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Abstract

G protein-coupled receptors (GPCRs) are membrane proteins that play important roles in biology.
However, our understanding of their function in complex living systems is limited because we lack
tools that can target individual receptors with sufficient precision. State-of-the-art approaches,
including DREADDs, optoXRs, and PORTL gated-receptors, control GPCR signaling with
molecular, cell type, and temporal specificity. Nonetheless, these tools are based on engineered
non-native proteins that may (i) express at nonphysiological levels, (ii) localize and turnover
incorrectly, and/or (iii) fail to interact with endogenous partners. Alternatively, membrane-
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anchored ligands (t-toxins, DARTS) target endogenous receptors with molecular and cell type
specificity but cannot be turned on and off. In this study, we used a combination of chemistry,
biology, and light to control endogenous metabotropic glutamate receptor 2 (mGIuR2), a Family C
GPCR, in primary cortical neurons. mGIuR2 was rapidly, reversibly, and selectively activated with
photoswitchable glutamate tethered to a genetically targeted-plasma membrane anchor (membrane
anchored Photoswitchable Orthogonal Remotely Tethered Ligand; maPORTL). Photoactivation
was tuned by adjusting the length of the PORTL as well as the expression level and geometry of
the membrane anchor. Our findings provide a template for controlling endogenous GPCRs with

cell type specificity and high spatiotemporal precision.
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INTRODUCTION

G protein-coupled receptors (GPCRS) represent the largest superfamily of membrane
proteins (>800 members).! They respond to diverse stimuli (e.g., light, chemicals, peptides)
and regulate a wide range of biological functions.! Elucidating the roles of individual
GPCRs is of profound importance for understanding physiological processes as well as
pathological states in which GPCRs and/or their endogenous ligands are dysregulated.
Moreover, GPCRs are targets of ~25% of all currently available medications,? and thus their
characterization may shed light on mechanisms of drug action and enable the development

of superior therapeutic strategies.

GPCRs are spatially organized and temporally activated in a complex manner in living
systems (especially the brain), making it difficult to interrogate individual receptors with
sufficient precision. Each GPCR can exist and have distinct roles in more than one location.
Not only can a receptor be found in different organs and tissues, it can also be expressed in
neighboring but distinct cell types within the same area. GPCRs can also be turned on and
off by their endogenous ligands in hundreds of milliseconds to tens of seconds.3~> Moreover,
the precise temporal dynamics of GPCR activation can govern how a receptor controls

downstream signaling processes and physiology.5:’

JAm Chem Soc. Author manuscript; available in PMC 2020 June 04.
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Traditional approaches that target GPCRs, including pharmacology (chemical antagonists,
agonists, allosteric modulators) and genetics (knockouts, overexpression), face challenges of
limited molecular, cell type, and/or spatiotemporal specificity. Thus, considerable effort has
gone into the development of engineered GPCRs that can be turned on and off in genetically
defined-cell types and locations. These approaches have employed chemogenetics (GPCRs
designed to only respond to synthetic chemicals that do not exist in vivo, DREADDs®) or
optogenetics (chimeric GPCRs consisting of a partial sequence of a receptor of interest and
the transmembrane portion of the naturally light-sensitive components of rhodopsin;
optoXRs%11),

DREADDs and optoXRs require substantial modification to the receptor sequence, which
may limit their physiological relevance (e.g., in both cases the receptor is no longer able to
bind its endogenous ligand). In contrast, we devised a photopharmacological approach that
can be used to control full length, near-native GPCRs.12-15 We used the latest iteration of
this approach, Photoswitchable Orthogonal Remotely Tethered Ligands (PORTLS), to
rapidly and reversibly photoactivate metabotropic glutamate receptors (mGIluRs), which are
Family C GPCRs.1415 We first synthesized a family of PORTLs that contain a receptor
ligand (glutamate), an azobenzene moiety that rapidly photoisomerizes between its frans-
and cis-isomers with specific wavelengths of light, as well as a benzylguanine
(benzylguanine-azobenzene-glutamate; BGAG; Figures 1A and S1). The PORTL is
covalently tethered via its benzylguanine to a genetically encoded SNAP-tag that we fused
directly to the Nterminus of the receptor (SNAP-mGIuR; Figure 1B). Several aspects of the
PORTL approach are critical to its design. First, the glutamate moiety of BGAG was placed
flush to the azobenzene (Figure 1A) so that it sterically binds the receptor in only one
photoisomeric state (cis but not #rans), thus allowing the PORTL to turn on and off the
receptor in a lightdependent manner (Figure 1B). Second, tethering the PORTL affords
selectivity by increasing its local concentration at the receptor while preventing its binding
to off-target proteins. Third, because the PORTL is attached to SNAP-tag and is therefore
remote from its binding site in the receptor, a long chemical linker was used to provide
additional reach (Figure 1A and B). Finally, the SNAP-tagged receptor is genetically
encoded and thus can be targeted to defined cell types.

