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Abstract:

G protein-coupled receptors (GPCRs) control intracellular signaling cascades via agonist-
dependent coupling to intracellular transducers including heterotrimeric G proteins, GPCR
kinases (GRKs), and arrestins. In addition to their critical interactions with the transmembrane
core of active GPCRs, all three classes of transducers have also been reported to interact with
receptor C-terminal domains (CTDs). An underexplored aspect of GPCR CTDs is their possible
role as lipid sensors given their proximity to the membrane. CTD-membrane interactions have the
potential to control the accessibility of key regulatory CTD residues to downstream effectors and
transducers. Here we report that the CTDs of two closely related family C GPCRs, metabotropic
glutamate receptor 2 (mGIluR2) and mGIuR3, bind to membranes and that this interaction can
regulate receptor function. We first characterize CTD structure with NMR spectroscopy, revealing
lipid composition-dependent modes of membrane binding. Using molecular dynamics simulations
and structure-guided mutagenesis, we then identify key conserved residues and cancer-
associated mutations that modulate CTD-membrane binding. Finally, we provide evidence that
mGIuR3 transducer coupling is controlled by CTD-membrane interactions in live cells, which may
be subject to regulation by CTD phosphorylation and changes in membrane composition. This
work reveals a novel mechanism of GPCR modulation, suggesting that CTD-membrane binding

may be a general regulatory mode throughout the broad GPCR superfamily.

Significance Statement:

G protein-coupled receptors (GPCRs) allow cells to sense and respond to their
environment and constitute the largest class of targets for approved therapeutic drugs. Temporally
precise GPCR signaling is achieved by coupling the binding of extracellular ligands to the binding
of intracellular signal transducers (e.g. heterotrimeric G proteins) and regulators (e.g. B-arrestins).
The C-terminal domains (CTDs) of GPCRs are targets of various post-translational modifications
and play a critical role in transducer and regulator recruitment. Here we report novel interactions
of the CTDs of two GPCRs of the metabotropic glutamate receptor family with cellular
membranes. These interactions serve to regulate CTD accessibility and thus, mGIuR coupling to
transducers and regulators. We propose that dynamic CTD-membrane interaction constitutes a

general mechanism for regulating GPCR function.
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Introduction:

G protein-coupled receptors (GPCRs) respond to extracellular stimuli to drive intracellular
signal transduction pathways that control a wide variety of biological functions. Consistent with
their widespread physiological roles, GPCRs also serve as a major class of targets for disease
intervention™?. All GPCRs share a conserved architecture including an N-terminal extracellular
domain (ECD) of variable size, a seven-helix transmembrane domain (TMD) and an intracellular
C-terminal domain (CTD). Signaling is initiated by binding of extracellular ligands to the receptor
ECD and/or TMD, inducing conformational changes that control coupling of receptor TMD and
CTD to intracellular transducers, including heterotrimeric G proteins, GPCR kinases (GRKs) and
B-arrestins (B-arrs).

GPCR CTDs typically feature low sequence complexity, are absent from most structures
determined by X-ray crystallography or cryo-EM, and usually lack secondary structure in
sequence-based predictions, including AlphaFold, suggesting that they are, in general, highly
dynamic. Indeed, several recent studies of isolated or unbound GPCR CTDs have shown that

they are intrisically disordered>®. Well-defined GPCR CTD conformations have been captured at
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high resolution in only a handful of complexes that feature CTD-G protein’"" or CTD-arrestin
interactions and are typically limited to small segments. In addition to their roles in direct
interaction with transducers, the proximity of GPCR CTDs to the membrane may also promote
direct interactions with phospholipids. Indeed, membrane binding has been observed for the
isolated CTD of the cannabinoid receptor 1'®, and many GPCR CTDs are palmitoylated'?, but the
functional implications of CTD-membrane interactions are unclear. CTD-membrane interactions
could influence receptor interactions and conformation and thereby modulate receptor ligand
binding, activation, and trafficking. Furthermore, such interactions could be sensitive to lipid
composition, providing one avenue by which lipids could dynamically regulate receptor function.
Along these lines, recent work has demonstrated that reconstituted GPCR activity can be tuned

20-22

by interactions with specific lipids“"<, and that B-arr can also directly interact with the lipid bilayer

in its receptor-bound state'623-2°,

Metabotropic glutamate receptors (mGIuRs) are dimeric, family C GPCRs that are
characterized structurally by their large ECDs which contain a ligand binding domain (LBD) that
senses the neurotransmitter glutamate and a cysteine-rich domain that connects the LBD to the
TMD (Fig. 1A)%®. Despite this unique ECD arrangement, upon glutamate binding by the LBD,
mGIuRs couple to G proteins via their TMD in a manner generally analogous to, yet distinct in
detail from, that of other GPCR families®?"?°. As with other GPCRs, the CTDs of mGIuRs are

known to be major determinants of their interactions with transducers and regulatory factors®*-2,
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Notably, we recently found that modest differences in CTD composition control the ability of the
highly homologous group Il mGIuRs, mGIuR2 and mGIuR3, to recruit B-arrs®**. mGIuR3 is
efficiently phosphorylated by GRKs and recruits B-arrs, which initiate clathrin-mediated receptor
endocytosis, while mGIuR2 largely eludes B-arrs driven internalization. This difference is encoded
in a short ~20 residue serine/threonine (S/T) rich region of the CTD that begins ~15 residues after
the end of TMD helix 7%

The central role of the CTD in subtype-specific mGIuR regulation raises the question of its
structural properties and whether its proximity to the membrane may shape its structure or
function. Despite recent cryo-EM studies which have resolved the structures of mGIluR ECDs and

TMDs in inactive and active states®?2%35-38

, structural information on group Il mGIuR CTDs is
limited to a short membrane-proximal segment of the mGIuR2 CTD (residues 821 to 830) which
was observed bound to G protein in a recent report®. Here, we examine the structural properties
and membrane-interactions of the CTDs of mGIluR2 and mGIuR3. Using a combination of
spectroscopic and computational approaches we find that both mGIuR2 and mGIuR3 CTDs are
intrinsically disordered but are capable of interaction with phospholipid membranes. We show that
both TMD-proximal and -distal basic residues can mediate electrostatic interactions with lipid
headgroups. Additionally, we identify in mGluR3 an aromatic residue, Y853, that can partition into
the membrane interface to potentially restrict access to the mGIuR3 CTD S/T-rich. We then find
that point mutations, including those associated with melanoma, can modulate membrane
interactions, pB-arr-dependent internalization, and G protein activation in cells. Furthermore, we
show that EGF stimulation leads to agonist-independent mGIuR3 internalization, depending on
the presence of Y853, suggesting that Y853 phosphorylation may drive receptor internalization
by reducing binding of the CTD to the membrane. Together this work suggests complex and
dynamic interactions between the intrinsically disordered CTD and the membrane, expanding the

known repertoire of GPCR regulatory mechanisms.

Results:

Disordered mGIuR CTDs bind negatively charged membranes in vitro

To investigate the structure of mGIuR CTDs and probe potential membrane interactions,
we turned to nuclear magnetic resonance (NMR) spectroscopy using purified, recombinant CTD
constructs. For a quantitative, single-residue resolution assay of membrane binding, we took

advantage of the effects of the slow tumbling rates of large unilamellar vesicles (LUVs) on NMR
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signals. Briefly, interactions of intrinsically disordered proteins (IDPs) with vesicles attenuate the
signals of residues that interact with the membrane because they adopt the slow tumbling rates
and long rotational correlation times of the LUVs (Fig. 1B). This assay has been used extensively
to characterize IDP/membrane interactions®*' but has not been applied to GPCR CTDs. We first
obtained 2D "N-'H HSQC spectra for both mGIuR2 and mGIuR3 CTDs in the absence of lipids,
which exhibited the sharp signals and limited dispersion that are characteristic of IDPs (Figs.
1C,D). In the presence of LUVs composed of DOPS (18:1 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine) many signals in the spectra of both CTDs were clearly attenuated (Figs. 1C,D insets),
indicative of an interaction between the corresponding CTD residues and the negatively charged
vesicles. Spectra acquired in the presence of LUVs comprised of 1:1 DOPS:DOPC (18:1 [A9-Cis]
1,2-dioleoyl-sn-glycero-3-phosphocholine) or only DOPC exhibited variable degrees of signal loss
(Fig. S1) suggesting that CTD-membrane interactions are sensitive to lipid composition.

We then asked whether the mGIuR CTDs form helical secondary structure upon
membrane binding using circular dichroism (CD) spectroscopy. CD spectra of the mGIuR2 (Fig.
S2A) and mGIuR3 (Fig. S2B) CTDs showed no evidence for alpha-helix formation either in the
absence of lipids or in the presence of vesicles under conditions where maximal membrane
binding was observed by NMR. Because formation of short segments of helical structure can be
difficult to detect in longer polypeptides, we also examined CD spectra of shorter mGIluR2 and
mGIuR3 CTD peptides corresponding more closely to just their membrane-binding regions (see
methods). These spectra (Figs. S2C,D) also showed no evidence of alpha-helix formation in the
absence or presence of membranes. Even the presence of membrane mimetic SDS and DPC
micelles, which often induce helical structure****, did not result in helix formation (Figs. S2E). As
a control, we confirmed using CD that LUVs induce robust helical structure in a helix-8 peptide
from NTS1 (Fig. S2F), as previously reported*. These results are consistent with the
physicochemical characteristics of the membrane-binding regions of the mGluR2 and mGIuR3
CTDs, which do not show the amphipathic nature typical of membrane-induced helices (see
helical wheel plots in Fig. S2G,H) as well as with secondary structure predictions. Thus, it appears
that the conformational ensemble sampled by group | mGIuR CTDs upon membrane binding

lacks persistent secondary structure and maintains a high degree of disorder.

Electrostatics mediate mGIluR CTD-membrane interactions
To enable sequence-specific analysis of CTD-membrane binding, we obtained NMR
backbone resonance assignments using conventional triple resonance NMR experiments (Figs.

