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36 Abstract

37  Metabotropic glutamate receptors belong to a family of G protein-coupled receptors that are
38  obligate dimers and possess a large extracellular ligand-binding domain (ECD) that is linked
39  via a cysteine-rich domain (CRDs) to their 7-transmembrane (TM) domain. Upon activation,
40  these receptors undergo a large conformational change to transmit the ligand binding signal
41  from the ECD to the G protein-coupling TM. In this manuscript, we propose a model for a
42  sequential, multistep activation mechanism of metabotropic glutamate receptor subtype 5. We
43  present a series of structures in lipid nanodiscs, from inactive to fully active, including agonist-
44  bound intermediate states. Further, using bulk and single-molecule fluorescence imaging we

45  reveal distinct receptor conformations upon allosteric modulator and G protein binding.
46
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63 Introduction

64  Metabotropic glutamate receptors (mGlus) belong to a family of obligate dimeric G protein-
65  coupled receptors (GPCRs), that are activated by the excitatory neurotransmitter, L-glutamate'.
66  Each protomer contains a large ECD that is made up of a Venus fly trap (VFT) domain, that
67  contains the orthosteric ligand binding site, and a cysteine-rich domain (CRD). The CRD
68  connects the VFT to the family-defining 7-transmembrane (TM) domain (Extended Data
69  Figure la)!. The binding of glutamate causes the closure of the VFTs and a protomer
70  rearrangement that brings the CRDs and TM domains in close proximity?. Dimerization of the
71 mGlus is mandatory for their function, and the rearrangement upon activation of the receptors
72 is a complex allosteric process with the two protomers influencing each other®. Allosteric
73 modulators of mGlus bind the TM domain* to regulate signaling by themselves or in
74  conjunction with orthosteric ligands. Ultimately, agonists and positive allosteric modulators
75  (PAMs) activate mGlus by stabilizing intermolecular interactions between the protomers

76  which enable G protein coupling to the TM domain.

77  To better understand the activation mechanism of mGlus, and to delineate the allosteric link
78  between ligands and G proteins, we took mGlu5 as a representative of the mGlu family and
79  employed a combination of structural and biophysical techniques to characterize the
80  conformational landscape of receptor activation. We first show the importance of a lipid bilayer
81  for mGluS activation. To comprehensively understand the receptor activation pathway, we
82  determine structures of mGlu$5 in the presence of a small molecule orthosteric agonist and an
83  allosteric modulator, as well as the allosteric nanobody, Nb432. As a pure PAM, Nb43
84  potentiates the activity of orthosteric agonists but lacks intrinsic activity of its own. In the
85  presence of the orthosteric agonist L-quisqualic acid (Quis) and Nb43, we resolved two
86  receptor conformations; (i) an intermediate (Intermediate 1a, Figure 1a) with the VFT upper
87  lobes closed but a large interprotomer distance reflecting an inactive conformation, and (ii) an
88  “active-like” structure (Intermediate 2a, Figure 1a) where the VFT lower lobes, CRDs and the
89 TMs are in close proximity. It should be noted that for the purpose of discussion, all
90  conformations between Apo and G protein-bound “Fully Active”, are named “Intermediates”.
91  Addition of agonist-PAM 3-cyano-N-1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) to
92  the Quis- and Nb43-bound mGlu$5 fully stabilized a single active conformation (Intermediate
93  3a, Figure 1a) that resembles the Quis and Nb43-bound Intermediate 2a structure. Interestingly,
94  in this complex, we observe an asymmetric action of CDPPB, with density supporting its

95  binding to only one of the two TMs, as opposed to a structure of mGluS with CDPPB alone,
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96  but without Quis or Nb43, where we observe CDPPB in both TMs (Intermediate 1b, Figure
97  la). We further investigate the intersubunit conformational changes upon ligand and G protein
98  Dbinding using bulk fluorescence spectroscopy and single-molecule Forster resonance energy
99 transfer (SmFRET). We observe receptor conformations that correlate well with the determined
100  structures as well as several receptor conformations that are uniquely observed in biophysical
101  studies, including states stabilized by CDPPB (Intermediates 2band 3b, Figure 1a) and one
102 stabilized by G protein (fully active). Finally, combining all the data we propose a model for
103 the step-wise activation of mGlu5. Figure la gives an overview of the model developed from

104 the results presented in this manuscript.
105 Results
106 A lipid environment iscritical for mGlu5 activation

107  To identify the best conditions for studying mGlu5 activation, we monitored the ability of
108  mGlu5 to drive GTP turnover via the heterotrimeric G protein Gq in detergent micelles and
109  reconstituted in lipid nanodiscs using the belt protein MSP2N2 (~ 16 nm diameter)® and a
110  POPC/POPG lipid mixture (Extended Data Figure 1b). In detergent micelles, we observed no
111 activation of Gq by mGlu5 bound to Quis, and only minimal activation (~ 20 % above Gq alone)
112 by mGluS5 bound to both Quis and CDPPB (Extended Data Figure 1c), while the M1 muscarinic
113 receptor in detergent micelles was able to efficiently activate Gq (Extended Data Figure 1d). In
114 contrast, mGlu5 in lipid nanodiscs was able to robustly activate Gq by Quis alone or Quis and
115 CDPPB (Extended Data Figure 1c). To assess whether this dependence on lipid environment
116  for mGluS activation is a consequence of alteration in receptor conformation, rather than a
117  direct effect of lipid on either Gq activation or mGlu5 affinity for ligand, we performed
118  hydrogen-deuterium exchange monitored by mass spectrometry (HDX-MS). Upon agonist
119  binding to mGlu5 in detergent, we observe changes in the VFT, consistent with ligand binding?
120 (Extended Data Figure le). These VFT changes in detergent are nearly identical to HDX-MS
121 curves of agonist-bound mGlu5 in nanodiscs (Extended Data Figure 1e-f). Thus, the effects of
122 agonist binding on the VFT do not appear to depend on the receptor TM environment.
123 However, there are notable differences in the TM region of agonist-bound mGlu5 between
124  detergent and nanodiscs: specifically, peptides in the intracellular region of TM3 exhibit
125  reduced deuterium uptake in mGlu5 in nanodiscs compared to mGlu5 in detergents (Extended
126 Data Figure le, g). Other peptides in the TM region, including in TMS5, do not exhibit
127  differences in deuterium uptake, suggesting that the detergent environment does not globally
128  destabilize the receptor (Extended Data Figure 1g). In other mGlus, e.g. in mGlu2, this region
4
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129  of TM3 undergoes conformational changes upon activation and interacts with G protein®
130  (Extended Data Figure 1h). Taken together, these data are consistent with a model where lipids
131  modulate the ability of mGlu5 to adopt an active state capable of GTP turnover.

132 Quis-bound mGlu5 existsin two confor mation

133 To better understand the activation mechanism of mGlu5, we determined the structure of Quis
134 and Nb43 bound mGlu5 reconstituted into lipid nanodisc using single particle cryo-electron
135  microscopy (cryo-EM). Data processing revealed two distinct conformations of the receptor
136  (Extended Data Figure 2). Though both structures have Quis bound (to both protomers), one
137  shows an “intermediate” conformation (Intermediate la, Figure la) wherein the VFTs are
138  closed, but CRDs and TMs are far apart as in the inactive mGlu5 structure (Figures 1b,
139  Extended Figure 3a), while the other conformation is “active-like” (Intermediate 2a, Figure 1a)
140  such that the CRDs and TMs are close together forming the TM6-TM6 interface, the hallmark
141  of Family C activation? (Figure Ic).

