorescence signal was measured for individual cells 

from a given movie, normalized from 0 to 1, and averaged. Changes in calcium signal were 

calculated from these averaged responses as the difference between max response during treatment 

and response before treatment. Baseline signal intensity was the average over 6 datapoints prior to 

treatment application. Dose-response equation 𝑦(𝑥) = 𝐴1 +
𝐴2−𝐴1

1+10(log 𝑥0−𝑥)𝑃 was used for fitting 

calcium response to calculate EC50 values, where A1 is the lower asymptote, A2 is the upper 

http://imagej.nih.gov/ij/
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asymptote, P is the Hill slope, and x0 is the EC50. All responses were normalized to 1 mM glutamate 

response.  

The same sample and ROI imaged for the untreated condition was imaged after cholesterol 

depletion. Cells were washed with imaging buffer for 20 minutes upon completion of glutamate 

titration experiment on untreated cells. Cholesterol depletion of HEK293T cells was achieved by 

exchanging imaging buffer on samples with Opti-MEM containing 10 mM Methyl-β-cyclodextrin 

(MβCD) and incubating for 20 minutes at room temperature. Cholesterol depletion did not 

preclude glutamate-induced calcium release in a significant number of cells.  

4.4.8 Single-molecule FRET measurements 

Single-molecule experiments were conducted using custom flow cells prepared from glass 

coverslips (VWR) and slides (Fisher Scientific) passivated with mPEG (Laysan Bio) and 1% (w/w) 

biotin-PEG to prevent unspecific protein adsorption, as previously described (Vafabakhsh et al., 

2015; Jain et al., 2011). Prior to experiments, flow cells were functionalized with FLAG-tag 

antibody. This was achieved by first incubating flow cells with 500 nM NeutrAvidin (Fisher 

Scientific) for 2 minutes followed by 20 μM biotinylated FLAG-tag antibody (A01429, GenScript) 

for 30 minutes. Unbound NeutrAvidin and biotinylated FLAG-tag antibody were removed by 

washing between each incubation step. Washes and protein dilutions were done using T50 buffer 

(50 mM NaCl, 10 mM Tris, pH 7.4). 

After labeling, cells were recovered from an 18 mm poly-L-lysine coverslip by incubating with 

Ca2+-free DPBS followed by a gentle pipetting. Cells were then pelleted by a 4000 g centrifugation 

at 4 °C for 10 minutes. The supernatant was removed and cells were resuspended in 100 µL lysis 

buffer consisting of 200 mM NaCl, 50 mM HEPES, 1 mM EDTA, protease inhibitor tablet (Fisher 
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Scientific), and the detergent or detergent mixture of choice (Table 4.1), pH 7.4. Cells were 

allowed to lyse with gentle mixing at 4 °C for 1 hour. Cell lysate was then centrifuged for 20 min 

at 20,000 g and 4 °C. The supernatant was collected and immediately diluted 10-fold with dilution 

buffer consisting of 200 mM NaCl, 50 mM HEPES, 1 mM EDTA, and protease inhibitor tablet, 

pH 7.4. The diluted sample was then added to the flow chamber to achieve sparse surface 

immobilization of labeled receptors by their C-terminal FLAG-tag. After optimal receptor 

coverage was achieved, flow chamber was washed extensively (> 20× chamber volume) to remove 

unbound proteins and excess detergent with wash buffer consisting of 200 mM NaCl, 50 mM 

HEPES, and the detergent or detergent mixture of choice (Table 4.1), pH 7.4. Finally, labeled 

receptors were imaged in imaging buffer consisting of (in mM) 128 NaCl, 2 KCl, 2.5 CaCl2, 1.2 

MgCl2, 40 HEPES, 4 Trolox, the detergent or detergent mixture of choice (Table 4.1), and an 

oxygen scavenging system consisting of protocatechuic acid (Sigma) and 1.6 U/mL bacterial 

protocatechuate 3,4-dioxygenase (rPCO) (Oriental Yeast Co.), pH 7.35. For glutamate-free 

conditions, imaging buffer contained 2 U/mL glutamic-pyruvic transaminase (Sigma) and 2 mM 

sodium pyruvate (Gibco) and was incubated at 37 °C for 10 minutes. All reagents were prepared 

from ultrapure-grade chemicals (purity > 99.99%) and were purchased from Sigma. All buffers 

were made using ultrapure distilled water (Invitrogen). Samples were imaged with a 100× 

objective (Olympus, 1.49 NA, Oil-immersion) on a custom-built microscope with 50 ms time 

resolution unless stated otherwise. 532 nm and 638 nm lasers (RPMC Lasers) were used for donor 

and acceptor excitation, respectively.  
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Detergent-

