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SUMMARY

G protein-coupled receptors (GPCRs) are critical mediators of cell signaling. Although capable

of activating G proteins in a monomeric form, numerous studies reveal a possible association

of class A GPCRs into dimers/oligomers. The relative location of individual protomers within
these GPCR complexes remains a topic of intense debate. We previously reported that class A
serotonin 5-HT,a receptor (5-HToAR) and class C metabotropic glutamate 2 receptor (mGIuR2)
are able to form a GPCR heterocomplex. By introducing the photoactivatable unnatural amino
acid p-azido-L-phenylalanine (azF) at selected individual positions along the transmembrane (TM)
segments of MGIuR2, we delineate the residues that physically interact at the heteromeric interface
of the 5-HT,aR-mGIuR2 complex. We show that 5-HT,aR crosslinked with azF incorporated at
the intracellular end of mGIuR2’s TM4, while no crosslinking was observed at other positions
along TM1 and TM4. Together, these findings provide important insights into the structural
arrangement of the 5-HT,aR-mGIuR2 complex.
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In Brief

Using site-specific incorporation of photoactivatable unnatural amino acids, Shah et al. identified
that the intracellular end of TM4 of mGIuR2 physically interacts with 5-HT,aR. These findings
provide important insights into the structural arrangement of the 5-HT,aR-mGIuR2 complex. This
versatile method can be applied to study protein-protein complexes.

INTRODUCTION

G protein-coupled receptors (GPCRs), which share a common structural signature of seven
hydrophobic transmembrane (TM) domains, represent the largest family of receptors in the
human genome, and are a common target for therapeutic agents and drugs of abuse (Wacker
et al., 2017; Hilger et al., 2018). Although most plasma membrane proteins, including
enzyme-linked receptors and ligand-gated ion channels, exist and function as protein-protein
complexes, GPCRs were traditionally assumed to recruit heterotrimeric G proteins and
hence downstream signaling events as monomeric functional entities. This concept was
challenged by the convincing demonstration that class C GPCRs, such as metabotropic
glutamate receptors (mGIuRs) and y-aminobutyric acid B (GABAR) receptor, behave as
obligate dimers (Niswender and Conn, 2010; Kniazeff et al., 2011; Pin and Bettler, 2016).
Accordingly, follow-up studies provided further evidence that particular class A GPCRs,
such as dopamine D, and a.qg-adrenergic receptors, can assemble as dimers or oligomers

in living mammalian cells (Lopez-Gimenez et al., 2007; Guo et al., 2008). Based on these
and other findings, it is now becoming clear that, whereas certain class A GPCRs signal

as monomers, processes of trafficking and signaling of some class A GPCRs can only be
explained by their homo/heteromerization (Milligan, 2009; Gonzalez-Maeso, 2011; Ferre et
al., 2014; Sleno and Hebert, 2019). Nevertheless, certain structural properties of these GPCR
complexes, such as the inter-protomer interface within homo/heteromers, remain a topic of
intense debate.
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For example, the first X-ray and electron crystallographic studies of class A GPCRs
identified TM1 and helix 8 as the possible GPCR dimer interface (Ruprecht et al., 2004;
Cherezov et al., 2007), yet more recent ones revealed direct contacts through TM4, TM5,
and TM6 (Wu et al., 2010; Manglik et al., 2012). The crystal structures of the mGIuR1 7TM
domain (i.e., mGIuR1 construct without its relatively large amino-terminal extracellular
domain, which is composed of a ligand-binding Venus flytrap [VFT] domain, and a
cysteine-rich domain [Pin and Bettler, 2016]) showed a parallel dimer interface mediated
mainly through TM1 (Wu et al., 2014). More recent findings based on crystal structures and
cryoelectron microscopy (cryo-EM) of full-length mGIuR5 reported that, for the inactive
(apo) state, the two 7TM domains within an mGIuR5 homodimer are well separated,
whereas the presence of an orthosteric agonist leads to a physical interaction between TM6
and TM6 that initiates signaling (Koehl et al., 2019). These structural insights were obtained
after protein purification or reconstitution into high-density lipoprotein particles.

In living mammalian cells, studies based on crosslinking of substituted cysteine residues
suggest that the main mGIluR2 homodimeric interface in its apo state is formed by TM4 and
TM5 (Xue et al., 2015). As mGIuR homodimers are already covalently linked by a disulfide
bridge between their VFT domains (Pin and Bettler, 2016), this cysteine crosslinking
approach was achieved with a mutant mGIuR2 in which C121 was converted into alanine
(C121A). However, previous results demonstrated that this particular mutation (C121A)
alters the structure and dynamics of the mGIluR2 homodimer (Levitz et al., 2016; Koehl et
al., 2019). This raises questions regarding the relative orientation of the two mGIuR2-C121A
protomers as compared with those in the “wild-type” mGIluR2 homodimer.

Within this context, we have previously shown that mGIuR2 and the class A serotonin
5-HT,, receptor (5-HT,aR) are able to interact to form an inter-class GPCR heteromer
(Gonzalez-Maeso et al., 2008; Fribourg et al., 2011). We also reported three residues located
at the intracellular end of TM4 (A677440, A681444, and A685%48) that are necessary for
the mGIuR2 to form a complex with 5-HT,aR in living HEK293 cells (Moreno et al.,

2012, 2016) (superscripts in this form indicate [Ballesteros and Weinstein, 1995] numbering
for conserved GPCR residues). These data provided the first evidence for specific protein
domains responsible for inter-class GPCR heteromeric complex formation, yet they still

did not yield direct information about the nature of the heteromeric interface. Thus, two
alternative explanations can be put forward: (1) residues located at the TM4 of the mGIuR2
are directly interacting with 5-HToR and (2) substitution of these residues distorts mGIluR2
conformation and hence indirectly affects formation of the 5-HToAR-mGIuR2 complex
through other protein domains. To solve this, here we incorporated photo-crosslinking amino
acids at select individual positions along the TMs of mGIuR2, and tested the ability of these
constructs to photo-crosslink 5-HToaR.