1; S1). Chemical shift-based secondary structure assessments confirmed the highly disordered
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nature of both CTDs in the absence of LUVs, as indicated by the lack of any significant secondary
shifts (Figs. S3A,B) and corroborated using CheSPI*®, which indicated negligible probabilities for
helix or strand secondary structure. Plots of the ratio of NMR signal intensities in the presence
versus absence of LUVs as a function of position (Figs. 2A,B) show that both mGIuR CTDs
interact with phospholipids via their N-terminal regions. For both CTDs, NMR signal attenuation
is dependent on negatively charged lipid content, as signal attenuation is absent (mGIuR2) or
decreased (mGIuR3) in the absence of DOPS (Figs. 2A,B; S1). Despite similar binding profiles
at their N-termini, the membrane binding region for the mGIuR3 CTD is longer, spanning the first
~30 residues, compared with ~21 residues for mGIuR2. Plots of the average intensity ratio as a
function of LUV composition within the N-terminal 20 residues (Fig. 2C) illustrate the clear DOPS-
dependence of membrane binding in this region, in contrast with the C-terminal region (Fig. 2D).

Inspection of the sequence of both mGIuR CTDs revealed a conserved N-terminal cluster
of basic residues (Fig. 3A), which we hypothesized could drive CTD binding to negatively charged
DOPS headgroups. Mutagenesis of each of the four basic residues in this cluster to alanine
reduced membrane binding for this region of the mGluR2 CTD (Figs. 3B-D; S4), with the
strongest effect observed for LUVs composed of 1:1 DOPS:DOPC, indicating that increasing
negative charge content in the membrane can partly compensate for the loss of individual basic
residues in the CTD (Fig. 3C). The strongest effect was observed for the R834A mutation, and
mutation of the corresponding residue in mGIuR3 to alanine (R843A) also lead to severe
disruption of membrane binding by the mGIuR3 CTD (Fig. 3E). These results support a major
role for electrostatic interactions between basic CTD residues and anionic phospholipids in driving
CTD-membrane interactions.

To further understand the properties of the mGIuR CTD-membrane interaction, we
examined the potential role of membrane curvature in altering the membrane-bound region of
mGIuR CTD. Notably, disordered protein segments can sense membrane curvature on short
length scales by interacting with lipid packing defects, without the need for shape complementarity
over longer distances*’*®. We measured binding to DOPS vesicles with diameters ranging from
50-400 nm and observed no substantial changes in mGIuR2 membrane binding, indicating that
mGIuR CTDs are insensitive to membrane curvature (Fig. S5). To assess whether different
regions of the protein bind to membranes with different affinities, we obtained NMR intensity ratio
data for the mGIuR3 CTD as a function of lipid concentration (Fig. S6A). We found that the N-
terminal basic cluster remains bound even at lower lipid concentrations but observed a reduction
in binding of the subsequent residues (S845 to T860) comprising the S/T-rich region of the
mGIuR3 CTD, suggesting that this region binds less strongly (Fig. S6C). To explore how CTD
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membrane interactions are affected by more complex lipid compositions that more closely
resemble the plasma membrane inner leaflet, we measured mGIluR3 CTD binding to DOPE-
containing (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) vesicles composed of 11:4:5
DOPC:DOPE:DOPS with or without 30% cholesterol. The 25% negative charge content of these
vesicles is similar to that expected for the inner leaflet of cellular plasma membranes*®*. The
resulting binding profile (Fig. S6A) exhibits strong binding in the basic cluster region, but
attenuated binding in the S/T-rich region when compared with 1:1 DOPC:DOPS vesicles,
consistent with reduced binding at lower negative charge content. Indeed, the profile closely
resembles that observed in the presence of lower (2.5 mM) concentrations of 1:1 DOPC:DOPS
vesicles (Fig. S6A). The inclusion of 30% cholesterol did not alter the binding profiles, suggesting
that cholesterol may not strongly influence CTD-membrane interactions (Fig. S6A).

Finally, to assess CTD membrane binding in a concentration-independent manner and in
a context more closely resembling that of the intact membrane-inserted receptor, we anchored
the mGIuR3 CTD to vesicles by introducing a hexa-histidine tag at its N-terminus and doping 5%
DGS-Ni-NTA (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (nickel salt)) into PC:PE:PS vesicles (10:4:5:1 DOPC:DOPE:DOPS:DGS-Ni-NTA).
Intensity ratio plots for the anchored CTD revealed a signal attenuation profile consistent with that
observed for the free CTD, with the strongest binding at the N-terminus and clear, but decreasing
binding through the S/T-rich and C-terminal regions (Fig. S6E). Importantly, the extent of
attenuation for the anchored CTD is dramatically greater in the S/T-rich and C-terminal regions
than that observed for the unanchored CTD using vesicles containing 50% negative charge
content. Because nickel is paramagnetic, DGS-Ni-NTA will also induce some degree of
paramagnetic relaxation enhancement (PRE) of CTD nuclei that approach within a ~25 A
distance, adding a distance-based signal attenuation to that resulting from immobilization of
residues on the vesicle. To assess the extent of this effect, we measured intensity ratios for the
unanchored CTD, lacking the N-terminal hexa-histidine tag, in the presence of DGS-Ni-NTA
vesicles. This condition produced only minor broadening beyond that observed for corresponding
vesicles lacking DGS-Ni-NTA, suggesting that NMR resonance attenuation induced by slow
tumbling upon membrane binding dominates any DGS-Ni-NTA-associated PRE effects.
Together, these results demonstrate that N-terminal anchoring of the mGIuR3 CTD to vesicles
results in enhanced membrane interactions, and indicate that the lipid concentrations and
compositions and the sample conditions used in our in vitro studies of untethered CTD peptides

do not result in artifactual binding profiles or overestimates of binding.
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Aromatic and distal charged residues help anchor the mGIuR3 CTD S/T-rich region to the
membrane

To further probe structural changes in the mGIuR CTDs upon binding to membranes, we
turned to all-atom molecular dynamics simulations. We focused our analysis on the mGIuR3 CTD,
as this subtype features more extensive membrane interactions than mGIuR2 (Figs. 2), and since
the CTD is known to have a central role in mGIuR3 regulation®. We built a system containing a
1:1 DOPC/DOPS phospholipid bilayer and a protein chain comprising both transmembrane helix
7 (TM7) of mGIuR3 and the CTD (see Methods). We included the transmembrane tether to
increase the probability of observing CTD-membrane interactions within the simulation time and
to bridge the in vitro experiments with isolated CTDs to the biological context of the CTD where it
is attached to the TMD at its N-terminus. We started the simulations with the CTD in a disordered
conformation with no contacts with the membrane and 6 independent replicas were simulated for
1,370 ns each, resulting in 8.22 us of total simulation time (Figs. S7A-F, panels i). We did not
observe any alpha-helix formation and found instead that the mGIuR3 CTD is conformationally
dynamic with little or no regular secondary structure (Figs. S7A-F, panels ii), consistent with our
CD data (Fig. S2).

Our simulations consistently revealed conformations in which segments of the CTD were
in contact with the membrane, especially in the N-terminal basic cluster region, where specific
interactions between arginine residues and lipid headgroups were captured (Fig. 4A; Movies
SM1,2). To quantify such interactions, we analyzed hydrogen bonding between CTD sidechains
and lipid headgroups over all of our simulations. We found that H-bonds between basic cluster
arginine residues (R838 and R843) and PS headgroups anchor the N-terminal region to the
membrane and that R869 also forms such H-bonds (Figs. 4B; S8A). To more generally assess
CTD-membrane interactions on a residue-by-residue basis, we calculated the distance of each
sidechain in the CTD from the lipid phosphate plane. We find that when averaged over the
individual replicas (Fig. STA-F, panels iii) or over all the replicas (Fig. 4C) the N-terminal basic
cluster region exhibits close proximity (<= 10 A) to the membrane surface, consistent with the
tighter binding observed for this region in our NMR experiments. Time courses of arginine
sidechain-phosphate plane distances for different trajectory segments reveal that R838 and R843
exhibit long perios of close proximity to the membrane (Fig. S8B,C), whereas R869 exhibits more
dynamic behavior, suggesting that it mediates transient anchoring of the C-terminal portion of the
CTD to the bilayer.

For the S/T-rich region, the distance distributions appear to be bimodal, with a minor

population that is very close to the membrane surface and a larger population that is more distant.
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The membrane-proximal states may represent a bound population, which appears smaller than
that observed by NMR for the anchored CTD peptide (Fig. S6E), but unfortunately differences in
the experimental and simulation conditions likely preclude a direct comparison. More generally,
the simulations are consistent with the S/T-rich region binding the membrane less tightly than the
N-terminal basic cluster region, as indicated by our NMR data. Intriguingly, residue Y853 within
the the S/T-rich region (Fig. 5A), which we have shown confers B-arr-mediated internalization of
mGIuR3**, exhibits a population with negative distances from the lipid phosphate plane, indicating
that its side chain inserts at least partially into the membrane. Aromatic residues are known to
partition favorably into membranes and are often found in interfacial regions of transmembrane
domains®%. We examined the time course of the phosphate plane distance of Y853 and
identified long (400-650 ps) time periods in separate replicas during which this distance was
negative or very small (Fig. 5B,C; Fig. S8D). Individual poses of Y853 showed its sidechain
inserted into the membrane or at the interfacial lipid headgroup region (Figs. 5B; Movies SM1,2).
Furthermore, the membrane proximity of nearby S/T residues appears to be correlated with that
of Y853 (Fig. S8E), while remaining dynamic (Fig. S8F). To further probe the role of this aromatic
residue in the membrane interactions of the S/T-rich region of the mGIuR3 CTD, we examined
the effects of mutating Y853 to alanine using our NMR-based assay. Compared to WT, Y853A
resulted in a similar binding profile to 1:1 DOPC:DOPS vesicles for the N-terminal basic region,
but showed decreased binding of the CTD in the S/T-rich region (Figs. 5D; S9A,B). Indeed, the
resulting profiles resemble those obtained at lower lipid concentrations (Fig. S6A), indicating that
Y853 helps to stabilize the membrane bound state of the S/T-rich region that we observe at higher
lipid concentrations.

Interestingly, the distance distributions of the C-terminal region of the CTD indicates that
a hydrophobic region preceding residue R869 also features a population with negative distances
from the membrane plane (Fig. 4C; residues Y861-C866). Although this is not strikingly evident
in the NMR data, for both the unanchored (Fig. 2B) and anchored (Fig. S6E) CTD, we observe a
dip in the NMR intensity ratios in this region, and the NMR data for the anchored CTD show
significant binding for the entire C-terminal region.