Cholesterol Mixture 

Detergent #1 / 

(w/v%) lysis 

Detergent #2 / 

(w/v%) lysis 

Detergent #1 / 

(w/v%) imaging 

Detergent #2 / 

(w/v%) imaging 

DDM DDM / 1 - DDM / 0.05 - 

LMNG LMNG / 0.1 - LMNG /0.005 - 

GDN GDN / 0.1 - GDN / 0.005 - 

DDM-CHS (10:1) DDM / 1 - DDM / 0.05 - 

LMNG-CHS (10:1) LMNG / 0.1 - LMNG /0.005 - 

GDN-CHS (10:1) GDN / 0.1 - GDN / 0.005 - 

DDM-CHS (1:1) DDM / 1 - DDM / 0.05 - 

LMNG-CHS (1:1) LMNG / 0.1 - LMNG /0.005 - 

GDN-CHS (1:1) GDN / 0.1 - GDN / 0.005 - 

LMNG-CHS-GDN 

(0.0003) LMNG / 0.1 - LMNG / 0.005 GDN / 0.0003 

LMNG-CHS-GDN 

(0.0004) LMNG / 0.1 - LMNG / 0.005 GDN / 0.0004 

LMNG-CHS-GDN 

(0.000625) LMNG / 0.1 - LMNG / 0.005 GDN / 0.000625 

LMNG-CHS-GDN 

(0.005) LMNG / 0.1 - LMNG / 0.005 GDN / 0.005 

Table 4.1 Detergent and cholesterol mixtures for smFRET experiments 

 

 

4.4.9 Styrene maleic acid (SMA) extraction and solubilization of mGluR2 

Styrene maleic acid lipid particle (SMALP) -based mGluR2 isolation was adapted from previously 

reported protocols (S. C. Lee et al., 2016; Routledge et al., 2020). Briefly, first express and label 

mGluR2 FRET sensors in HEK293T cells following previously described protocols. SMALP-

based isolation of mGluR2 from HEK293T cells requires ~1E7 cells or a ~65 mg cell pellet. This 

is equivalent to 14 18 mm coverslips or 1 10 cm tissue culture dish with cells at 90% confluency. 

Detach and resuspend cells by gentle pipetting using 8 mL of lysis buffer consisting of 50 mM 

HEPES, 200 mM NaCl, and protease inhibitor tablet (Fisher Scientific), pH 7.4. Gently lyse cells 

by probe sonication for 2 minutes in total with a 1 minute cycle time of 30 seconds on and 30 

seconds off (duty cycle = 50%). Adjust sonicator output as necessary based on lysis efficiency. 

Centrifuge sample at 750 g and 4 °C for 10 minutes to remove unlysed cells. Transfer supernatant 

to ultracentrifugation tubes and centrifuge at 100,000 g and 4 °C for 60 minutes. Weigh pellet 
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containing membrane fraction and resuspend using resuspension buffer at 40 mg/mL. 

Resuspension buffer consists of 300 mM NaCl, 50 mM HEPES, protease inhibitor tablet (Fisher 

Scientific), and 2.5 w/v% SMA-EA copolymer (Anatrace), pH 7.4. Mix thoroughly to break up 

membrane fraction pellet. Gently mix the solution in the dark at room temperature for 60 minutes. 

Centrifuge at 20,000 g and 4 °C for 10 minutes to remove insoluble fraction and store supernatant 

in fresh pre-chilled tube. Sample is ready to be imaged using detergent-free imaging buffer as 

previously described. 