Incorporation of azF at Selected Individual Positions of mGIuR2

The photo-crosslinking approach relies on the recognition of a nonsense codon, such as
the low-abundance amber (TAG) stop codon, in the DNA construct of interest (Huber and
Sakmar, 2014; Serfling and Coin, 2016). Using an orthogonal tRNA that is aminoacetylated
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with photoreactive unnatural amino acids (UAAS), such as p-azido-L-phenylalanine (azF)
by an aminoacyl tRNA synthetase (aaRS), this method enables in cellulo incorporation

of photo-crosslinking amino acids, which crosslink upon UV radiation (Figure S1A).
Importantly, the technology does not require the introduction of the C121A mutation, which,
as discussed above, may negatively affect mGIuR2 homodimer structure— a concept that is
further supported by our current findings (Figures S1B and S1C).

To incorporate azF into the mGIluR2, the amber stop codon was inserted at three different
sites located specifically at the extracellular half of TM1 (V5691-37), the intracellular half

of TM4 (A681444), or the extracellular half of TM4 (16934-56) (Figure 1A). The position
AB81444 was selected because our previous data demonstrated that substitution of any two
of three residues located at the intracellular end of TM4 of mGIuR2 (A677440, A681444,

or A685448) with those at equivalent positions in the TM4 of the closely related mGIuR3

is sufficient to disrupt its heteromeric association with 5-HT,AR (Moreno et al., 2012;
Moreno et al., 2016). Position 1693456 was chosen because previous findings suggested a
parallel homomeric interface along the entire TM4 of class A GPCRs (Guo et al., 2003),
whereas position V5691-37 was picked because previous cysteine crosslinking assays showed
that TM1 facilitates the formation of class A GPCR dimer rows (Guo et al., 2008). In
addition, these three residues (V5691-37, A681444, and 1693456) are exposed to the lipid
based on 3D models of monomeric mGIuR2 (Figures 1A and 1B), and are different in the
primary sequence between mGIuR2 and mGIuR3 to justify specificity of 5-HToAR-mGIuR2
complex formation. All the mGIuR2 azF constructs were also tagged with the epitope HA
at the N terminus, and sub-cloned in frame with the yellow fluorescent protein (mCitrine) at
the C terminus (HA-mGIuR2-TAGL-37-mCitrine, HA-mGIluR2-TAG*#4-mCitrine, and HA-
mMGIuR2-TAG*56-mCitrine).

We first examined functional responses in HEK293 cells co-transfected with plasmids that
encode the suppressor tRNA and azF aaRS, along with both the appropriate TAG HA-
mGIluR2-mCitrine construct (i.e., HA-mGIuR2-TAGL-37-mCitrine, HA-mGIuR2-TAG#44-
mCitrine, or HA-mGIuR2-TAG*%-mCitrine) and the chimeric Ga subunit Ga.gjg, which
allows activation of phospholipase C (PLC) and hence induction of a transient increase

in the concentration of intracellular Ca%* by an otherwise Gjj,-coupled GPCR (Xue et

al., 2015), including the mGIuR2. Upon exposure to the mGIluR2/3 agonist LY 379268 (10
UM), this increase in [Ca2*]; was corroborated in cells co-transfected with the wild-type HA-
GluR2-mCitrine and Gaygjg (Figure 1C). Importantly, LY379268 (10 uM) was able to recruit
G protein-dependent signaling in cells co-transfected with suppressor tRNA, azF aaRS, and
HA-mGIuR2-TAGL-37- mCitrine, HA-mGIuR2-TAG**4-mCitrine, or HA-mGIuR2-TAG*56-
mCitrine only when azF was added to the culture medium (Figure 1C). This effect of

LY 379268 was pharmacologically blocked by the mGIluR2/3 antagonist LY341495 (Figure
1C). Additional controls that validate the specificity of this assay included absence of

effect of LY379268 (10 and 100 uM) on G protein-dependent signaling in HEK293 cells
co-transfected with the suppressor tRNA, azF aaRS, and the appropriate TAG HA-mGIuR2-
mCitrine construct, but not with Ga.gjg (Figure S2A). Furthermore, inappreciable effect of
LY379268 on G protein-dependent signaling was detected in cells transfected with Gagig
only (Figure S2A).
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Characterization of mGIuR2 Containing azF along TM1 and TM4

We next explored the length of the translated constructs by immunoblot assays with
anti-HA antibodies. In SDS-polyacryl-amide gels of membrane preparation material,

upon addition of azF, anti-HA immunoreactivity was detected as a mixture of an

~70-75 kDa polypeptide and two bands at ~120 and ~240 kDa. These bands in the

~120- and ~240-kDa segments correspond to the molecular weights of wild-type HA-
mGIluR2-mCitrine monomer and dimer, respectively (Figure 2A). Absence of azF almost
completely eliminated immunoblot signaling at ~ 120 and ~240 kDa, which confirms that
incorporation of this UAA is required for translation of a full-length GPCR construct
(Figure 2A). Site-specific incorporation of azF into the appropriate TAG HA-mGIuR2-
mCitrine construct was corroborated by immunoblot assays with the anti-HA antibody

in membrane preparations of cells co-transfected with HA-mGIuR2-TAG#56- mCitrine,
HA-mGIuR2-TAG*44-mCitrine, or HA-mGIuR2-TAG-3"-mCitrine, along with suppressor
tRNA and azF aaRS alone, or together (Figure 2B). Visualization of mCitrine and anti-