Noting that membrane-proximal conformations tended to be more extended in our
simulations (Fig. 5B) we considered whether the radius of gyration (Ry) of CTD conformations
correlated with membrane proximity. We observed a bimodal distribution of Rg in our simulations,
with a pinch point around the average Rq value of 15.5 A (Fig. S8G). We calculated the average
distance from the membrane for the ensemble of conformations with Ry below or above 15.5 A

and observed that conformations with lower Ry were biased towards shorter distances from the
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membrane (Fig. S8H). We extended this analysis by separately considering, as a function of R,
the distance of the N-terminal basic cluster region, the S/T-rich region and the C-terminal region
from the membrane. For the N-terminal region, the distance from the membrane was small (<=
10 A) irrespective of Ry, consistent with tight binding of this region to the membrane. For the S/T-
rich and C-terminal regions, compact conformations were distributed closer to the membrane,
while more extended conformations were distributed further from the membrane, consistent with
more dynamic and reversible interactions with the membrane. These results, which can also be
appreciated in Movies SM1,2, suggest that membrane-binding restricts the conformational space
of the CTD. Notably, both the S/T-rich and C-terminal regions featured a cluster of compact
conformations situated very near (<= 10 A) the membrane surface, consistent with the sidechain-

phosphate plane distance distributions (Fig. 4C).

CTD-membrane binding is modulated by cancer-associated mutations.

The mGIuR3 CTD contains a number of cancer-associated mutations, two of which,
GB848E and E870K, are associated with melanomas® and a third, R869Q, which is enriched in
carcinomas. While the role of these mutations in cancer remains unclear, each has been identified
in multiple samples of cancer tissues (5, 4 and 6 samples for G848E, R869Q and E870K)
according to the COSMIC database®. Multiple occurrences of identical mutations are statistically
unlikely (estimated at 2E-12 for E870K>*) and E870K has been also shown to increase melanoma
cell growth, migration, and metastasis®. Interestingly, each of these mutations alters the charge
of the mGIuR3 CTD, suggesting they could influence membrane interactions. G848 lies within the
S/T-rich region, situated between R843 and Y853, and is membrane-associated according to both
the NMR data and our MD simulations (Figs. 2B, 4C; 5E,F; Movies SM3,4). R869 and E870 are
in the C-terminal region of the mGIuR3 CTD that is more weakly membrane associated according
to the NMR data and features transient contacts with the membrane in our simulations (Figs. 2B,
5E,F; Movies SM3,4). Based on these results, we hypothesized that these cancer-associated
mutations could alter membrane binding due to changes in the local electrostatic properties of the
mGIuR3 CTD that would either diminish (G848E, R869Q) or promote (E870K) interactions with
DOPS headgroups. To test this, we measured binding of these mutants using our NMR-based
approach. The mGIuR3 CTD G848E variant resulted in reduced interaction between the S/T-rich
region of the CTD and the membrane, similar to the effect observed for the Y853A mutation (Figs.
5G; S9A,B). Strikingly, the R869Q mutation dramatically decreased membrane binding of both
the S/T-rich region and of the C-terminal region of the CTD (Figs. 5H; S9A,B). In contrast, the

E870K mutation extended the membrane-interacting region of the CTD nearly to its very C-

10
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terminus (Figs. 5H; S9A,B). The ability of these cancer-associated mutations to alter CTD-

membrane binding further supports the role of electrostatics in driving these interactions.

mGIuR3 CTD membrane interactions modulate receptor internalization in living cells

Having established that mGIuR3 mutations can alter membrane binding in vitro, we next
asked if modifications which alter CTD-membrane interactions can also alter receptor function in
living cells. We initially focused on agonist-induced mGIuR3 internalization, which is driven by
phosphorylation-dependent interactions with p-arrs®. As described above, we reasoned that
binding of the mGIuR3 S/T-rich region to the membrane surface could modulate the ability of the
CTD to interact with GRKs and/or p-arrs to mediate internalization.

We assessed the effects of the R843A, G848E, Y853A, R869Q and E870K mutations
(Fig. 6A) on mGIuR3 internalization using an established live cell surface labeling imaging-based
assay>*. All point mutants expressed on the surface, although a small decrease relative to wild
type was observed for G848E (Fig. S10A). To quantify receptor internalization, we labeled N-
terminal SNAP-tagged mGIuR3 transfected into HEK 293T cells with a membrane-impermeable
fluorophore after 60 min treatment with agonist or antagonist. A consistent ~30% drop in
fluorescence, reflecting receptor internalization, was observed for wild type mGIuR3 following
agonist treatment, reflecting endocytosis (Fig. 6B). Compared to WT, the R843A, G848E, Y853A,
and R869Q mGIuR3 mutants exhibit a greater degree of glutamate-evoked internalization (Fig.
6B). The data for G848E are consistent with our previous report that this mutation results in
enhanced internalization®*. In contrast, the E870K mutation drastically decreased glutamate-
induced internalization of mGIuR3 (Fig. 6B). These results are consistent with our hypothesis that
CTD-membrane interactions regulate the accessibility of the CTD to GRKs and B-arrs, with
mutations that inhibit or enhance CTD-membrane binding exhibiting enhanced or blunted
internalization, respectively.

To further assess our interpretation that altered CTD-membrane interactions underlie the
observed changes in receptor internalization, we examined the effects of artificially anchoring the
mGIuR3 CTD to the membrane by appending a CAAX box lipidation motif to its C-terminus (Figs.
6A; S10A). Indeed, this variant exhibited a reduction in glutamate-induced receptor internalization
similarly to the E870K mutant receptor (Fig. 6B). We also visualized receptor internalization via
live cell microscopy where we labeled plasma membrane SNAP-tagged mGIuR3 variants with a
membrane-impermeable fluorophore and visualized fluorescence localization following glutamate

treatment (30 min, 1 mM). This analysis confirmed the enhanced internalization of R843A, G848E,

11


https://doi.org/10.1101/2023.08.16.553551
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.16.553551; this version posted May 2, 2024. 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.

Y853A and R869Q and the reduced internalization of E870K and mGIuR3-CAAX following
glutamate treatment (Fig. S10B).

To assess any effects of CTD mutations on G protein activation, we performed patch
clamp measurements using a GIRK channel current assay (see Methods). In this assay, R843A,
G848E and R869Q showed a clear left-shift while Y853A, E870K and -CAAX did not show
significantly different apparent glutamate affinities compared to wild type mGIuR3 (Figs. 6C;
$10C,D). These observations suggest that mutations can exert distinct functional effects on B-arr
and G protein coupling.

Motivated by our observations of the contributions of residue Y853 to the membrane
interactions of the mGIuR3 CTD S/T-rich region, we posited that phosphorylation of this residue
could influence CTD-effector interactions by reducing membrane binding. Consistent with this
hypothesis, a phosphomimetic Y853D mutant showed enhanced internalization compared to WT
(Fig. 6D) and also resulted in dramatically decreased membrane binding of the S/T-rich region
(Fig. S10E). We then found that treatment of mGluR3-transfected HEK 293T cells with epidermal
growth factor (EGF; 100 ng/ml), which stimulates myriad downstream kinase signaling pathways,
led to detectable internalization of WT, but not of Y853A mGIuR3 in the absence of agonist (Figs.
6E,F). Combining agonist and EGF treatment enhanced internalization to a similar extent to that
observed for the agonist-treated Y853A mutant (Fig. 6B). Interestingly, the addition of EGFR
tyrosine kinase inhibitor AG1478 eliminated EGF-induced internalization, while the application of
Dasatinib, a pan-Src family tyrosine kinase inhibitor, did not produce a significant change in the
EGF-induced internalization compared to the control (Fig. S10H). This points towards a direct
effect of the EGFR tyrosine kinase domain in either directly phosphorylating Y853 or activating a
different downstream pathway that, ultimately, targets mGIuR3. Together these results suggest
that membrane-interacting residues in the mGIluR3 CTD can contribute to both agonist-driven
homologous internalization and heterologous internalization following stimulation of other cellular
pathways.

In principle, the enhancement of mGIuR3 internalization by Y853D could reflect increased
binding to B-arr caused by mimicking phosphorylation within the S/T-rich region. The fact that
Y853A also enhances internalization argues against this possibility, since it is unclear how that
replacement of Y853 with an alanine would promote binding to B-arr. Nevertheless, we explored
a subtler change at this position by replacing Y853 with phenylalanine. This mutation, which
removes only one hydroxyl group, would not be expected to have a dramatic effect on any
interaction with B-arr, but would be expected to enhance membrane binding by removing the polar

hydroxyl group that restricts Y853 to the membrane interface region. Accordingly, we found that
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the Y853F mutation dramatically decreases receptor internalization (Fig.6D). To verify the
expected effect of this mutation on membrane binding, we examined binding at a series of lipid
concentrations and showed that Y853F maintains strong binding of the S/T-rich region even at

lower lipid concentrations, where binding by the WT CTD is decreased (Fig. S6B,D).

Discussion:

The functional roles of disordered intracellular domains in GPCRs, particularly their CTDs,
have drawn increasing interest in recent years. Several studies have confirmed the disordered
nature of GPCR CTDs*® and direct interactions of receptor CTDs with the intracellular face of the
corresponding TMDs, which are regulated by phosphorylation and/or agonist binding and

d®8%8 . Direct

influence both receptor activity and coupling to B-arrs, have been documente
membrane binding of disordered intracellular domains has been shown to play functional roles
for a number of membrane proteins °*°, but GPCRs have not been the subject of such studies
to date. Membrane phospholipid composition and cholesterol levels have been shown to
modulate GPCR function?"?2, but this has been thought to occur primarily by direct interactions
with membrane-embedded TMDs. Here, we show that family C GPCRs mGIuR2 and mGIuR3
can also sense the membrane in a functionally relevant way through their disordered intracellular
CTDs, and that modulating CTD-membrane interactions alters receptor internalization.

We recently reported that mGIuR3, but not mGIuR2, couples strongly to B-arrs, dependent
on the presence of an S/T-rich region in its CTD**°. Here we show that both CTDs are highly
disordered in solution and bind to unilamellar lipid vesicles via their N-terminal regions. While
many GPCRs feature a short amphipathic membrane-associated helix-8*°, the mGIuR2 and
mGIuR3 CTDs do not form detectable helical structure upon membrane binding. This is consistent
with recently reported cryo-EM structures of full-length mGluR2 and mGIuR3 which do not feature
a classical helix 8°%¢'. Notably, our data do not rule out the possibility of very short helical
segments in the membrane-bound CTDs, which have been observed in other intracellular
membrane-binding domains®’.