4.4.10 smFRET data analysis 

Analysis of single-molecule fluorescence data was performed using smCamera 

(http://ha.med.jhmi.edu/resources/), custom MATLAB (MathWorks) scripts, and OriginPro 

(OriginLab). Particle selection and generation of raw FRET traces were done automatically within 

the smCamera software. For the selection, particles that showed acceptor signal upon donor 

excitation, with acceptor brightness greater than 10% above background and had a Gaussian 

intensity profile, were automatically selected and donor and acceptor intensities were measured 

over all frames. Out of this pool, particles that showed a single donor and a single acceptor 

bleaching step during the acquisition time, stable total intensity (ID + IA), anti-correlated donor and 

acceptor intensity behavior without blinking events, and lasted for more than 4 seconds were 

manually selected for further analysis (~20-30% of total molecules per movie). All data was 

analyzed by three individuals independently and the results were compared and showed to be 

identical. In addition, a subset of data was blindly analyzed to ensure no bias in analysis.  Apparent 

FRET efficiency was calculated as (IA − 0.088×ID) / (ID + (IA − 0.088×ID)), where ID and IA are 

raw donor and acceptor intensities, respectively. Population smFRET histograms were generated 
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by compiling at least 25 total FRET traces of individual molecules. Before compiling traces, FRET 

histograms of individual molecules were normalized to 1 to ensure that each trace contributes 

equally, regardless of trace length. Error bars on histograms represent the standard error of data 

from three independent biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



157 

 

 

 

 

 

 

Chapter 5: Conclusions and prospectus 

 

 

5.1 Conclusions 

In this thesis dissertation, live-cell FRET, smFRET, and functional calcium imaging techniques 

were used to probe the conformational dynamics of mGluR2 activation and modulation. This work 

revealed that mGluR2 activation is a dynamic process and requires the coordinated coupling of the 

three structural domains to occur. In addition, the work here provides a dynamic structural 

framework to interpret and describe mechanisms of allosteric modulation by both pharmaceutical 

agents and endogenous modulators. The concepts underlying mGluR2 activation and modulation 

likely extend not only to other class C GPCRs, but also to other multidomain membrane receptors. 

5.1.1 mGluR2 activation is an ordered and stepwise process 

At the beginning of this thesis work, the molecular details of mGluR rearrangement during 

activation were generally fragmented and incomplete. No full-length mGluR structures were 

available and biophysical characterization predominantly focused on the ligand binding VFT 

domain. In Chapter 2, I addressed this by focusing my attention on the CRD. The CRD’s role as 

an allosteric linker between the glutamate binding VFT domain and G protein-coupling 7TM 
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domain made it an ideal structural domain to study mGluR activation. However, due to its compact 

and flexible structure, the CRD is not amenable to traditional fluorescent labeling strategies. To 

circumvent this obstacle, we adapted and optimized a method to site-specifically incorporate 

UAAs into the CRD enabling non-perturbative labeling via a copper-catalyzed click reaction 

(Noren, Anthony-Cahill, et al., 1989; Presolski et al., 2011b).  

Using this novel CRD conformational FRET sensor, we identified four distinct and ordered 

conformations that included two novel intermediates states. These findings confirmed the general 

compaction that occurred during mGluR activation (Koehl et al., 2019a). By coupling our novel 

CRD sensor with a range of pharmacological, mutagenesis, and crosslinking strategies, we 

determined that the CRD had a single active conformation and that the intermediate states 

effectively functioned as conformational checkpoints towards activation. The identification and 

characterization of these different states highlight the strength of smFRET as a technique that 

enables one to bypass conformational heterogeneity in a way that traditional biophysical tools 

cannot. 

In addition, comparison of the CRD and VFT domain revealed that receptor dynamics are highly 

variable across different domains. While the VFT domain was stable in inactive or fully active 

conditions, the CRD demonstrated substantial intrinsic dynamics regardless of ligand present. This 

result clearly illustrates loose coupling between mGluR2 structural domains. Collectively, these 

findings clearly illustrate the importance of dynamics and the conformational ensemble in receptor 

function. The four-state activation model established in Chapter 2 serves as the framework for 

interpreting and describing mechanisms of allosteric modulation in Chapter 3 and Chapter 4. 
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5.1.2 Allosteric modulators have a distinct conformational fingerprint 

Allosteric modulators are a promising class of therapeutics that enable improved mGluR subtype 

specificity through the targeting of evolutionary distinct binding sites and leveraging of a broader 

array of binding modalities (Foster & Conn, 2017). While subtype specificity is a key strength of 

allosteric modulators, their distinct mechanisms of action impede efficient clinical translation. 