PORTLs and the other engineered tools discussed above are a powerful means to control
GPCR signaling in living systems. However, they all require modification to a GPCR’s
sequence that may alter receptor function and therefore provide an incomplete and possibly
inaccurate view of its physiological role. Moreover, the delivery of these tools necessitates
nonphysiological receptor overexpression or costly and timeconsuming genetic knock-in.
Taking this into consideration, we sought to develop a strategy to control GPCRs with as
much precision as that afforded by existing methods, but in a manner that does not modify
the receptor, i.e., an approach that targets endogenous receptors.

Endogenous ion channels6 and more recently GPCRs! have been targeted for selective
pharmacological control using genetically encoded membrane-anchored peptidic ligands (t-
toxins), which interact with their target protein as a result of a random encounter within the
plasma membrane and high ligand affinity.18 This approach was recently adapted to block
receptors that bind chemical ligands; that is, a HALO-tag was anchored to the plasma

JAm Chem Soc. Author manuscript; available in PMC 2020 June 04.
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membrane and conjugated to a receptor antagonist (DARTS).1® Although t-toxins and
DARTSs can be targeted selectively to a desired cell type, once applied they act persistently
until removed from the plasma membrane by the cell. To address this limitation, an ion
channel t-toxin was recently engineered with a light-sensitive LOV domain (LumiToxin),2°
enabling it to partially block channel activity in a reversible manner. Although the
LumiToxin design could in principle be applied to peptide binding-GPCRs, it is not suitable
for the large number of receptors that bind chemical ligands.2 Moreover, the reversal
kinetics of LOV domains are slow29 compared to the millisecond to second time scales of
fast and slow synaptic events.

In this study, we developed a system that combines the membrane anchor of a DART with
the photoswitchable control of a PORTL to enable genetically targeted, reversible activation
of a GPCR. We applied the approach to wildtype mGIuR2 (mGIuR2-WT), which plays
important roles in brain circuits and is a putative target for the treatment of schizophrenia.?2
Instead of tethering BGAG as a PORTL directly to an engineered version of the receptor
(SNAP-mGIuR; Figure 1B), we tethered it to a diffusible, membrane anchored SNAP-tag
(membrane anchored Photoswitchable Orthogonal Remotely Tethered Ligand; maPORTL,;
Figure 1C). We optimized mGIuR2-WT photoactivation with the maPORTL in HEK293T
cells by adjusting (i) the chemical length of the BGAG linker, (ii) the positioning of the
SNAP-tag relative to the plasma membrane, and (iii) the surface density membrane anchored
SNAP-tag. The photoactivation of the unaltered, native receptor by BGAG tethered to a
membrane anchor (the maPORTL) is as effective as that achieved by BGAG attached
directly to the receptor. Furthermore, we demonstrate that the maPORTL selectively
photoactivates endogenous mGIuR2 in primary cortical neurons. Thus, the combination of
genetic targeting of a membrane anchor and optical control of a tethered ligand gives the
maPORTL approach the properties needed for the rapid, reversible, cell type specific, and
spatially defined control of endogenous GPCRs in native tissue (ex vivoand in vivo). The
maPORTL approach should be generally applicable to membrane proteins that are regulated
by extracellular ligands.

RESULTS AND DISCUSSION

Development of a Membrane Anchored SNAP-tag

The maPORTL approach requires a membrane anchored SNAP-tag. To accomplish this, we
fused SNAP-tag to a single-pass transmembrane segment (TM) to generate SNAP-TM. The
TM was taken from low density lipoprotein receptor (LDLR), which supports structured
extracellular elements with a single TM.23

For an maPORTL to control its target receptor, the photoswitchable ligand must reach from
its anchor point in SNAP-TM to the receptor’s ligand binding site (Figure 1C). mGIuR2-WT
is an obligatory dimer that binds glutamate in its extracellular ligand binding domain (LBD),
resulting in conformational changes in the cysteine rich and transmembrane domains (CRD
and TMD, respectively) that facilitate G protein binding and activation (Figure 1B).2425
Thus, photoactivation of mGIUR2-WT by SNAP-TM:BGAG is expected to require that (i)
SNAP-TM is located in the same place that canonical receptor activation occurs (the plasma
membrane), and (ii) the SNAP-tag of SNAP-TM is on the same face of the membrane as the

JAm Chem Soc. Author manuscript; available in PMC 2020 June 04.
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LBD of mGIuR2-WT (extracellular). To assess the cellular distribution of SNAP-TM, we
labeled SNAP with the membrane permeant dye BG-TMR. We found that a large fraction of
SNAP-TM resides on the plasma membrane (Figure S2A). We next labeled cells with the
membrane impermeant dye BG-Alexa647 (Figure S2B), which confirmed that SNAP-tag is
present on the extracellular face of the plasma membrane.