HA staining of cells confirmed that the mCitrine signal for these constructs is observed

only after azF treatment, which demonstrates detection of full-length HA-mGIuR2-TAG*44-
mCitrine, HA-mGIuR2-TAG#*56-mCitrine, or HA-mGIuR2-TAGL-37"mCitrine (Figures 2C—
2E). After addition of azF, radioligand binding saturation curves with the mGIuR2/3
antagonist [2H] LY341495 in membrane preparations revealed that the level of expression of
HA-mGIuR2-TAG*44-mCitrine, HA-mGIuR2-TAG*56-mCitrine, or HA-mGIuR2-TAGL37-
mCitrine was relatively similar (Figures 2F-2H; Table S1). Most importantly, the capacity of
HA-mGIuR2-TAG*#4-mCitrine, HA-mGIuR2-TAG*%6-mCitrine, or HA-mGIuR2-TAGL-3'-
mCitrine to bind [3H] LY341495 was significantly reduced in HEK293 cells untreated with
azF (Figures 2F-2H; Table S1). Density (Bmax values) of wild-type HA-mGIuR2-mCitrine
was significantly higher as compared with HA-mGIuR2-TAG*44 mCitrine, HA-mGIuR2-
TAG*56-mCitrine, or HA-mGIuR2-TAGL-37-mCitrine (Table S1), whereas affinities (Kp
values) were comparable (Table S1; see also Figure S2B for visualization of mCitrine

and anti-HA staining in cells transfected with HA-mGIluR2-mCitrine). Together with their
functional properties (see Figure 1C, above), this absence of effect on Kp values further
suggests that introduction of azF at positions 4.44, 4.56, or 1.37 does not significantly
disrupt the functional properties of the mGIuR2 construct. Most importantly, these findings
also demonstrate the feasibility of incorporating the photo-crosslinking amino acid azF

into GPCRs upon transfection of HEK293 cells carrying the appropriate TAG HA-mGIuR2-
mCitrine construct, along with an orthogonal suppressor tRNA/aaRS pair for azF.

Residues at the 5-HT,aR-mGIuR2 Heteromeric Interface Using Amber Codon Suppression

In preliminary experiments, plasmids that encode the suppressor tRNA and azF aaRs,
along with HA-mGIuR2-TAG*44-mCitrine and/or c-Myc-5-HT,aR-mCherry were used for
transfections. Using immunoblot assays immediately after exposure to UV-A, or mock,

we found that UV-induced crosslinking occurred only in cells co-transfected with HA-
mMGIUR2-TAG**4-mCitrine and c-Myc-5-HT,AR-mCherry, but not in cells expressing HA-
mGIuR2-TAG*44-mCitrine alone (Figures S3A-S3C). This suggests the specificity of the
UV-dependent effect. However, probably because of factors, such as the substantial amount
of 5-HT,AR that migrates as dimer and higher-order oligomer (Gonzalez-Maeso et al.,
2008; Moreno et al., 2012; Moreno et al., 2016), our ability for quantification of individual
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segments corresponding to the appropriate molecular weight was limited. To bypass this
problem, we combined the UV-induced crosslinking approach with co-immunoprecipitation
assays.

Upon incubation with azF, the same group of transfected cells with suppressor tRNA,

azF aaRS, and c-Myc-5-HT,aR-mCherry, along with the appropriate TAG HA-mGIuR2-
mCitrine construct (i.e., HA-mGIuR2-TAG#44-mCitrine, HA-mGIuR2-TAG*3¢-mCitrine,
or HA-mGIuR2-TAGL-37-mCitrine) was then divided into two equal portions that were
either exposed to UV-A, or mock. These two portions were then processed for membrane
preparation followed by co-immunoprecipitation assays (Figure 3A). We found that, in
mock-exposed cells, introduction of azF at positions 4.44, 4.56, or 1.37 of the appropriate
TAG HA-mGIluR2-mCitrine construct does not significantly affect co-immunoprecipitation
with c-Myc-5-HT,aR-mCherry (Figures 3B and 3C). This shows the important finding that
HA-mGIuR2-TAG*#4-mCitrine, HA-mGIuR2-TAG*%6-mCitrine, or HA-mGIuR2-TAGL-3-
mCitrine are still able to be part of the same protein complex with c-Myc-5-HT,aR-
mCherry. Notably, UV-induced crosslinking augmented co-immunoprecipitation in cells co-
transfected with c-Myc-5-HT,aR-mCherry and HA-mGIuR2-TAG*#4-mCitrine, an effect
that was not observed in cells co-transfected with c-Myc-5-HT,aR-mCherry and HA-
mMGIuR2-TAG#*56-mCitrine or HA-mGIluR2-TAGL-37-mCitrine (Figures 3B—3D). This UV-
dependent effect was not observed in cells expressing HA-mGIuR2-TAG*#4-mCitrine alone
(Figures 3E and 3F), which supports the concept that augmentation of immunoprecipitation
signal upon UV exposure requires co-expression of 5-HT,aR and not random collision
with other signaling proteins. Together, our findings show that, under these experimental
conditions, there is a direct physical interaction between 5-HT,aR and mGIuR2 that occurs
through the intracellular end of TM4 of the mGIuR2 promoter.

We previously reported that agonist activation of the G/, protein-coupled mGIuR2 leads
to Gg/11 protein-dependent increase in the concentration of intracellular Ca2* (Moreno

et al., 2016). We also demonstrated that the presence or absence of this crosstalk is
profoundly affected by relative ratios and levels of expression of 5-HT,aR and mGIuR2
(Gonzalez-Maeso et al., 2008; Baki et al., 2016; Moreno et al., 2016). Our data here
showed that, even when the HA-mGIuR2-TAG#*#4-mCitrine construct was able to bind
orthosteric antagonists and lead to functional outcomes upon agonist binding (see Figures
1C and 2F, above), the mGIluR2/3 agonist LY 379268 was not able to stimulate an increase
in intracellular Ca? release in cells cotransfected with HA-mGIuR2-TAG*44-mCitrine and
c-Myc-5-HT,aR-mCherry (data not shown). This lack of crosstalk might be due to the
significantly lower densities of the TAG HA-mGIuR2-mCitrine constructs as compared with
the wild-type HA-mGIluR2-mCitrine in transfected cells (Table S1).

To further corroborate selectivity of the effect of UV exposure on co-immunoprecipitation
signal, a similar group of experiments was designed using cells co-expressing HA-mGIuR3-
TAG*44-mCitrine and c-Myc-5-HT,aR-mCherry. Importantly, although control assays
validated the functional and biochemical properties of the HA-mGIuR3-TAG*44-mCitrine
construct (Figures 4A-4D; Table S2), as well as the ability of HA-mGIuR2-mCitrine,

but not HA-mGIuR3-mCitrine, to co-immunoprecipitate with c-Myc-5-HT,aR-mCherry
(Figured S3D and S3E), our data showed that UV exposure does not affect the lack of
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co-immunoprecipitation of anti-HA immunoreactivity in cells co-expressing HA-mGIuR3-
TAG*44 mCitrine and c-Myc-5-HT,aR-mCherry (Figures 4E and 4F).