Furthermore, the lack of intrinsic effect and context-dependence of many allosteric modulators 

make them difficult to characterize. To bypass this inherent complexity, we developed a receptor-

centric interpretation of allosteric modulators in Chapter 3. 

Using our UAA-incorporation strategy, we developed sensors for each mGluR2 domain, allowing 

us to define a “conformational fingerprint” for each modulator. All tested modulators regulated 

each domain in a manner consistent with their functional characterization, suggesting some 

conserved modulatory mechanism. However, substantial variation in ΔPotency and ΔEfficacy 

among domains and modulators provided evidence for distinct “conformational pathways”. We 

hypothesize that these “pathways” may achieve some net modulatory effect by eliciting differential 

contributions from each mGluR2 structural domain. A systematic analysis using a broader range 

of modulators and sensors will be necessary to verify this hypothesis. 

To gain mechanistic insight on mGluR2 allosteric modulation, I conducted smFRET experiments 

on prototypical PAM and NAM, BINA and MNI-137, respectively. I found that BINA, a pure 

PAM with no intrinsic agonist effect, served to prime mGluR2 in the pre-active intermediate 

conformation in the absence of glutamate, while increasing entry into the active conformation with 

glutamate present. In contrast, MNI-137 generally reduced mGluR2 compaction and prevented 

entry into the active conformation. Interestingly, receptor dynamics was an important parameter 
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regulated by both these modulators, further emphasizing the importance of structural dynamics in 

GPCR function. Collectively, these smFRET experiments validated and expanded upon the 

activation framework described in Chapter 2. 

5.1.3 The hydrophobic environment shapes receptor structure and function 

During the process of characterizing mechanisms of BINA and MNI-137 modulation, studies 

found that the choice of solubilizing detergent was essential for conserving the integrity of the 

allosteric binding pocket (Cao et al., 2021). As a result, a systematic analysis of detergents, 

detergent mixtures, and cholesterol effects on mGluR2 conformational dynamics was underway. 

The goal of this study was to not only determine which combination of surfactants best conserved 

the allosteric pocket, but also to determine which best reflected native mGluR2 conformation. 

Using SMALP-based mGluR2 isolation, I showed that no individual detergent effectively 

recapitulated the conformation of lipid solubilized mGluR2. Fortunately, recognizing GDN’s 

unique NAM-like behavior enabled me to determine the optimal detergent-cholesterol mixture that 

reflected the conformation of lipid solubilized mGluR2 while conserving the allosteric pocket 

integrity. This optimization process highlights the importance of testing multiple detergents when 

conducting in vitro biophysical studies on membrane proteins. 

The distinct NAM-like behavior of GDN raised questions regarding the conservation of this 

property among steroidal molecules. The role of cholesterol in modulating lipid bilayer fluidity 

and its dependence on temperature and concentration have been thoroughly reported (Subczynski 

et al., 2017). However, minimal work has been done examining the non-linear effects of 

cholesterol on membrane protein structure and dynamics (Serdiuk et al., 2022). Leveraging the 

high spatial resolution of smFRET, we provided direct evidence of cholesterol’s biphasic 
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modulatory effects on mGluR2 structural dynamics. This finding provides mechanistic insight on 

how membrane receptor function may be regulated by cholesterol-enriched microdomains on the 

cell membrane. 

 

5.2 Prospectus 

5.2.1 Intramolecular and intradomain mGluR structural dynamics 

The work described in this thesis focuses primarily on symmetrical intermolecular rearrangement 

between mGluR monomers. This was in part due to the technical challenges of efficiently selecting 

heterodimeric receptors with a single labeling competent monomer and poor expression of UAA-

containing heterodimeric receptors. However, improved methods for bio-orthogonal amino acid 

incorporation (Elsässer et al., 2016), a growing library of UAAs with orthogonal chemistries (Lang 

& Chin, 2014), and improved heterodimerization selection tools make designing intramolecular 

FRET sensors a more straightforward process (Margeta-Mitrovic et al., 2000). A recent study has 

already applied UAA incorporation to probe the closure of an individual VFT domain of mGluR2 

by labeling both LB1 and LB2 (Lecat-Guillet et al., 2022). These advances will enable us to 

examine a broader array of structural rearrangements, better define conformational coupling of 

spatially separated domains, and build a more comprehensive picture of mGluR activation. 