We hypothesized that because mGIUR2-WT and SNAP-TM likely interact by random
collision rather than through a specific interaction, SNAP-TM would need to be expressed in
stoichiometric excess of mGIuR2-WT in order for BGAG to be at a sufficient concentration
to efficiently photoactivate the receptor. We estimated the relative ratio of mGIluR2 and
SNAP-TM by measuring BG-Alexa647 labeling of cells expressing SNAP-mGIuR2 or
SNAP-TM (Figure S2C). Our measurements indicated that surface expression of SNAP-TM
is ~3-fold higher than the receptor (one-way ANOVA, Tukey, p< 0.0001).

mMGIuR2-WT Photoactivation by the maPORTL Depends on the Length of the
Photoswitchable Ligand

To measure agonist-induced activation of mGIuR2, we used a Gj;,-mediated G protein-gated
inwardly rectifying potassium channel (GIRK) activation assay,12 whereby receptor
activation evokes an inward current that is measured using whole-cell, voltage clamp
recordings (Figure S3). We employed BGAGS containing either zero, 12, or 28 polyethylene
glycol (PEG) repeats between the benzylguanine and azobenzene glutamate moieties
(BGAG(, BGAG 5, or BGAG,g; Figures S1 and 2A). The BGAGs switch from the tfransto
cfsisomer configuration in response to illumination with near-UV light (380 nm) and vice
versa with visible cyan light (500 nm).14.15 Photoswitching either BGAGq or BGAG1»
tethered to SNAP-TM did not have a measurable effect on mGIuR2-WT (compared to 1 mM
glutamate: =1 + 1%, n=4, and 1 £ 1%, 1= 4, respectively; Figure 2B and D). However,
switching from the transto c/isin BGAGog resulted in weak partial mMGIuR2-WT activation
(13 + 1% of 1 mM glutamate, 7= 4) that was reversed by switching back to the fransisomer
(Figure 2B and D). We asked whether BGAG,g is more efficacious at mGIuR2-WT because
it binds SNAP-TM more efficiently than BGAGy or BGAG;,. However, there was no
significant difference in the ability of the BGAGS to attach to SNAP-TM when compared to
the binding of the fluorescent dye BG-Alexa647 (one-way ANOVA; Figure S4).

There was a striking contrast between the effect of linker length when BGAG was tethered
to SNAP-TM and gated a separate mGIuR2-WT protein versus when BGAG was tethered
directly to SNAP-mGIuR2. Consistent with our previous findings, when BGAGq and
BGAG1, were tethered directly to SNAP-mGIuR2, they photoactivated the receptor to a
similar degree (42 + 4% and 43 * 4% of 1 mM glutamate, 7= 8 and 7, respectively, one-way
ANOVA, Tukey, p> 0.5; Figure 2C and D). However, when BGAG,g was tethered directly
to SNAP-mGIuR2, it was significantly less effective (13 + 4% of 1 mM glutamate, 7= 8,
one-way ANOVA, Tukey, p < 0.0001; Figure 2C and D). Thus, the BGAG with the longest
linker was the weakest photoagonist of SNAP-mGIUR2, yet it was the only compound that
activated mGIuR2-WT when tethered to SNAP-TM.

BGAG can activate SNAP-mGIuR2 even with the shortest linker (zero PEGs; Figure 2),
suggesting that the SNAP-to-LBD distance in this receptor is relatively short (Figure 1B). As

JAm Chem Soc. Author manuscript; available in PMC 2020 June 04.
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BGAG gets longer, it explores a wider 3-dimensional space that results in a lower effective
concentration of its glutamate moiety.}! Thus, the BGAG with the longest linker (28-PEGs)
is associated with the weakest photoactivation of SNAP-mGIuR2 (Figure 2). However, for
BGAG to reach between two proteins (i.e., from an anchored SNAP-tag adjacent the plasma
membrane to the glutamate binding site in the extracellular receptor LBD; Figure 1C), its
linker must be longer: the only BGAG to work at all was that with the longest linker (Figure
2).

MGIuR2-WT Photoactivation Is Enhanced by Inserting a “Lift” Peptide into the Membrane

Anchor

We hypothesized mGIluR2-WT photoactivation would be enhanced by bringing SNAP-tag
and its bound BGAG closer to the LBD of mGIuR2-WT. To accomplish this, we generated a
series of SNAP-TM variants with “lift” peptides of varying lengths and physical properties
inserted between the SNAP-tag and the TM. These included a flexible linker (GGGGS), a
rigid a-helical linker (EAAAK), three repeats of the rigid linker (EAAAK)3,26 and a much
larger spacer element consisting of the fluorescent protein m\enus followed by an EAAAK
linker (mVenus-EAAAK; Figure 3A).