142 To investigate changes accompanying Quis binding, we compared the previously determined
143 Apo (PDB code: 6N522) structure to the current Quis-bound, Intermediate la structure
144  (Extended Data Figure 3a). Upon Quis binding, there is a decrease in distance between the
145  upper and lower lobes of the VFT (Figure 2a). This decrease is mostly due to the closure of the
146  upper lobe (Figure 2a, Extended Data Figure 3b). The upper lobe closure is accompanied by
147  some rearrangements in the lower lobe and the “hinge region” (the region between the lobes in
148  the dimer interface (Extended Data Figure 1a, Extended Data Figure 3b). For example, changes
149  to Quis interacting residues such as W100 and E279 (Figure 2b, Extended Data Figure 3a)
150  result in conformational changes in the B and C helices at the intersubunit interface (Figure 2a-
151  b). Hindrance to the movement of these residues appears to stabilize the receptor in an inactive
152 conformation, as seen in the antagonist-bound structure (PDB code: 7FD97) (Extended Data
153  Figure 3c). Hence, changes in the lower lobe residues (e.g. E279) and the “hinge region”
154  triggers rearrangement of the upper lobes (i.e. closing) upon Quis binding (Figure 2a, Extended

155  Data Figure 3b).

156  To study the structural changes that occur subsequent to Quis binding to form the active state
157  of the receptor, we compared the Quis-bound Intermediate 1a (Figure 1a) and the Quis-bound
158  Intermediate 2a (Figure 1a) structures of mGlu5 (Figure 2b-c). We observe a large “twisting”
159  of the VFT lower lobe in the Intermediate 2a structure(Figure 2c, Extended Data Figure 4a).
160  The lower lobe of the VFT moves as a rigid body and maintains the Quis binding pocket
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161  (RMSD ~ 0.5, Extended Data Figure 4b) and initiates the rearrangement of the B and C helices
162  in the hinge region (Figure 2b, c). These structural changes ultimately lead to the CRDs and
163  TMs (Extended Data Figure 5) moving close to each other (hallmark of Family C GPCR

164  activation) to activate mGlu5.
165  Symmetric to asymmetric binding of mGlu5 PAM

166  Allosteric modulators of Family C GPCRs bind in the TM region and modulate orthosteric
167  ligand binding and signaling. Crystal structures of single mGlu TM domain bound to negative
168  allosteric modulators (NAMs) have been previously determined®!°. To gain structural insights
169 into the activity of allosteric modulators in the context of the full-length receptor, we
170  determined the structures of nanodisc incorporated CDPPB-bound mGlu5 (and Nb43) in the
171  absence and presence of Quis (Figure 3a, Extended Data Figure 6-7). In the absence of Quis,
172 CDPPB-bound mGlu5 (Intermediate 1b, Figure la) adopts a conformation in which the
173  protomers are separated and we observe density for CDPPB in both TM protomers indicating
174  symmetric binding (similar to previously seen for mGlu bound to NAM '!:12) (Extended Data
175  Figure 8). However, in the presence of Quis, CDPPB binds to the TM of only one protomer
176  (i.e. is bound asymmetrically) (Figure 3a). Moreover, unlike Quis alone, in Quis and CDPPB
177  we obtained only one conformation with the protomers together (Intermediate 3a, Figure la,
178  Extended Data Figure 6), consistent with stabilization of the active conformation (Extended

179  Data Figure 9a-b).

180  Asymmetric allosteric modulator binding to only one protomer TM is seen in other Family C
181  GPCRs®. CDPPB interacts similarly to the mGlu5 NAM, MPEP (PDB code: 6FFI'%); with the
182  exception of a large outward motion of W785%3° (Figure 3b, Extended Data Figure 9c)
183  (superscript indicating GPRDB canonical numbering scheme'?). In the CDPPB-bound
184  protomer, the entire TM6 is moved outward (C785%%* Ca-Cau ~ 3.5 A), with Y7795 pointing
185  towards the protomer that does not contain CDBBP (Figure 3c, Extended Data Figure 9d-e).
186  This appears to result in the inward movement of TM6 in the CDBBP-less protomer, with
187  W785%% occluding the PAM binding site (Extended Data Figure 9f). This asymmetric PAM
188  binding allows the protomer TMs to form a tight interface.

189  To tease out the differences between the Quis-bound Intermediate 2a and CDPPB, Quis-bound
190  Intermediate 3a states, we carried out three-dimensional variability analysis (3DVA)!4. In both
191  cases, we observed similar modes of variability (SI Video 1), suggesting these are of biological

192 relevance, rather than being artifacts resulting from overfitted noise in cryo-EM data. Notably,
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193 in the Quis-bound dataset, we detect a more pronounced "stretch" motion between VFT and
194  TM domains (SI Video 1). Given that CDPPB binds the TM domain, we hypothesize that
195 CDPPB can "lock" the TM-TM interface of mGlu5 homodimer in an active conformation,
196  consistent with the role of CDPPB as a PAM. In addition, 3D flexible refinement (3Dflex)!?
197  revealed an asymmetric stretching pattern (SI Video 2), wherein one protomer exhibited greater
198 translational movement than the other. This indicates some asymmetry in the activation of the
199  protomers in the presence of CDPPB, perhaps consistent with the observed asymmetric PAM
200  binding (Figure 3a).

201  Effect of ligand binding on | CL 2 confor mation

202 Previous structural studies of mGlu receptors have shown that ICL2 is stabilized in the presence
203  of G protein®!6. To investigate conformational changes in ICL2 following ligand binding, we
204 used the environmentally sensitive fluorophore, monobromobimane (bimane) as a
205  conformational reporter (Extended Data Figure 10a-c). We performed bimane spectroscopy on
206  two versions of nanodisc-incorporated mGlu5, the WT, with two native cysteines, C681CL?
207 and C691439, labeled (Figure 3d, Extended Data Figure 10d) and mutant mGlu5 with only
208  C681CL? Jabeled (Extended Data Figure 10e, f). Notably, the two bimane-labeled constructs
209  vyielded similar results (Extended Data Figure 10d, f). The addition of Quis alone did not
210  produce a significant change (Figure 3d, Extended Data Figure 10d) in the bimane fluorescence
211 spectrum, suggesting that an orthosteric agonist alone has a limited ability to stabilize an active
212 conformation of TM intracellular loops. However, the addition of CDPPB to apo- or Quis-
213 bound mGlu5 increased fluorescence, indicating a change in the ICL2 environment (Figure 3d,
214  Extended Data Figure 10d-f). Interestingly, compared to Quis-alone, the structure of mGlu5
215  with Quis and CDPPB-bound, shows some changes in TM3 and TM4. These changes could
216  be potentially contributing to changes in ICL2 (Extended Data Figure 10g). No further change
217  was observed with the addition of Gq (Figure 3d). On the other hand, the mGlu5S NAM MTEP
218  (with Quis or antagonist, LY341495) binding dramatically decreased fluorescent intensity
219  (Figure 3d, Extended Data Figure 10d-f). The decrease in fluorescence with the NAM could
220  be due to bimane quenching by adjacent aromatic residues!’, such as, for example when ICL2
221  residue Y757°%7 approaches the TM domain in the active conformation. This contrasts with the
222 increase in fluorescent intensity in the presence of the PAM, CDPPB, when ICL2 may adopt
223  an extended conformation (ICL2 in Intermediate 1b, 2b and 3a, 3b in Figure la). Hence,

224  allosteric modulators appear to regulate ICL2 conformation.

225
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226  Activation dynamics of mGlu5

227  Agonist binding to the VFT triggers TM rearrangements via the CRD. To investigate the
228  mechanism of mGlu5 activation, we studied the conformational dynamics of the CRDs using
229  single-molecule fluorescence resonance energy transfer (smFRET)!®!°. smFRET has been
230  used to study the VFT conformational changes upon glutamate binding?°. We site-specifically
231  labeled a single introduced Cys (in a minimal Cys background (Extended Data Figure 10a-c))
232 inthe CRD of each protomer at position 560, with cysteine-reactive versions of LD555 (donor)
233 and LD655 (acceptor), to probe the distance between the CRDs as a measure of mGlu5
234 activation (Figure 4a, Extended Data Figure 11a).