We note precedents for IDP-membrane interaction modes that do not involve secondary
structure formation, including the MARCKS-ED peptide from the effector domain of myristoylated

alanine-rich C-kinase substrate®%3

, which features 13 positively charged and 5 hydrophobic
residues within a short 25-residue polypeptide segment. The C-terminal motif of worm complexin

also binds to membranes without secondary structure via a combination of positively charged and
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hydrophobic side chains*’®*. Another particularly relevant example is the N-terminal region of the
Mycobacterium tuberculosis divisome protein ChiZ, which binds to acidic membranes primarily
via hydrogen bonds between phospholipid headgroups and 9 arginine residues®.

We posit that CTD-membrane interactions can regulate CTD availability for interactions
with downstream effectors such as GRKs and B-arrs (Fig. 6G). We demonstrated that mutations
that reduce membrane association (R843A, G848E, Y853A, Y853D and R869Q) result in
increased receptor internalization, whereas mutations or modifications that enhance membrane
binding (Y853F, E870K and introduction of a CAAX box motif) result in decreased receptor
internalization. Importantly, half of these modifications are distant from the S/T-rich region of
mGIuR3 and are therefore unlikely to directly impact binding to GRKs or B-arrs. The presence of
Y853 within the S/T-rich region and its importance for the membrane interactions of this region
prompted us to hypothesize that phosphorylation of this tyrosine residue could also modulate
CTD-membrane binding and thereby regulate coupling to transducers, including p-arrs. Notably,
tyrosine phosphorylation has been reported to disrupt localized membrane binding of several
disordered proteins®®%’. While not providing direct proof, the dependence of EGF-induced
mGIuR3 internalization on the presence of Y853 and its elimination by an EGF kinase inhibitor
support this possibility, as does the enhanced internalization we observe for the phosphomimetic
Y853D mutation. This would also be consistent with literature reports of heterologous receptor
internalization/desensitization®®. Alternative explanations may exist and could include EGFR
activation of GRK2 and downstream Ser/Thr phosphorylation in the CTD®, but it is unclear how
this could account for the requirement for Y853. In light of our observations and of previous reports
of the role of tyrosine-membrane interactions in regulating T cell receptor activation®’, we posit
that modulation of such interactions, either directly by phosphorylation or indirectly by other
mechanisms may constitute a general mechanism for receptor regulation.

The work presented here makes a case for a general role for GPCR CTD-membrane
interactions in regulating the accessibility of receptor CTDs to downstream effectors, including f3-
arrs (Fig. 6G). An appealing aspect of this model is that it provides a mechanism for sequential
or cooperative phosphorylation™ as initial phosphorylation events could shift the equilibrium of

14,71

phosphocode-containing regions and increase their accessibility for further phosphorylation

and subsequent B-arr binding. Together with recent results describing functionally important

interactions of receptor CTDs with the intracellular face of their TMDs>¢%¢

, our work expands the
modalities by which GPCR CTDs can regulate receptor function. Important questions remain
regarding how the interplay of CTD interactions with membranes, TMDs, G-proteins, GRKs, B-

arrs and other effectors is regulated and orchestrated. Mutations that alter CTD-membrane
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interactions could also affect direct CTD G-protein binding/recruitment’®, autoinhibitory CTD

D%%4%  or allosteric effect on TMD

interactions with G-protein binding sites on the TM
conformation, especially since these other interactions may also include electrostatic
components. Indeed, we observe that mutations that strongly disrupt CTD-membrane binding
facilitate receptor activation and we also recently reported an auto-inhibitory effect of the mGIluR2
CTD on B-arr coupling®, supporting a potential interplay between G-protein-, TMD- and
membrane-binding. Recent studies of the calcium sensing receptor (CaSR) also proposed a
potential interplay between sequestration of a short CTD segment and its interactions with G-
proteins’2. While our focus here has been on the CTD, similar mechanisms and interactions may

be operative for other disordered intracellular GPCR domains’.

Conclusions

Our results establish a previously unappreciated yet critical and dynamic role of CTD
membrane interactions in controlling GPCR desensitization and internalization and suggest that
an equilibrium between membrane-bound and free states controls transducer coupling efficiency.
This equilibrium may be modified in multiple ways, including disease mutations, Ser/Thr
phosphorylation and possibly Tyr phosphorylation, as well as changes in membrane composition,

comprising a novel mode of CTD-mediated GPCR regulation.
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Methods:

Recombinant proteins were expressed in bacteria as fusion proteins and purified by affinity
chromatography. Large unilamellar vesicals were prepared from the appropriate lipid
composition by extrustion. NMR 2D experiments were collected at 500 MHz and triple-
resonance experiments for assignments were collected at 800 MHz. Circular dichroism
measurments were performed on an AVIV 410 CD spectropolarimeter over a wavelength range
from 300-190 nm. MD simulations of an mGIuR3 construct containing both TM7 and the CTD
(residues 796-879) used initial poses generated using AlphaFold2”® and ColabFold’® which
were equilibrated using the standard CHARMM-GUI based protocol and scripts followed by a
short, 6-ns run using OpenMM?® and the CHARMM36m®® forcefield and then simulated for
1,370 ns for each of 6 replicas. Whole-cell patch clamp recordings were performed in HEK 293
cells 24 hours post-transfection as previously described®. For quantifying receptor
internalization we used a previously reported surface labelling assay*. Details of all

methodologies applied in this study are included in the SI Appendix.

Data Sharing Plan:

All NMR chemical shift assignments can be obtained online from the biological magnetic
resonance database (BMRB accession numbers 52206 and 52202, to be released upon
publication). NMR intensity ratio data, CD data, MD trajectories and all code used for the analysis
of MD simulations can be obtained online at GitHub (https://github.com/cmanci/mGIuR_CTD).
Imaging data will be made available upon request, as well all plasmids and reagents used in the

study.
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Sl Appendix:

Protein expression and purification

Plasmids encoding the rat mGIuR2 (residues 821-872) and mGIuR3 (residues 830-879)
CTDs preceded by an N-terminal 6x-His-SUMO tag were procured from Twist Biosciences.
Cysteine-free versions of both mGIuR2 (C859A) and mGIuR3 (C866A) were generated using an
In-Fusion Cloning kit (Takara Bio) and confirmed by DNA sequencing, and were used as the
background for generating the other mutants described. In each case, a conserved proline located
atthe end of TM7%%74 was selected as the start of the CTD. Recombinant proteins were expressed
in E. coli BL21/DE3 cells (Novagen) grown in either LB Broth or M9 minimal media containing
®N-labeled ammonium chloride (1 g/L) or "°N-labeled ammonium chloride and '*C-labeled D-
glucose (2 g/L) at 37 ° C (275 rpm) induced with 1 mM IPTG (Isopropyl B-D-1-
thiocalactopyranoside) at ODegoonm Of 0.6-0.8. 4 hours post induction, cells were harvested via
centrifugation at ca. 10,500 g at 4°C for 15 mins. Cell pellets (stored at -20°C overnight) were
resuspended in 50 mL lysis buffer (350mM NaCl, 20 mM Imidazole, 20 mM Tris pH 8.0, 1mM
PMSF, 1 mM EDTA and 3 mM BME) and lysed either via sonication on ice for 3 rounds of 6 mins,
50% duty cycle or using an EmulsiFlex-C3 (AVESTIN, Ontario, Canada), followed by
centrifugation at ca. 40,000 g for 1 hour to remove cellular debris. The supernatant was loaded
onto a Ni-NTA column equilibrated using 350 mM NaCl, 20 mM Imidazole, 20 mM Tris pH 8.0, 3
mM BME, washed with the same buffer and the SUMO-tagged protein was eluted using 350 mM
NaCl, 250 mM Imidazole, 20 mM Tris pH 8.0, 3 mM BME. Protein-containing fractions were
pooled and cleaved overnight using SUMO protease (added to final concentration ca. 1 M),
followed by dialysis against 150 mM NaCl, 20 mM Tris pH 8.0, and 1mM DTT and loaded again
onto a Ni-NTA column. The cleaved CTDs were collected in the flowthrough and further purified
over a 5 mL HiTrap™ SP HP column on an AKTA Pure Protein Purification System (GE) as
needed. Purified CTDs were either dialyzed into ddH-0, flash frozen and lyophilized or exchanged
into NMR Buffer (100 mM NaCl, 10 mM Na;HPO4 at pH 6.8) by overnight dialysis or using a PD-
10 Column (Cytiva, Marlborough, MA) and concentrated as necessary using 3K MWCO Amicon
Ultra Centrifugal filters (Millipore Sigma, Darmstadt, Germany) at 10°C. Lyophillized CTDs were

resolubilized to ca. 250 uM (by weight) stock concentration in NMR Buffer.
Large unilamellar vesical (LUV) preparation
18:1 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 18:1 [A9-Cis] 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC),18:1 [A9-Cis] 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
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(DOPE), 18:1 1,2-dioleoyl-sn-glycero-3-[{N-(5-amino-1-carboxypentyl)iminodiacetic
acid}succinyl] (nickel salt) (DGS-NTA[Ni]), and cholesterol were purchased from Avanti Polar
Lipids (Alabaster, AL) dissolved in chloroform and stored at-20 ° C. Lipids were mixed to desired
ratios (100% DOPS, 1:1 DOPS: DOPC, 100% DOPC, 11:4:5 DOPC:DOPE:DOPS with or without
30% cholesterol, and 10:4:5:1 DOPC:DOPE:DOPS:DGS-Ni-NTA), residual solvent was removed
under vacuum for 1-2 hours, and lipids were then stored under Nx(g) at -20 ° C. Lipids were
resuspended to 20 mM (total lipid concentration) in 1 mL using either NMR buffer and subjected
to 10 freeze/thaw cycles using liquid nitrogen/warm water baths. LUVs were then prepared using
a 1 mL Avanti Mini-Extruder (Avanti Polar Lipids) by extruding 21 times using either a 100 nm (for
NMR) or 50 nm (for CD) pore size polycarbonate film. Smaller diameter LUVs were used for CD
to limit scattering at lower wavelengths that was apparent in data collected for the mGIuR3 CTD
using NMR samples prepared with 100 nm LUVs (Fig. S2B). For vesicle size titrations, LUVs
were additionally extruded using 400 nm and 200 nm pore size polycarbonate film. LUVs were

stored at 4 ° C and used within 5 days.