Photoactivation with BGAGg tethered to SNAP-EAAAK-TM (SNAP-EAAAK-
TM:BGAG,g) was significantly greater than with the SNAP-TM that lacked a lift peptide
(one-way ANOVA, Tukey, p < 0.05; Figure 3C and F), the greatest overall among the SNAP-
TM variants (Figure 3F), and not significantly different from BGAG attached directly to
SNAP-mGIuR2 (unpaired ftest, p = 0.34). Notably, photoactivation with SNAP-EAAAK-
TM:BGAGyg was ~2-fold higher than that with GGGGS (one-way ANOVA, Tukey, p<
0.05; Figure 3F), suggesting that the rigid linker is better than the flexible linker at
stabilizing the SNAP:BGAG complex in a position that is appropriate for receptor activation.

Photoactivation by SNAP-TM variants with greater lift was either weak [(EAAAK)3; 10 =
2% of 1 mM glutamate, 7= 3; Figure 3D and F] or not observable (mVenus-EAAAK; -1 +
2% of 1 mM glutamate, n= 3; Figure 3E and F), suggesting that BGAG must be optimally
positioned above the plasma membrane. To test this further, we combined the longer SNAP-
TM variants, SNAP-(EAAAK)3-TM and SNAP-mVe-nus-EAAAK-TM, with the shorter
BGAG analogs BGAGg and BGAG1». In both cases, the most effective photoagonist was
BGAG1,, not BGAG,g (Figure S5).

BGAG must be a minimal length to be able to reach from its anchor point in SNAP-TM at
the plasma membrane to its extracellular binding site in the mGIuR2-WT LBD (Figure 2).
Extending the maPORTL by inserting a lift peptide into SNAP-TM brings BGAG closer to
the LBD, increasing its effective concentration (Figure 3). However, further increasing the
length of the maPORTL is eventually counterproductive (Figure S5) because the larger 3-
dimensional space explored by the ligand results in a lower effective concentration.

mGIuR2-WT Photoactivation with the maPORTL Is Rapid, Reversible, and Repeatable

Consistent with the photophysical properties of typical azobenzenes,2” photoactivation with
SNAP-EAAAK-TM:BGAGyg was bistable (Figure 4A); that is, a short flash of near-UV
light triggered persistent activation, and a short flash of cyan light triggered persistent

JAm Chem Soc. Author manuscript; available in PMC 2020 June 04.
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deactivation. The kinetics of activation and deactivation were rapid (Figure 4B). Moreover,
photoactivation could be reversed and repeated with no significant loss in magnitude after
multiple cycles (7= 3, RM one-way ANOVA, p= 0.64; Figure 4C and D). Thus, like
DARTSs, maPORTLs can be used to persistently ligand a target receptor, mimicking the
actions of drugs as well as pathological states. In addition, unlike DARTs, maPORTLSs can
also be reversibly turned on and off, a feature that can be used to mimic the actions of
endogenous ligands such as glutamate that rapidly rise and fall in concentration in living
systems.

MGIuR2 Photoactivation Is Limited by the Density of the maPORTL

We improved mGIuR2-WT photoactivation by adjusting the positioning of the maPORTL at
the cell surface (Figures 2 and 3). However, even the most effective maPORTL, SNAP-
EAAAK-TM:BGAG,g, only partially activated the receptor (Figure 3). One possibility is
that the maPORTL is a partial agonist relative to glutamate. Alternatively, the maPORTL
could be a full agonist that is at too low of a density at the plasma membrane to fully occupy
the receptor. The activation of an mGIuR2 dimer is a cooperative process, whereby the
binding of one glutamate activates very partially and two glutamates more than double the
activation.28-30 Thus, full receptor activation is expected to require that the dimer
simultaneously binds two SNAP-TM:BGAG complexes.

To determine whether mGIUR2-WT photoactivation is limited by partial agonism or partial
occupancy, we photoactivated the receptor with SNAP-EAAAK-TM:BGAG,g in the
presence of an ~EC50 concentration of glutamate (1 ¢M; Figures S6A and B). A partial
photoagonist that fully occupies the receptor is expected to compete with and possibly
inhibit 1 zM glutamate-induced mGIuR2-WT activation, whereas a full photoagonist that
partially occupies the receptor should further activate it. SNAP-EAAAK-TM:BGAG,g was
able to photoactivate mGIuR2-WT even in the presence of 1 M glutamate (Figure S6C),
indicating that photoactivation is limited because some receptors are not occupied or are
only partially occupied by ligand.

mGIuR2-WT Photoactivation Is Enhanced by Increasing the Density of the maPORTL at the
Plasma Membrane