235  Inthe Apo state, mGlu5 exhibits a dominant peak centered at a FRET efficiency of ~ 0.25 and
236  includes a broad right skew to higher FRET values (Figure 4b, d, grey, Extended Data Figure
237  11b). This low-FRET state at ~ 0.25 is increased by the orthosteric antagonist LY341495,
238 indicating that it corresponds to the inactive state (Extended Data Figure 11c). Upon Quis
239  binding, there is a shift in the occupancy to a mid-FRET state, centered at a peak of ~ 0.6 FRET
240  (Figure 4b, d, cyan). Based on the distance between residue 560 in each protomer in the
241  different structures that we obtained, the low and mid-FRET populations appear to correspond
242 to the two distinct Quis-bound structures seen above (Figure 1a): the Intermediate 1a state
243 (low-FRET) and the Intermediate 2a state (mid-FRET) (Extended Data Figure 11a). mGlu5
244  incubated with CDPPB alone occupies a dominant peak at ~ 0.25 (Intermediate 1b, Figure 1a)
245  and a peak at ~ 0.6 (Intermediate 2b, Figure 1a) (Extended Data Figure 11d). Intermediate 2b
246  was not detected by cryoEM. In the presence of Quis and CDPPB, the ~ 0.6 peak is dominant
247  (Intermediate 3a, Figure 1a), with a decrease in the low-FRET state (Figure 4b, d dark green)
248  and an emergence of a high-FRET peak at ~ 0.75 (Figure 4b, d dark green). This ~ 0.75 peak
249  corresponds to a distinct active-like state of the receptor (Intermediate 3b, Figure 1a), not seen
250  in the cryoEM structures. However, our 3Dflex analysis of the Quis and CDPPB cryoEM
251  dataset, reveals conformations where the CRDs of the homodimers are closer (“squeeze”
252  motion) than that seen in the Quis structure (Extended Data Figure 11e, SI Video 2), agreeing
253  with Intermediate 3b. These observations indicate that the CRDs are dynamic, that agonist and
254  PAM binding progressively increases the occupancy of states in which the CRDs come into
255  closer, and closer contact, and suggests that our intermediate structures lie on this pathway.
256  Moreover, the results show that positive allosteric modulators actuate an allosteric back

257  communication from the TMs to the CRDs.
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258  To study the effects of G protein on receptor conformational dynamics, we added Gq to Quis-
259  bound mGlu5. The addition of Gq depletes the FRET peak at ~ 0.6 and shifts the receptor to
260  inhabit the ~ 0.75 FRET state observed in Quis and CDPPB and a new FRET state at ~ 0.9
261  (Figure 4c, d, teal). This higher FRET peak is also seen when Gq is added to CDPPB-bound
262  mGlu5 (in the absence of Quis) (Extended Data Figure 11d), agreeing with prior evidence that
263  CDPPB is an agonist-PAM’. This peak at ~ 0.9 is stabilized further when Gq is added to mGlu5
264  bound to CDPPB and Quis, (Fully Active, Figure 1a) (Figure 4c, d, dark green). Though Gq
265  can interact with both the Intermediate 2a (FRET ~ 0.6) and Intermediate 3a (FRET ~ 0.75)
266  states, this ~ 0.9 high FRET, Fully Active, state is likely to be a conformation of mGlu5
267  stabilized only in the presence of G protein (Figure 4b, ¢ (example traces are shown in Extended
268  Data Figure 11e)). Though the structure of mGlu5-Gq has not been reported, structures of
269  mGlu2 have been determined in the presence and absence of G protein, and no difference is
270  observed between these mGlu2 structures'>?°. However, our smFRET data show that, at least

271  for mGlu$, there exists a distinct conformation in the presence of G protein.
272  Discussion

273 A long-standing interest in the Family C GPCR field is to understand how the signal to activate
274 s allosterically communicated over a distance of 120 A from the orthosteric agonist binding
275  site to the TM domain, which contains both the allosteric ligand binding pocket and the G
276  protein binding site. We propose an activation model of mGlu5 and illustrate the effects of
277  agonist, PAM, and G protein on the functional states that range from inactive, to fully active
278  through several intermediates. Upon agonist binding, the upper lobes of the VFT close, while
279  the lower lobes, CRDs, and TMs remain separated (Intermediate 1a, Figure 1a) (Figure 2a,
280  Figure 4b). This Quis-bound Intermediate la conformation in mGlu5 is different from the
281  previously observed/proposed intermediate state in other mGlus, where the agonist is bound
282  only to one of the protomers®!8. The Quis-bound mGlu5 Intermediate 1a is in equilibrium with
283  the Quis-bound Intermediate 2a (Figure 1a) conformation, with the lower lobes of the VFT,
284  CRDs, and the TMs in close proximity? (Figure 2c, Figure 4b). The addition of CDPPB results
285  in asymmetric binding in the presence of Quis (in contrast to the symmetric binding seen in the
286  absence of agonists) and further stabilizes an active conformation of mGlu5 (Intermediate 3a,
287  Figure la) (Figure 3a, Figure 4b). Structurally, Intermediate 3a resembles the Intermediate 2a
288  state (Figure 3b), except in the conformation of ICL2 (Figure 3d). Also, in the presence of Quis
289  and CDPPB, there is evidence for a conformation of mGlu5 with reduced intersubunit distance,

290  Intermediate 3b (Figure 1a, Figure 4b). The addition of G protein stabilizes a unique signaling

9
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291  conformation as seen from the smFRET data (Fully Active, Figure 1a)(Figure 4b). Previously,
292  smFRET studies have been carried out on CRD-labeled mGlu2 within detergent micelles in
293 the presence of only ligands (G protein was not used)'®!. These studies have shown that the
294 activation of mGlu2 with ligands occurs by transitioning through four states and the addition
295  of the PAM does not stabilize a new state but rather increases the occupancy of the active
296  states. Similarly, in mGlu5, PAM alone and agonist alone do not appear to stabilize different
297  states (Extended Data Figure 11d). However, unlike with mGlu2, PAM addition to agonist-
298  bound mGluS5 stabilizes a state not seen with agonist alone (Intermediate 3a, Figure 1a) (Figure
299  4b). Further, the presence of G protein stabilizes a unique state not seen with ligands alone
300  (Fully active, Figure la)(Figure 4b), which is yet to be observed structurally. This perhaps

301 indicates slightly different activation intermediates/pathway between different mGlu receptors.

302 In conclusion, the combined structural and dynamic data highlight the allosteric nature of
303  mGlu5 activation, shedding light on the conformational diversity in receptor activation and its

304  interactions with the G protein.
305
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319 Methods

320 mGlu5 purification

321  mGlu5 purification was carried out as previously described?. Briefly, human mGlu5 (21-872)
322 with the haemagglutinin (HA) signal peptide, followed by a FLAG epitope tag (DYKDDDD)
323 inthe N terminus and a hexahistidine tag at the C terminus was expressed in sf9 cells using the
324  Bac-to-Bac baculovirus expression system (Invitrogen). SF9 cells at density a of 3.5 X 10° cells
325  per milliliter were infected with mGlu5 virus grown for 48h at 27°C. Cells were harvested by
326  centrifugation and lysed in a hypotonic buffer containing 10mM Tris at pH 7.8 and 1mM
327  EDTA with protease inhibitors. After centrifugation, the pellet was solubilized with 1% (w/v)
328  n-dodecyl-B-D-maltoside (DDM) (Anatrace), 0.1% (w/v) Cholesteryl hemisuccinate (CHS)
329  (Steraloids), 0.2% (w/v) Sodium Cholate (Anatrace), 20 mM HEPES pH 7.5, 750mM NaCl,
330 30% Glycerol, Iodoacetimide 2mg/ml, protease inhibitor and 10uM MTEP for 1.5 hours at
331  4°C. Ca2+ was added and the supernatant after centrifugation was incubated with anti-Flag M1
332 affinity resin for 2 hours at 4°C. The resin was washed with 0.1% (w/v) DDM, 0.01% (w/v)
333 CHS, 500mM NaCl, 20 HEPES pH 7.5, 2 mM Ca?*,10uM MTEP, followed by 0.1% (w/v)
334  DDM, 0.01% (w/v) CHS, 100mM NaCl, HEPES pH 7.5, 2 mM Ca?" and 10uM MTEP. To
335  exchange detergent to GDN, the column was washed with an increasing concentration of GDN
336  and a decreased concentration of DDM. Finally, the column is washed with 0.2% (w/v) GDN,
337 0.002%(w/v) CHS, 100mM NaCl HEPES pH 7.5, 2 mM Ca?* and 10 nM MTEP. The protein
338  was eluted in 20mM HEPES pH 7.5, 100mM NaCl, 0.2% (w/v) GDN, 0.002%(w/v) CHS, 200
339  pg/ml Flag peptide, SmM EDTA, and 10 nM MTEP. The eluted protein was concentrated in a
340 50 kDa cut-off Vivaspin (Millipore) and run on a Superose 6 size exclusion column (GE
341  Healthcare) in 20mM HEPES pH 7.5, 100mM NaCl, 0.2% (w/v) GDN, 0.002%(w/v) CHS and
342 10 nM MTEP. Fractions containing mGlu5 were concentrated, flash frozen, and stored at -
343  80°C.