5.2.2 Defining structure-function relationship of mGluR heterodimers 

mGluR heterodimerization significantly expands the potential functionality of the receptor family 

by including up to 11 heterodimers with unique physiological properties (Doumazane et al., 2011). 

Cell-based and single-molecule studies have already revealed that mGluR heterodimerization can 

result in transactivation (Liu et al., 2017), basal activity (Habrian et al., 2019), and altered 
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cooperativity (Levitz et al., 2016). These studies only begin to describe the functional diversity 

made possible by heterodimeric mGluRs. Although the presence and localization of heterodimeric 

mGluRs in native tissues are poorly defined and remain an active area of research, defining their 

unique physiological and structural properties will likely be vital to their clinical application as 

homo- and heterodimers have been shown to colocalize, further complicating the challenge of 

subtype selectivity (Meng et al., 2022; Moreno Delgado et al., 2017). Fortunately, advances in 

tools for labeling and heterodimer selection have laid the groundwork for the straightforward 

characterization of mGluR heterodimers. 

5.2.3 Mechanisms of allosteric modulation by other allosteric ligand and regulatory proteins 

Allosteric modulators are promising therapeutic agents that enable mGluR subtype selectivity 

(Lindsley et al., 2016). However, the mechanism of action for most allosteric modulators is poorly 

understood, slowing the optimization and clinical translation of these therapeutics (Thal et al., 

2018). In Chapter 3, I was able to define mechanisms for the pure PAM BINA and NAM MNI-

137 in great detail using smFRET. By combining smFRET, our library of conformational sensors, 

and the activation framework established in Chapter 2, defining mechanisms of action for other 

mGluR modulators should be a reasonably straightforward process. For instance, this strategy can 

be applied to identify mechanisms utilized by agonist-PAMs, neutral allosteric modulators, and 

biased allosteric modulators or more generally to define different modes of positive and negative 

allosteric modulation. Furthermore, this workflow can also be adapted to study protein-protein 

interactions between mGluRs and other intracellular regulatory proteins. 
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5.2.4 Lipid modulation of mGluR conformational dynamics  

SMALP-based mGluR2 isolation enabled preliminary analysis of lipid solubilized mGluR2 

conformation dynamics. However, it is known that lipids and lipid mixtures may differentially 

affect membrane proteins through either direct binding or modulation of bilayer biophysical 

properties (Gimpl, 2016; Sarkar & Chattopadhyay, 2020; Sejdiu & Tieleman, 2020). As SMA non-

specifically isolates mGluR2 and surrounding lipids from the cell membrane, the lipid composition 

of SMALPs is heterogeneous (Teo et al., 2019). Thus, in-depth analysis of specific lipid effects is 

not possible using SMALP scaffolds. To study the effects of specific lipids on mGluRs, nanodiscs, 

liposomes, or any lipidic scaffold that enables strict control of the lipid environment should be 

used. 
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Appendix A: Supplemental data for chapter 2 

 

 

 

Figure S2.1 Site-specific labeling of mGluR2 by click chemistry 27 

(A) Schematic showing site-specific fluorescent labeling of mGluR2, with the unnatural amino 

acid 4-azido-L-phenylalanine at residue 548, by copper catalyzed azide-alkyne click reaction. (B) 

Donor (green: Cy3) and acceptor (red: Cy5) fluorophores conjugated to the CRD of inactive 

mGluR5 at the position corresponding to residue 548 in mGluR2 (top).  Representative confocal 

microscope image of HEK293T cells expressing 548UAA with the cell surface population labeled 

with donor (green: Cy3) and acceptor (red: Cy5) fluorophores through click chemistry (bottom). 