We sought to enhance photoactivation with the maPORTL approach by increasing the
availability of BGAG, analogous to when we doubled the number of azobenzene-glutamates
directly tethered to mGIuR2.15> To accomplish this, we generated a SNAP-TM variant with
two SNAP-tags in tandem (ISNAP-EAAAK-TM) (Figure 5A) so that two BGAGs attached
to a single anchor could simultaneously bind—and thus fully activate—the receptor. We also
sought to increase the density of SNAP-TM at the cell surface by increasing its export from
intracellular membranes (Figure S2A) to the plasma membrane. We added to the C-terminus
of SNAP-EAAAK-TM and SNAP-EAAAK-TM an endoplasmic reticulum export motif
that was taken from the potassium channel Kir2.1 (SNAP-EAAAK-TM-ERE; Figure 5A).
This motif has been shown to enhance surface expression when transplanted into other
membrane proteins, including halorhodopsin.3!

JAm Chem Soc. Author manuscript; available in PMC 2020 June 04.
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We first tested whether these modifications resulted in a greater number of SNAP-tags on
the plasma membrane. Cells expressing variants of SNAP-TM were labeled with the
membrane impermeant fluorescent dye BG-Alexa647. Compared to SNAP-TM and SNAP-
EAAAK-TM, fluorescence was higher with SNAP-EAAAK-TM (~2-fold), SNAP-
EAAAK-TM-ERE (~2-fold), and SNAP-EAAAK-TM-ERE (~4-fold; n= 10, one-way
ANOVA, Tukey, p < 0.05; Figure 5C), indicating an increase in the number of SNAP-tags at
the cell surface and thus the available binding sites for BGAG. There was no significant
difference in cell viability between the SNAP-TM variants (7= 3, one-way ANOVA, Tukey,
p>0.05; Figure S7). Furthermore, survival was greater than 95% (Figure S7), indicating
that the membrane anchor is well tolerated in cells.

Photoactivation of mGIuR2-WT progressively increased with increasing levels of surface
SNAP-tag (Figure 5D-H). The greatest photoactivation of mGIuUR2-WT overall was
observed with SNAP-EAAAK-TM-ERE:BGAG,g (69 + 8% of 1 mM glutamate, 7= 6;
Figures 5G and H), which was ~2-fold greater than that with SNAP-EAAAK-TM:BGAGg
(one-way ANOVA, Tukey, p < 0.01; Figures 5G and H). Notably, photoactivation with
ISNAP-EAAAK-TM-ERE:BGAG,g also exceeded what was achieved with BGAG attached
directly to SNAP-mGIuR2 (~2-fold; one-way ANOVA, Tukey, p< 0.05; Figure 5G).
Overall, these results indicate that increasing the number of SNAP-tags fused to the TM as
well as the surface expression of SNAP-TM enhances photoactivation of mGIUR2-WT.

maPORTL Photoactivation Is Selective for mGIuR Subtype

PORTLSs are selective because they are physically restricted to their target receptor (Figure
1B). In contrast, maPORTLSs are not constrained to any given membrane protein. Thus, the
degree of receptor selectivity of the maPORTL approach is expected to depend on the
binding properties of the photoswitchable ligand and its positioning relative to the receptor
binding site.

Because the SNAP-TM:BGAG maPORTL contains glutamate, it could also act on other
mGIuRs, some of which may be coexpressed with mGIuR2 in the same cell. For example,
dorsal root ganglion neurons coexpress mGIuR2 and mGIuR3.32 However, we showed
previously that as a PORTL, BGAGyg activates SNAP-mGIuR2 but has little or no effect on
its closest relative, the other Group Il member mGIuR3, or on Group 111 members mGIuR4,
7, and 8.15 Consistent with these findings, SNAP-EAAAK-TM-ERE:BGAG,g had no effect
on mGIuR3-WT, mGIuR4-WT, or mGIuR8-WT (Figures S8). Furthermore, it very weakly
photoactivated mGIUR7-WT as a frans-agonist (8 + 4% of 1 mM glutamate, n = 3; Figures
S8C and F), analogous to the effects of BGAG at SNAP-mGIuR7.15 SNAP-EAAAK-TM-
ERE:BGAG»g also had no effect on mGIuUR1-WT, a Group | mGIuR (Figure S8). ISNAP-
EAAAK-TM-ERE expression was not significantly different in cells with mGluR2-WT and
any other mGIuR subtype (one-way ANOVA, Tukey; Figure S8G), indicating that the
selective activation of mGIuR2-WT by the maPORTL is not due to differences in surface
SNAP-tag levels.