Nuclear magnetic resonance (NMR) spectroscopy

CTDs were prepared in NMR Buffer as described above at concentrations ranging from
ca. 50-150 uyM for 5 mm NMR tubes or 300 uM for 1.7 mm NMR tubes with or without 10 mM
LUVs. Relative protein concentrations were corroborated by 1D proton NMR using 4,4-dimethyl-
4-silapentane-1-sulfonic acid (DSS) as an internal standard. For lipid titrations LUV
concentrations included 10, 5 and 2.5 mM. 'H-""N HSQC NMR were collected on a Bruker
AVANCE 500-MHz spectrometer (Weill Cornell NMR Core) equipped with a Bruker TCI cryoprobe
with 1024 complex points in the 'H dimension and 146 complex points in the '°N dimension using
spectral widths of 18 PPM ('H) and 24 PPM ("°N). NMR spectra were acquired at 10 °C to
minimize amide protein exchange.

NMR spectra were processed using NMRpipe and analyzed using NMRFAM-sparky 3.115
and NMRbox. Intensity ratios were calculated as the ratio of intensities in spectra of samples with
LUVs to those of matched free protein samples with no LUVs. Intensity ratios for cysteine-free
CTDs were compared to those of WT CTDs (Fig. S1C,F). As no meaningful differences were
observed, and as the cysteine residues are located outside the membrane-binding regions of both
CTDs, the cysteine-free versions were used in all subsequent experiments. To assess the binding
of different CTD regions for LUVs of different compositions and size and for CTD mutants,

intensity ratios were averaged over the regions of interest.
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Backbone resonance assignments were made using standard triple resonance
experiments collected on a Bruker Avance Il spectrometer at 800 MHz. Assignments were initially
obtained for the WT mGIuR2 and mGIuR3 CTDs and were transferred by inspection for most
mutants, but were augmented using HNCA spectra in select cases (mGIuR2 C859A and mGIuR3
G848E). Secondary Ca shifts were calculated by subtracting reference random coil Ca. shifts*

from the observed values.

Circular dichroism (CD) spectroscopy

CD measurements were performed on an AVIV 410 CD spectropolarimeter. Spectra were
obtained from 300-190 nm at 25 °C after a two-minute temperature equilibration with a wavelength
step of 1 nm, an averaging time of 5 seconds, 1 scan per sample and a cell path length of 0.02
cm (Starna, Atascadero, CA). Spectra were colletected at a higher temperature compared to NMR
spectra to eliminate effects from condensation on the sample cell during data collection.
Backgrounds were collected and subtracted from all spectra. Final CTD concentrations ranged
from ca. 50-100 uM with protein and peptide stock concentrations estimated by weight, or using
A280 with a calculated extinction coefficient of 2980 M"'cm™ for mGIuR3 CTD, and also assessed
using 1D proton NMR with DSS as an internal standard. WT mGIuR 2 and mGIuR3 peptides
encompassing the first 23 residues of each CTD (mGIuR2:PQKNVVSHRAPTSRFGSAAPRAS,
MGIUR3:PQKNVVTHRLHLNRFSVSGTGTT) were purchased from GenScript (Piscataway, NJ)
(>=95% purity). Peptides were dissolved in NMR buffer at 1 mg/mL and mixed 1:1 with CD buffer
or LUVs in CD buffer for a final concentration of 0.5 mg/mL. NTS1 peptide encompassing the first
16 residues of its CTD (SANFRQVFLSTLACLC) purchased from from GenScript (>= 95% purity)
was dissolved in 100% trifluoroethanol (TFE) at 15 mgs/ml as previously reported*® prior to dilution
with NMR buffer to 0.4 mg/mL and final 1:1 mixing with buffer or LUVs to a final concentration of
0.2 mg/mL with 0.67% residual TFE. The dearth of aromatic residues in all of the polypeptides
used made reliable determination of absolute protein concentrations exceedingly difficult.
Therefore, CD data are presented in millidegrees and were not converted to mean residual molar

ellipticity.

Molecular dynamics simulations

All-atom molecular dynamics simulations were performed on an mGIuR3 construct
containing both TM7 and the CTD (residues 796-879). We used AlphaFold2" and ColabFold’® to
create models of the mGIuR3 TMD and CTD structure because no structures of mGIluRs contain

a fully resolved CTD. We chose the top ranked of five models (highest average AlphaFold pLDDT
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score), all of which contained a disordered CTD, and isolated the TM7-CTD residues as our
starting structure. CHARMM-GUI""® was used to build a single system of our starting structure
embedded in a 1:1 DOPS-DOPC phospholipid bilayer (139 lipids per leaflet), including 104,130
water molecules and 0.2 M NaCl at 37 °C. This temperature, different from those used for NMR
and CD data, was selected to maximize the relevance of the simulations to physiological
conditions. The fact that results from these three methods are reasonably self-consistent, despite
the use of different temperatures, and are also in agreement with cellular internalization
experiments performed at 37 °C, suggests that the fundamentals of mGluR3 CTD-membrane
interactions (regions that interact, the driving forces for the interactions, and the lack of secondary
structure formation) are not altered over this temperature range to an extent that would alter our
results, interpretations or conclusions. Lysine and histidine residues were fully protonated to
reflect the decreased pH at the membrane surface®.

The initial simulation was equilibrated using the standard CHARMM-GUI based protocol
and scripts followed by a short, 6-ns run using OpenMM® and the CHARMM36m?®® forcefield.
Following this equilibration protocol, velocities for each atom in the system were randomized and
used to create 6 statistically independent replicates that were then simulated for 1,370 ns for a
total of 8.22 ps of simulation time.

Analysis of the trajectories was performed using a combination of VMD?®’ plug-ins and
home-made TCL and python scripts. To determine the position of side chains relative to the
phosphate plane, we adapted an approach from Marx and Fleming® in which we compared the
z-position of a side chain center of mass to the average z-position of the phosphate atoms in the
bilayer leaflet closest to the CTD in each frame. Distance from the phosphate plane of the whole
CTD or of CTD sub-regions as in Figure S8H was calculated from the center of mass of all side
chain and backbone atoms. Side chain-lipid hydrogen bonds were calculated with the Hbonds

d®%%° was used to calculate

plug-in in VMD using default settings for bond angle and length. HullRa
the radius of gyration of each frame of the simulation. Secondary structure of each residue was

calculated for each frame using STRIDE®".

Patch clamp electrophysiology

Whole-cell patch clamp recordings were performed in HEK 293 cells 24 hours post-
transfection as previously described®?. Briefly, cells were transfected using Lipofectamine 2000
(Thermo Fisher Scientific) with the wildtype or mutant mGIuRs together with GIRK1-F137S% and
soluble tdTomato as a transfection marker in 1:1:0.2 ratio. Recording pipettes of borosilicate and
with 3-5 MQ resistance were filled with intracellular solution (in mM): 140 KCI, 10 HEPES, 5 EGTA,
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3 MgCl2, 3 Na;,ATP, 0.2 NaxGTP. Cells were clamped at -60 mV in a high-potassium bath solution
containing (in mM): 120 KCl, 25 NaCl, 10 HEPES, 2 CaClz, 1 MgCl,. Glutamate evoked potassium
currents were recorded with an Axopatch 200B and Digidata 1550B (Molecular Devices) using
Clampex (pCLAMP) acquisition software. Peak currents for the different glutamate concentrations
were measured using Clampfit ().CLAMP) and normalized to the maximum current observed at

saturating 1 mM glutamate.

Cell imaging and surface labelling assay

To image and quantify the internalization of receptors after glutamate exposure we used
N-terminally SNAP-tagged mGIuR3 receptors®. HEK 293T Cells were transfected with the
wildtype or mutant SNAP-mGIuR3s. 24 hrs post-transfection cells were prepared for experiments
by labeling tem with 1 uM BG-Surface Alexa 546 (non-permeable dye, New England BioLabs) for
30 min at 37°C in a media containing (in mM): 10 HEPES, 135 NaCl, 5.4 KCl, 2 CaClz, 1 MgCla,
pH 7.4. After this, cells were washed twice and incubated with glutamate (1 mM) for 30 min. Cells
were then imaged under an Olympus IX83 inverted microscope using a 100X 1.49 NA objective
and an Orca-Flash 4.0 CMOS camera (Hamamatsu). Representative images were selected over
a minimum of 10 images per condition.

For quantifying internalization after glutamate of the wildtype and mutant receptors we
used a previously reported surface labelling assay**. Briefly, cells expressing different SNAP-
tagged mGIuR3 constructs were exposed to 1 mM glutamate, or 20 uM of the antagonist
LY341495 (Tocris) for normalization, for 1 hr at 37°C. Following drug incubation, cells were
labelled with 1 uM BG-Surface Alexa 546 for 20 min at room temperature and imaged immediately
using a 60x 1.49 NA objective. Images were analyzed using Image J (Fiji). Mean intensity of
thresholded fluorescent areas was calculated using a macro based in the Li algorithm.
Background of the tresholded images was subtracted and the resultant values were normalized
to the antagonist incubated condition, inverted to show amount of internalization (instead of
fluorescence drop) and converted to percentage of internalization. These values were averaged
per day. Each point of the bar plots represents a day of experiments. For EGF-stimulated
internalization we followed the same approach but applying 100 ng/mL of EGF alone or together
with 1 mM Glu. Quantification was performed using the same Li algorithm macro and comparisons
were made within each condition (EGF or Glu+EGF) for WT vs Y853A mutant. For the EGFR and
pan-Src inhibitors experiment, cells were preincubated for 1 hr with AG1478 (5 uM; Tocris) or
Dasatinib (50 pM; Tocris). Afterward, the inhibitors were maintained throughout the whole

experiment, which was performed as described above.
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Figure Legends:

Figure 1: An NMR-based assay reveals phospholipid membrane binding of the intrinsically
disordered mGIuR2 and mGIuR3 CTDs. (A) Schematic of the structural organization of mGIuR domains
highlighting the location of the CTD compared to the ordered parts of the protein and the membrane. (B)
Schematic of NMR-based CTD-membrane binding assay that takes advantage of changes in tumbling rates
of the CTD due to interactions with LUVs. (C) 'H-">N HSQC spectra of isolated mGluR2* and (D) mGIuR3*
CTD in the presence (red) and absence (black) of 10 mM 100 nm diameter LUVs comprised of DOPS at
pH 6.8 at 10 °C, with zoomed insets of crowded regions, highlighting loss of signal of specific residues in
the presence of LUVs.