344
345  Purification of Nb43

346  Nb43 was purified as described previously?. Nb43 in a modified pE-SUMO vector with a PelB
347  leader sequence and SUMO fusion tag was transformed into BL.21 E. coli, grown to an ODseoo
348 of ~ 0.6 at 37 °C and induced with 1mM IPTG. The flasks were transferred to 25 "C and
349  allowed to express overnight (~12 hours). Bacteria were harvested and Nb43 was purified from
350  the periplasm. Cells were thawed with SET buffer (0.5 M sucrose, 0.5 mM EDTA and 0.2M
351  Tris pH 8.0) and stirred until homogenized. This was followed by the addition of three volumes
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352  of room-temperature milli-Q water with rapid stirring for 45 min to release the periplasmic
353  contents. Centrifugation was performed to remove cell debris and the supernatant, after the
354  addition of 100 mM NaCl and 10 mM MgCl., was loaded onto a Ni-NTA resin. The resin was
355  washed with 500 mM NaCl, 20 mM HEPES pH 7.5 and 20 mM imidazole, followed by 100
356 mM NaCl, 20 mM HEPES pH 7.5 and 20 mM imidazole. The SUMO-Nb43 was eluted in 100
357 mM NaCl, 20 mM HEPES pH 7.5 and 250 mM imidazole and, his-SUMO tag was removed
358 by the addition of ULP1. Protein was dialysed overnight into 100 mM NaCl and 20 mM HEPES
359 pH 7.5 at 4°C. Reverse Ni was performed to remove contaminants and uncleaved protein.
360 Finally, Nb43 was subjected to size exclusion chromatography on a Superdex 200 10/30
361  column in 100 mM NaCl and 20 mM HEPES pH 7.5. Monomeric fractions were pooled,
362  concentrated, and flash-frozen in liquid nitrogen.

363

364  Nanodisc incor poration

365 mGluS in GDN was incorporated into MSP2N2 discs using the following ratio: 0.2 Receptor:
366 1 MSP2N2: 120 POPC: POPG (3 POPC: 2 POPG ratio). After 2 hours of incubation on ice,
367 biobeads were added at a ratio of 1:8 mg biobeads: lipids and incubated with shaking at 4°C
368  for 2 hours. The same amount of biobeads was added again and further incubated with shaking
369  at4°C overnight. The reconstitution mixture was separated from beads and applied on an M1-
370  antiFLAG column. After washing with 100mM NaCl, 20 HEPES pH 7.5 and 15 mM Ca** to
371  remove empty discs, the reconstituted protein was eluted in 100mM NaCl, 20 HEPES pH 7.5,
372 200 pg/ml Flag peptide, and 5SmM EDTA. Nanodisc incorporated mGlu5 was concentrated,
373  and injected on a Superose 6 10/30 gel filtration column in 100mM NaCl, 20mM Hepes pH
374 7.5. Monomeric peak fractions were collected and concentrated to ~ Smg/mL for imaging.
375

376  GTPturnover assay

377  Analysis of GTP turnover was performed by using a modified protocol of the GTPase-Glo™
378  assay (Promega) described previously?!. In the presence (20 uM) or absence of ligand, mGlu5
379 (1 uM in GDN and 0.5 uM in nanodisc) and Gi (1 uM for mGlu5 in GDN and 0.5 uM for
380  mGluS5 in Nanodisc) was mixed in 20 mM HEPES, pH 7.5, 50 mM NacCl, 0.01% GDN/ 0.001%
381  CHS (or no detergent for nanodisc sample), 100 uM TCEP, 10 pM GDP and 10 uM GTP and
382  incubated at room temperature for 120 minutes. GTPase-Glo-reagent was added to the sample
383  and incubated for 30 minutes. Luminescence was measured after the addition of detection
384  reagent and incubation for 10 min at room temperature using a SpectraMax Paradigm plate

385 reader.
12
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386 HDX-MS

387  Hydrogen—deuterium exchange labeling reaction

388  Purified mGlu5 at 60 uM [monomer] was diluted to 20 uM [monomer] in 100 mM NacCl, 20
389  mM HEPES, 0.05% GDN/0.005% CHS to match the concentration of mGlu5 in nanodisc (also
390 20 uM [monomer]). Subsequently, mGlu5 in detergent was further diluted 1:1 to 10 uM
391 [monomer] with 10 mM monosodium glutamate, 100 mM NaCl, 20 mM HEPES, 0.05%
392 GDN/0.005% CHS, pH 7.5, such that the final concentration of glutamate in this sample was
393 5 mM. An equivalent mGlu5 sample in detergent was also prepared in the absence of glutamate.
394  Similarly, mGlu5 in nanodiscs was diluted 1:1 to 10 uM [monomer] with 10 mM monosodium
395  glutamate, 100 mM NaCl, 20 mM HEPES, pH 7.5. All samples were incubated for 30 minutes
396  at room temperature.

397  To prepare deuterated buffer, 5 mL of 10X buffer of 1 M NaCl, 200 mM HEPES, with or
398  without 100 mM monosodium glutamate, at pH 7.5 was lyophilized overnight and then
399  resuspended in D20. 1X buffers were prepared by a 1:9 dilution with D20, and a buffer of 5
400 mM monosodium glutamate was prepared by combining those same buffers in a 1:1 ratio. To
401  prepare quench buffer, 27 mg of zirconium (IV) oxide, used for lipid extraction, was combined
402  with 1 mL of quench buffer (3 M urea, 20 mM TCEP, pH 2.4), vortexed, and left on ice.

403  To initiate exchange, samples were diluted 1:10 into D2O buffer and quenched 1:1 with cold
404  quench buffer for a total sample volume of 80 puL and left on ice. At each time point, 0.8 uL of
405  porcine pepsin (10 mg/ml; Sigma Aldrich) and 0.8 uL of aspergillopepsin (10 mg/ml; Sigma
406  Aldrich) were added to each sample, which was rapidly vortexed and returned to ice for 3.5
407  minutes. To remove zirconium (IV) oxide, each sample was transferred to a temperature-
408  controlled centrifuge, and spun up to maximum speed (21.1 x g); the supernatant was then
409 transferred to a new tube and flash frozen in liquid N2. Samples were stored at —80 °C prior to
410  LC/MS analysis. Proteases were resuspended in 100 mM NaCl, 20 mM HEPES, pH 7.5 to 10
411  mg/ml and filtered (0.22 um filter, Corning), aliquoted, flash frozen, and stored at —80 °C prior
412 touse.

413

414  Liquid chromatography/mass spectrometry analysis

415  Samples were thawed and injected into a cooled valve system (Trajan LEAP) coupled to an
416  LC (Thermo Ultimate 3000) flowing buffer A (0.1% formic acid) at 200 pL/min. The valve

417  chamber, trap column, and analytical column were kept at 2 °C.

13
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418  Peptides were desalted for 4 minutes on a trap column (1 mM ID x 2 cm, IDEx C-128) manually
419  packed with POROS R2 reversed-phase resin (Thermo Scientific). Peptides were then
420  separated on a C18 analytical column (Waters Acquity UPLC BEH C18 Column, pore size 130
421 A, particle size 1.7 um, 2.1 mm ID X 50 mm) with buffer B (100% acetonitrile, 0.1% formic
422  acid) flowing at a rate of 40 pL/min, increasing from 5% to 40% over the first 14 minutes and
423 from 40% to 90% B over 30 s, and dropped to 5% B after 2.5 min. After 30 s, two sawtooth
424  gradients (5% to 40% B over 30 s, 40% to 90% B over 30s, hold at 90% B for 30 s, drop to 5%
425 B over 30 s, hold at 5% B for 30s) were performed. Peptides were eluted into a Q Exactive
426  Orbitrap Mass Spectrometer (ThermoFisher) operating in positive ion mode (MS1 settings:
427  resolution 140000, AGC target 3e6, maximum IT 200 ms, scan range 300-1500 m/z). For
428  tandem mass spectrometry, mGlu5 samples were analyzed using the MSI1 settings described
429  above, with resolution 70000, and MS2 settings as follows: resolution 17500, AGC target 2e5,
430  maximum IT 100 ms, loop count 10, isolation window 2.0 m/z, NCE 28, charge state 1 and >8
431  excluded, dynamic exclusion 15.0 s.