ISNAP-EAAAK-TM-ERE:BGAGg could also have effects on ionotropic glutamate
receptors (iGIuRs). However, this would appear to be unlikely given that BGAG contains a
4-methyl-substituted glutamate, which has low affinity for iGIuRs.33:34 To evaluate this, we
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tested SNAP-EAAAK-TM-ERE:BGAG,g on selected variants from each major class of
iGIUR [AMPAR (GIuRA1), NMDAR (GIuN1/GIuN2B), and KAR (GluK2)] and found there
to be no effect on any of these receptors (Figure S9). Although the maPORTL was not tested
at every glutamate binding-protein, our results indicate that it preferentially photoactivates
MGIUR2-WT.

Selective Photoactivation of Endogenous mGIuR2 in Primary Cortical Neurons with a

maPORTL

Having shown that the maPORTL approach works in HEK293T cells in which mGIuR2 is
overexpressed, we set out to determine if it would work in neurons that express mGIluR2
naturally. We turned to cultured rat primary cortical neurons (CNs), which express mGIluR2
endogenously.3® Antibody staining revealed that mGIuR2 is distributed in a punctate manner
throughout the CNs (Figure 6A), consistent with its expression pattern in ex vivo
preparations of rat cortex.38 To deliver SNAP-EAAAK-TM-ERE to CNs, we generated an
adeno-associated virus (AAV) encoding this construct under the CAG promoter followed by
the self-cleavable peptide P2A and the fluorescent reporter protein mVenus (Figure 6B).
AAV-infected neurons were labeled with BG-Alexa647, which indicated robust surface
expression of SNAP-EAAAK-TM-ERE throughout the cell soma and neurites (Figure 6B).

To determine whether endogenous mGIuR2 can be photoactivated, we measured the
spontaneous activity of BGAG,g-labeled, mVenus-expressing CNs using whole-cell,
current-clamp recordings. In response to near-UV light, there was robust suppression of
spontaneous firing that was reversible (Figure 6C and D), repeatable (Figure 6C and D), and
bistable (Figure 6E). Photoactivation resulted ina 4 £ 1 mV (7= 8) hyperpolarization
(Figure 6E), consistent with the effects of endogenous G;;,-coupled receptor activation in
cortical neurons.3” This effect was not observed in uninfected CNs labeled with BGAGg
(Figures S10A and B). Moreover, there was no effect of BGAG,g on uninfected CNs even if
the compound was left in solution (Figures S10C and D), indicating that 1 /M BGAG,g in
solution has too low an encounter rate with receptor to produce detectable activation.

The effect of SNAP-EAAAK-TM-ERE:BGAG,g on CNs was comparable to that by the
mGIuR2/3 agonist LY379268 (Figures S1I0E-G).3° Furthermore, there was no photoeffect in
the presence of the mGIuR2/3 antagonist LY 341495 (Figures S10H and 1).3% These results
indicate that Group Il mGIuRs are the target of SNAP-EAAAK-TM-ERE:BGAG,g in CNs.

Because CNs coexpress mGIuR2 and mGIuR3,3® it is possible that the observed photoeffect
is mediated by one or both of these receptors. We saw no effect of the maPORTL on
mGIuR3 in HEK293T cells (Figure S8), but this may not be the case if the subcellular
localization of receptor and SNAP-TM is different in neurons. To evaluate this, we used the
selective mGIuR3 negative allosteric modulator (NAM) ML337, which completely abolishes
mGIuR3 activation (Figures S11A and B).38 ML337 had no effect on SNAP-EAAAK-TM-
ERE:BGAGg-induced inhibition of CNs (Figures S11C-E), supporting the interpretation
that the target of the maPORTL in CNs is indeed mGIuR2.
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Effects of maPORTLs on Baseline mGIuR2-WT Activation

Increasing the level of BGAG at the cell surface enhances maximal mGIluR2-WT
photoactivation because there is a higher availability of the c/s-isomer under near-UV light.
However, because a small fraction of azobenzene is in c¢/s instead of #ranswhen visible light
is used to rapidly turn the photoswitch off,2” a high BGAG concentration could, in principle,
increase baseline receptor activation until the azobenzene fully relaxes into the frans state, as
it does over tens of minutes in the dark.3? This could be problematic in contexts where it is
difficult to control the amount of maPORTL in a target cell type in vivo.

To understand this effect, we modeled maPORTL-induced mGIuR2-WT activation under
visible light and near-UV light based on (i) the expression and functional effects associated
with our existing SNAP-TM variants in HEK293T cells (Figure 5H) and (ii) the assumption
that the amount of BGAG,g in the cis-state is 10-fold greater under near-UV light than under
visible light.2” This analysis suggested that baseline receptor activation under visible light is
negligible for all SNAP-TM variants (Figures S12A and B). This included SNAP-EAAAK-
TM-ERE, which is associated with the highest surface SNAP-tag levels observed in
HEK?293T cells (~5-fold greater than SNAP-TM; Figures 5H and S12B).