DISCUSSION

Methods currently used to assess GPCR homo/heteromerization are mostly based on
resonance energy transfer techniques, such as bioluminescence resonance energy transfer
(BRET) and Forster resonance energy transfer (FRET). These are indirect approaches that
rely on energy transfer between fluorescent and/or bioluminescent donor and acceptor
proteins covalently linked to GPCR constructs (Wu and Brand, 1994). In addition,

the distance needed to detect BRET or FRET signal between donor and acceptor is
approximately 10-100A, which does not fully demonstrate a direct physical proximity
between the two GPCR protomers.

Protein crosslinking refers to the formation of one or more covalent bonds between amino
acid residues, which results in the linking of distinct proteins and peptides and hence the
formation of protein networks (Lossl and Sinz, 2016). Cysteine amino acids contain a highly
reactive thiol group. Thus, when a pair of cysteines is exposed to each other in close
molecular proximity, a disulfide bond can form between them, catalyzed by ambient oxygen
or oxidizing agents, such as copper sulfate and 1,10-phenanthroline (Lossl and Sinz, 2016;
Serfling and Coin, 2016). Cysteine is, however, one of the building blocks of virtually every
protein, including GPCRs. Previous studies based on this cysteine crosslinking approach
used GPCR constructs in which some of the highly conserved cysteine residues were
substituted for nonpolar or polar amino acids, such as alanine or serine. This particular
approach may, therefore, negatively impact structure and signaling properties of the tested
cysteine-substituted GPCR construct. An important recent advance in structural biology has
been the site-specific incorporation of UAAs through an amber codon (Suchanek et al.,
2005; Huber and Sakmar, 2014). This site-specific incorporation of UAAs via genetic code
expansion provides a powerful method to introduce synthetic moieties into specific positions
along the protein of interest directly in live cells. Previous studies using mutational analysis
and incorporation of photoreactive UAAs, such as azF and p-benzoyl-L-phenylalanine (BzF)
into plasma membrane proteins have mapped out potential ligand-binding pockets within
GPCRs (Ye et al., 2008; Grunbeck et al., 2011; Huber and Sakmar, 2014; Valentin-Hansen
et al., 2014) or neurotransmitter transporters (Rannversson et al., 2016), as well as ligand-
induced conformational dynamics of GPCRs (Park et al., 2015). However, this approach

has so far not been used in studies of protein-protein interactions within GPCR heteromeric
complexes. It should be noted that covalent crosslinking with the azido or benzophenone
group of UAAS, such as azF or BzF, respectively, only occurs with properly oriented C-H
bonds within a distance of about 2-4A, and this approach can be used to prove a direct
interaction between two proteins of a multiprotein complex in living mammalian cells (Sato
et al., 2011; Ray-Saha et al., 2014). Using this approach, our data here precisely map

the residues that physically interact at the heteromeric interface of the 5-HT,AR-mGIuR2
complex by using amber codon suppression to introduce the photoreactive UAA azF at
selected individual positions in the TMs of the mGIuR2 promoter, which provides direct
evidence for the structural arrangement among the protomers of an inter-class GPCR
heterocomplex in living mammalian cells.
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Our investigation of the 5-HT,AR-mGIu2R heteromeric interface was based on

a combination of approaches that include photo-crosslinking followed by co-
immunoprecipitation. We show that incorporation of the UAA azF at selected positions

of the mGIuR2 does not affect its predisposition to co-immunoprecipitate with the 5-HT,aR
construct. Although our data showing that mGIuR3 is not able to co-immunoprecipitate
with 5-HT,aR support the selectivity and specificity of these findings, we are aware that
the co-immunoprecipitation method uses cell lysates as a starting material, which raises
concerns about the detection of false-positive interactions resulting from the loss of spatial
organization during the lysis procedure. However, it is important to note that our photo-
crosslinking method precedes cell membrane homogenization and co-immunoprecipitation
protocols. Consequently, our data showing a significant increase in UV-induced crosslinking
in cells co-transfected with 5-HT,aR and mGIuR2-TAG*44, but not in cells co-transfected
with 5-HT,aR and mGIuR2-TAG*%8 or mGIluR2-TAGL-37 validate the specificity of the
main conclusion of these findings that the TAG*44 residue is located in close molecular
proximity to the 5-HT,aR protomer and that there is a direct physical interaction between
5-HT,2aR and mGIuR2 via the TM4 of mGIuR2. This concept is further supported by

our findings showing lack of effect of UV exposure on the immunaoblot signal of cells
transfected with mGIluR2-TAG*#4 alone, and absence of coimmunoprecipitation signal

in UV-exposed cells co-expressing HA-mGIuR3-TAG#44-mCitrine and c-Myc-5-HToaR-
mCherry. Additional work, however, is necessary to solve the question related to individual
positions along TMs of the 5-HT,aR that physically interact with the mGIluR2 homodimer.
Similarly, additional experimentation is required to fully characterize the dynamic changes
within the quaternary structure of the 5-HT,aR-mGIuR2 complex induced by orthosteric
and allosteric agonists.

In summary, we successfully implemented a targeted photo-crosslinking approach with the
genetically encoded UAA azF to delineate the amino acids that interact physically at the
heteromeric interface of a GPCR complex. This method has wide applicability and will be
important in future studies that may provide additional functional and structural insights into
GPCR complexes as well as other large protein-protein complexes.

STARMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to the Lead Contact: Javier Gonzalez-Maeso (javier.maeso@vcuhealth.org)

Materials Availability—Plasmids generated in this study (mGIluR2 and mGIuR3
constructs) are available upon request from the lead contact.

Plasmid pSVBpUC carrying the amber suppressor tRNA gene and the plasmid pcDNA3.1
carrying the azF aminoacyl-tRNA synthetase gene were donated by Thomas P. Sakmar (Ye
etal., 2008).
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The plasmid encoding the chimeric Ga subunit Gagjg was donated by Philippe Rondard
(Xue et al., 2015). Requests for these plasmids should be directed to Thomas P. Sakmar and
Philippe Rondard.