Scale bars, 10 µm. (C) Unprocessed image of non-reducing 4-20% polyacrylamide gel 

electrophoresis of cell lysate from HEK293T cells expressing 548UAA and labeled by Cy5-

alkyne. The gel is imaged with 633 nm excitation wavelength and 670-BP30 emission filter. Lane 

A: protein ladder; lane B: cell lysate; lane C: Cy5-alkyne dye. Results are representative of an 

individual experiment. (D) Image of HEK293T cells expressing 548UAA and labeled with donor 

(green: Cy3) and acceptor (red: Cy5) fluorophores through click chemistry during live-cell FRET 

experiments. Scale bars, 10 µm. Results are representative of all titration and max response 

experiments for the 548UAA construct (N=21 independent experiments). 
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Figure S2.2 Live-cell ensemble FRET response to orthosteric ligands and a negative 

allosteric modulator 28 

(A) Representative donor and acceptor intensities and corresponding FRET signal from live-cell 

FRET titration experiments for DCG-IV, LY379268 and Glutamate +10 µM Ro64-5229 measured 

using HEK293T cells expressing 548UAA (top) and corresponding dose-response curves 

(bottom). Each titration curve is normalized to the 1 mM glutamate response. Data represent mean 

± s.e.m. of N=20, 10 and 13 cells for LY379268, DCG-IV and glutamate +10 µM Ro64-5229, 

respectively, examined over 3 independent experiments. (B) Donor and acceptor intensities and 

corresponding FRET signal in response to saturating concentrations of glutamate (1 mM), DCG-

IV (100 µM) and LY37 (20 µM) in HEK293T cells expressing 548UAA.  
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Figure S2.3 Example single-molecule time traces of CRD and VFT domain sensors 29 

(A) Schematic of the single-molecule experiments (top). Representative frame from a single-

molecule movie with the donor channel (Cy3) on the left and acceptor channel (Cy5) on the right 

(bottom). Molecules selected by analysis software for downstream processing are indicated by 

green circles. Scale bar, 3 µm. (B) Example single-molecule time traces of the 548UAA in the 

absence of glutamate (0 µM) showing donor (green) and acceptor (red) intensities and 

corresponding FRET (blue). Dashed lines represent 4 distinct FRET states. (C) Schematic of the 

VFT domain conformational sensor (left). Example single-molecule time traces of VFT domain 

sensor in the absence of glutamate and presence of saturating glutamate showing donor (green) 

and acceptor (red) intensities and corresponding FRET (blue) (bottom). smFRET population 

histogram of VFT domain mGluR2 sensor in the inactive (0 µM glutamate; 36 total molecules) 

and active (1 mM glutamate; 24 total molecules) conditions (top right). Data represent mean of 

N=2 independent experiments.  
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Figure S2.4 Example single-molecule time traces of CRD at different glutamate 

concentrations 30 

(A) Example single-molecule time traces of the 548UAA at intermediate glutamate concentrations. 

(B) Example single-molecule time traces of the 548UAA in saturating (1 mM) glutamate. Donor 

(green) and acceptor (red) intensities and corresponding FRET (blue) are shown. Dashed lines 

represent 4 distinct FRET states. 
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Figure S2.5 mGluR3 undergoes a 4-state activation process 31 

(A) smFRET population histograms of mGluR3 CRD sensor (labeled at residue 557) in the 

presence of competitive antagonist (LY341495; 221 total molecules) or saturating glutamate (290 

total molecules). Data represent mean ± s.e.m. of N=3 independent experiments. Histograms are 

fitted (red) to 4 Gaussian distributions (blue) centered around 0.25 (state 1), 0.38 (state 2), 0.7 

(state 3) and 0.87 (state 4), denoted with dashed lines. (B) Example single-molecule time traces of 

mGluR3 CRD sensor  in the presence of antagonist (LY341495) or saturating glutamate showing 

donor (green) and acceptor (red) intensities and corresponding FRET (blue). Dashed lines 

represent 4 distinct FRET states. Data was acquired at 100 ms time resolution.   
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Figure S2.6 Effect of intersubunit crosslinking on the CRD conformation 32 

Representative live-cell FRET measurement using HEK293T cells expressing 548UAA with the 

crosslinking mutation L521C upon application of intermediate and saturating glutamate. FRET 

signal is normalized using initial FRET at time = 0. 
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Figure S2.7 smFRET analysis of CRD in the presence of orthosteric agonists 33 

(A) Example single-molecule time traces of 548UAA at intermediate concentrations of DCG-IV 

(100 nM, top) and LY379268 (2 nM, bottom) showing donor (green) and acceptor (red) intensities 

and corresponding FRET (blue). Dashed lines represent 4 distinct FRET states. (B) smFRET 

population histograms for 548UAA in the presence of saturating glutamate (1 mM; 152 total 

molecules), DCG-IV (100 µM; 470 total molecules) and LY379268 (20 µM; 356 total molecules). 