We tested this prediction by using the mGIuR2 antagonist LY 341495, which blocks receptor
photoactivation.1* LY341495 had no effect on HEK293T cells expressing mGluR2-WT
alone, consistent with its actions as a neutral antagonist (Figures S12C and D).40 As
expected, LY 341495 completely blocked the activation of mGIuR2-WT by SNAP-EAAAK-
TM-ERE:BGAG»g under near-UV light (Figure S12E). However, it had no effect under
visible light (Figures S12E and F), indicating that baseline receptor activity is not elevated in
HEK?293T cells. Similarly, under visible light, LY341495 had no effect on the spontaneous
firing of CNs expressing SNAP-EAAAK-TM-ERE:BGAGyg (Figures S12G and H)

The maPORTL did not increase baseline receptor activity in two different cellular
backgrounds, even when the membrane anchor was driven by a strong expression promoter
(e.g., see Figure 6B). Still, since extremely high maPORTL densities would result in
baseline receptor activation (Figure S12A), we evaluated whether we could use as an
maPORTL BGAG12 460,14 which contains a red-shifted azobenzene that transitions from its
trans-to cis-isomer under blue light and relaxes back to #ransin the dark much more rapidly
(hundreds of milliseconds).144142 We first evaluated SNAP-EAAAK-TM-
ERE:BGAG 460 and found there to be no effect on mGIuR2-WT (Figures S13A and C),
possibly because the ligand is not long enough to reach the receptor LBD However,
BGAG 13 460 photoactivated mGIuR2-WT when tethered to a version of SNAP-TM with a
longer lift peptide, SNAP-(EAAAK)3-TM (Figures S13B and C). Thus, a rapidly relaxing
photoswitchable ligand could be used to avoid prolonged baseline receptor activation under
conditions of very high maPORTL density.

CONCLUSION

Obtaining a clear view of GPCR function is of profound importance for understanding
physiology and disease. A major challenge is that many GPCRs have distinct roles in
multiple tissue regions and cell types. Moreover, their temporal profiles of activation are
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complex, especially in the nervous system. Therefore, indiscriminately targeting GPCRs
would obscure their function. To address these issues, substantial effort has gone toward
engineering methods to control receptor activity in defined cells, locations, and times.
However, these approaches (i) require modifications that likely alter receptor function
(DREADDs, optoXRs, and PORTL-gated receptors), (ii) control endogenous receptors
chronically in a manner that cannot be regulated (DARTS), or (iii) are limited to controlling
endogenous peptide binding-receptors with slow reversal kinetics (LumiToxins). The
consequence is that, to date, there has been no method for rapidly and reversibly controlling
endogenous GPCRs with cell type specificity.

Here we devised a system that allows for selective, cell type specific, and spatiotemporally
precise control of an endogenous mGIuR by tethering a photoswitchable ligand to a
membrane-anchored SNAP-tag, the maPORTL system. Optical control of mGIuR2 by
maPORTLs was optimized by tailoring the length of the linker between the SNAP
attachment site and the receptor ligand, the spacer between the SNAP-tag and TM in the
maPORTL’s membrane anchor, the number of SNAP-tags on the membrane anchor, and the
efficiency of delivery of the membrane anchor to the cell surface. We expect additional
optimization will be necessary for receptors with differing structural architectures. For
example, whereas Family C GPCRs, such as mGIuRs, bind ligands in a large extracellular
clamshell LBD, Family A GPCRs bind ligands in their TMD. Thus, we predict that shorter
chemical linkers and/or peptide linkers in SNAP-TM will be required to maximize optical
control of these receptors.

We used the maPORTL approach to target mGIluR2, a GPCR that naturally binds chemical
ligands. However, maPORTLSs can likely be expanded to other types of GPCRs, considering
that azobenzene has been conjugated to structurally and functionally diverse molecules such
as peptides*3 and fatty acids.*44> maPORTLs are also expected to be compatible with
synthetic ligands that bind orphan GPCRs as well as with allosteric modulators and biased
ligands. Overall, we expect the maPORTL approach to be generalizable to a wide variety of
physiologically and clinically important membrane proteins that bind extracellular ligands,
including GPCRs, ion channels, and receptor-linked enzymes.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Targeting modified and unmodified, native mGluRs with BGAG. (A) Benzylguanine-

azobenzene-glutamate (BGAG) with a polyethylene glycol (PEG) linker of varying lengths
between benzylguanine (BG) and azobenzene-glutamate. “X” denotes distinct spacer
elements within different analogs of BGAG. Refer to Figure S1 for full chemical structures.
(B) mGIuRs consist of a ligand binding domain (LBD), cysteine rich domain (CRD), and
transmembrane domain (TMD). Photoisomerizable BGAG reversibly activates an mGIuR
with light when bound to a SNAP-tag fused to the receptor’s LBD. (C) The active isomer of
BGAG, ¢/sBGAG, tethered to a SNAP-tag fused to a single-pass transmembrane segment
(SNAP-TM) randomly collides with and photoactivates a native (unmodified) mGIuR.
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representation of SNAP-tag labeled with BGAG analogs with either zero, 12, or 28 PEG