Data and Code Availability—The published article includes all datasets generated or
analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human (female) embryonic kidney (HEK293) cells (ATCC: CRL-1573) were used for this
study (Shah et al., 2014) The cells were maintained at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) dialyzed fetal bovine serum (dFBS) and 1%
(v/v) penicillin/streptomycin (Gibco) in a 5% CO, humidified atmosphere.

METHOD DETAILS

Materials—(1R,4R,55,6 R)-4-Amino-2-oxabicyclo[3.1.0]hexane-4,6-dicarboxylic acid
disodium salt (LY 379268), (2S)-2-Amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-
yl) propanoic acid disodium salt (LY341495) and I-glutamic acid were purchased from
Tocris Bioscience. [3H]LY341495 was purchased from American Radiolabeled Chemicals.
p-Azido-L-phenylalanine (azF) was purchased from Chem-Impex International. All other
chemicals were obtained from standard vendors.

Plasmid Construction—All assays were performed with PfuUltra Hotstart DNA
Polymerase (Stratagene) in a Mastercycler EP Gradient Auto thermal cycler (Eppendorf).
Cycling conditions were 30 cycles of 94°C for 30s, 55°C for 30 s, and 72°C for 1 min/kb of
amplicon, with an initial denaturation/activation step of 94°C for 2 min and a final extension
step of 72°C for 7 min. The constructs pcDNA3.1-c-Myc-5-HT,a-mCherry, pcDNA3.1-HA-
mGIuR2-mCitrine and pcDNA3.1-HA-mGIuR3-mCitrine have previously been described
(Moreno et al., 2016). Plasmid pSVBpUC carrying the amber suppressor tRNA gene and
the plasmid pcDNAS3.1 carrying the azF aminoacyl-tRNA synthetase gene were donated by
Thomas P. Sakmar (Ye et al., 2008).

The plasmid encoding the chimeric Ga subunit Gagjg was donated by Philippe Rondard
(Xue et al., 2015). Introduction of mutations Val569TAG, Ala681TAG, 11e693TAG or
Cys121Ala into the pcDNA3.1-HA-mGIuR2-mCitrine construct, and Phe690TAG into the
pcDNAS3.1-HA-mGIuR3-mCitrine construct was performed with the QuikChange 1l Site
Directed Mutagenesis Kit, according to the manufacturer’s protocol (Stratagene), (for primer
pairs, see Table S3). All the constructs were confirmed by DNA sequencing.

Transient Transfection of HEK293 Cells—Human embryonic kidney (HEK293) cells
(ATCC: CRL-1573) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) dialyzed fetal bovine serum (dFBS) and 1% (v/v) penicillin/
streptomycin (Gibco) in a 5% CO2 humidified atmosphere. Transfection was performed
using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocols.
Plasmids encoding the appropriate TAG HA-mGIuR2-mCitrine construct (i.e., HA-mGIluR2-
TAGL-37-mCitrine,
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HA-mGIuR2-TAG*44-mCitrine, HA-mGIuR2-TAG*%6-mCitrine HA-mGIuR3-TAG*#4-
mCitrine) along with amber suppressor tRNA suppressor tRNA and aminoacyl tRNA
synthetase were transfected in a 1:1:0.1 ratio. For photo-crosslinking assays, TAG HA-
mGIuR2-mCitrine or TAG HA-mGIuR3-mCitrine and c-Myc-5-HT,aR-mCherry constructs
were transfected in a 2:1 ratio. The cell culture medium was supplemented with 0.5 mM azF.

Immunocytochemistry—Immunochemical assays were performed as previously reported
(Moreno et al., 2012; Moreno et al., 2016), with minor modifications. Briefly, the media
was removed and cells were fixed with 4% paraformaldehyde (Sigma) supplemented with
100 pM CaCl2 and 100 uM MgCI2 for 10 min at room temperature, rinsed with PBS, and
washed twice with PBS supplemented with 20 mM glycine. Coverslips were then incubated
with 0.2% Triton X-100 for 10 min at room temperature, and incubated for 60 min with
PBS containing 3% goat serum (according to the secondary antibody). Primary antibody
rabbit anti-HA (Cell Signaling Technology, catalog no. 2367; diluted at 1:800 was added
(40 pl on coverslip) and incubated overnight at 4°C. After washing with blocking buffer,
the cells were incubated with secondary antibodies Alexa 568-conjugated goat anti-rabbit
(Invitrogen, A11011) for 60 min at room temperature. Coverslips were then mounted

onto glass slides with ProLong Diamond Antifade mountant (ThermoFisher Scientific)

and imaged 24 h later on a Carl Zeiss Axio Observer LSM 710 laser scanning confocal
microscope (LSCM) with Plan-Apochromat 363/1.40 Oil DIC M27 or 340 Cal objective
lens.

Immunoblot Assays—Western blot experiments were performed as previously reported
(Moreno et al., 2012; Moreno et al., 2016), with minor modifications. Briefly, equal amounts
of protein were resolved by 12% SDS-PAGE and transferred to nitrocellulose membranes

by electroblotting. Detection of proteins by Western blotting with a mouse anti-c-Myc (Cell
Signaling technology, catalog no. 2276), rabbit anti-HA (Cell Signaling technology, catalog
no. 2367), rabbit anti-GFP (ThermoFisher Scientific, catalog no. A-11122), Amersham

ECL Rabbit 1gG, HRP-linked whole Ab (from donkey; cytiva catalog no. NA934-1mL)

and Amersham ECL Mouse IgG, HRP-linked whole Ab (from sheep; cytiva catalog no.
NA931-1mL) was performed with the enhanced chemiluminescence system according to
the manufacturer’s instructions.