432  Sample time points were injected in non-consecutive order, and after every injection, a
433 shortened, blank injection was performed to monitor for protein carryover. Briefly, blank runs
434 were carried out with buffer A flowing at 300 pL/min. Any remaining material within the
435  sample loop, as well as wash buffer, was desalted for 2 minutes on the same trap column; the
436  remaining material was then separated on the same C18 analytical column flowing at a rate of
437 40 uL/min, increasing from 5% to 40% over the first 1.5 minutes and from 40% to 90% B over
438 30 s, and dropped to 5% B after 30 s. After 30 s holding at 5% B, two sawtooth gradients (5%
439  to 40% B over 30 s, 40% to 90% B over 30s, hold at 90% B for 30 s, drop to 5% B over 30 s,
440  hold at 5% B for 30s) were then performed.

441

442  Peptideidentification and analysis

443  MS2 data were processed using Byonic (Protein Metrics), resulting in a reference list of
444  peptides, including several peptides containing glycosylation sites. Hydrogen—deuterium
445  exchange data were analyzed in HD-Examiner (version 3.1) using default settings, and uptake
446  values were adjusted to reflect that the final samples were 90% deuterated. Where necessary,
447  peptide retention times histograms were manually adjusted to ensure consistency across all
448  time points. Uptake summary data were exported from HD-Examiner and used to create uptake

449  curves and Woods plots using Python scripts. A difference in deuteration of less than 10%
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450  between the two conditions was not considered significant, as indicated by horizontal dashed

451  lines on Woods plots.
452
453  Cryo-EM sample preparation and data acquisition

454  mGluS in nanodisc was incubated with Quis alone (and Nb43), Quis and CDPPB (GgiN and
455 Nb43), or CDPPB alone for two hours at room temperature. For grid preparation, 3 pL of
456  purified mGlu5 (with the different ligands) at 5 mg/ml was applied on glow-discharged holey
457  carbon gold grids (Quantifoil R1.2/1.3, 200 mesh). The grids were blotted using a Vitrobot
458  Mark IV (FEI) with 3 s blotting time and blot force 3 at 4°C and 100% humidity and plunge-

459  frozen in liquid ethane.

460

461  Image processing and 3D reconstructions

462  For all three samples, namely CDPPB-bound mGlu5, Quis and Nb43 bound mGlu5, and
463  QuistCDPPB bound mGlu5, cryo-EM data were collected on a Titan Krios electron
464  microscope operating at 300 kV and equipped with a K3 direct electron detector. Movies were
465  acquired at Counting mode with a calibrated pixel size of 1.111 A/pixel and a total dose of
466  ~51.6 electrons/A2 fractionated across 50 frames (Extended Data Figure 2, 6, and 7, Extended
467  Data Table 1).

468  Single particle data processing was performed using cryoSPARC 3.3.2%2. Initially, motion
469  correction and CTF estimation were carried out using Patch Motion Corr and Patch CTF,
470  followed by template-based particle picking utilizing previously determined mGlu5 structures
471  (EMD-0345 or EMD-0346). The detailed data processing workflows can be found in Extended
472  Data Figures 2, 6, and 7. Picked particles were sorted using 2D classification, ab initio, and
473 heterogenous refinement. For each structure/conformation, we applied both global non-
474  uniform refinement?® and local refinement on the CRD-TM region. The final maps, generated
475  with UCSFChimera®*, are composite maps of the global non-uniform refinement and the
476  locally refined CRD-TM region. Map sharpening was performed with Autosharpen within
477  Phenix®-¢,

478  Lastly, local resolution estimation and 3DFSC were employed to assess the local resolution
479  and orientation distribution of the final dataset®’.

480

481

482

15


https://doi.org/10.1101/2023.08.29.555158
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.29.555158; this version posted August 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

483  Model building and refinement

484  The initial template was mGlu5 from PDB codes 6N51 and 6N52. Ligand coordinates and
485  geometry restraints were generated using phenix.elbow?’. Coot?® was used for iterative model
486  building and the final model was subjected to global refinement and minimization in real space
487  using phenix.real_space refine in Phenix?. FSC curves were calculated between the resulting
488  model and the half map used for refinement as well as between the resulting model and the
489  other half map for cross-validation (Extended Data Figures 2, 6, and 7). The final refinement
490  parameters are provided in Extended Data Table 1.

491

492  3DVA and 3DFlex Analysis

493  CryoSPARC's 3D Variability Analysis (3DVA) was used to investigate the conformational
494 heterogeneity in the final data sets for Quis-bound or Quis + CDPPB-bound active state'*. The
495  particles used for final non-uniform refinement were processed by 3DV A with three modes,
496  and a mask encompassing the whole receptor, including the nanodisc. Following 3DVA, the
497  three principal components were subjected to 3DV A Display using simple output mode and 20
498  frames. The resolution was low pass filtered to 5A to avoid noise dominating the determination
499  of eigenvectors. The results were visualized using UCSFChimera (SI Video 1).

500 CryoSPARC's 3D Flexible Refinement (3DFlex) was also used to investigate and confirm the
501  conformational heterogeneity in the Quis+CDPPB bound active state'>. For 3DFlex on the
502  whole receptor, the particles used for the final non-uniform refinement were cropped into 256
503  pixels (1.48A/pixel) for reconstruction and 128 pixels (2.95A/pixel) for training. A mask,
504  which encompassed the whole receptor including the nanodisc, was divided into 20 tetrahedral
505  cells to prepare the mesh. For 3DFlex training, we optimized different parameters and ended
506  up using 3 latent dimensions, 0.1 rigidity prior strength, and 10 latent centering strength. The
507 latent distributions along 3 dimensions are visualized using UCSFChimera (SI Video 2).

508  For 3DFlex on the CRD+TM regions, the particles used for TM local refinement were kept in
509 their original box size for data prep and cropped into 170 pixels (2.22A/pixel) for training. A
510  mask encompassing the TM regions (Extended Data Figure 6a), excluding the nanodisc, was
511  divided into 40 tetrahedral cells to prepare the mesh. For 3DFlex training, we optimized
512 different parameters and ended up using 3 latent dimensions, 0.5 rigidity prior strength, and 10
513  latent centering strengths. The latent distributions along 3 dimensions are visualized using
514  UCSFChimera (SI Video 2).

515

516
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517  Minimal Cysteine expression and purification

518  We developed a minimal cysteine (minCys) construct of mGlu5, to enable site-specifically
519 labeling. In mGlu5, two Cys residues, one in the intracellular end of TM4 (C69143%) and the
520  otherinICL2 (C681'L?) appear to be exposed to being labeled, mutation of these to Ala largely
521  abolished background labeling. Human mGlu5 (21-872) with the haemagglutinin (HA) signal
522 peptide, followed by a FLAG epitope tag (DYKDDDD) in the N terminus and a hexahistidine
523  tag at the C terminus was cloned into pcDNA-Zeo-tetO. Two native cysteine residues were
524  mutated to make the minimal cysteine construct (C69143°A and C681'°'2A) and for bimane
525  spectroscopy studies a single C69143°A mutant was cloned. For smFRET studies, an
526  engineered Cys was introduced into the CRD (560C). The bimane and smFRET constructs
527  were transfected into Expi293F (Thermo Fisher) cells stably expressing the tetracycline
528 repressor using an Expifectamine transfection kit (Thermo Fisher) following the
529  manufacturer’s recommendations with the following modifications. Two days post-
530 transfection, mGlu5 expression was induced with doxycycline (4 w/ml and 5 mM sodium
531  butyrate) in the presence of 1 pM MTEP. Cells were harvested 30 hours post-induction and
532  stored at -80°C until use. Further purification and nanodisc incorporation were performed
533  following the protocol described earlier for pellets from insect cells.

534

535  Bimane Spectroscopy

536 WT mGlu5 or C69143°A mutant in nanodisc at 10 pM was incubated with a 10-molar excess
537  of bimane at room temperature for one hour. The excess label was removed using size
538  exclusion chromatography on a Superose 6 10/300 Increase column in 20 mM HEPES pH 7.5
539  and 100 mM NaCl. Bimane-labeled mGlu5 at 0.1 uM was incubated with ligands (10 uM) for
540  one hour at room temperature. Fluorescence data were collected at room temperature in a 150
541  uL cuvette with FluorEssence v3.8 software on a Fluorolog instrument (Horiba) in photon-
542  counting mode. Bimane fluorescence was measured by excitation at 370 nm with excitation
543  and emission bandwidth passes of 4 nm. The emission spectra were recorded from 410 to 510
544  nm with a 1 nm increment and 0.1 s integration time.