Data represent mean ± s.e.m. of N=3 independent experiments. 
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Figure S2.8 CRDs of mGluR2 are dynamic 34 

Heatmap illustrating the FRET values sampled by individual 548UAA receptors in the inactive (0 

µM glutamate, top) and fully active (1 mM glutamate, bottom) conditions. Each row is the 

smFRET time trace of a single molecule over 6 seconds. The smFRET traces were smoothed using 

a 3-point moving average filter. 100 independent molecules are shown for each condition. 
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Figure S2.9 Analysis of conformational state 2 and state 4 35 

Example single-molecule time traces of 548UAA YADA/WT heterodimers at 20 µM glutamate. 

ATTO488 (light blue), donor (green) and acceptor (red) intensities and the corresponding FRET 

(blue) are shown. Dashed lines represent 4 distinct FRET states. Data was acquired at 100 ms time 

resolution. 
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Figure S2.10 Characterization of the mGluR2 PAM mutant conformational dynamics 36 

(A) smFRET population histograms of 548UAA PAM mutant (C770A) in the presence of 5 µM 

(689 total molecules) or 10 µM (370 total molecules) glutamate. Histograms are fitted (red) to 4 

Gaussian distributions (blue) centered around 0.31 (state 1), 0.51 (state 2), 0.71 (state 3) and 0.89 

(state 4), denoted with dashed lines. Data represent mean ± s.e.m. of N=3 independent 

experiments. (B) Normalized histograms of state 3 (pre-active) and state 4 (active) dwell-times 

(cumulative count) in the presence of 5 or 10 µM glutamate for 548UAA and 548UAA PAM 

mutant (C770A). Data is fit to a single exponential decay function. Dwell-times are from > 80 total 

molecules per condition from two independent experiments. (C) Transition density plots (TDPs) 

of 548UAA and 548UAA PAM mutant (C770A) at 5 or 10 µM glutamate. Dashed lines represent 

4 distinct FRET states. Transitions are compiled from two independent experiments. (D) Dwell-

times of states 1-4 for 548UAA and 548UAA PAM mutant (C770A) in the presence of 5 or 10 

µM glutamate. Average dwell-time was calculated by fitting a single exponential decay function 

to dwell-time histograms for each condition. Dwell-times of states 1 and 2 represent the mean of 
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N=2 independent experiments with 86, 83, 91 and 72 total molecules examined for WT (5 µM), 

WT (10 µM), C770A (5 µM) and C770A (10 µM), respectively. Dwell-times of states 3 and 4 

represent the mean ± s.e.m. of N=3 independent experiments with 147, 140, 128 and 142 total 

molecules examined for WT (5 µM), WT (10 µM), C770A (5 µM) and C770A (10 µM), 

respectively. Transition and dwell-time analysis were performed on 100 ms data. 
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Appendix B: Supplemental data for chapter 3 

 

 

Figure S3.1 Representative images and FRET traces from live-cell FRET experiments 37 

(A) Representative image of HEK293T cells expressing SNAP-m2, azi-CRD, or azi-ECL2 labeled 

with donor (left) and acceptor (right) fluorophores used for live-cell FRET experiments. Scale bar, 

10 μM.  (B) Representative normalized live-cell FRET traces of DCG-IV, LY379268, and 

(2R,4R)-APDC titration experiments on HEK293T cells expressing azi-ECL2. Data was acquired 

at 4.5 s time resolution. 
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Figure S3.2 Quantification of orthosteric agonist efficacy 38 

(A) Normalized maximal agonist-induced FRET change for SNAP-m2, azi-CRD, and azi-ECL2 

sensors. Data represents mean ± s.e.m. of responses from individual cells from at least three 

independent experiments. Total number of cells examined for normalization experiments, mean 

max response, and errors are listed in Table 2. (B) Representative normalized live-cell FRET traces 

from DCG-IV, LY379268, and (2R,4R)-APDC normalization experiments of azi-ECL2. Data is 

normalized to 1 mM glutamate response and collected at 4.5 s time resolution.  
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Figure S3.3 Orthosteric agonists examined by functional calcium imaging 39 

(A) Dose-response curves for mGluR2-induced calcium flux during orthosteric agonist titrations. 