Radioligand Binding Assays—Saturation radioligand binding assays using

[BH]LY 341495 binding assays were performed as previously reported (Moreno et al.,
2012; Moreno et al., 2016), with minor modifications. Briefly, harvested cell pellets were
homogenized using a Teflon-glass grinder (50 up-and-down strokes) in 5 mL of binding
buffer (1M KoHPOy4, 1M KH,PO4, 100 mM KBr; pH 7.6). The volume was made up to
10 mL with binding buffer and the crude homogenate was centrifuged at 3,000 rpm for

5 min at 4°C. The supernatant was centrifuged at 18,000 rpm for 10 min at 4°C. The
resultant pellet (P2) was washed with 10 mL of binding buffer and re-centrifuged at 18,000
rpm for 15 minutes. Aliquots were stored at —80°C until assay. Protein concentration was
determined using the Bio-Rad protein estimation assay. Final volume in each well was 200
WL Saturation binding curves were carried out with 0, 0.0625, 0.125, 0.25, 0.5, 1, 2.5,

5, and 10 nM of [3H] LY341495. Nonspecific binding was determined in the presence
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of ImM L-glutamic acid. The reaction mixtures were incubated at 4°C for 1 h. The free
ligand was separated from bound ligand by rapid filtration under vacuum through GF/C
glass fiber filters using a microbeta filtermat-96 harvester (PerkinElmer). These filters were
then rinsed twice with 200 pL of ice-cold incubation buffer, and dried at 65°C for 1 h and
counted for radioactivity by liquid scintillation spectrometry, using a MicroBeta? detector
(PerkinElmer).

[Ca?*]; Mobilization Assays—HEK?293 cells were plated onto poly-D-lysine coated
96-well plates (Greiner Bio-One GmbH) and co-transfected with the appropriate plasmids,
along with the chimeric Ga subunit (Gagjg). On the day of the assay, cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS) and loaded with 3 uM Fura 2-AM in imaging
solution (5 mM KCI, 0.4 mM KH,PQy,, 138 mM NaCl, 0.3 mM NayHPQOy4, 2 mM CaCl,,

1 mM MgCl,, 6 mM glucose, 20 mM HEPES, pH 7.4) supplemented with pluronic acid
(10% solution in DMSOQ). Following incubation for 30 min at 37°C, cells were washed twice
with imaging buffer before being placed on the FlexStation 3 microplate reader (Molecular
Devices). For conditions that tested the effect of the mGIuR2/3 antagonist LY341495 on

the Ca?* signal elicited by the mGIluR2/3 agonist LY 379268, cells were pre-treated with

LY 341495 for 30 min before the addition of LY379268. The Fura-2 signal was acquired at
510 nm by switching the excitation wavelength between 340/380 nm. Intracellular calcium
concentration was expressed as a 340/380 nm ratio, and values were normalized to the basal
340/380 nm ratio recorded during 30 seconds before perfusion of the drug using Softmax
Pro (Molecular Devices).

Photo-Crosslinking Assays—Assays were carried out in photo-crosslinking buffer
(Hank’s Buffered Salt Solution [HBSS] containing 20 mM HEPES, pH 7.5 and 0.2%
BSA). 48 h post-transfection, cells were harvested and cell pellets were collected. Cells
were resuspended in the photo-crosslinking buffer, after which approximately half of the
cells from each batch were pelleted down and stored as the [-UV] condition. The other

half was photo-crosslinked at 4°C. To do this, the cell suspension was placed under a UV
lamp at a distance of 5 inches and exposed to UV-A light for 15 min (ML-3500S MAXIM,
Spectronics Corporation). The mixture was then resuspended and the cells were spun down,
supernatant was removed and cell pellets were stored at —80°C until further use.

Co-immunoprecipitation Studies—Co-immunoprecipitation studies on membrane
preparations of the cell pellets (photo-crosslinked and controls) were performed as described
previously(Moreno et al., 2012; Moreno et al., 2016), with minor modifications. In brief,
equal amounts of solubilized membrane fractions were incubated overnight with protein
AJG beads and a mouse anti-c-Myc antibody at 4°C on a rotating wheel. A Western blot was
performed on the co-immunoprecipitated samples using a anti-HA antibody as described
above.

Molecular Modeling—Three-dimensional molecular models of the seven transmembrane
domains of mGIuR2 were built using the crystal structure of mGIuR5 (PDB: 5CGC) as

a structural template (Christopher et al., 2015). The amino acid sequences of the TM
domains of the mGIuR5 and the mGIuR2 were aligned using Clustal X 2.1(Larkin et
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al., 2007). Homology models of the TM domains of the mGIuR2 were generated using
MODELLER v9.12 (Eswar et al., 2007). Hydrogen atoms were added to the homology
models and disulfide bonds were built using SYBYL-X 2.1 (Tripos International). Modeling
was obtained with the assistance of PyMOL (Molecular Graphics System, Version 1.7.4
Schrédinger, LLC).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed with GraphPad Prism software version 8. The
statistical significance of experiments involving two groups was assessed by Student’s ¢

test, whereas the statistical analysis involving three or more groups was assessed by one-way
ANOVA followed by Dunnett’s post hoc test. An extra sum of square (Ftest) was used

to determine the statistical difference for the simultaneous analysis of binding saturation
curves. The level of significance was chosen at p = 0.05, and all assumptions (normality,
equal variances) were met to perform parametric tests. All data are presented as means +
s.e.m. All statistical details of experiments can be found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Photoactivatable unnatural amino acids inform the structural interface of 5-
HT,aR-mGIuR2

. TAG mGIuR2 constructs were co-expressed with 5-HT,aR for photo-
crosslinking

. UV-induced crosslinking only in cells co-expressing 5-HT,aR and mGIuR2-
TAGH44
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SIGNIFICANCE

GPCR homo/heteromerization is a highly controversial topic and the existence of

GPCR oligomers has been questioned in multiple studies. Structural interface data of
GPCR homo/heteromers as well as other plasma membrane proteins are limited by
currently available methods. The methods that are available and commonly used to assess
GPCR homo/heteromerization are mostly indirect approaches that include resonance
energy transfer techniques, such as BRET and FRET, and cannot fully demonstrate

a direct physical proximity between receptors. Cysteine crosslinking is one of the

most commonly used methods to study protein-protein interactions and demonstrate
direct physical proximity between GPCR protomers. However, this method suffers from
certain disadvantages, such as the need to substitute some highly conserved cysteine
residues, leading to a potential disruption of protein structure. Here, we use site-specific
incorporation of the unnatural amino acid (UAA) azF by amber codon suppression to
expand the genetic code coupled with photo-crosslinking and co-immunoprecipitation
methods to study the structural interface of the inter-class 5-HT,AR-mGIuR2 heteromeric
complex. We introduced the photoactivatable UAA azF at selected individual positions
in the TMs of the mGIu2R and tested the ability of the individual constructs to photo-
crosslink with 5-HT,aR. Our data showed the residues that physically interact at the
interface of this heteromeric complex. To further demonstrate the specificity of our
approach, we also showed that the closely related mGIuR3 could not photo-crosslink
with 5-HT,aR. This method has wide applicability, and can be used in future studies to
study structural interfaces as well as to demonstrate a direct physical interaction between
protein-protein complexes.
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Figure 1. Introduction of the UAA azF into mGIluR2
(A and B) Molecular model of the mGIuUR2 7TM domain. Residues V569137, A681444, and