545

546 smFRET sample preparation and data collection

547  Nanodisc incorporated minCys mGlu5 (with residues C69143° and C681'“L? mutated) with an
548  introduced Cys at position 560 was incubated with 5-molar excess of donor (LD555) and 10-

549  molar excess acceptor (LD655) at room temperature for 20 min. Following the incubation with
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550 5 mM cysteine for 10 min, the sample was subjected to size exclusion chromatography on a
551  Superose 6 10/300 Increase column in 20 mM HEPES pH 7.5 and 100 mM NacCl, for the
552 removal of excess labels.

553 mPEG (Lysan Bio) was used to passivate glass coverslips (VWR) and, further doped with
554  Dbiotin PEG16 to inhibit nonspecific protein adsorption. The coverslips, before each experiment,
555  were incubated with Neutr Avidin (Thermo Fisher), followed by 10 nM biotinylated antibody
556  (mouse anti-FLAG, GenScript). Chambers were flushed to remove reagents, between each
557  conjugation step. The anti-FLAG antibody was diluted and washed in 50 mM NaCl, 10 mM
558  Tris, pH 7.5. Labeled mGlu5 was diluted ~ 100-fold and applied to coverslips to achieve
559  optimum surface immobilization (~400 molecules in a 2,000 um? imaging area). Unbound
560  receptors were washed away with buffer. smFRET imaging was performed in an imaging
561  buffer consisting of 3 mM Trolox, 100 mM NaCl, 2 mM CaCl,, 20 mM HEPES pH 7.5, and
562 an oxygen scavenging system (0.8% dextrose, 0.8 mg/mlglucose oxidase, and
563  0.02 mg/ml catalase). Samples were imaged with a 1.49 NA 60X objective (Olympus) on a
564  total internal reflection fluorescence microscope with 100 ms time resolution unless stated
565  otherwise. Lasers at 532 nm (Cobolt) and 633 nm (Melles Griot) were used for donor and
566  acceptor excitation, respectively. Fluorescence was passed through a Chroma ET550Ip filter
567 and split into donor and acceptor signals with a Chroma T635lpxr. FRET efficiency was
568 calculated as (Ix-0.1Ip)/(Intls), in which Ipand I.are the donor and acceptor intensity,
569  respectively, after background subtraction. Imaging was with 100 millisecond acquisition time
570 (10 Hz) with a Photometrics Prime 95B CMOS camera.

571

572  smFRET data processing

573  The fluorescence movies were analyzed with SPARTAN version 3.7?°. Donor and acceptor
574  channels were aligned using the first 10 frames of each movie while excluding particles closer
575  than 3.5 pixels using an integration window of 12 pixels. Traces showing single-donor and
576  single-acceptor photobleaching with a stable total intensity for longer than 5 seconds
577 (50 frames), SNRbg > 15, and donor/acceptor correlation coefficients < 0.0 were collected
578  (20-30% of total molecules per imaging area). Nonlinear filter’® was used for smoothing
579  individual traces with the following filter parameters: window= 2, M= 2, and P= 15
580  for histograms. smFRET histograms were compiled from >100 molecules per condition (100
581  millisecond time resolution). Error bars in the histograms represent SEM from >4 independent

582  movies. To ensure that traces of different lengths contribute equally, histograms from
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583  individual traces were normalized to one before compiling. Histograms were fit to 3 Gaussians
584  (based on the Akaike information criteria, Figure 11b) using Graphpad Prism 9.

585

586

587 Dataavailability

588  The data that support this study are available from the corresponding authors upon request. The
589  cryo-EM density maps have been deposited in the Electron Microscopy Data Bank (EMDB)
590  under accession codes EMDB-41092, EMDB-41099, EMDB-41139 and EMDB-41069. Model
591  coordinates have been deposited in the Protein Data Bank (PDB) under accession number
592 8T7H, 8T8M, 8TAO, 8T6J.
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702  Main Text Figures

703  Fig1: Sequential activation of mGlu5in lipid environment
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704

705 a) Using the data from this study we propose a model for mGlu5 activation. The addition of

706 an orthosteric agonist (e.g. glutamate) results in the closing of the upper lobe (Intermediate
707 la). This conformation is in equilibrium with a conformation in which the twisting of the
708 lower lobe brings the CRDs and TMs in close proximity (Intermediate 2a). The addition of
709 a PAM stabilizes the CRDs and TMs, including ICL2 in an active conformation
710 (Intermediate 3a). Intermediate 3a is in equilibrium with Intermediate 3b, which is
711 characterized by a smaller intersubunit distance. In the presence of an orthosteric agonist,
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712 the PAM binds to one protomer (Intermediate 3a and 3b), whereas in its absence the PAM
713 binds to both the protomers symmetrically (Intermediate 1b). Further addition of G protein
714 to the agonist and PAM-bound mGlu5 results in the stabilization of a unique fully active
715 conformation of the receptor (Fully active).

716 b) Cryo-EM density and model of Quis-bound mGlu5 in nanodisc, representing an
717 Intermediate 1a state, where Quis is bound to the VFTs, however, the CRDs and TMs are
718 far apart mimicking the inactive state. VFT binding Nb43 is shown in yellow.

719  ¢) Cryo-EM density and model of nanodisc-incorporated Quis-bound mGlu5, Intermediate 2a

720 state. The CRDs and TMs are in an active conformation (close together).
721
722
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739  Fig 2: Structures of Quis-bound confor mations of mGlu5 in nanodisc
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741 a) VFTs of Apo (grey, PDB: 6N52) and Quis-bound Intermediate la are overlayed. Upon

742 Quis binding the upper lobe closes, as seen by the movement of S383, whereas not much
743 change is seen in the lower lobe (comparing K476 between the structures). Also shown is
744 the comparison of the B and C helices at the intersubunit interface in the Apo and Quis-
745 bound Intermediate 1a state.

746  b) The intersubunit rearrangement upon Quis binding reorients the B and C helices leading to

747 a reduction in the helix angle. Top: Apo, Middle: Quis-bound Intermediate 1a and Bottom:
748 Quis-bound Intermediate 2a. Residue R114 interacts with E111 from the adjacent protomer
749 in the Apo state and within the same protomer in the Quis-bound Intermediate 2a. The
750 residue F165 is shown to illustrate the change in the position of the C helix. There is a
751 downward movement of W100 towards Quis in Intermediates 1a and 2a. Due to the lower
752 lobe rotation in Intermediate 2a, a further inward movement of Quis is seen.
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753  ¢) Overlay of VFTs of Quis-bound Intermediate 1a and Quis-bound Intermediate 2a showing
754 a small change in the upper lobe (movement of S383). The lower lobes twist 30° and move
755 closer together as seen by comparing K476 between the structures. The B and C helices at
756 the protomer-protomer interface in the Quis-bound Intermediate 2a state show an upward
757 shift compared to the Quis-bound Intermediate 1a. This likely is the result of the inward

758 movement of Quis (from purple to yellow) and the rearrangement of the lower lobe.
759
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779  Fig 3: Structural changes of upon PAM binding to mGlu5
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781 a) Cryo-EM density and model of CDPPB (orange) and Quis-bound mGlu5 in a nanodisc.

782 The structure represents the Intermediate 3a state with the CRDs and TMs in close
783 proximity. Nb43 is shown in yellow. Insert: Binding pocket of CDPPB in the TM region
784 showing residues within 4A as sticks.

785 b) CDPPB binding to the TM causes the rearrangement of W785%%° to accommodate the
786 ligand.

787  ¢) Quis-bound Intermediate 2a and CDPPB, Quis-bound Intermediate 3a structures show
788 differences in the conformation of TM6 at the protomer interface.

789 d) Bimane spectra of mGlu5 in nanodiscs labeled at positions C69143° (end of TM4) and

790 C681'°L2, Adding Quis (cyan) results in no change in the spectra compared to Apo (grey).
791 However, Quis and CDPPB increase the fluorescence (dark green), indicating a change in
792 the ICL2 environment. Further addition of Gq does not result in a change in the bimane
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793 spectrum (yellow). The addition of Quis and MTEP causes a decrease in fluorescence. Data

794 represented as mean + SD, n = 3 individual.

795  Fig4: Ligand stabilised confor mations of mGlu5 in nanodisc
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797 a) A schematic representation of the smFRET experiment.