Figure 2: N-terminal regions of mGIuR2 and 3 CTDs interact with negatively charged lipids. NMR
intensity ratios for (A) mGIuR2 and (B) mGIuR3 from spectra collected with and without LUVs of three
different lipid compositions. Prolines, which do not give rise to signals in "H-"SN HSQC spectra, are denoted
by *, overlapping peaks for which values were not included by **, and residues not detected in the spectra
by ***. (C) Averaged intensity ratios over the first ~20 residues (mGIuR2 Q822-A842; mGIuR3 Q831-T851)
illustrate the lipid composition dependence of the interactions in this region (+s.e.m.). (D) Averaged intensity
ratios over the last ~20 residues (MGIuR2 Q853-L872; mGIuR3 Y861-L879) illustrate the lack of lipid
composition dependence of the interactions in this region (ts.e.m.).

Figure 3: An N-terminal cluster of basic residues is critical for CTD membrane binding. (A) sequence
alignment of the first 15 residues of the mGIuR2 and mGIuR3 CTDs highlighting conserved (*) and positively
charged (highlighted) residues. (B) Intensity ratio plots of mGIluR2 CTD constructs containing alanine
substitutions for each of the four basic residues from spectra collected with and without LUVs containing a
1:1 mixture of DOPS:DOPC lipids. (C) Averaged intensity ratios over the first ~20 residues (Q822-A842)
illustrate the regional effect of each mutation for LUVs of different lipid composition (ts.e.m.). (D) Averaged
intensity ratios over the last ~20 residues (Q853-L872) illustrate the regional effect of each mutation for
LUVs of different lipid composition (ts.e.m.). (E) Intensity ratio plots of R843A mGIuR3 CTD compared to
WT from spectra collected with and without LUVs containing a 1:1 mixture of DOPS:DOPC lipids.

Figure 4: Molecular dynamics simulations reveal multi-modal membrane interactions of the
intrinsically disordered mGIuR3-CTD. (A) Snapshots of mGIUR3 TM7-CTD (comprising TM7 residues
796-821 shown in cartoon helix representation, and CTD residues 822-879) replica 6 trajectory,
highlighting three conformations of the CTD: the beginning of the simulation with no membrane contacts
(t=0, left), and two membrane-associated states (t=174.4 ns (middle) and t=1,231 ns (right)). Protein
backbone is in blue cartoon; R838 (brown) and R843 (red) sidechains shown as spheres) (B) Total number
of hydrogen bonds between each side chain and lipid headgroups averaged over all simulations. (C)
Diistributions, in the form of violin plots, of the distance of each residue (side chain center of mass) from
the lipid phosphate plane over the course of all simulations (mean and quartiles depicted by solid and dotted
horizontal lines, respectively).

Figure 5: Membrane interactions of the S/T-rich region of the mGIuR3 CTD is modulated by mutation
of a key residue and by cancer mutations. (A) mGIuR3-CTD sequence annotated with the NMR- and
MD-determined membrane binding region and the overlapping Ser/Thr-rich region (* denotes residues
conserved in mGIuR2). (B) Snapshots of residue Y853 (shown as violet spheres with the hydroxyl group in
red) in membrane-embedded and membrane-associated positions (from MD replica 6). Lipid phosphates
are shown as transparent orange spheres. (C) Distance of Y853 sidechain to the lipid phosphate plane
plotted as a function of time for MD replica 6 (first 1,000 ns). (D) Comparison of the averaged integrated
NMR intensity ratios of WT mGIuR3-CTD (dotted blue) with Y853A mGIuR3-CTD taken over the S/T-rich
region (S845-T860) as a function of LUV lipid composition (ts.e.m.; Wilcoxon test; *p<0.05, ***p<0.001,
n.s. p20.05). (E) Snapshots of residues R843 (blue), G848 (orange) and E870 (red) at different time points
during the time course of MD replica 6 showing prolonged membrane-association of R843 and G848 and
fluctuating membrane-association of E870 (protein backbone is in gray cartoon; side chains shown as
spheres colored as in (F) below; lipid phosphates are shown as transparent orange spheres). (F) Position
of side chains R843, G848, and E870 relative to the phosphate plane of the membrane (see methods)
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throughout the time course of MD replica 6. (G) Comparison of the averaged NMR intensity ratios of WT
(dotted blue) with G848E (orange) mGIuR3-CTD taken over the S/T-rich region (S845-T860) as a function
of LUV lipid composition (s.e.m.; Wilcoxon test; **p<0.01, ***p<0.001). (H) Comparison of the averaged
NMR intensity ratios of WT (dotted blue) with R869Q (black) and E870K (red) mGIuR3-CTD taken over the
last 19 residues (Y861-L879) as a function of LUV lipid composition (xs.e.m.; Wilcoxon test; ***p<0.001).

Figure 6: CTD mutations that alter membrane binding affect mGIuR3 internalization and function.
(A) Schematics of mGIuR3 CTD mutational positions and their effects on mGIuR3-CTD free vs. membrane-
bound equilibrium. Larger arrows show the direction in which each variant perturbs the equilibrium. (B)
Quantification of the extent of receptor internalization for each mGIuR3 variant (with dotted line denoting
mGIuR3 WT internalization) (averaged internalization per day, 10-12 images per condition/day and 4-9
days per condition; One-Way ANOVA with multiple comparisons, * p<0.05 *** p<0.001). (C) Glutamate
dose response curves for mGIuR3 variants in a patch-clamp experiment using GIRK currents as a reporter
for mGIuR3 G-protein activation (EC50: WT = 136.9 £ 26.9 nM, R843A = 51.2 + 11.9 nM, G848E =44.2 +
8.6 nM, Y853A = 417.8 + 64.8 nM, R869Q = 14.1 £ 4.3 nM, E870K = 101.6 + 21.7 nM, CAAX = 156.9
42.8 nM; F-test of EC50 shifts; **p<0.01, ***p<0.001). (D) Quantification of the extent of receptor
internalization of WT mGIuR3 vs. Y853D phospho-mimetic mutant vs. Y853F (averaged internalization of
10 images per condition/day across 3 days; t-test; *p<0.05). (E) Representative images of HEK293T cells
expressing SNAP-tagged mGIuR3 WT vs Y853A treated with 100 ng/ml EGF for 30 min (red arrows
represent internalization; scale bar: 5 um). (F) Quantification of the extent of internalization for mGIuR3 WT
vs Y853A mutant in EGF or Glu+EGF incubated conditions (averaged internalization per day, 10 images
condition/day and 3-4 days per condition; t-test, **p<0.01, n.s. p=0.05). (G) Working model of mGIuR3-CTD
free vs. membrane-bound equilibrium and changes that favor the less accessible membrane-bound
(E870K, Y853F, anionic lipids) or the more accessible free (R843A, G848E, R869Q, Y853A/D,
phosphorylation) state.

Figure S1: NMR spectra of mGluR2 and mGIuR3 with LUVs of different compositions and of WT and
cysteine-free variants. 'H-">"N HSQC spectra of mGIuR2 (A,B) and mGIuR3 (D,E) CTDs in the presence
(purple or light blue) and absence (black) of LUVs comprised of 1:1 DOPS:DOPC (A,D) or DOPC (B,E)
with zoomed insets of crowded regions highlighting loss of signal of specific residues in the presence of
LUVs. "H-"N HSQC spectra of (C) mGIuR2 WT (dark blue) and WT* (C859A mutant, red) CTD and (F)
mGIuR3 WT (dark blue) and WT* (C866A mutant, red) CTD. Chemical shift changes are confined to
residues in the immediate vicinity of the mutations.

Figure S2: Secondary structure analysis of mGIluR CTDs using CD. Circular dichroism spectra of the
mGIuR2 (A) and mGIuR3 (B) CTD and mGIuR2 (C) and mGIuR3 (D) peptides encompassing the NMR
determined binding region (first 23 residues) in the absence of LUVs (black) or in the presence of 10 mM,
100 nm diameter (B) or 50 nm diameter (A,C,D) DOPC (blue), 1:1 DOPS:DOPC (purple) or DOPS (red)
LUVs under conditions where NMR indicates no (DOPC) or complete (DOPS or 1:1 DOPS:DOPC) CTD
binding. Note that for (B) the sudden increase in signal below 205 nm results from increased scattering
due to the use of 100 nm diameter LUVs in these samples. For (D) the spectra suggest a degree of -
strand formation, possibly due to intermolecular interactions caused by the limited solubility of this peptide
(E) CD spectra of mGIuR3 peptides encompassing the NMR determined binding region (first 23 residues)
in the absence (black) or presence of 40 mM SDS (red) or 71 mM DPC (blue). (F) CD spectra of NTSR1
peptide free in solution (black) and in the presence of 10 mM 50 nm diameter DOPS LUVs (red). (G,H)
Helical wheel representations of the first 20 residues of the mGIuR2 (G) and mGIuR3 (H) CTD illustrating
the lack of clear amphipathic character (basic residue in blue, polar residues in yellow, apolar residues in

grey).

Figure S3: Secondary structure analysis of mGIuR CTDs using NMR. Secondary Cy chemical shifts for
the mGIuR2 (A) and mGIuR3 (B) CTDs free in solution. Positive/negative deviations greater than 1.0 PPM

indicate a propensity for helical/B-strand secondary structure, respectively.
Figure S4: Mutating positively charged residues impacts CTD-membrane interactions. 'H-'>N HSQC

spectra of mGIuR2 CTD variants in the presence (purple) and absence (black) of 100 nm LUVs comprised
of 1:1 DOPS:DOPC.
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Figure S5: mGIuR CTDs LUVs binding as a function of vesicle size. (A) NMR intensity ratio plots for
the mGIuR2-CTD in the presence of DOPS LUVs of varying diameter. (B) Averaged intensity ratios over
the first ~20 residues (Q822-A842) (+s.e.m.). (C) Averaged intensity ratios over the last ~20 residues
(Q853-L872) (xs.e.m.).

Figure S6: Lipid titrations identify weaker and stronger interaction regions of WT and Y853F mGIuR3
CTD. (A) NMR intensity ratios for the WT mGIuR3-CTD in the presence of varying concentrations of 1:1
DOPS:DOPC LUVs and of 10 mM 11:4:5 DOPC:DOPE:DOPS with or without 30% cholesterol. (B) NMR
intensity ratios for the Y853F mGIuR3-CTD in the presence of varying concentrations of 1:1 DOPS:DOPC
LUVs. (C) Average intensity ratios over different regions of the WT mGIuR3 CTD highlight the greater
sensitivity of the S/T-rich region to lipid concentration (+s.e.m.). (D) Average intensity ratios over different
regions of the Y853F mGIuR3 CTD highlight the increased binding of the S/T-rich region at lower lipid
concentration compared to WT (xs.e.m.). (E) NMR intensity ratios for the membrane-tethered 6x N-His WT
MGIuR3-CTD (black) compared to untethered WT mGIuR3-CTD (dotted blue) in the presence of 10 mM
10:4:5:1 DOPC:DOPE:DOPS:DGS-Ni-NTA LUVs.