1693456 in mGIuR2 (A) and the corresponding location of azF in the TAG HA-mGIuR2
constructs (B) are shown as spheres

(C) Cells co-transfected with constructs encoding suppressor tRNA and azF aaRS, along
with HA-mGIuR2-TAG-37-mCitrine, HA-mGIuR2-TAG*#4mCitrine, or HA-mGIuR2-
TAG*56-mCitrine, were loaded with Fura-2 and monitored for intracellular calcium release
after sequential administration of LY341495 (LY34) and/or LY 379268 (LY 37), or vehicle.
Experiments were carried out with and without the unnatural amino acid azF. Controls
included cells transfected with the wild-type HA-mGIuR2-mCitrine construct (n = 4-8
independent experiments per experimental condition). Mean = SEM. *p < 0.05 and **p <
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0.01 by Student’s t test (mGIuR2) or Dunnett’s post hoc test of one-way ANOVA (TAG
mGIuR2 constructs).
See also Figure S1
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Figure 2. Characterization of mGIluR2 Containing the Photo-Crosslinking UAA azF at Selected
Positions
(A) Membrane preparations of cells exposed to azF or mock and co-transfected

with constructs encoding suppressor tRNA and azF aaRS, along with HA-mGIuR2-
TAGL-37-mCitrine, HA-mGIuR2-TAG*#4-mCitrine, or HA-mGIuR2-TAG*%6-mCitrine were
subjected to immunoblot assays with antibody against the HA tag. Bands in the ~120-

and ~240-kDa segments correspond to the molecular weights of wild-type HA-mGIuR2-
mCitrine monomer and dimer, respectively; whereas bands in the ~70- to 75-kDa segments
correspond to truncated TAG HA-mGIuR2-mCitrine constructs where the amber codon is
recognized as a stop codon rather than a codon for incorporation of the UAA azF.

(B) Membrane preparations of cells exposed to azF and co-transfected with constructs
encoding suppressor tRNA and azF aaRS alone or together, along with HA-mGIuR2-
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TAGL37-mCitrine, HA-mGIuR2-TAG#44-mCitrine, or HA-mGIuR2-TAG#%6-mCitrine were
subjected to immunoblot assays with antibody against the HA tag. Western blots (A and B)
are representative of three independent experiments.

(C-E) Cells exposed to azF (+azF) or mock (—azF) and co-transfected with constructs
encoding suppressor tRNA and azF aaRS, along with HA-mGIluR2-TAG*44- mCitrine

(C), HA-mGIuR2-TAG*%6-mCitrine (D), or HA-mGIuR2-TAG-3"-mCitrine (E) were then
permeabilized to detect the HA epitope and imaged to detect mCitrine fluorescence. Nuclei
were stained in blue with Hoechst.

(F-H) Radioligand binding saturation curves with [3H]LY341495 in membrane preparations
of cells exposed to azF (+azF) or mock (—azF) and co-transfected with constructs

encoding suppressor tRNA and azF aaRS, along with HA-mGIluR2-TAG*44-mCitrine (F),
HA-mGIUR2-TAG*%6-mCitrine (G), or HA-mGIuR2-TAGL-3"-mCitrine (H). Mean = SEM.
***n < 0.001 by F test (representative results of four independent experiments, see also
Table S1). See also Figure S2
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Figure 3. Crosslinking Studies and Heteromeric Interface Determination of the 5-HTyaAR-
mGIuR2 Heterocomplex

(A) Schematic illustration of the method of photo-crosslinking. Cells exposed to azF

were co-transfected with constructs encoding suppressor tRNA and azF aaRS, along

with c-Myc-5-HT,aR-mCherry and HA-mGIuR2-TAG*44-mCitrine, HA-mGIuR2-TAG#%6-
mCitrine, HA-mGIuR2-TAG!37-mCitrine, or HA-mGIuR3-TAG*#4-mCitrine. After this
manipulation, the same group of cells was divided into two equal portions that were either
exposed to UV or mock. Cells (UV [+] and UV [-]) were afterward processed for membrane
preparations and subjected to co-immunoprecipitation (IP) with an antibody against the
c-Myc tag, and then analyzed by western blotting (WB) with an antibody against HA.

(B-D) Co-immunoprecipitation experiments of c-Myc-5-HToaR-mCherry and HA-
mMGIuR2-TAG*#4-mCitrine, HA-mGIuR2-TAG*6-mCitrine, or HA-mGIuR2-TAG1-37-
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mCitrine in transfected cells (n = 3—4 separate experiments). For a control, co-
immunoprecipitation experiments of c-Myc-5-HT,aR-mCherry and wild-type HA-mGIuR2-
mCitrine, where suppressor tRNA and azF aaRS were omitted, were assayed in parallel

(B). Cell samples were also collected before UV or mock exposure, and analyzed by WB
with antibodies against either HA or c-Myc (C). Representative immunoblots (B and C) and
quantification of immunoreactivity (D). Mean + SEM. **p < 0.01 by Dunnett’s post hoc test
of one-way ANOVA.

(E and F) Absence of co-immunoprecipitation in cells co-transfected with constructs
encoding suppressor tRNA, azF aaRS, and HA-mGIuR2-TAG*44-mCitrine, but not with

the c-Myc-5-HToaR-mCherry construct (E). Cell samples were also collected before UV or
mock exposure, and analyzed by WB with antibodies against either HA or c-Myc (F).