(B) Normalized maximal agonist-induced intracellular calcium levels. Glutamate dose-response 

curves for calcium flux induced by (C) azi-CRD and (D) azi-ECL2. Data is normalized to 1 mM 

glutamate response. Data represents mean ± s.e.m. of results from three independent experiments. 
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Figure S3.4 Max normalization of ΔFRET for SNAP-m2 40 

(A-E) Representative normalized live-cell FRET traces of SNAP-m2 normalization experiments 

for all PAMs and NAMs tested. Data was acquired at 4 s time resolution. 
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Figure S3.5 Max normalization of ΔFRET for azi-CRD 41 

(A-E) Representative normalized live-cell FRET traces of azi-CRD normalization experiments for 

all PAMs and NAMs tested. Data was acquired at 4.5 s time resolution. 
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Figure S3.6 Max normalization of ΔFRET for azi-ECL2 42 

(A-E) Representative normalized live-cell FRET traces of azi-ECL2 normalization experiments 

for all PAMs and NAMs tested. Data was acquired at 4.5 s time resolution. 
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Figure S3.7 Allosteric modulators examined by functional calcium imaging 43 

(A) Glutamate dose-response curves with and without allosteric modulators for mGluR2-induced 

calcium flux. (B) Changes in glutamate potency and efficacy in response to allosteric modulator 

treatment, measured by intracellular calcium levels. ΔPotency defined as (([modulator + 

glutamate]EC50 – [glutamate] EC50)/[glutamate] EC50) × 100. ΔEfficacy defined as ([1 mM glutamate 

+ modulator] - [1 mM glutamate]) × 100. Data is normalized to 1 mM glutamate response. Data 

represents mean ± s.e.m. of results from three independent experiments. 
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Figure S3.8 Structural representation of allosteric modulator binding pocket 44 

7TM domain (white) is from PAM bound subunit of mGluR2 (PDB:7MTS). Lateral view (left) 

and top view (right). Residues found to interact with PAM in structure (PDB: 7MTS) and from 

mutagenesis studies are shown with surface representations (grey). Ligands bound are 

superimposed volumes of PAMs (green; PDB: 7MTR, 7MTS, 7E9G) and NAMs (pink; PDB: 

7EPE, 7EPF) solved in complex with mGluR2. 
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Figure S3.9 Representative smFRET traces for modulator-free conditions 45 

(A-C) Representative smFRET traces of azi-CRD in the presence of (A) 0 μM, (B) 15 μM, and 

(C) 1 mM glutamate showing donor (green) and acceptor (red) and corresponding FRET (blue). 

Dashed lines represent 4 distinct FRET states. Data was acquired at 50 ms time resolution. 
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Figure S3.10 Representative smFRET traces for 10 μM BINA conditions 46 

(A-C) Representative smFRET traces of azi-CRD in the presence of 10 μM BINA and (A) 0 μM, 

(B) 15 μM, and (C) 1 mM glutamate showing donor (green) and acceptor (red) and corresponding 

FRET (blue). Dashed lines represent 4 distinct FRET states. Data was acquired at 50 ms time 

resolution. 
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Figure S3.11 Representative smFRET traces for 5 μM MNI-137 conditions 47 

(A-C) Representative smFRET traces of azi-CRD in the presence of 5 μM MNI-137 and (A) 0 

μM, (B) 15 μM, and (C) 1 mM glutamate showing donor (green) and acceptor (red) and 

corresponding FRET (blue). Dashed lines represent 4 distinct FRET states. Data was acquired at 

50 ms time resolution. 
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Figure S3.12 Allosteric modulator effects on azi-CRD cross correlation 48 

(A) Cross-correlation of azi-CRD donor and acceptor intensities in the presence of 0 μM glutamate 

alone and with 5 μM MNI-137 or 10 μM BINA. (B) Cross-correlation of azi-CRD donor and 

acceptor intensities in the presence of 1 mM glutamate alone and with 5 μM MNI-137 or 10 μM 

BINA. Data was acquired at 50 ms time resolution. 
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