repeats. (B) Switching from 500 to 380 nm light (cyan and purple bars, respectively)

resulted in photoactivation of mGIuR2-WT with BGAG,g (right) but not BGAG (/ef?) or
BGAG1 (center) tethered to SNAP-TM. (C) SNAP-mGIuR2 was photoactivated to a lesser

degree with BGAG,g (right) than BGAG (/ef)) or BGAG, (center). (D) Summary of
photoactivation of mGIUR2-WT coexpressed with SNAP-TM, or SNAP-mGIuR2, by
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BGAGs of increasing length. Cells were labeled with BGAG analogs for 1 h at 37 °C. One-
way ANOVA, Tukey, ****p < 0.0001.
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Figure 3.
Photoactivation depends on the properties of the peptide linker in SNAP-TM. (A) SNAP-TM

variants with different “lift” peptides. (B—-E) Representative trace of BGAG,g-induced
photoactivation of mGIuR2-WT when tethered to (B) SNAP-GGGGS-TM, (C) SNAP-
EAAAK-TM, (D) SNAP-(EAAAK)3-TM, or (E) SNAP-mVenus-TM. (F) Summary of
photoactivation of mGIuR2-WT with SNAP-TM variants tethered to BGAG»g. one-way
ANOVA, Tukey, *p< 0.05, **p< 0.01.
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Functional characterization of BGAGyg-induced photoactivation of mGIuUR2-WT when
tethered to SNAP-EAAAK-TM. (A) Short flashes (5 s) of near-UV and cyan light (380 and
500 nm) were sufficient to stably activate and deactivate mGIuR2-WT with BGAGg,
consistent with the bistability of azobenezene-containing ligands. (B) Kinetics of mGluR2-
WT photoactivation and deactivation. (C and D) mGIuR2-WT was reversibly and repeatedly
photoactivated over five cycles with no significant loss in maximal photoactivation across
cycles (n=3, RM one-way ANOVA, p=0.64).
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Figure5.
Increasing the number of membrane-anchored SNAP-tags enhances photoactivation of

mGIuUR2-WT. (A) Schematic representation of two BGAG,g molecules bound to a SNAP-
TM variant with tandem SNAP-tags (ISNAP) as well as the endoplasmic reticulum export
tag from Kir2.1 (ERE). (B) HEK293T cells expressing cytosolic tdTomato and SNAP-
EAAAK-TM-ERE labeled with the membrane impermeant dye BG-Alexa647. scale bar =
10 pm. (C) Summary of surface SNAP-tag levels associated with variants of SNAP-TM
(one-way ANOVA, Tukey). Each data point represents a field of many cells. (D-F)
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Representative traces of BGAG,g-induced photoactivation of mGIuR2-WT when tethered to
(D) SNAP-EAAAK-TM, (E) SNAP-EAAAK-TM-ERE, and (F) SNAP-EAAAK-TM-ERE.
(G) Summary of photoactivation of SNAP-mGIuR2 with BGAG versus mGIUR2-WT with
BGAG,g tethered to variants of SNAP-TM (one-way ANOVA, Tukey). (H) Photoactivation
of mGIuR2-WT increases with increasing levels of surface SNAP-tag. *p < 0.05, **p < 0.01,
**k% < 0.0001.
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SNAP-EAAAK-TM-ERE:BGAG,g photoactivates endogenous mGIuR2 in primary cortical
neurons. (A) Rat primary cortical neurons (CNs), positive for the neuronal marker MAP2,
express mGIuR2 endogenously according to staining with an mGIuR2 antibody (upper
panels). Staining was not observed unless CNs were incubated with the mGIluR2 antibody
(lower panels). Scale bar = 15 gm. (B) Schematic of the expression cassette of an AAV
encoding SNAP-EAAAK-TM-ERE (upper panel). CNs expressing BG-Alexa647 labeled-
SNAP-EAAAK-TM-ERE as well as the fluorescent reporter mVenus (lower panels). Scale
bar =30 gm. (C and D) Photoactivation of endogenous mGIuR2 with SNAP-EAAAK-TM-
ERE:BGAG»g results in a rapid, reversible, and repeatable suppression of spontaneous firing
(n =8, one-way ANOVA, Tukey). **p < 0.01. Firing was normalized to the average firing
rate for all the neurons tested under the first pulse of visible light. Gray points and lines
represent individual neurons. (E) The suppression of spontaneous firing was bistable.
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