See also Figures S1 and S3.
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Figure 4. Absence of UV-Induced Crosslinking in Cells Co-expressing 5-HT2aR and mGIuR3
(A) Cells co-transfected with constructs encoding suppressor tRNA and azF aaRS,

along with HA-mGIuR3-TAG*4#4-mCitrine, were loaded with Fura-2 and monitored for
intracellular calcium concentration after sequential administration of LY341495 (LY 34)
and/or LY 379268 (LY37), or vehicle. Controls included cells transfected with the wild-type
HA-mGIuR3-mCitrine construct, and cells untransfected with Ga.jg (n = 4 independent
experiments per experimental condition). Mean £ SEM. ***p < 0.001 by Student’s t test
(mGIuR3) or Dunnett’s post hoc test of one-way ANOVA (TAG#44).

(B) Membrane preparations of cells exposed to azF and co-transfected with constructs
encoding suppressor tRNA and azF aaRS, along with HA-mGIuR3-TAG*44-mCitrine were
subjected to immunoblot assays with antibody against the HA tag. The wild-type HA-
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mGIuR3-mCitrine construct was used as a control. Bands in the ~130- and ~260-kDa
segments correspond to the molecular weights of wild-type HA-mGIuR3-mCitrine monomer
and dimer, respectively; whereas the band in the ~110-kDa segment corresponds to the
truncated HA-mGIuR3-TAG*44-mCitrine construct where the amber codon is recognized as
a stop codon rather than a codon for incorporation of the UAA azF.

(C) Cells exposed to azF (+azF) or mock (—azF) and co-transfected with constructs encoding
suppressor tRNA and azF aaRS, along with HA-mGIuR3-TAG*#4- mCitrine were then
permeabilized to detect the HA epitope and imaged to detect mCitrine fluorescence. Nuclei
were stained in blue with Hoechst.

(D) Radioligand binding saturation curves with [BH]LY 341495 in membrane preparations

of cells exposed to azF (+azF) or mock (-azF) and co-transfected with constructs encoding
suppressor tRNA and azF aaRS, along with HA-mGIuR3-TAG*44-mCitrine. Mean = SEM.
Non-linear regression analysis (binding saturation curve) was not applicable in mock-treated
(—azF) cells (representative results of four independent experiments, see also Table S2).

(E and F) Co-immunoprecipitation experiments of c-Myc-5-HT,aR-mCherry and HA-
mGIuR3-TAG*#4-mCitrine. Cell samples were also collected before UV or mock exposure,
and analyzed by WB with antibodies against either HA (E) or c-Myc (F). Western blots are
representative of three independent experiments.).

See also Figure S3
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse anti-c-Myc

Rabbit anti-HA

mouse anti-a-tubulin

rabbit anti-GFP

Alexa 568-conjugated goat anti-rabbit

Amersham ECL Rabbit 1gG, HRP-linked whole Ab
(from donkey)

Amersham ECL Mouse 1gG, HRP-linked whole Ab
(from sheep)

Cell Signaling technology
Cell Signaling technology
Abcam

ThermoFisher Scientific
Invitrogen

Cytiva

Cytiva

Cat#2276; RRID: AB_331783

Cat# 2367, RRID: AB_10691311
Cat#ab7291; RRID: AB_2241126
Cat# A-11122; RRID: AB_221569
Cat# A11011: RRID: AB_143157
Cat#NA934-1mL; RRID: AB_772206

Cat#NA931-1mL; RRID: AB_772210

Chemicals, Peptides, and Recombinant Proteins

p-Azido-L-phenylalanine (azF)

(1R4R,55,6R)-4-Amino-2-oxabicyclo[3.1.0]
hexane-4,6-dicarboxylic acid disodium salt
(LY379268)

(2S)-2-Amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-

(xanth-9-yl) propanoic acid disodium salt (LY 341495)

L-glutamic acid

Chem-Impex International.

Tocris Bioscience

Tocris Bioscience

Tocris Bioscience

Cat#06162
Cat#5064

Cat#4062

Cat#0218

[BH]ILY 341495 American Radiolabeled ART-1439 250 uCl
Chemicals

Experimental Models: Cell Lines

HEK?293 cells (Female) ATCC Cat# CRL-1573

Oligonucleotides

See Table S3 for sequences of primers used Integrated DNA technologies N/A
(IDT)

Recombinant DNA

Plasmid: pSVBpUC carrying the amber suppressor Thomas P. Sakmar (Ye et al., N/A

tRNA gene were donated by 2008)

Plasmid: pcDNA3.1 carrying the azF aminoacyl-tRNA  Thomas P. Sakmar (Ye et al., N/A

synthetase gene 2008)

Plasmid: chimeric Ga subunit Gagjg was donated by Philippe Rondard (Xue et al., N/A
2015)

Plasmid: pcDNA3.1-c-Myc-5-HT,5-mCherry and Javier Gonzalez-Maeso (Moreno N/A
etal., 2016)

Plasmid: pcDNA3.1-HA-mGIuR2-mCitrine Javier Gonzélez-Maeso (Moreno N/A
etal., 2016)

Plasmid: pcDNA3.1-HA-mGIuR3-mCitrine Javier Gonzéez-Maeso (Moreno N/A
etal., 2016)

Plasmid: HA-mGIuR2C121A-mCitrine This paper N/A

Plasmid: HA-mGIuR2-TAG-37-mCitrine This paper N/A

Plasmid: HA-mGIuR2-TAG*#4-mCitrine This paper N/A

Plasmid: HA-mGIuR2-TAG*56-mCitrine This paper N/A

Plasmid: HA-mGIuR3-TAG*#4-mCitrine This paper N/A

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
Softmax Pro Molecular Devices https://www.moleculardevices.com/products/

Prism software version 8

Excel

ImageJ
Other
UV-A lamp

GraphPad

Microsoft

ImageJ developers

Spectronics Corporation

microplate-readers/acquisition-and-analysis-
software/softmax-pro-software#gref

https://www.graphpad.com/scientific-software/
prism/

https://www.microsoft.com/en-us/
microsoft-365/excel

https://imagej.nih.gov/ij/

ML-3500S MAXIM
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