798  b) Inthe Apo state (grey) a dominant inactive FRET peak at ~ 0.25 is observed ( N=319). The
799 binding of the agonist, Quis results in the appearance of a ~ 0.6 FRET state (Intermediate
800 2a, cyan, N=392) with a minor peak at ~ 0.25 (Intermediate 1a). The addition of CDPPB

27


https://doi.org/10.1101/2023.08.29.555158
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.29.555158; this version posted August 30, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

801 to Quis-bound mGlu5 stabilizes the ~ 0.6 FRET state (Intermediate 3a), decreases the
802 occupancy of the ~ 0.25 state, and results in the appearance of a new FRET peak at ~ 0.75
803 (Intermediate 3b, dark green, N=329). High FRET (~ 0.6 and ~ 0.75) represents the active
804 state population of the receptor with the CRDs and TMs in close proximity. Histograms are
805 shown with a 3-Gaussian fit to the data and represented as mean + SEM.

806  c¢) The coupling of Gq to Apo (dark grey, N=329) remains largely unchanged compared to

807 Apo alone (Figure 4b), while the addition of Gq in the presence of Quis results in the near
808 complete abrogation of the ~ 0.6 FRET peak in favor of the ~ 0.75 peak (Intermediate 3b)
809 and a new peak at ~ 0.9 (Fully Active) (teal, N=306), which is further stabilized in the
810 presence of CDPPB (light green, N=317). Histograms are shown with a 3-Gaussian fit to
811 the data and represented as mean = SEM.

812 d) Example FRET traces are shown for each ligand condition.
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829 Extended Data Figures

830 Extended Data Figure 1. mGlu5 activation in detergent compared to lipid environment
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832  (a) Structural domains of mGlus5.
833  (b) SEC trace and SDS-PAGE gel of mGlu5 in nanodisc.

834  (c) GTP turnover assay showing mGlu5 induced Gq turnover. In the presence of agonist Quis,

835 mGlu5 in detergent does not induce significant Gq (red) turnover compared to Gq alone
836 (grey). The addition of Quis and CDPPB (dark green) to mGlu5 in detergent results in a
837 small but significant increase in G protein turnover. With mGluS5 in nanodiscs, the addition
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838 of Quis significantly increases Gq turnover (magenta). Quis and CDPPB (light green)
839 further increase the GTP turnover of Gq. The negative allosteric modulator, MTEP inhibits
840 turnover in mGlu5 nanodiscs condition (blue). Data represented as mean + SD, ns= 0.4124,
841 p < 0.0001****  unpaired t-test (two-tailed), n= 7 individual experiments (data
842 normalization was done with the average value of Quis-bound mGlu5 in nanodiscs as 100%
843 and receptor alone as 0%).

844  (d) In the presence of the agonist iperoxo, muscarinic acetylcholine M1 receptor (in MNG)

845 induces significant GTP turnover in Gq ( p < 0.0001****)_ But no difference is seen with
846 Quis-bound mGlu5 (in MNG) and Gq (ns= 0.5374). Data represented as mean £+ SD, p
847 values are from unpaired t-test (two-tailed), n= 4 individual experiments. Data
848 normalization was done with the average value of Gq in MNG as 100% and buffer alone as
849 0%.

850 (e) HDX-MS data is plotted as the difference in the percent deuteration for a given peptide at
851 a given time point against the sequence position for Apo mGlu5 in detergent (GDN) vs 5
852 mM glutamate-bound mGlu5 in detergent (GDN) (top) and Apo mGlu5 in detergent (GDN)
853 vs 5 mM glutamate-bound mGlu5 in nanodisc (HDL) (bottom). Black boxes numbered 1-
854 4 are example regions in the VFT that show no difference between mGlu5 in detergent
855 (GDN) and nanodisc (HDL) (the corresponding deuterium uptake plots are shown on the
856 right). The red box is a region in the TM that shows a difference between agonist-bound
857 mGlu5 in detergent and nanodisc (HDX-MS exchange curves shown in Extended Figure
858 1g).

859 (f) HDX-MS changes in Apo mGlu5 in detergent and agonist-bound mGlu5 in nanodisc are
860 plotted onto the mGlu5 structure (PDB code: 6N51).

861  (g) Colored red is the TM3 region, where peptides were observed in HDX-MS measurements.
862 Deuterium uptake plots of these TM3 peptides (red box in Extended Fig 1e) show that Apo
863 (black) and receptor in GDN in the presence of 5 mM glutamate (yellow) overlay well.
864 Whereas, TM3 peptides of mGlu5 in nanodisc (magenta) do not overlay with Apo. Shown
865 in the orange box is a TM5 peptide showing no change in deuterium uptake between the
866 conditions.

867  (h) Agonist-bound mGlu2 (PDB code: 7MTR) is overlayed with agonist-bound mGlu2-G

868 protein complex (PDB code: 7MTS) showing conformational changes in the intracellular
869 region of TM3.

870

871
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872  Extended Data Figure 2: Cryo-EM data processing wor kflow and resolution assessment

873  of Quis-bound maps
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875  (a) Workflow of cryo-EM data processing to obtain Quis-bound Intermediate 1a and Quis-

876 bound Intermediate 2a structures.
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877  (b) Local resolution maps of the Quis-bound structures.
878  (c¢) Angular particle distribution of the Quis-bound structures.
879  (d) Gold-standard FSC curves of the structures.

880  Extended DataFigure 3: Comparison of Apo and Quis-bound I ntermediate 1a structures

3 ; - & ‘ Helix | N
! . LS s Apo
(o~ W

gy W17 Quis-bound
Apo vs Cc - I
b Quis-bound Intermediate 1a ‘ L
A |
// .\'. ot
/ SPENY | . :

movement \ et
p > L SRl Vi
3 ; Lower lobe
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882  (a) Overlay of the Apo (grey, PDB: 6N52) and Quis-bound Intermediate 1a showing CRDs
883 and TMs in an “inactive” state. Insert shows the Quis binding pocket.

884  (b) Movement of the VFTs upon agonist binding in Quis-bound Intermediate la state

885 compared to the Apo state (PDB 6N52, grey). Arrows represent the movement of every 5
886 Ca atoms from the Apo to the Intermediate 1a state upon Quis binding. Nb43 is shown in
887 yellow.

888  (c) To get insights into structural changes needed to initiate activation, we compared the Quis-
889 bound Intermediate 1a (light pink) and the antagonist, LY341495-bound (PDB: 7FD9, dark
890 green) mGlu5 structures. LY341495 binding to the receptor inhibits the movement of
891 residues W100 and E279.

892
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Extended Data Figure 4: Comparison of Quis-bound Intermediate 1a and Quis-bound

Intermediate 2a structures

a

Quis-bound Intermediate 1a vs y "
Quis-bound Intermediate 2a y \ ! [

Quis

bound

ERECIChe intermediate 2a |

movement

Lower lobe
movement

(a) Comparing the movement of the VFTs in the Quis-bound Intermediate 1a (light pink,
magenta) and the Quis-bound Intermediate 2a states (cyan and teal) show large
rearrangements in the lower lobe, with relatively smaller changes in the upper lobe. Arrows
represent the movement of every 5 Co. atoms from the Intermediate la state to the
Intermediate 2a state.

(b) Single protomer alignment of Quis-bound Intermediate 2a (cyan) and Quis-bound

Intermediate 1a (light pink) structures show no change in the Quis binding pocket.
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920 Extended Data Figure5: mGlu5 transmembrane changes upon activation
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921

922  a) Overlay of Apo (grey, PDB: 6N52) and Quis-bound Intermediate 1a states show minimal

923 changes in the CRDs and TMs. Arrows represent the movement of every 5 Co atoms from
924 Apo to Intermediate 1a.

925 b) Large changes in the CRDs and TMs are seen when comparing the Quis-bound
926 Intermediate 1a and the Quis-bound Intermediate 2a states. Arrows represent the movement
927 of every 5 Cal atoms from Intermediate 1a state to Intermediate 2a.

928 c¢) The CRDs in the Quis-bound Intermediate la structure are separated by ~ 38 A (as

929 measured at residue E527). In the Quis-bound Intermediate 2a state, the twisting of the
930 lower lobe enables the CRDs (~ 11 A at residue E527) and TMs to move adjacent to each
931 other.