Figure S7: MD simulations capture mGIluR3 CTD-membrane interactions and confirm absence of
regular secondary structure. (A-F) (i, left) snapshots of starting and ending frames of each MD simulation
replica of the mGIuR3 TM7-CTD construct with the protein shown in black cartoon representation and lipid
phosphates as orange spheres; (ii, middle) Percent of trajectory frames for each CTD residue residing in
disordered (black), helical (red), or beta-sheet (blue) secondary structure during each replica trajectory.;
(iii, right) Violin plots of average residue distance from the phosphate plane in each replica.

Figure S8: Comparison and analysis of MD simulation replicas. (A) Total number of hydrogen bonds
summed over all MD replicas between key arginine side chains and DOPC or DOPS lipid headgroups,
highlighting the preference for interactions with negatively charged PS headgroups. (B, C) Position of
arginine side chains relative to the phosphate plane of the membrane for the first 1,000 ns of MD replica 5
(B) and 6 (C). (D) Position of tyrosine 853 side chain relative to the phosphate plane of the membrane for
the first 1,000 ns of MD replica 2. (E) Distance from phosphate plane of side chains in the S/T-rich region
as a function of time for Y853 and nearby S/T residues in MD replica 6 (first 1,000 ns). (F) Snapshots of
S/T residues in the S/T-rich region relative to the membrane highlighting the dynamics of the region during
our simulations. Side chains are shown as spheres (Ser in green and Thr in blue) and lipid phosphates are
shown as orange spheres. Protein backbone is in gray cartoon. (G) Violin plot of radii of gyration for all MD
replicas combined showing pinch point at 15 A. (H) Violin plots showing distributon of distances to the
membrane for the entire CTD and specific CTD subregions for frames with high (>15 A) and low (<15 A)
Rg.

Figure S9: De novo and cancer-associated mutations modulate membrane binding of the mGlur3
S/T-rich region. (A) 'H-">N HSQC spectra of mGIuR3 CTD variants in the presence (purple) and absence
(black) of 10 mM 1:1 DOPS:DOPC LUVs. (B) NMR intensity ratios for WT (dotted blue line), Y853A (purple)
and G848E (orange) [upper panel] and WT (dotted blue line), R869Q (black) and E870K (red) [lower panel]
mGIuR3-CTD in the presence of 10 mM 1:1 DOPS:DOPC LUVs.

Figure S10: Further analysis of CTD mutants and effects on mGIuR3 function. (A) Surface expression
quantification for R843A, G848E, Y853A, R869Q, E870K and -CAAX mGIuR3 (One-way ANOVA with
multiple comparisons; * p<0.05, *** p<0.001). (B) Representative images of HEK 293T cells expressing
SNAP-tagged mGIuR3 variants incubated for 30 min with 1 mM Glu (red arrows represent internalized
receptors; scale bar: 5 um). (C-D) Representative traces of evoked GIRK potassium currents after activation
by different doses of glutamate (10 nM, 100 nM and 10 uM) for WT (C) and G848E (D) mGIuR3. (E)
Comparison of the averaged integrated NMR intensity ratios of WT mGIuR3-CTD (dotted blue) with Y853D
(phosphomimetic) mGIuR3-CTD taken over the S/T-rich region (S845-T860) as a function of LUV lipid
composition (xs.e.m.; Wilcoxon test; *p<0.05, ***p<0.001, n.s. p=0.05). (F) Surface expression
quantification for Y853D and Y853F mGIuR3 (One-way ANOVA with multiple comparisons). (G)
Representative images of HEK 293T cells expressing SNAP-tagged mGIuR3 Y853D (upper panel) and
Y853F (lower panel) incubated for 30 min with 1 mM Glu (red arrows represent internalized receptors; scale
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bar: 5 ym). (H) Inhibition of EGF-induced internalization with the EGFR tyrosine kinase inhibitor AG1478 (5
MM) or the pan-Src family inhibitor Dasatinib (50 pyM), (One-way ANOVA with multiple comparisons;
*p<0.05).

Movie SM1: Replica 6 with protein backbone shown in cartoon representation and lipid phosphates as
orange spheres. Residues R838 (dark blue), R843 (light blue), and Y853 (purple) side chains are shown
as spheres to highlight their interactions with the membrane as a function in time.

Movie SM2: Same as Movie SM1 but with an alternative vatage point.

Movie SM3: Replica 6 with protein backbone shown in cartoon representation and lipid phosphates as
orange spheres. Residues R843 (blue), G848 (gold), and E870 (red) side chains are shown as spheres to
highlight their interactions with the membrane as a function in time.

Movie SM4: Same as Movie SM3 but with an alternative vantage point.
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Figure 1: An NMR-based assay reveals phospholipid membrane binding of the intrinsically
disordered mGIuR2 and mGIuR3 CTDs. (A) Schematic of the structural organization of mGIuR domains
highlighting the location of the CTD compared to the ordered parts of the protein and the membrane. (B)
Schematic of NMR-based CTD-membrane binding assay that takes advantage of changes in tumbling rates
of the CTD due to interactions with LUVs. (C) 'H-"SN HSQC spectra of isolated mGIuR2* and (D) mGIuR3*
CTD in the presence (red) and absence (black) of 10 mM 100 nm diameter LUVs comprised of DOPS at
pH 6.8 at 10 °C, with zoomed insets of crowded regions, highlighting loss of signal of specific residues in

the presence of LUVs.
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Figure 2: N-terminal regions of mGIuR2 and 3 CTDs interact with negatively charged lipids. NMR
intensity ratios for (A) mGIuR2 and (B) mGIuR3 from spectra collected with and without LUVs of three
different lipid compositions. Prolines, which do not give rise to signals in "H-"SN HSQC spectra, are denoted
by *, overlapping peaks for which values were not included by **, and residues not detected in the spectra
by ***. (C) Averaged intensity ratios over the first ~20 residues (mGIuR2 Q822-A842; mGIuR3 Q831-T851)
illustrate the lipid composition dependence of the interactions in this region (+s.e.m.). (D) Averaged intensity
ratios over the last ~20 residues (MGIuR2 Q853-L872; mGIuR3 Y861-L879) illustrate the lack of lipid
composition dependence of the interactions in this region (ts.e.m.).
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Figure 3: An N-terminal cluster of basic residues is critical for CTD membrane binding. (A) sequence
alignment of the first 15 residues of the mGIuR2 and mGIuR3 CTDs highlighting conserved (*) and positively
charged (highlighted) residues. (B) Intensity ratio plots of mGIluR2 CTD constructs containing alanine
substitutions for each of the four basic residues from spectra collected with and without LUVs containing a
1:1 mixture of DOPS:DOPC lipids. (C) Averaged intensity ratios over the first ~20 residues (Q822-A842)
illustrate the regional effect of each mutation for LUVs of different lipid composition (ts.e.m.). (D) Averaged
intensity ratios over the last ~20 residues (Q853-L872) illustrate the regional effect of each mutation for
LUVs of different lipid composition (+s.e.m.). (E) Intensity ratio plots of R843A mGIuR3 CTD compared to
WT from spectra collected with and without LUVs containing a 1:1 mixture of DOPS:DOPC lipids.
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Figure 4: Molecular dynamics simulations reveal multi-modal membrane interactions of the
intrinsically disordered mGIuR3-CTD. (A) Snapshots of mGIuUR3 TM7-CTD (comprising TM7 residues
796-821 shown in cartoon helix representation, and CTD residues 822-879) replica 6 trajectory,
highlighting three conformations of the CTD: the beginning of the simulation with no membrane contacts
(t=0, left), and two membrane-associated states (=174.4 ns (middle) and t=1,231 ns (right)). Protein
backbone is in blue cartoon; R838 (brown) and R843 (red) sidechains shown as spheres) (B) Total number
of hydrogen bonds between each side chain and lipid headgroups averaged over all simulations. (C)
Diistributions, in the form of violin plots, of the distance of each residue (side chain center of mass) from
the lipid phosphate plane over the course of all simulations (mean and quartiles depicted by solid and dotted
horizontal lines, respectively).
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Figure 5: Membrane interactions of the S/T-rich region of the mGIuR3 CTD is modulated by mutation
of a key residue and by cancer mutations. (A) mGIuR3-CTD sequence annotated with the NMR- and
MD-determined membrane binding region and the overlapping Ser/Thr-rich region (* denotes residues
conserved in mGIuR2). (B) Snapshots of residue Y853 (shown as violet spheres with the hydroxyl group in
red) in membrane-embedded and membrane-associated positions (from MD replica 6). Lipid phosphates
are shown as transparent orange spheres. (C) Distance of Y853 sidechain to the lipid phosphate plane
plotted as a function of time for MD replica 6 (first 1,000 ns). (D) Comparison of the averaged integrated
NMR intensity ratios of WT mGIuR3-CTD (dotted blue) with Y853A mGIuR3-CTD taken over the S/T-rich
region (S845-T860) as a function of LUV lipid composition (ts.e.m.; Wilcoxon test; *p<0.05, ***p<0.001,
n.s. p20.05). (E) Snapshots of residues R843 (blue), G848 (orange) and E870 (red) at different time points
during the time course of MD replica 6 showing prolonged membrane-association of R843 and G848 and
fluctuating membrane-association of E870 (protein backbone is in gray cartoon; side chains shown as
spheres colored as in (F) below; lipid phosphates are shown as transparent orange spheres). (F) Position
of side chains R843, G848, and E870 relative to the phosphate plane of the membrane (see methods)
throughout the time course of MD replica 6. (G) Comparison of the averaged NMR intensity ratios of WT
(dotted blue) with G848E (orange) mGIuR3-CTD taken over the S/T-rich region (S845-T860) as a function
of LUV lipid composition (+s.e.m.; Wilcoxon test; **p<0.01, ***p<0.001). (H) Comparison of the averaged
NMR intensity ratios of WT (dotted blue) with R869Q (black) and E870K (red) mGIuR3-CTD taken over the
last 19 residues (Y861-L879) as a function of LUV lipid composition (xs.e.m.; Wilcoxon test; ***p<0.001).
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Figure 6: CTD mutations that alter membrane binding affect mGIuR3 internalization and function.
(A) Schematics of mGIuR3 CTD mutational positions and their effects on mGIuR3-CTD free vs. membrane-
bound equilibrium. Larger arrows show the direction in which each variant perturbs the equilibrium. (B)
Quantification of the extent of receptor internalization for each mGIuR3 variant (with dotted line denoting
mGIuR3 WT internalization) (averaged internalization per day, 10-12 images per condition/day and 4-9
days per condition; One-Way ANOVA with multiple comparisons, * p<0.05 *** p<0.001). (C) Glutamate
dose response curves for mGIuR3 variants in a patch-clamp experiment using GIRK currents as a reporter
for mGIuR3 G-protein activation (EC50: WT = 136.9 £ 26.9 nM, R843A = 51.2 £ 11.9 nM, G848E =44.2 +
8.6 nM, Y853A = 417.8 + 64.8 nM, R869Q = 14.1 £ 4.3 nM, E870K = 101.6 + 21.7 nM, CAAX = 156.9
42.8 nM; F-test of EC50 shifts; **p<0.01, ***p<0.001). (D) Quantification of the extent of receptor
internalization of WT mGIuR3 vs. Y853D phospho-mimetic mutant vs. Y853F (averaged internalization of
10 images per condition/day across 3 days; t-test; *p<0.05). (E) Representative images of HEK293T cells
expressing SNAP-tagged mGIuR3 WT vs Y853A treated with 100 ng/ml EGF for 30 min (red arrows
represent internalization; scale bar: 5 um). (F) Quantification of the extent of internalization for mGIuR3 WT
vs Y853A mutant in EGF or Glu+EGF incubated conditions (averaged internalization per day, 10 images
condition/day and 3-4 days per condition; t-test, **p<0.01, n.s. p=0.05). (G) Working model of mGIuR3-CTD
free vs. membrane-bound equilibrium and changes that favor the less accessible membrane-bound
(E870K, Y853F, anionic lipids) or the more accessible free (R843A, G848E, R869Q, Y853A/D,
phosphorylation) state.
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Figure S1: NMR spectra of mGluR2 and mGIuR3 with LUVs of different compositions and of WT and
cysteine-free variants. 'H-""N HSQC spectra of mGIuR2 (A,B) and mGIuR3 (D,E) CTDs in the presence
(purple or light blue) and absence (black) of LUVs comprised of 1:1 DOPS:DOPC (A,D) or DOPC (B,E)
with zoomed insets of crowded regions highlighting loss of signal of specific residues in the presence of
LUVs. "H-"SN HSQC spectra of (C) mGIuR2 WT (dark blue) and WT* (C859A mutant, red) CTD and (F)
mGIuR3 WT (dark blue) and WT* (C866A mutant, red) CTD. Chemical shift changes are confined to

residues in the immediate vicinity of the mutations.
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Figure S2: Secondary structure analysis of mGIuR CTDs using CD. Circular dichroism spectra of the
mGIuR2 (A) and mGIuR3 (B) CTD and mGIuR2 (C) and mGIuR3 (D) peptides encompassing the NMR
determined binding region (first 23 residues) in the absence of LUVs (black) or in the presence of 10 mM,
100 nm diameter (B) or 50 nm diameter (A,C,D) DOPC (blue), 1:1 DOPS:DOPC (purple) or DOPS (red)
LUVs under conditions where NMR indicates no (DOPC) or complete (DOPS or 1:1 DOPS:DOPC) CTD
binding. Note that for (B) the sudden increase in signal below 205 nm results from increased scattering
due to the use of 100 nm diameter LUVs in these samples. For (D) the spectra suggest a degree of -
strand formation, possibly due to intermolecular interactions caused by the limited solubility of this peptide
(E) CD spectra of mGIuR3 peptides encompassing the NMR determined binding region (first 23 residues)
in the absence (black) or presence of 40 mM SDS (red) or 71 mM DPC (blue). (F) CD spectra of NTSR1
peptide free in solution (black) and in the presence of 10 mM 50 nm diameter DOPS LUVs (red). (G,H)
Helical wheel representations of the first 20 residues of the mGIuR2 (G) and mGIuR3 (H) CTD illustrating
the lack of clear amphipathic character (basic residue in blue, polar residues in yellow, apolar residues in

grey).
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Figure S3: Secondary structure analysis of mGIuR CTDs using NMR. Secondary Cy chemical shifts for
the mGIuR2 (A) and mGIuR3 (B) CTDs free in solution. Positive/negative deviations greater than 1.0 PPM

indicate a propensity for helical/B-strand secondary structure, respectively.
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Figure S4: Mutating positively charged residues impacts CTD-membrane interactions. 'H-'SN HSQC
spectra of mGIuR2 CTD variants in the presence (purple) and absence (black) of 100 nm LUVs comprised

of 1:1 DOPS:DOPC.
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Figure S5: mGIuR CTDs LUVs binding as a function of vesicle size. (A) NMR intensity ratio plots for
the mGIuR2-CTD in the presence of DOPS LUVs of varying diameter. (B) Averaged intensity ratios over
the first ~20 residues (Q822-A842) (+s.e.m.). (C) Averaged intensity ratios over the last ~20 residues

(Q853-L872) (ts.e.m.).
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Figure S6: Lipid titrations identify weaker and stronger interaction regions of WT and Y853F mGIuR3
CTD. (A) NMR intensity ratios for the WT mGIuR3-CTD in the presence of varying concentrations of 1:1
DOPS:DOPC LUVs and of 10 mM 11:4:5 DOPC:DOPE:DOPS with or without 30% cholesterol. (B) NMR
intensity ratios for the Y853F mGIuR3-CTD in the presence of varying concentrations of 1:1 DOPS:DOPC
LUVs. (C) Average intensity ratios over different regions of the WT mGIuR3 CTD highlight the greater
sensitivity of the S/T-rich region to lipid concentration (+s.e.m.). (D) Average intensity ratios over different
regions of the Y853F mGIuR3 CTD highlight the increased binding of the S/T-rich region at lower lipid
concentration compared to WT (xs.e.m.). (E) NMR intensity ratios for the membrane-tethered 6x N-His WT
MGIuR3-CTD (black) compared to untethered WT mGIuR3-CTD (dotted blue) in the presence of 10 mM
10:4:5:1 DOPC:DOPE:DOPS:DGS-Ni-NTA LUVs.
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Figure S7: MD simulations capture mGIluR3 CTD-membrane interactions and confirm absence of
regular secondary structure. (A-F) (i, left) snapshots of starting and ending frames of each MD simulation
replica of the mGIuR3 TM7-CTD construct with the protein shown in black cartoon representation and lipid
phosphates as orange spheres; (ii, middle) Percent of trajectory frames for each CTD residue residing in
disordered (black), helical (red), or beta-sheet (blue) secondary structure during each replica trajectory.;
(iii, right) Violin plots of average residue distance from the phosphate plane in each replica.
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Figure S8: Comparison and analysis of MD simulation replicas. (A) Total number of hydrogen bonds
summed over all MD replicas between key arginine side chains and DOPC or DOPS lipid headgroups,
highlighting the preference for interactions with negatively charged PS headgroups. (B, C) Position of
arginine side chains relative to the phosphate plane of the membrane for the first 1,000 ns of MD replica 5
(B) and 6 (C). (D) Position of tyrosine 853 side chain relative to the phosphate plane of the membrane for
the first 1,000 ns of MD replica 2. (E) Distance from phosphate plane of side chains in the S/T-rich region
as a function of time for Y853 and nearby S/T residues in MD replica 6 (first 1,000 ns). (F) Snapshots of
S/T residues in the S/T-rich region relative to the membrane highlighting the dynamics of the region during
our simulations. Side chains are shown as spheres (Ser in green and Thr in blue) and lipid phosphates are
shown as orange spheres. Protein backbone is in gray cartoon. (G) Violin plot of radii of gyration for all MD
replicas combined showing pinch point at 15 A. (H) Violin plots showing distributon of distances to the
membrane for the entire CTD and specific CTD subregions for frames with high (>15 A) and low (<15 A)
Rg.
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Figure S9: De novo and cancer-associated mutations modulate membrane binding of the mGlur3
S/T-rich region. (A) 'H-">N HSQC spectra of mGIuR3 CTD variants in the presence (purple) and absence
(black) of 10 mM 1:1 DOPS:DOPC LUVs. (B) NMR intensity ratios for WT (dotted blue line), Y853A (purple)
and G848E (orange) [upper panel] and WT (dotted blue line), R869Q (black) and E870K (red) [lower panel]
MGIuR3-CTD in the presence of 10 mM 1:1 DOPS:DOPC LUVs.
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Figure S10: Further analysis of CTD mutants and effects on mGIuR3 function. (A) Surface expression
quantification for R843A, G848E, Y853A, R869Q, E870K and -CAAX mGIuR3 (One-way ANOVA with
multiple comparisons; * p<0.05, *** p<0.001). (B) Representative images of HEK 293T cells expressing
SNAP-tagged mGIuR3 variants incubated for 30 min with 1 mM Glu (red arrows represent internalized
receptors; scale bar: 5 um). (C-D) Representative traces of evoked GIRK potassium currents after activation
by different doses of glutamate (10 nM, 100 nM and 10 uM) for WT (C) and G848E (D) mGIuR3. (E)
Comparison of the averaged integrated NMR intensity ratios of WT mGIuR3-CTD (dotted blue) with Y853D
(phosphomimetic) mGIuR3-CTD taken over the S/T-rich region (S845-T860) as a function of LUV lipid
composition (xs.e.m.; Wilcoxon test; *p<0.05, ***p<0.001, n.s. p=0.05). (F) Surface expression
quantification for Y853D and Y853F mGIuR3 (One-way ANOVA with multiple comparisons). (G)
Representative images of HEK 293T cells expressing SNAP-tagged mGIuR3 Y853D (upper panel) and
Y853F (lower panel) incubated for 30 min with 1 mM Glu (red arrows represent internalized receptors; scale
bar: 5 ym). (H) Inhibition of EGF-induced internalization with the EGFR tyrosine kinase inhibitor AG1478 (5
MM) or the pan-Src family inhibitor Dasatinib (50 pyM), (One-way ANOVA with multiple comparisons;
*p<0.05).
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