932 d) The TMs in the Quis-bound Intermediate la structure are far apart with TMS being the
933 most proximal helix pair (~ 21 A). In the Quis-bound Intermediate 2a state the TMs of the
934 protomers, in addition to moving closer to each other, rotate ~ 20° to form a TM6-TM6
935 interface, a hallmark of Family C activation.
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936  Extended Data Figure 6: Cryo-EM data processing wor kflow and resolution assessment
937  of CDPPB, Quis-bound map
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938

939  (a) Workflow of cryo-EM data processing to obtain CDPPB, Quis-bound mGluS5 structure,
940 Intermediate 3a.
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941  (b) Local resolution maps of the CDPPB, Quis-bound mGlu$5 structure.
942 (c) Angular particle distribution of the structure.
943  (d) Gold-standard FSC curves of the Quis-bound mGlu5 structure.

944  Extended Data Figure 7: Cryo-EM data processing wor kflow and resolution assessment
945  of CDPPB-bound map

a
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947  (a) Workflow of cryo-EM data processing to obtain CDPPB-bound mGlu5 Intermediate 1b
948 structure.
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949  (b) Local resolution maps of the CDPPB-bound mGlu5 structure.
950  (c) Angular particle distribution of the structure.
951  (d) Gold-standard FSC curves of the CDPPB-bound mGlu5 structure.

952  Extended Data Figure 8: CDPPB-bound structure analysis

a

AM, Quis-bound

; ‘ : f F’AM-&:;Ound = | Intermediate 3a §
[
953 Intermediate 1b

954  (a) Cryo-EM density and model of CDPPB-bound mGlu5 Intermediate 1b in a nanodisc. Also

955 shown is the density for the two bound CDPPB, one in each TM domain.

956  (b) Comparison of the allosteric binding pocket in Apo (PDB:6N52, grey) and CDPPB-bound
957 mGlu5 (dark blue), shows changes in TM5 (N747547) and TM6 (W785%%) to accommodate
958 CDPPB (slate).

959  (c) Overlay of CDPPB from Intermediate 1b (dark blue) and Intermediate 3a structures

960 showing minimal changes in the conformation of TM5 and TM6.
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961  (d) Residues that interact with CDPPB only in Intermediate 3a are shown in green (T781646
962 and C782%47) and those that interact with CDPPB only in Intermediate 1b are shown in
963 blue (I751551),

964 Extended Data Figure9: CDPPB, Quis-bound structural analysis

a b c
Helix B’

eI
Hellei & 0:’ y

. %
Helix C “Helix C’ -bound PAM, Quis-bound MPEP-bound PAM, Quis-bound
elix o intermediate 2a  Intermediate 3a inactive Intermediate 3a

Quis-bound Intermediate 2a
d PAM Quis-bound Intermediate 3a €

i
*n
: pl Y
Y t—’@\
Y7798 4
k Protomer 2 7 i
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966  (a) Overlay of intersubunit B and C helices in Quis-bound Intermediate 2a state and CDPPB,

967  Quis-bound Intermediate 3a structure. Residues R114 and E111 interact in both structures.

968  (b) Overlay of Quis binding pocket in Quis-bound Intermediate 2a and CDPPB, Quis-bound

969 Intermediate 3a structures, showing no difference in the ligand pocket.

970  (c) The conformation of residue W785%% is different in the structure with the NAM, MPEP
971  (PDB: 6FFI, brown) compared to that with the PAM, CDPPB (dark green).

972  (d) TM6 in the CDPPB-bound Protomer 1 has moved outward compared to Protomer 2 with
973  no CDPPB bound. In CDPPB-bound Protomer 1, Y779%% points towards the intersubunit
974  interface, as seen in (e). Though we cannot model the Y779%* sidechain in Protomer 1 with

975  confidence due to a lack of good density, we have added the most frequently occurring rotomer
976  of Tyr.
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971
978

979
980

981

982
983

(f) Comparison of the allosteric pocket in CDPPB-bound protomer (protomer 1, dark green and

CDPPB shown as orange) and the protomer with no CDPPB (protomer 2, green).

Extended Data Figure 10: Characterisation of minimal cysteine mGlu5 and ICL2
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(a) Residues Cys69143° and Cys681'L? that contribute to background labeling with dyes are

shown as spheres. Other cysteine residues in the receptor are shown as yellow sticks.
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984  (b) mGlu5 full-length and ECD alone (VFT and CRD) were labeled with the cysteine reactive

985 dye, monobromobimane. Though no signal was seen for ECD (dark grey), full-length (FL)
986 mGlu5 produced a bimane spectrum (light grey). This implies that mGlu5 TMs have
987 cysteine residues that are exposed to being labeled with bimane. n = 1 individual
988 experiment.

989 (¢) WT and minimal cysteine (C69143°A and C681'°L2A) constructs were labeled with
990 Atto488. Unlike WT, the minimal cysteine construct exhibits almost no background
991 labeling for the times tested.

992  (d) Fluorescence intensity at 464 nm for mGlu5 WT labeled with bimane (reading out on ICL2

993 conformation from Fig 3e) is plotted for the different ligand conditions. Though there is no
994 significant difference between Apo (light grey) and Quis (cyan), the addition of Quis and
995 CDPPB (dark green) showed a significant change. No further change was detected with the
996 addition of Ggq to the Quis and CDPPB condition (yellow). The addition of MTEP resulted
997 in a significant decrease in fluorescence intensity (dark grey). Data represented as mean +
998 SD, ns =0.5326, p= 0.0001*** p=0.0026**, p<0.0001**** unpaired t-test (two-tailed),
999 n = 3 individual experiments.

1000  (e) Bimane spectra of mGlu5 in nanodiscs labeled only at C68112 (C69143°A construct).

1001 Unlike adding Quis (cyan) which resulted in no change in the spectrum, the addition of
1002 CDPPB alone (blue) or Quis and CDPPB (dark green) increases the fluorescence. On the
1003 other hand, LY341495 and MTEP (brown) cause a decrease in fluorescence. Data
1004 represented as mean £ SEM, n = 3 individual experiments.

1005  (f) Plotting the fluorescence intensity at 464 nm for bimane data in Extended Data Figure 10e

1006 shows a significant difference between CDPPB alone (blue), Quis and CDPPB (dark
1007 green), and LY341495 and MTEP (brown) compared to Apo (grey). Data represented as
1008 mean = SEM, ns = 0.5713, p <0.0001, p=0.0257* (Apo vs CDPPB), p <0.0160* (Apo
1009 vs Quis + CDPPB), unpaired t-test (two-tailed), n = 3 individual experiments.

1010  (g) Comparison of Quis-bound (cyan) and CDPPB, Quis-bound structures (dark green)
1011 showing changes in TM3 and TM4. Also shown is the position of residue C69143° which
1012 is bimane labeled in the WT construct (Figure 3e, Extended Figure 10e).

1013

1014

1015
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1016  Extended Data Figure 11: smFRET fitting statistics and analysis
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1018  (a) Interdye distance between residue D560 in Apo (grey, 71.3 A) and Quis-bound

1019 Intermediate 2a (36.3 A). Both these distances correlated well with the observed FRET
1020 values (Figure 4b).

1021  (b) Plot of the Akaike information criterion (corrected for small sample size, AICc) values for
1022 analysis with 1 to 5 Gaussians fits for the smFRET data. The AICc values showed broad
1023 minima at 3 and 4 fits. 3 Gaussians were used to fit the data.
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1024  (c) smFRET data showing the comparison of Apo (grey, N=319) and antagonist-bound mGlu5

1025 (brown, N=245).
1026  (d) The addition of CDPPB alone results in two FRET peaks, one at ~ 0.25, Intermediate 1b
1027 state, and the other at ~ 0.6, the Intermediate 2b state (slate, N=329). In the presence of
1028 Quis (teal), the same two FRET peaks are seen except with different relative proportions
1029 of the two states.

1030  (e) The addition of Gq to the Quis-alone sample shifts the population to the high FRET states,

1031 Intermediate 3b (~ 0.75) and Fully Active (~ 0.9) at the expense of the Intermediate 2a (~
1032 0.6) and Intermediate 1a (~ 0.25) peaks. For the CDPPB alone sample, the addition of Gq
1033 results in the appearance of a high FRET peak with a decrease, but not complete
1034 disappearance of the Intermediate 2b (~ 0.6) and Intermediate 1b (~ 0.25) peaks.

1035  (f) 3Dflex analysis of frames 0 and 40 showing a change in distance between the CRDs.
1036  (g) Example smFRET traces showing donor (green), and acceptor (red) intensity values as well
1037 as the calculated FRET values (blue) for a series of ligand conditions with and without Gq.
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